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Little is known about the key determinants of the physiological adaptations to environmental challenges
and how these determinants interact. We evaluated how the response/recovery profiles to a short-term
nutritional challenge during early lactation are affected by early-life nutritional strategies in dairy goats
divergently selected for functional longevity. We used 72 females, split into two cohorts, daughters of
Alpine bucks divergently selected for functional longevity. The females from the two lines were fed with
two divergent diets, normal vs low-energy, from weaning until the middle of first gestation, and then fed
with the same standard diet. Individual BW, body condition score, morphology, and plasma samples were
collected from birth to first kidding. The adaptative physiological strategy to a nutritional challenge was
assessed via a 2-day feed restriction challenge, during early lactation, which consisted of a five-day con-
trol period on a standard lactation diet followed by a 2-day challenge with straw-only feeding and then a
10-day recovery period on a standard lactation diet. During the challenge, DM intake, BW, milk yield
(MY), and plasma and milk metabolite composition were recorded daily. Linear mixed-effects models
were used to analyze all traits, considering the individual nested in the cohort as a random effect and
the 2 � 2 treatments (i.e., line and rearing diet) and litter size as fixed effects. Linear mixed-effects models
using a piecewise arrangement were used to analyze the response/recovery profiles to nutritional chal-
lenge. Random parameters estimated for each individual, using the mixed-effects models without the
fixed effects of rearing diet and genetic line, were used in a stepwise model selection based on R2 to iden-
tify key determinants of an individual’s physiological adaptations to environmental challenges.
Differences in stature and body reserves created by the two rearing diets diminished during late gestation
and the 5-day control period. Genetic line did not affect body reserves during the rearing phase. Rearing
diet and genetic line slightly affected the recovery profiles of evaluated traits and had no effects on
prechallenge and response to challenge profiles. The prekidding energy status measures and MY before
challenge were selected as strong predictors of variability in response-recovery profiles of milk metabo-
lites that have strong links with body energy dynamics (i.e., isoCitrate, ß-hydroxybutyrate, choline,
cholesterol, and triacylglycerols; R2 = 35%). Our results suggested that prekidding energy status and
MY are key determinants of adult resilience and that rearing diet and genetic line may affect adult resi-
lience insofar as they affect the animals’ energy status.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications Our findings suggest that body energy dynamics are central to
The shortage of information on key determinants of an individ-
ual’s adaptive strategies to environmental challenges represents a
major hurdle to understanding the components of animal resili-
ence. Identifying the factors that impact nutritional resilience
would allow better management of animals in challenging periods.
adaptive strategies during a 2-day nutritional challenge in dairy
goats. Prekidding energy status measures and milk yield affected
adaptive capacity.
Introduction

Drought, heat, and flooding are some of the environmental chal-
lenges facing future agricultural production. In this context, live-
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stock production may face feed shortage and/or feed availability at
non-affordable prices. Feed shortage brings into play physiological
adaptations of farm animals, such as reduction of basal metabolism
and digesta flow (both increasing energy efficiency) and the use of
body reserves to safeguard the energy source for current and/or
next offspring and survival (Chilliard et al., 1998, 2000; Bjerre-
Harpøth et al., 2012; Gindri et al., 2021). Studies have also sug-
gested that an animal’s ability to cope with environmental chal-
lenges depends on the animal’s strategies toward energy
conservation and may impact its reproductive/productive lifespan
(Beerda et al., 2007; Theilgaard et al., 2007). However, little is
known about the key determinants of these physiological adapta-
tions to environmental challenges.

Studies have suggested that there is a genetic determinism to
physiological adaptations during environmental challenges. Stud-
ies comparing breeds within the same species have found signifi-
cant differences in the sensitivity of adipose tissue to lipolytic
regulators and the rate of fat mobilization, demonstrating differ-
ences in adaptative capacity (Gilson et al., 1996; Chilliard et al.,
2000; Billa et al., 2020). It has also been shown that there is consid-
erable variation between individuals in adaptive capacity
(Agrawal, 2001; Ben Abdelkrim et al., 2021, 2023; Friggens et al.,
2016). In dairy cows, it has been demonstrated that cows that
digest their diet more efficiently partition a greater portion of the
incremental energy to body tissues instead of to milk yield (MY)
(Guinguina et al., 2020). Moreover, cows with high genetic merit
for MY are more sensitive to challenges than cows with low genetic
merit for MY (Beerda et al., 2007; Poppe et al., 2020). Theilgaard
et al. (2007) studying rabbits hyper-selected for reproductive long-
evity and average prolificacy successfully showed less environ-
mental sensitivity and delayed reproductive senescence. They
also suggested these two factors might have been associated with
body reserves.

Studies have suggested energy metabolism may be ‘‘learned”
during early life. Rats, deprived of energy during fetal life, show a
pattern of development that favors energy conservation, such as
high rates of fat accumulation, and an increased capacity for both
gluconeogenesis and basal lipolysis in adulthood (Cameron et al.,
2005). In humans, insulin sensitivity and regulation of body fat
levels have been related to the phenotypic changes induced by
poor early nutrition (Hales and Barker, 2001). This suggests that
the ability to cope with nutritional challenges is affected by geno-
type and early life experience, with energy metabolism being
implicated (Tolkamp et al., 2006). However, the effect of maternal
feed restriction on goat kids’ metabolism during rearing is still con-
troversial (Laporte-Broux et al., 2011). Therefore, the objective of
this study was to evaluate how the response and recovery profiles
to a short-term nutritional challenge during early lactation are
affected by early-life nutritional strategies in dairy goats diver-
gently selected for functional longevity. First, we tested the
hypothesis that early-life nutritional strategies in dairy goats
divergently selected for functional longevity affect response and
recovery profiles to a short-term nutritional challenge during early
lactation. Then, we proceed to identify key determinants of an indi-
vidual’s physiological adaptations to environmental challenges.
Material and methods

Experiment, animals, diet, and treatments

All procedures performed on animals were approved by the
Ethics Committee on Animal Experimentation and the French Min-
istry of Higher Education, Research and Innovation
(APAFIS#24314-2019120915403741). The experiment used four
groups of first lactation Alpine dairy goats in a 2 � 2 design, with
2

two yearly cohorts. In total 72 females, daughters of Alpine bucks
divergently selected for longevity were used; longevity plus
(LGV + ) and longevity minus (LGV-). The two lines were created
in the INRAE experimental facility of GenPhyse in close collabora-
tion with Capgènes, the French AI center for goats. The average
estimated lifespan of daughters in the commercial population of
the 35 bucks that sired the LGV + and LGV- lines is 909 (±651)
and 1 071 (±722) days, respectively (Ithurbide et al., 2022). More-
over, Ithurbide et al. (2022) compared the observed survival of the
two lines with a Cox model that estimated life expectancy in a
common environment, i.e., LGV- of 787 days and LGV + and
830 days. The average effect of the line over all life stages was sig-
nificant (P = 0.005), with the LGV + having a decreased risk of cul-
ling (hazard ratio 0.63; CI = 0.465; 0.864). The LGV + and LGV-
females were then randomly distributed into two nutritional treat-
ments at weaning (56 ± 4 days of life); normal vs low-energy diets
(Table S1). These nutritional treatments continued until the middle
of the first gestation (298 ± 4 days of life and 91 ± 9 days from kid-
ding), after which all animals were on the same standard total
mixed ration (TMR). Individual BW (7 ± 2 days interval), body con-
dition score (BCS; external and lumbar; 44 ± 14 days interval), and
plasma samples (24 ± 12 days interval; every 4 weeks during
growth and days �14, �7, +7 and + 14 peripartum) were collected
during growth, from birth to first kidding (387 ± 5 days of life).

The adaptative physiological strategy to the nutritional chal-
lenge was assessed via a 2-day feed restriction challenge, during
early lactation (Friggens et al., 2016). All animals received the same
standard lactation TMR (Table S1) ad libitum from kidding
onwards. The experiment started at 30 ± 4.4 days in milk, after first
kidding (the body reserve mobilization phase of lactation). The
short-term challenge consisted of a 5-day control period on the
standard lactation TMR followed by a 2-day challenge with
straw-only feeding and then a 10-day recovery period on the stan-
dard lactation TMR. All feeds were offered ad libitum twice daily.
During the challenge, DM intake, BW, and MY were recorded daily.
Each goat had continuous access to its feed trough (ear-tag RFID-
operated feed gates) within groups of 8. The feed troughs were
on weigh cells that recorded feed weight every 2 s thus allowing
identification of quantities ingested throughout the day (described
by Cellier et al., 2021). Feed DM was recorded daily for conversion
to DM intake, spillage, and refusals DM were monitored weekly.
The milking parlor was equipped with a walk-over weigher provid-
ing BWs at each milking and averaged to give daily BW (after
exclusion of outliers greater than ± 25% of previous BW). Goats
were milked twice daily, and MY was recorded at each milking
using an automatic device designed for milk recording in small
ruminants developed by INRAE (European patent no.
94916284.6). Samples of milk, from morning and afternoon milk-
ing, and blood, before morning feeding, were taken daily for
detailed milk and blood measures. To investigate the effect of a
rearing diet on body fatness, measures of longissimus dorsi (height,
width, and surface; mm) and kidney knob channel fat thickness
were recorded on the day the experiment started, 3 and 12 days
after nutritional challenge using real-time ultrasound (Härter
et al., 2014).

Blood samples were centrifuged for 10 min at 3 000 � g at 4 �C,
and the plasma was analyzed for urea (mM), glucose (mM), ß-
hydroxybutyrate (BHB; mM), and non-esterified fatty acids (NEFA;
mEq/L) using a Cobas Mira-Analyzer (Roche, Mannheim, Germany)
with Randox commercial kits (Crumlin, United Kingdom) for urea
(11489364216), glucose (GL364), NEFA (FA115), and BHB
(RB1007). Insulin was measured using an ELISA kit (10-1202-01;
Mercodia AB, Uppsala, Sweden). Milk samples were analyzed for
standard milk composition measures (fat and protein contents),
glucose (mM), glucose-6-phosphate (mM), malate (lM), glutamate
(lM), NH2 free groups glutamate (NH2; micro eqv), urate (lM), L-
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lactate dehydrogenase (LDH; UI), isoCitrate (lM), galactose (mM),
choline (mM), urea (mM), cholesterol (lM), triacylglycerols (mM),
and BHB (lM) (more details about the methods can be found at
Ben Abdelkrim et al., 2023).

Feeds were analyzed using the following standard methods: DM
estimated from water content (ISO, 1983), ash (ISO, 1978), and
starch (ISO, 2004). Total N was determined by the Dumas tech-
nique (Sweeney and Rexroad, 1987). Cell wall content was esti-
mated by the NDF method of Van Soest and Wine (1967). All the
cell wall components were expressed on an ash-free basis.

Statistical analysis

BW, morphology, and plasma metabolites during the second half of
gestation

The BW, BCS (average between external and lumbar), morphol-
ogy (i.e., shoulder height and thorax width), and plasma metabo-
lites were tested for fixed effects of diet, line, and litter size at
middle gestation (i.e., date in which all individuals switched into
normal diet), considering the birth year (i.e., 2020 vs 2021) as a
random effect. The trajectories during the second half of gestation
(i.e., frommiddle gestation to kidding) were tested using days from
kidding and the interaction with diet and genetic line and litter
size as fixed effects, and the effect of individual nested in the birth
year in the intercept and slopes as random effects of linear mixed
effects models. For the trajectories from middle gestation to kid-
ding, a power variance function structure (varPower R function
(Pinheiro et al., 2020)) was used to model heteroscedasticity of
residuals and a continuous-time autoregressive of order 1 covari-
ance structure to model the lack of independence among observa-
tions within each animal. Find a description of model assumptions
and outliers in Supplementary Material S1. All models were fitted
using the lme function of the nlme package (Pinheiro et al., 2020)
and ANOVA using anova function of the stats R package (Fox and
Weisberg, 2010) of software R (R Core Team, 2020).
Fig. 1. Representation of the piecewise approach with the four phases of the nutritional c
variable is not perturbed and is assumed constant (this is the overall intercept of the mix
2-day linear response to the challenge where the challenge is perturbing the animal (this
starts, i.e., V2 in the mixed effects model). The third phase is the 6-day quadratic recovery
and V4 in the mixed effects model). The fourth phase is the stabilization period (i.e.,
parameters of the mixed effects model). Tv2 and Tv3 are the time-fixed variables that
respectively, used in the mixed effects model.

3

BW, DM intake, milk yield, and metabolites responses to nutritional
challenge

The daily records of BW, MY, milk, and plasma composition
from the nutritional challenge were analyzed using a piecewise
approach (Material S2) in which the response trait is represented
by different functions over specific time intervals according to bio-
logical responses to challenge, as proposed and validated by
Friggens et al. (2016). Briefly, as shown in Fig. 1, we decomposed
the response trait into four different phases throughout the chal-
lenge experiment. The first phase is the 5-day prechallenge where
the response variable is not perturbed and is assumed constant. For
this phase, the piecewise model has the parameter V1 which is the
overall intercept of the model. The second phase is the 2-day
response to the challenge where the challenge is perturbing the
animal. For this phase, a linear response is assumed, and the piece-
wise model has the parameter V2 which gives the response vari-
able change rate per unit of time from the time the challenge
starts. The third phase is the 6-day recovery from the challenge
where the challenge is no longer perturbating the animal. For this
phase, a quadratic recovery is assumed, and the piecewise model
has the parameters V3 and V4. The fourth phase is the stabilization
period (i.e., postchallenge).

The piecewise approach is based on adding effects. For this, the
time variable was expressed as days from the challenge (Fig. 1) and
segmented into two-time variables that represent the periods of
response and recovery from the challenge and used in the model
as regressors for V2, V3, and V4. For this, we fitted the following
mixed effects model:

Yijkl ¼ u1i�jþg þ Tv2i�jþg þ Tv34i�jþg þ Tv342i�jþg þ u1k þ tv2k

þ tv34k þ tv342k þ eijkl ð1Þ

where Yijkl is the dependent variable, u1 is the model intercept, i*j is
the fixed effect of line i interaction with rearing diet j, g is the fixed
effect of litter size, Tv2, and Tv34 are the time fixed variables that
hallenge in dairy goats. The first phase is the 5-day prechallenge where the response
ed effects model, i.e., V1, see Material and Methods section). The second phase is the
gives the response variable change rate per unit of time from the time the challenge
from the challenge where the challenge is no longer perturbating the animal (i.e., V3
postchallenge, V5, estimated from the orthogonal contrasts using the estimated
represent the periods during response to challenge and recovery from challenge,



Table 1
Average BW, body condition score (BCS), shoulder height, and thorax width at mid-gestation, and rates of change (D) in the second part of gestation of first lactation Alpine goats
divergently selected for functional longevity (longevity line plus (LGV + ) and longevity line minus (LGV-) lifespan) and fed with two different diets from weaning to mid-gestation
(low-energy or normal diet); From mid-gestation to kidding, all goats were fed with a common diet.

Trait LGV- LGV+ SEM P-value

Low-energy Normal diet Low-energy Normal diet Litter size1 Longevity Diet Longevity*Diet

BW (kg)
at mid-gestation 47.0 55.4 43.6 48.7 2.23 0.058 0.001 <0.001 0.243
at kidding 63.7 69.8 59.0 61.7 1.82 0.330 <0.001 <0.001 0.220
D 2nd half gestation 0.20 0.17 0.18 0.15 0.01 0.030 0.020 <0.001 0.920

BCS
at mid-gestation 3.12 3.27 3.02 3.2 0.102 0.300 0.060 <0.001 0.779
at kidding 3.21 3.24 3.08 3.13 0.064 0.359 0.105 0.028 0.663
D 2nd half gestation 0.00250 �0.00063 0.00098 �0.00029 0.001 0.005 0.526 0.000 0.153

Shoulders height (cm)
at mid-gestation 72.1 73.6 70.1 72.8 0.65 0.070 0.014 0.001 0.284
at kidding 82.2 83.0 80.3 81.9 0.93 0.140 0.115 0.033 0.905
D 2nd half gestation 0.12 0.11 0.10 0.11 0.01 0.590 0.418 0.727 0.438

Thorax width (cm)
at mid-gestation 75.2 78.8 73.5 76.9 0.90 0.500 0.021 <0.001 0.921
at kidding 84.0 85.4 81.7 83.6 0.89 0.640 0.015 0.001 0.839
D 2nd half gestation 0.078 0.051 0.066 0.055 0.01 0.270 0.750 0.018 0.394

1 Single or Multiple fetuses.
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represent the periods during response to challenge and recovery
from challenge, respectively, k is the random effect of animal esti-
mated for the intercept (u1) and all other time variables that repre-
sent the different periods (tv2 and tv34). The random effects are
assumed to be independent and identically normally distributed
with mean 0 and variance rB

2, and eijkl is the residual error (eijkl � N
(0, R), with R as the heterogenous autoregressive of order 1 error
covariance structure (AR(1)), used to correct for lack of indepen-
dence in the residuals and to correct heterogeneity of variance.
The varIdent R function (Pinheiro et al., 2020) was used to account
for the heteroscedastic of the residuals with the AR(1). Contrasts
on the fitted models’ parameters were used to evaluate the stabi-
lization period (i.e., postchallenge, fourth phase, V5) and to test dif-
ferences between prechallenge and stabilization periods (V5-V1).
The contrasts to calculate the postchallenge period were set accord-
ing to the following equation:

V5� V1 ¼ V2 � 2 þ V3 � 4 þ V4 � 42 ð2Þ
The information on longissimus dorsi and kidney knob channel

fat thickness was analyzed using an ANOVA model considering
the effects of line, diet, litter size, and the interaction between line
and diet as fixed effects and birth year as random effect. A full
description of model assumptions and outliers is in Supplementary
Material S1.

All models were fitted using the lme function of the nlme pack-
age (Pinheiro et al., 2020) and ANOVA using anova function of the
stats R package (Fox and Weisberg, 2010) of software R (R Core
Team, 2020). Contrasts were performed using general hypothesis
testing, function glht of package multcomp (Hothorn et al., 2008)
of software R (R Core Team, 2020). Statistical significance was set
at P � 0.05.

Between-individual variation in milk metabolites responses to 2-d
nutritional challenge

Values that describe the between-individual variability were
recovered from the random part of the above-mentioned linear
mixed-effects models. However, to explore between-individual
variability, rearing diet, and genetic line were not included in the
models. Moreover, in the models fitted for milk metabolites only,
litter size was also not included. To see what animal factors might
account for part of the between-individual variability in response
to short-term challenge, values that described the between-
4

individual variability in late gestation trajectories (extracted from
the previously described model) and also in early lactation trajec-
tories were used, as follows: The fitted mixed-effects model for MY
and BW from kidding to prechallenge was similar to the mixed-
effects models used for the body traits during the second half of
gestation but the time variable was days from challenge.

With this, we built two datasets. One dataset with body traits
and plasma insulin and metabolites recorded during the second
half of gestation, litter size, MY and BW from kidding to prechal-
lenge, and longissimus dorsi and kidney knob channel fat thickness
(i.e. predictor traits) during the prechallenge. These were the traits
with the potential to explain the between-individuals variability of
milk metabolites responses-recoveries during the 2-d nutritional
challenge (i.e., the second dataset, predicted traits).

Using the random parameters estimated for each individual
(i.e., assembled dataset of predictor traits and assembled dataset
of predicted traits), we first ran, separately for each dataset, prin-
cipal components analysis (PCA), using orthogonal varimax rota-
tion (i.e. to maximize the sum of the variances of the squared
loadings). A correlation matrix was used as input in the PCA.
The scores estimated for each individual, from the first two prin-
cipal components, were used in a hierarchical clustering analysis,
using Euclidean distance as a measure of distance among individ-
uals and Ward’s Method as the agglomerative approach. Two
principal components and three clusters were chosen based on
biological interpretation and the amount of variance explained.
Traits that presented loadings < |0.40| in one of the first two
selected principal components were not interpreted in the PCA
and did not continue for the next step. Second, the between-
individual variance of each milk metabolite explained by the
traits recorded during prekidding and prechallenge (R2 and R2

adjusted for the number of predictors) was assessed by fitting
multiple linear models that had all possible combinations of can-
didates’ predictor variables.

The PCA was performed using the corr.test, fa.parallel, and prin-
cipal functions of the psych package (Revelle, 2018) of software R (R
Core Team, 2020). The hierarchical clustering analysis was per-
formed using the dist and hclust functions of the stats package of
software R (R Core Team, 2020). The linear models were fitted
using the lm function from the stats package of R (R Core Team,
2020) using a procedure coded by us that allowed us to fit models
with all possible combinations of predictor variables.
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Results

BW, morphology, and plasma metabolites during the second half of
gestation

Females fed the low-energy rearing diet had low BW, BCS,
shoulder height, and thorax width at the end of the diet treatment
(i.e., mid-gestation) in comparison to females fed the normal diet
(P � 0.001; Table 1 and Fig. 2). However, after the diet treatments
ended, i.e. during the second half of gestation on a common diet,
females from the low-energy rearing diet presented higher average
daily BW gain and rate of gain in thorax width in comparison to
females from the normal rearing diet (P � 0.018). Moreover,
females from the low-energy rearing diet increased BCS during
the second half of gestation while females from the normal rearing
diet had a reduction in BCS (P < 0.001). However, the differences
observed between rearing diets on female BW, BCS, shoulder
Fig. 2. Time trends in average body condition score (BCS), BW (kg), shoulder height (cm
bucks divergently selected for functional longevity (longevity line plus (LGV + ) and longe
fromweaning to mid-gestation; Frommid-gestation to kidding all goats were fed with a c
solid dark orange line represents LGV + fed a normal diet, h and dashed black line repres
low-energy diet. Symbols and lines show observed and fitted trajectories, respectively.

5

height, and thorax width at the end of the diet treatment were also
observed at kidding (P � 0.033). These differences were smaller at
kidding. LGV- females presented higher BW and thorax width than
LGV + females at mid-gestation and kidding (P � 0.021).

Plasma insulin and NEFA concentrations were higher in goats
fed a normal energy�rearing diet than in females fed a low-
energy�rearing diet at mid-gestation only (P � 0.001; Table 2).
In general, the genetic line did not affect plasma insulin or metabo-
lite levels during the second half of pregnancy (P � 0.281; Table 2).

BW, DM intake, milk yield, and metabolite responses to nutritional
challenge

DM intake, BW, and MY significantly dropped during the 2-day
nutritional challenge (P < 0.001; Fig. 3). However, BW returned to
prechallenge levels during postchallenge (P = 0.310) while DM
intake presented a tendency to be above (P = 0.0767) and MY
), thorax width (cm), from mid-gestation to kidding of daughters of Alpine breed
vity line minus (LGV-) lifespan), raised on different diets (low-energy or normal diet)
ommon diet. Thes and solid black line represents LGV- fed a normal diet, and the
ents LGV- fed low-energy diet, h and dashed dark orange line represents LGV + fed



Table 2
Average plasma insulin and metabolites at mid-gestation, and rates of change (D) in the second part of gestation, of first lactation Alpine goats divergently selected for functional
longevity (longevity line plus (LGV + ) and longevity line minus (LGV-)) and fed with two different diets from weaning to mid-gestation (low-energy or normal diet); From mid-
gestation to kidding, all goats were fed with a common diet.

Trait LGV- LGV+ SEM P-value

Low-energy Normal diet Low-energy Normal diet Litter size1 Longevity Diet Longevity*Diet

Insulin (lg/L)
at mid-gestation 0.634 1.104 0.598 1.348 0.1800 0.892 0.560 <0.001 0.368
at kidding 0.498 0.562 0.436 0.442 0.0634 <0.001 0.341 0.944 0.616
D 2nd half gestation �0.0070 �0.0112 �0.0067 �0.0109 0.0023 <0.001 0.622 0.010 0.991

Glucose (mM)
at mid-gestation 3.92 3.98 3.89 4.02 0.097 0.151 0.952 0.096 0.516
at kidding 3.22 3.34 3.08 3.22 0.1035 <0.001 0.358 0.212 0.992
D 2nd half gestation �0.00860 �0.00516 �0.00975 �0.00580 0.0017 <0.001 0.806 0.104 0.876

Non-esterified fatty acids (lmol/L)
at mid-gestation 80.5 128.3 94.2 136.1 51.5 0.006 0.360 <0.001 0.808
at kidding 475 524 589 529 99.4 0.007 0.639 0.275 0.582
D 2nd half gestation 4.42 5.36 6.36 4.70 1.66 <0.001 0.864 0.667 0.342

ß-hydroxybutyrate (mM)
at mid-gestation 0.197 0.208 0.200 0.200 0.0144 0.205 0.895 0.687 0.661
at kidding 0.410 0.423 1.090 0.346 0.383 0.732 0.556 0.442 0.823
D 2nd half gestation 0.00325 0.00368 0.0136 0.00232 0.0060 0.0263 0.391 0.375 0.219

Plasma urea (mM)
at mid-gestation 4.97 5.43 5.14 4.81 0.227 0.941 0.281 0.975 0.029
at kidding 3.64 3.59 3.52 3.27 0.174 0.531 0.427 0.126 0.521
D 2nd half gestation �0.0115 �0.0090 �0.0148 �0.0133 0.0034 0.538 0.229 0.665 0.864

1 Single or Multiple fetuses.

Fig. 3. Time trends of BW (kg), DM intake of total mixed ratio (TMR; g), and milk yield (MY, kg) pre-, during, and postnutritional challenge in first lactation Alpine goats from
two divergent lines; longevity line plus (LGV + ) and longevity line minus (LGV-), and reared on different diets from weaning to mid-gestation (low-energy or normal diet);
From mid-gestation to kidding, all goats were fed with a common diet. The s and solid black line represents LGV- fed a normal diet, and the solid dark orange line
represents LGV + fed a normal diet, h and dashed black line represents LGV- fed low-energy diet, h and dashed dark orange line represents LGV + fed low-energy diet.
Symbols and lines represent observed and fitted trajectories, respectively.
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was significantly below the prechallenge level (P � 0.001). DM
intake demonstrated a tendency to be affected by the rearing diet
during the challenge (P = 0.061; Table 3). The DM intake of LGV-
females showed a tendency for a quicker and sharper recovery
from the challenge than LGV + females (P = 0.0646 for rate of recov-
ery; P = 0.107 for rate of deceleration in recovery; Table 3). As
observed at kidding, females fed the low-energy rearing diet and
LGV + females had the lowest BW during the prechallenge
(P = 0.035 and P = 0.051; Table 3). Females fed the normal rearing
diet had the highest MY during the prechallenge and consequently
the fastest drop during the challenge (P = 0.0032 and P = 0.031;
Table 3). LGV- females’ MY presented a quicker and sharper recov-
6

ery from the challenge than LGV + females’ MY (P = 0.042 and
P = 0.012). No significant effects of rearing diet and longevity line
were found on Longissimus dorsi and kidney knob channel fat
thickness.

During the nutritional challenge, plasma levels of insulin and
glucose dropped while NEFA, BHB, and urea increased (Table 4).
However, plasma insulin and glucose returned to prechallenge
levels during postchallenge (P � 0.167) while plasma BHB, NEFA,
and urea presented postchallenge levels below the prechallenge
level (P � 0.001). We did not observe any significant effect of a
rearing diet on the evaluated plasma metabolites (Table 4). LGV-
females presented a tendency for a quicker and sharper plasma



Table 3
Average time trends of DM intake of total mixed ratio, BW, milk yield during the different phases of the nutritional challenge in first lactation Alpine goats divergently selected for
functional longevity (longevity line plus (LGV + ) and longevity line minus (LGV-)), raised on different diets from weaning to mid-gestation (low-energy or normal diet). Average
longissimus dorsi and kidney knob channel fat thickness measurements across the whole challenge are also shown; From mid-gestation to kidding, all goats were fed with a
common diet.

Item LGV- LGV+ SEM P-value

Low-energy Normal diet Low-energy Normal diet Litter size1 Longevity Diet Longevity*Diet

DM intake
Prechallenge level (g) 2 400 2 640 2 310 2 470 96.06 0.482 0.425 0.061 0.661
Rate of response (g/d) �953 �1040 �877 �952 45.42 0.809 0.204 0.167 0.899
Rate of recovery (g/d) 943 991 823 857 143.2 0.810 0.107 0.532 0.891
Rate of deceleration in recovery (g/d2) �110 �114 �84.6 �91.8 36.99 0.433 0.065 0.781 0.868

BW
Prechallenge level (kg) 49.3 54.2 45.3 47.3 1.598 0.107 0.0513 0.035 0.344
Rate of response (kg/d) �2.21 �2.13 �1.9 �1.67 0.2831 0.144 0.381 0.845 0.775
Rate of recovery (kg/d) 1.44 2.8 1.72 1.39 0.4075 0.024 0.585 0.019 0.028
Rate of deceleration in recovery (kg/d2) �0.0966 �0.407 �0.195 �0.101 0.08542 0.044 0.362 0.010 0.012

Milk yield
Prechallenge level (kg) 2.88 3.47 3.06 3.11 0.1415 0.927 0.307 0.003 0.04
Rate of response (kg/d) �0.891 �1.07 �0.903 �0.944 0.07796 0.976 0.877 0.031 0.21
Rate of recovery (kg/d) 0.516 0.496 0.346 0.43 0.3505 0.774 0.042 0.831 0.4
Rate of deceleration in recovery (kg/d2) �0.0333 �0.008 0.0173 �0.00204 0.0804 0.725 0.012 0.258 0.132

Longissimus dorsi
height (mm) 17.3 18.2 16.8 17.5 1.43 0.000 0.215 0.242 0.819
width (mm) 40.7 39.3 38.7 39.4 1.01 0.245 0.076 0.284 0.214
surface area (mm2) 556 570 513 541 51.5 0.002 0.079 0.615 0.695

Kidney knob channel fat thickness (cm) 0.219 0.213 0.217 0.225 0.00977 0.703 0.877 0.635 0.411

1 Single or Multiple fetuses.

Table 4
Average plasma metabolites and insulin values during the different phases of the nutritional challenge in first lactation Alpine goats divergently selected for functional longevity
(longevity line plus (LGV + ) and longevity line minus (LGV-)), and raised on different diets from weaning to mid-gestation (low-energy or normal diet); From mid-gestation to
kidding, all goats were fed with a common diet.

Item LGV- LGV+ SEM P-value

Low-
energy

Normal
diet

Low-
energy

Normal
diet

Litter
size1

Longevity Diet Longevity*Diet

Insulin
Prechallenge level (lg/L) 0.152 0.159 0.136 0.211 0.01979 0.019 0.547 0.790 0.072
Rate of response (lg/L/d) �0.0564 �0.0578 �0.0477 �0.0766 0.007103 0.078 0.329 0.889 0.038
Rate of recovery (lg/L/d) 0.115 0.11 0.0825 0.124 0.01374 0.149 0.067 0.800 0.072
Rate of deceleration in recovery (lg/L/d2) �0.0214 �0.0199 �0.0142 �0.0224 0.003351 0.196 0.086 0.738 0.116

Glucose
Prechallenge level (mM) 3.5 3.52 3.64 3.63 0.06529 0.502 0.084 0.786 0.777
Rate of response (mM/d) �0.433 �0.369 �0.411 �0.483 0.04855 0.039 0.727 0.351 0.136
Rate of recovery (mM/d) 0.892 0.767 0.673 0.871 0.09551 0.453 0.051 0.315 0.051
Rate of deceleration in recovery (mM/d2) �0.168 �0.147 �0.123 �0.163 0.01989 0.921 0.053 0.427 0.078

Non-esterified fatty acids
Prechallenge level (lmol/L) 574 693 576 505 108.9 0.003 0.972 0.093 0.045
Rate of response (lmol /L/d) 648 640 612 667 54.25 0.717 0.609 0.923 0.542
Rate of recovery (lmol /L/d) �1100 �1120 �1070 �1110 82.52 0.742 0.841 0.808 0.956
Rate of deceleration in recovery (lmol/L/

d2)
173 178 173 179 14.35 0.809 0.983 0.809 0.955

ß-hydroxybutyrate
Prechallenge level (mM) 0.538 0.585 0.526 0.484 0.04146 0.066 0.808 0.373 0.211
Rate of response (mM/d) 0.0724 0.0701 0.0737 0.126 0.03317 0.940 0.974 0.957 0.341
Rate of recovery (mM/d) �0.26 �0.276 �0.283 �0.289 0.04473 0.303 0.657 0.781 0.899
Rate of deceleration in recovery (mM/d2) 0.0498 0.053 0.0573 0.054 0.007838 0.407 0.407 0.746 0.625

Urea
Prechallenge level (mM) 3.54 3.19 3.63 3.39 0.5079 0.172 0.725 0.209 0.764
Rate of response (mM/d) 0.605 0.674 0.927 0.708 0.3055 0.602 0.174 0.792 0.409
Rate of recovery (mM/d) �2.43 �2.4 �2.81 �2.45 0.4271 0.733 0.329 0.948 0.564
Rate of deceleration in recovery (mM/d2) 0.554 0.546 0.609 0.558 0.07509 0.741 0.479 0.922 0.703

1 Single or Multiple fetuses.
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insulin (P = 0.067 and P = 0.080, respectively) and a quicker and
sharper plasma glucose (P = 0.051 and P = 0.0534, respectively)
recovery from the challenge than LGV + females (Table 4).

During the 2-day nutritional challenge, milk triacylglycerols,
urea, urate, LDH, isoCitrate, galactose, choline, and cholesterol
had increased concentrations while lactose, glucose, glucose-6-
7

phosphate, malate, glutamate, and NH2 had decreased concentra-
tions (Table 5; Table S2; Fig. 4 shows the profiles of BHB, choles-
terol, choline, isoCitrate, LDH, and triacylglycerols). Milk glucose-
6-phosphate, glucose, malate, glutamate isoCitrate, NH2, BHB, cho-
line, and lactose presented postchallenge levels below prechal-
lenge levels while the opposite was observed for cholesterol and



Table 5
Average time trends of milk metabolite concentrations during the different phases of the nutritional challenge in first lactation Alpine goats divergently selected for functional
longevity (longevity line plus (LGV + ) and longevity line minus (LGV-)), and fed with two nutritional strategies from weaning to the middle of gestation (low-energy or normal
diet); From mid-gestation to kidding, all goats were fed with a common diet.

Item LGV- LGV+ SEM P-value

Low-
energy

Normal diet Low-
energy

Normal diet Litter size1 Longevity Diet Longevity*Diet

L-lactate dehydrogenase
Prechallenge level (UI) 12 12.6 10.6 12 1.217 0.018 0.248 0.667 0.669
Rate of response (UI/d) 29.4 31.1 25.6 24.7 2.68 0.009 0.257 0.640 0.595
Rate of recovery (UI/d) �37 �40 –32.3 �31.7 3.509 0.010 0.253 0.511 0.551
Rate of deceleration in recovery (UI/d2) 5.48 5.95 4.75 4.69 0.6211 0.021 0.250 0.497 0.561

isoCitrate
Prechallenge level (lM) 177 197 186 189 8.521 <.0001 0.372 0.086 0.270
Rate of response (lM/d) 41.4 42.8 40 50.7 7.062 0.051 0.858 0.871 0.422
Rate of recovery (lM/d) �101 �119 �109 �121 10.23 0.861 0.481 0.181 0.722
Rate of deceleration in recovery (lM/d2) 18 21.7 19.4 21.7 1.858 0.473 0.555 0.157 0.689

ß-hydroxybutyrate
Prechallenge level (lM) 39.1 34.3 31.5 29.2 4.197 0.144 0.146 0.407 0.741
Rate of response (lM/d) 1.96 2.57 �0.187 7.4 2.181 0.728 0.414 0.835 0.073
Rate of recovery (lM/d) �5.34 �7.2 �3.83 �11.9 3.027 0.502 0.694 0.662 0.275
Rate of deceleration in recovery (lM/d2) 0.526 1.07 0.748 1.97 0.5308 0.778 0.740 0.467 0.494

Choline
Prechallenge level (mM) 1.21 1.26 1.09 1.1 0.05043 0.337 0.071 0.464 0.644
Rate of response (mM/d) 1.07 1.18 0.993 0.961 0.07319 0.009 0.433 0.267 0.285
Rate of recovery (mM/d) �1.6 �1.81 �1.49 �1.46 0.1137 0.048 0.430 0.179 0.249
Rate of deceleration in recovery (mM/d2) 0.261 0.295 0.237 0.231 0.0217 0.123 0.390 0.261 0.323

Cholesterol
Prechallenge level (lM) 220 204 216 207 15.14 0.294 0.819 0.400 0.801
Rate of response (lM/d) 250 250 243 242 19.31 0.465 0.697 0.997 0.953
Rate of recovery (lM/d) �275 �278 �258 �273 23.22 0.235 0.548 0.899 0.779
Rate of deceleration in recovery (lM/d2) 40.2 41.5 35.9 37.1 5.708 0.296 0.441 0.838 0.671

Triglycerides
Prechallenge level (mM) 52.6 54.5 50.7 50.6 4.153 0.575 0.456 0.482 0.562
Rate of response (mM/d) 23.5 26.4 24.4 22.4 10.95 0.026 0.775 0.386 0.273
Rate of recovery (mM/d) �36.3 �42.2 �37.6 �35.3 13.86 0.351 0.798 0.293 0.274
Rate of deceleration in recovery (mM/d2) 6.7 7.65 6.59 6.4 2.149 0.669 0.908 0.379 0.428

1 Single or Multiple fetuses.
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triacylglycerols (P � 0.0467). Milk urate, galactose, urea, and pro-
tein presented postchallenge levels similar to prechallenge levels
(P � 0.145) while LDH presented a tendency to be different
(P = 0.0655). Milk protein response to challenge slightly decreased
for LGV- females and slightly increased for LGV + females
(P � 0.01; Table S2). There were few treatment effects on a small
number of milk metabolite response-recovery profiles. Milk fat,
urea, glucose, LDH, glutamate, BHB, and cholesterol prechallenge
level, response, and recovery from challenge were similar between
genetic lines and rearing diets (P � 0.124; Table 5; Table S2). Milk
isoCitrate, galactose, and choline response and recovery from chal-
lenge were similar between genetic lines and rearing diets
(P � 0.125; Table 5; Table S2). Milk urate and NH2 during the
prechallenge, and response-recovery from challenge were not
affected by genetic line (P � 0.213). Females fed a low-energy rear-
ing diet had a quicker and sharper milk glucose-6-phosphate and
urate recovery from the challenge (P � 0.050). Milk protein
response to challenge was similar between genetic lines and rear-
ing diets (P = 0.137); however, LGV- females presented a quicker
and sharper recovery from challenge (P = 0.002).
Between-individual variation in milk metabolite responses to 2-d
nutritional challenge

To further explore variation between individuals in milk
metabolite response-recovery profiles from the nutritional chal-
lenge, a PCA of the individual values of the piecewise model
parameters (V1, V2, V3, and V4) of all milk metabolites was carried
8

out (Table S3; Fig. 5). The first two principal components of this
PCA explained 28% of the total between-individual variance. The
first principal component, which retained 15% of the total variance,
described the response-recovery profiles of milk metabolites that
have strong links with body energy dynamics (i.e., V2, V3, and
V4 of isoCitrate, BHB, choline, cholesterol, and triacylglycerols).
The major loadings on the second principal component, which
retained less variance (13%), were chiefly related to milk metabo-
lites expected to reflect protein dynamics as well as the prechal-
lenge levels of the milk metabolites related to energy dynamics
(in the first principal component). These results identified the milk
metabolite dynamics that are the main contributors to the
between-individual variation in response-recovery profiles. They
suggest that energy dynamics are the most responsive to nutri-
tional challenges in dairy goats during early lactation.

Accordingly, indicators of body reserves just before kidding and
during the prechallenge (27 in all) were explored as predictor traits
with the potential to explain between-individual variation in milk
metabolites responses to the 2-d nutritional challenges in early-
lactation. In the first step, a PCA was done on these prekidding
and prechallenge measures (Table S4; Fig. 6). The principal compo-
nents analysis using the 27 candidate predictor traits demon-
strated that 38% of the between-individuals’ variance can be
summarized in two principal components. It identified which of
the prekidding and prechallenge measures were the main contrib-
utors to between-individual variation. The first principal compo-
nent, accounting for 19% of the variance, opposed plasma glucose
against plasma NEFA, plasma BHB, and litter size. The second prin-



Fig. 4. Time trends of milk metabolites pre-, during, and postnutritional challenge in first lactation Alpine goats from two divergent lines selected for productive lifespan;
longevity line plus (LGV + ) and longevity line minus (LGV-), and reared on different diets from weaning to mid-gestation (low-energy or normal diet); Frommid-gestation to
kidding, all goats were fed with a common diet. The milk metabolite concentrations are ß-hydroxybutyrate (BHB; lM), cholesterol (lM), choline (mM), isoCitrate (lM), L-
lactate dehydrogenase (LDH; UI), and triacylglycerols (mM). The s and solid black line represents LGV- fed a normal diet, and the solid dark orange line represents
LGV + fed a normal diet,h and dashed black line represents LGV- fed low-energy diet,h and dashed dark orange line represents LGV + fed low-energy diet. Symbols and lines
show observed and fitted trajectories (from a mixed-effects model), respectively.

M. Gindri, N.C. Friggens, O. Dhumez et al. Animal 18 (2024) 101153
cipal component, which retained 19% of the total variance, was
strongly related to the between-individual variance of BW, mor-
phology (i.e., shoulder height and thorax width), and BCS at kid-
ding, and prechallenge BW, and longissimus dorsi measurements
and weakly related to prechallenge MY. To explore the extent to
which these prekidding and prechallenge energy status measures
could account for variation in response-recovery profiles in early
lactation of the most prominent energy-related milk metabolites
(identified above; Figure S1), clustering analyses in both datasets
followed by stepwise linear regression were carried out.

Using the hierarchical clustering analysis, we clustered the indi-
viduals into three different groups (Figure S2). Combining the clus-
ter and PCA results, we identified that 53% (9 out of 17 individuals)
of the individuals that were in the cluster powered by milk
metabolites linked to body energy dynamics were also in the clus-
ter powered by the body traits and MY (Fig. 5). This link between
9

the prekidding and prechallenge energy status measures and the
metabolites linked to body energy dynamics was subsequently
confirmed by the stepwise linear regressions.

Using stepwise multiple linear regressions, it was found that
prekidding and prechallenge measures were significant predictors
of between-individual variation in response-recovery profiles from
challenge for the milk metabolites; BHB, choline, cholesterol, tria-
cylglycerols, LDH, and isoCitrate (7% < R2 < 37%; Table 6). MY at
prechallenge, when alone in the model, was the trait that
explained most of the between-individual variation of the above-
cited traits (R2 � 20%). In addition to these traits, between-
individual variation of BW at prechallenge, morphology (i.e., shoul-
der height and thorax width), BCS at kidding and litter size also
contributed to explaining the between-individual variation of the
above-mentioned traits (R2 � 15%;). The addition of plasma insulin
and plasma metabolites prekidding did not significantly increase



Fig. 5. Principal components (for loadings � |0.4|) of milk metabolite (glucose (mM), glucose-6-phosphate (mM), malate (lM), glutamate (lM), NH2 free groups glutamate
(NH2; micro eqv), urate (lM), L-lactate dehydrogenase (LDH; UI), isoCitrate (lM), choline (mM), urea (mM), cholesterol (lM), triacylglycerols (mM), and ß-hydroxybutyrate
(BHB; lM)) response-recovery profiles descriptors in first lactation dairy goats subjected to 2-days feed restriction during early lactation. The descriptors V1, V2, V3, and V4
correspond to pre-, rate of response-, rate of recovery-, rate of deceleration in recovery- nutritional challenge. The dots are the individuals and the colors represent the
clusters. The and are individuals in the cluster powered by body energy dynamic-related metabolites. also represents the individuals that were in the cluster powered
by body and milk traits in Fig. 6. The d and are individuals in the cluster not powered by body energy dynamic metabolites.
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the variance already explained by the other traits (R2 < 5%). The
addition of Longissimus dorsi surface area did not significantly
increase the variance already explained by the other traits
(R2 < 2.5%). The R2 of all fitted models is available in the repository
indicated in the ‘Data and Model Availability Statement’ section.

Discussion

The first hypothesis tested was related to the effect of two
rearing diets designed to create differences in body fat content
during growth. As expected, the differences in stature and body
reserves created by these diets during the rearing phase dimin-
ished during late gestation on a common feed, indicating that
the goats compensated for their prior nutritional treatments
(Tolkamp et al., 2006; Bjerre-Harpøth et al., 2012). Indeed, the
average BW, kidney knob channel fat thickness, and longissimus
10
dorsi surface area, are considered indexes of body lean and non-
carcass fat content (Teixeira et al., 2008; Härter et al., 2014;
Morales-Martinez et al., 2020), were no longer affected by rearing
diet or even genetic line at the start of the early lactation chal-
lenge. Nevertheless, variation in energy status measures during
prekidding was able to account for some of the variations in
the early lactation challenge response-recovery profiles of those
milk metabolites most associated with energy metabolism. In
terms of treatment means, the rearing diet had no significant
effect on response-recovery profiles of plasma metabolites and
only a few effects on MY and milk metabolites. Females raised
on the normal rearing diet had the highest MY during the
prechallenge and consequently the fastest drop during the chal-
lenge. Females raised on the low-energy rearing diet presented
a quicker and sharper milk glucose-6-phosphate and urate recov-
ery from challenge.



Fig. 6. Principal components (for loadings � |0.4|) of goat prekidding (_k measures) BW (kg), body condition score (BCS), body morphology (shoulder height and thorax
width; cm), plasma metabolites (glucose (mM), ß-hydroxybutyrate (BHB; lM), non-esterified fatty acids (NEFAs; mEq/L), and insulin (lg/L)), and early lactation prechallenge
(_pc measures) milk yield (MY; kg), BW (kg) and longissimus dorsi (Long_dorsi; height, width, and surface; mm). The average values and the rates of change (D) of prekidding
measures are included. The are individuals in the cluster powered by body traits during prekidding and BW and milk traits during the prechallenge. The d and are
individuals in the cluster not powered by body energy dynamic metabolites.
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The second hypothesis tested was that goats sired with bucks
divergently selected for longevity would have differences in
response-recovery profiles during an early lactation nutritional
challenge. The BCS and plasma-related metabolites during growth
and kidney knob channel fat thickness and longissimus dorsi surface
area at the prechallenge were not affected by the genetic line.
Regarding recovery profile, we identified that DM intake, plasma
insulin and glucose, MY, and milk protein presented a slightly
quicker and sharper recovery profile from challenge for LGV�
females relative to LGV + females. As MY has been demonstrated
to be a key driver of feed intake in dairy cows (Allen et al., 2019;
de Souza et al., 2019), and insulin and glucose are key molecules
related to MY (Knowlton et al., 1998), the combined effects of long-
evity line on DM intake, MY, insulin and glucose appear consistent
and the slight differences observed in the recovery phase of the
challenge period suggest that LGV- have a metabolism more
focussed towards restoring MY when compared to LGV + females.
11
Body reserve dynamics have been suggested to be the mediator
of the link between the two factors tested in this study (i.e., early
life nutritional strategies and functional longevity) and adaptive
capacity to environmental challenges (Hales and Barker, 2001;
Cameron et al., 2005; Theilgaard et al., 2007). However, no treat-
ment differences were found in the response-recovery profiles
(i.e., V2, V3, and V4) of milk metabolites that have strong links with
body energy dynamics, and that presented high between-
individual variability in the PCA (i.e., isoCitrate, BHB, choline,
cholesterol, and triacylglycerols). Two interpretations for these
findings are possible. The first is that inherent differences in long-
evity and also in early life growth trajectory do not impact the resi-
lience mechanisms related to body reserves by which animals
respond to short-term nutritional challenges. The second explana-
tion is that these factors do affect resilience, i.e. response-recovery
profiles, but that the between-individual variation in resilience
mechanisms is substantially greater than the between-treatment



Table 6
Summary of multiple linear regression equations with the highest R2

adjusted for predicting the different aspects of the response-recovery profiles in milk metabolites using prekidding and prechallenge energy status measures in first
lactation Alpine goats. Equations are shown for those regressions in which prekidding and prechallenge measures explain more than 25% of the between-individual variability (Data and model availability statement section). Equations
that included plasma traits were not considered. The coefficient for each predictor is given unless it was not included in that particular equation (symbol �).

Traits Predictors

Intercept BW at
kidding

BCS at
kidding

Shoulders height at
kidding

Shoulders height D 2nd half
gestation

Thorax at
kidding

Litter
size

MY
prechallenge

BW
prechallenge

R2adj R2 RSE

L-lactate dehydrogenase
Rate of response (UI/d) 5.83 �0.514 10.5 – – 0.679 �3.41 – 0.407 9.03 15.4 9.249
Rate of recovery (UI/d) �2.35E-

14
1.35 �17.8 – �136 – – �6.47 �1.23 26 31.2 11.79

Rate of deceleration in recovery
(UI/d2)

3.25E-15 �0.27 2.28 – – – – 1.39 0.262 32.6 36.4 2.085

isoCitrate
Prechallenge level (lM) 56.5 1.84 – – – – –33 – �1.35 28.8 31.8 31.84
Rate of response (lM/d) 1.1E-13 0.778 – – – – – 9.32 �0.803 4.72 8.75 21.94
Rate of recovery (lM/d) �25.9 �1.81 – – – – 15.2 �22.7 1.92 18.4 23 34.24
Rate of deceleration in recovery

(lM/d2)
5.75 0.354 5.01 – – – �3.37 3.95 �0.419 22.6 28.1 6.262

ß-hydroxybutyrate
Prechallenge level (lM) 8.4 1.55 – – – – �4.92 �9.49 �1.68 25.6 29.8 15.37
Rate of response (lM/d) �5.31E-

14
– 16 – – 1.33 – 7.23 �0.537 22.8 27.1 10.76

Rate of recovery (lM/d) 1.06E-13 0.634 �23.2 – – �1.98 – �11.4 – 23.7 28 15.94
Rate of deceleration in recovery

(lM/d2)
�2.44E-
14

�0.14 3.91 – – 0.383 – 2.51 – 26.3 30.4 3

Choline
Prechallenge level (mM) 0.0779 0.0102 – – – �0.0126 �0.0456 �0.0291 – 15.7 20.4 0.1322
Rate of response (mM/d) 0.186 0.0139 – �0.0194 8 – �0.109 0.154 �0.00844 27 33.2 0.2317
Rate of recovery (mM/d) �0.259 �0.011 – 0.0367 �12.6 – 0.152 �0.276 – 26.6 31.8 0.3631
Rate of deceleration in recovery

(mM/d2)
0.0416 0.00169 – �0.00681 2.21 – �0.0244 0.0525 – 26.3 31.4 0.06409

Cholesterol
Prechallenge level (lM) 4.09E-13 1.26 �32 – – – – �36.9 – 27.2 30.3 33.71
Rate of response (lM/d) �2.37E-

13
1.63 – �2.57 – – – 29.8 �3.35 21 25.5 36.46

Rate of recovery (lM/d) 2.36E-14 2.42 �50.1 – 633 – – �27 �1.32 19.9 25.5 39.82
Rate of deceleration in recovery

(lM/d2)
2E-14 �0.744 12.9 – �128 – – 4.07 0.66 22.3 27.8 8.308

Triglycerides
Prechallenge level (mM) 1.9 0.146 – – – – �1.11 �1.61 – 3.36 7.44 5.062
Rate of response (mM/d) 3.32 0.208 7.71 – – – �1.94 4.34 �0.413 18.1 23.9 6.28
Rate of recovery (mM/d) �3.9E-

15
0.279 �9.79 1.09 – �0.751 – �7.78 – 21.6 27.2 9.164

Rate of deceleration in recovery
(mM/d2)

�2.59E-
15

�0.0398 2.42 �0.142 – – – 1.55 – 24 28.3 1.672

Abbreviations: RSE = Square root of the estimated variance of the random error; BCS = Body condition score; D = rates of change in the second part of gestation; MY = Milk yield; R2adj = R2 adjusted for the number of predictors.
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differences. Concerning the longevity lines, Ithurbide et al. (2022)
have shown that the survival curves of the lines are affected by
some body reserve-related measures (weight change in first lacta-
tion, milk fat:protein ratio). They also have recently shown differ-
ences in longevity between groups of animals clustered according
to their multivariate metabolic responses (Ithurbide et al., 2023).
These results support the second interpretation presented above.
Similarly, the links between the individual’s prekidding energy sta-
tus measures and milk response-recovery profiles found in the pre-
sent study (35% of the between-individual variability in response-
recovery profiles to challenge at peak lactation can be described by
the energy status measures at kidding together with prechallenge
MY) suggest that rearing conditions will affect adult resilience,
insofar as they affect the animals’ energy status.

In addition to the prekidding energy status measures, MY before
the challenge was a strong predictor of variability in response-
recovery profiles of milk metabolites that have strong links with
body energy dynamics. Collectively, these results fit with the liter-
ature relating body reserves and MY to the ability to cope with
environmental challenges in dairy animals (Calus and Veerkamp,
2003; König and May, 2019). These studies have suggested that a
more balanced and robust individual may be associated with
decreased productivity because a cow allocates more resources
to cope with environmental challenges. Studies have also shown
that cows more efficiently digesting diets partitioned a greater pro-
portion of the incremental energy to body tissues instead of to MY
(Guinguina et al., 2020), and cows with high genetic merit for MY
are more sensitive to challenges than cows with low genetic merit
for MY (Beerda et al., 2007). Therefore, our findings support previ-
ous research suggesting a significant link between energy status
measures, productivity, and metabolic responses to address envi-
ronmental challenges.

A major goal of future dairy farming is to identify and select
dairy animals with superior ability to cope with environmental
challenges using on-farm sensors. In this study, we demonstrated
that around 35% of the between-individual variability in
response-recovery profiles to challenge at peak lactation can be
described by the energy status measures at kidding together with
prechallenge MY. However, careful consideration of the wider con-
text is needed for further use of these promising results. When it
comes to identifying outstanding individuals using on-farm sen-
sors, there is also a high variety of responses between farms and
within the same individual (Friggens et al., 2016; Adriaens et al.,
2020; Ben Abdelkrim et al., 2021). It has also been suggested that
there is a homeorhetic influence on the different coping strategies
that cows use in different lactation stages in response to a dietary
nutrient restriction (Bjerre-Harpøth et al., 2012). Accordingly, the
robustness of the relation between prior energy status measures
and response-recovery profiles to nutritional challenges should
be explored across different lactation stages.
Supplementary material

Supplementary material to this article can be found online at
https://doi.org/10.1016/j.animal.2024.101153.
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