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ABSTRACT

Understanding the extent to which genetics × envi-
ronment plays a role in shaping individual strategies to 
environmental challenges is of considerable interest for 
future selection of more resilient animals. Accordingly, 
the objective of this study was to evaluate the metabolic 
responses to a nutritional challenge of goats divergently 
selected for functional longevity based on plasma me-
tabolites and the repeatability of these responses across 
2 experimental farms and years. We carried out 6 differ-
ent experimental trials from years 2018 to 2022 (4 trials 
on site Bourges (2018–21) and 2 trials (2021–22) on site 
Grignon) in which 267 first kidding goats, daughters of 
Alpine bucks divergently selected for functional longev-
ity, longevity plus (n = 137), and longevity minus (n 
= 130), were exposed to a 2-d nutritional challenge in 
early lactation. The experiments consisted of a 5 or 7-d 
control period (pre-challenge) on a standard lactation 
diet followed by a 2-d nutritional challenge with straw-
only feeding and then a 7 or 10-d recovery period on a 
standard lactation diet, for site Bourges and Grignon, 
respectively. During the challenge plasma metabolite 
composition was recorded daily. Linear mixed-effects 
models were used to analyze all traits, considering the 
individual as a random effect and the 2x2 treatments 
(i.e., genetic line and year nested in site) and litter 
size as fixed effects. The linear mixed-effects model us-
ing a piecewise arrangement was used to analyze the 
response/recovery profiles to the nutritional challenge. 
Random parameters estimated for each individual, us-
ing the mixed-effects models without the fixed effects 
of genetic line, were used in a Sparse Partial Least 
Square Discriminant Analysis (sPLS-DA) to compare 
the goat metabolism response to the challenge on a 
multivariate scale. The plasma metabolites, glucose, 
β-hydroxybutyrate (BHB), and nonesterified fatty 

acids (NEFA), and urea concentrations responded to 
the 2-d nutritional challenge. Selection for functional 
longevity did not affect plasma glucose, NEFA, BHB, 
and urea response/recoveries to a 2-d nutritional chal-
lenge. However, site, trial, and litter size affected these 
responses. Moreover, the plasma metabolites seem not 
to fully recover to prechallenge levels after the recov-
ery phase. The sPLS-DA analysis did not discriminate 
between the 2 longevity lines. We observed meaningful 
between-individuals' variability in plasma BHB, espe-
cially on the prechallenge and rate of response and rate 
of recovery from the 2-d nutritional challenge (CV = 
26.2%, 36.1%, and 41.2%, repeatability = 0.749, 0.322, 
and 0.741, respectively). Plasma NEFA recovery from 
challenge also demonstrated high between-individuals’ 
variability (CV = 16.4%, repeatability = 0.323). Se-
lection for functional longevity did not affect plasma 
metabolites responses to a 2-d nutritional challenge in 
dairy goats. Plasma NEFA and BHB response/recovery 
presented high between-individuals’ variability, indicat-
ing individual adaptative characteristics to nutritional 
challenges not related to the environmental conditions 
but to inherent individual characteristics.
Key words: resilience, energy metabolism, adaptive 
capacities, divergent selection, biomarkers

INTRODUCTION

The functional longevity of farm animals relies in 
part on their capacity to overcome or adapt to envi-
ronmental challenges (Savietto et al., 2013). The longer 
the animal stays functional in the herd, the more ef-
ficient the herd becomes because the non-productive 
young phase of life gets diluted by a longer productive 
lifespan. Dairy goats can have a long productive life, 
with some individuals reaching up to 8 lactation cycles 
in the Alpine breed. However, the average lactation 
number is 3.22 ± 1.9 parities (Arnal et al., 2018). Also, 
it has been suggested that animals with higher resil-
ience have a longer productive lifespan because they are 
less likely to fail when facing environmental challenges 

Responses of selected plasma metabolites to a two-day nutritional
challenge of goats divergently selected for functional longevity

M. Gindri,1 M. Ithurbide,2 J. Pires,3 R. Rupp,2 L. Puillet,1 and N. C. Friggens1*
1Université Paris-Saclay, INRAE, AgroParisTech, UMR Modélisation Systémique Appliquée aux Ruminants, 91120, Palaiseau, France
2GenPhySE, Université de Toulouse, INRAE, Institut National Polytechnique de Toulouse, École Nationale Vétérinaire de Toulouse, Castanet
Tolosan, 31320, France
3INRAE, Université Clermont Auvergne, Vetagro Sup, UMR Herbivores, 63122 Saint-Genès-Champanelle, France

J. Dairy Sci. TBC
https://doi.org/10.3168/jds.2023-23908
© TBC, The Authors. Published by Elsevier Inc. on behalf of the American Dairy Science Association®.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Received July 6, 2023.
Accepted March 2, 2024.
*Corresponding author: Nicolas C. Friggens. E-mail: nicolas.

friggens@ inrae .fr



Journal of Dairy Science Vol. TBC No. TBC, TBC

(Poppe et al., 2020). In this context, it is likely that the 
goat's ability to cope with environmental disturbances 
is an underlying component of its ability to stay in the 
herd for a long time and increase herd efficiency.

Among the adaptive strategies to cope with environ-
mental disturbances, the increase of lipomobilization 
and protein catabolism during short-term nutritional
challenges have been described (Ndibualonji et al., 
1997; Friggens et al., 2016; Billa et al., 2020). These 
strategies are both relevant to guarantee energy for 
basal functions, for offspring, and to alleviate oxida-
tive stress during undernutrition. Therefore, it is likely 
that the ability of a goat to cope with environmental 
disturbances is related to energy metabolism and body 
reserves dynamics (Savietto et al., 2015). Friggens et 
al. (2016) have demonstrated the diversity of individual 
metabolic responses to environmental challenge under 
experimental conditions using plasma metabolites re-
lated to body reserves mobilization. This suggests a 
genetic role on individual adaptive strategies to envi-
ronmental disturbances. One way to assess this role is 
to select lines of individuals divergent on functional
longevity and challenge them against environmental 
disturbances. However, studies evaluating this are 
scarce, even if the approach is promising (Gindri et al., 
2022a; b).

Some studies have demonstrated environmental 
effects on metabolism of energy and body reserves 
dynamics, suggesting an environmental role on indi-
viduals’ adaptive strategies to environmental distur-
bances (Hales and Barker, 2001; Cameron et al., 2005). 
Moreover, recent studies have demonstrated that in-
dividuals divergently selected for functional longevity 
present different body reserve mobilization dynamics 
during the early lactation (Ithurbide et al., 2022), and 
clusters of adaptive types to a nutritional challenge 
are associated with longevity (Ithurbide et al., 2023). 
Therefore, understanding the extent to which genetics
× environment plays a role in shaping these individual 
strategies is of considerable interest for future selection
of more resilient animals. Accordingly, the objective of 
this study was to evaluate the metabolic responses to 
a nutritional challenge of goats divergently selected for 
functional longevity, and the repeatability of responses 
across 2 experimental farms and years.

MATERIALS AND METHODS

Experiment, animals, diet, and treatments

All procedures performed on animals were approved 
by the Ethics Committee on Animal Experimentation 
and the French Ministry of Higher Education, Research 
and Innovation (APAFIS#8613–2017012013585646 

V4 and APAFIS#24314–2019120915403741, for sites 
Bourges and Grignon, respectively). Six experiments 
were carried out, with the objective to measure time-
series measurements of plasma metabolites linked to nu-
tritional status and body reserves mobilization, in dairy 
goats exposed to a 2-d nutritional challenge in early 
lactation (38 ± 8 d in milk corresponding to the body re-
serve mobilization phase of lactation). The experiments 
consisted of a 5 or 7-d control period (hereafter called 
pre-challenge) followed by a 2-d nutritional challenge 
with straw-only feeding and then a 7 or 10-d recovery 
from challenge, for the sites of Bourges and Grignon, 
respectively. The 2-d challenge was used because it had 
previously been tested in goats (Friggens et al., 2016). 
It induced significant perturbations in performance and 
metabolism and has been demonstrated to be useful in 
previous studies for characterizing individual differences 
in animal responses to a nutritional challenge (Friggens 
et al., 2016). It fits well with equivalent studies done in 
dairy cattle (4-d challenge with a 60% straw dilution of 
the diet) (Bjerre-Harpøth et al., 2012). We used a group 
of 267 first kidding goats, daughters of Alpine bucks 
divergently selected for functional longevity (LGV), 
longevity plus (LGV +; n = 137), and longevity minus 
(LGV -; n = 130). Considering our study focused on 
understanding and identifying proxies that can be used 
to elaborate strategies for future selection of more re-
silient individuals based on plasma metabolites linked 
to body reserves, the beginning of first lactation is the 
highly recommended period to identify differences in 
body reserve dynamics during early life.

The experiments were carried out in 2 different 
experimental INRAE farms, Bourges (coordinates: 
47.059, 2.510) and Grignon (coordinates: 48.840, 1.951), 
France. The 2 locations are close, around 200 km apart, 
with a semi-oceanic climate. In Bourges, experiments 
took place in 2018 (n = 21 LGV- and 13 LGV+), 2019 
(n = 35 LGV- and 27 LGV+), 2020 (n = 21 LGV- and 
29 LGV+) and 2021 (n = 21 LGV- and 28 LGV+) . 
In Grignon, experiments took place in 2021 (n = 17 
LGV- and 18 LGV+) and 2022 (n = 15 LGV- and 
22 LGV+). Average characteristics of animals during 
pre-challenge for each year and site are presented in 
Table 1. In Grignon, goats were fed with a total mixed 
ration (TMR) given ad libitum 2 times a day, whereas 
in Bourges goats had hay available ad libitum and ac-
cess to an automatic concentrate feeder. In Grignon, 
the standard TMR (on a DM basis) consisted of 23% of 
hay, 29% dried lucerne, 27% beet pulp, 20% lactation 
concentrate (Fluvialac (Agralys Aliment, Châteaudun, 
France)), 0.50% minerals, and 0.50% bicarbonate. In 
Bourges, the diet was composed of alfalfa hay plus a 
standard lactation concentrate. The 2 lines were cre-
ated at the INRAE experimental facility with the sci-
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entific input of GenPhyse in close collaboration with
Capgènes, the French AI center for goats. The average 
estimated lifespan of the 35 bucks that sired the LGV- 
and LGV+ lines is of 909 (±651) and of 1071 (±722) 
days, respectively (Ithurbide et al., 2022). Moreover, 
Ithurbide et al., (2022) compared the observed survival
of the 2 lines with a cox model that allowed to estimate 
the life expectancy, i.e., LGV- of 787 d and LGV+ 830 
d. The average effect of line over all life stages was 
significant (P = 0.005), with the LGV+ having a de-
creased risk of culling (hazard ratio 0.63; CI = 0.465; 
0.864).

Blood samples were collected from jugular veins daily, 
during the whole experiment (13 d for Bourges and 17 d 
for Grignon), using evacuated tubes containing EDTA 
(1.95 mg/mL; Terumo Europe NV, Leuven, Belgium).
Samples were centrifuged for 10 min at 3,000 × g at 
4°C, and the plasma was conserved at −20°C until anal-
ysis for urea (mM), glucose (mM), β-hydroxybutyrate 
(BHB; mM), and nonesterified fatty acids (NEFA; 
µmol/L). For the plasma samples recorded at INRAE 
farm Bourges, the plasma samples were analyzed using 
an automatic analyzer (Arena 20XT, Thermo Fisher 
Scientific, Cergy Pontoise, France) with commercial kits
for glucose (glucose oxidase method; mM), BHB (d-β-
hydroxybutyrate-dehydrogenase method; mM), urea
(glutamate dehydrogenase method; Thermo Electron 
SAS, Courtaboeuf Cedex, France; mM), and NEFA
(acylCoA synthase method; Fujifilm Wako Chemicals 
Europe GmbH, Neuss, Germany; µmol/L). For the

plasma samples recorded at INRAE farm Grignon, the 
plasma samples were analyzed using a Cobas Mira-An-
alyzer (Roche, Mannheim, Germany) with commercial 
kits for urea (11489364216), glucose (GL364), NEFA 
(FA115), and BHB (RB1007).

Statistical analysis

The plasma metabolite concentrations, recorded daily 
throughout the whole experiment, were first analyzed 
using a piecewise approach, in which the response trait 
was represented by different functions over specific 
time intervals according to biological responses to the 
challenge, as proposed and validated by Friggens et al. 
(2016). That is, we decomposed the response trait into 
3 different phases throughout the experiments. The 
first phase was the pre-challenge, during which the re-
sponse variable was not perturbed. For this phase, the 
piecewise model has the overall intercept of the model 
(V1). The second phase was the response to the 2-d 
challenge, during which the individuals are subjected 
to the 2-d nutritional challenge. For this phase, the 
piecewise model has the parameter V2 which gives the 
linear rate of response per unit time from the time the 
challenge starts. The third phase was the recovery from 
challenge, during which individuals were no longer sub-
jected the 2-d nutritional challenge. For this phase, the 
piecewise model has the parameters V3 and V4. As 
proposed by Friggens et al. (2016), the recovery phase 
is nonlinear, and a quadratic model can represent this 
phase. The main reasons for using the piecewise model 
to explore this kind of experimental data are: first the 
simplicity; second, the possibility of considering all ex-
perimental days in the model parameterization (given 
the limited number of days recorded in each phase, 
especially during the response to challenge, it would 
not be statistically credible to fit a model for each stage 
separately); and, third the possibility of extracting fea-
tures that can be easily comparable across individuals, 
traits, and studies (i.e., pre- and post-challenge levels, 
rates of response and recovery).

The piecewise approach is based on adding effects. 
For this, the time variable was expressed as days from 
the challenge and segmented into 2 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 piecewise 
mixed-effects model:

 Yijhkl = V1i*j+h + V2*T2i*j+h + V3*T3i*j+h + 
V4*T3

2
i*j+h + V1k + V2*T2k + V3*T3k + V4*T3

2
k + 

eijhkl [1]

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Table 1. Description of the six experiments in the data set used to 
access dairy goats' metabolic responses during nutritional challenge

n DIM1, days BW2, kg MY2, kg

Bourges     
2018     
LGV- 21 41.13 ± 7.22 41.8 ± 4.99 2.65 ± 0.42
LGV+ 13 40.31 ± 7.37 41.4 ± 4.77 2.72 ± 0.46
2019     
LGV- 35 41.88 ± 16.34 44.4 ± 8.68 3.05 ± 0.72
LGV+ 27 43.44 ± 16.92 44.2 ± 6.29 2.78 ± 0.54
   2020     
LGV- 21 NA 45.2 ± 6.69 3.21 ± 0.75
LGV+ 29 NA 45.6 ± 6.91 3.27 ± 0.60
2021     
LGV- 21 NA 43.0 ± 6.07 2.92 ± 0.62
LGV+ 28 NA 45.9 ± 5.08 2.90 ± 0.55
Grignon     
2021     
LGV- 17 37.00 ± 5.47 51.15 ± 6.64 3.28 ± 0.44
LGV+ 18 36.39 ± 5.51 46.18 ± 5.79 3.01 ± 0.5
2022     
LGV- 15 40.07 ± 7.37 49.03 ± 8.8 2.57 ± 0.84
LGV+ 22 39.73 ± 6.94 45.20 ± 5.61 2.73 ± 0.67
1DIM: Days in milk at the beginning of the pre-challenge period.
2BW and MY during the prechallenge, 5 or 7 d before the feed restric-
tion, for Bourges and Grignon sites, respectively.
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where Yijhkl is the dependent variable, V1 is the model 
intercept, T2, and T3 are the 2 time-variables that 
represent the periods during the response to challenge 
(T2) and recovery from challenge (T3). V2, V3, and 
V4 are the regression coefficients for response and 
recovery. i*j+h are the fixed effects of genetic line i, 
year nested in site (site/year) j, and litter size (i.e., 
single or multiple) h, k is the random effect of animal 
estimated for V1, V2, V3, and V4 that are assumed to 
be ~iidN(0, σk

2), and eijhkl is the residual error (eijhkl ~N 
(0, R), with R as the heterogenous autoregressive of 
order 1 error covariance structure, used to correct for 
lack of independence in the residual and to correct for 
heterogeneity of variance. The interaction genetic line 
and site/year was tested in the model as a fixed effect. 
The piecewise models were fitted using the lme func-
tion and variance components of all evaluated plasma 
metabolites were recorded using VarCorr function of 
nlme package (Pinheiro and Bates, 2000) of software R 
(R Core Team, 2022). Statistical significance was set at 
P ≤ 0.05.

Contrasts on the models’ parameters, using general 
hypothesis testing, function glht of package multcomp 
(Hothorn et al., 2008) of software R (R Core Team, 
2022) were used to evaluate differences between sites 
within year 2021 and among years within site. Contrasts 
were also used to compare the stabilization period i.e., 
post-challenge after recovery (V5), to prechallenge level 
(V1). V5 is derived from the other coefficients as shown 
in eqn 2. The contrasts to compare post-challenge level 
to prechallenge level (V5-V1) were set according to 
the following equation:

 V5-V1 = (V1 + V2 × 2 + V3 × 4 + V4 × 42) – V1 
[2]

The previously described piecewise mixed-effects model 
was also fitted for all plasma metabolites without con-
sidering the fixed effect of genetic line on all piecewise 
parameters (V1, V2, V3, and V4). The resulting 4 
individual random parameters of all the metabolites 
were then integrated in a Sparse Partial Least Square
Discriminant Analysis (sPLS-DA) (Lê Cao et al., 2011)
to compare the goats metabolic response to the chal-
lenge on a multivariate scale. The sPLS-DA seeks the 
components, built as linear composition of the indi-
vidual parameters, that best predict the longevity line 
of the goats. We chose the number of components using 
a 5-fold cross validation on a model that comprised all 
variables and then tuned the number of variables to se-
lect on each component. The variable selection on each 
component was run using lasso penalization. We finally
assessed the quality of the prediction of the model by 

calculating a balanced error rate of the model within a 
5-fold cross validation.

RESULTS

The plasma metabolites, glucose, NEFA, BHB, and 
urea concentrations responded to the 2-d nutritional 
challenge (P < 0.001; Figure 1). Glucose concentra-
tion decreased, while NEFA and BHB increased during 
the nutritional challenge. Plasma urea concentrations 
decreased during the nutritional challenge for site 
Bourges, regardless of year, and increased for the ex-
periments run at the site Grignon. On average, none 
of the metabolites returned to the pre-challenge level 2 
weeks after the nutritional challenge (P < 0.01).

The interaction genetic line and (site/year) was not 
significant for all of the evaluated traits (P ≥ 0.21). 
The evaluated plasma metabolites suggested that the 
selection for functional longevity does not affect plasma 
metabolites responses and recoveries to a 2-d nutrition-
al challenge (P ≥ 0.18; Table 2). However, site, year, 
and litter size seem to affect these responses (Table 2). 
The responses and recoveries of all plasma metabolites 
were different between sites within year 2021 (P ≤ 0.02; 
Table 2). In general, the responses and recoveries of 
plasma glucose, NEFA, and BHB were similar among 
years within the site Grignon but different among 
years within the site Bourges (Table 2). Goats that 
had carried one fetus presented a faster plasma glucose 
response to challenge and a quicker and shaper recovery 
from challenge than goats that had carried multiple 
fetus (P ≤ 0.054; Table 2). However, the opposite was 
observed for the other evaluated plasma metabolites 
(i.e., NEFA, BHB, and urea; P ≤ 0.049; Table 2). 
Moreover, the plasma metabolites seem not to fully re-
cover to prechallenge levels after the recovery phase (P 
< 0.01). Plasma glucose and urea post-challenge levels 
were above prechallenge levels and the opposite was 
observed for plasma NEFA and BHB.

When the individual response and recovery meta-
bolic profiles were studied taking into account their 
interconnections using the multivariate approach, the 
sPLS-DA analysis was also not able to discriminate 
between the 2 longevity lines (52.2% of balanced er-
ror rate; Figure 2). This result was obtained even if 
the sPLS-DA analysis summarized almost 50% of the 
total between-individuals’ variability into the 2 selected 
components. Plasma BHB response and recovery to 
the 2-d nutritional challenge were the traits selected 
for the first selected component, that explained 29% 
of total between-individuals’ variability. This indicates 
that plasma BHB have the highest between-individuals’ 
variability when compared with other traits in our data 
set. Plasma NEFA response and recovery also demon-

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE
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strated high variability among individuals as shown by 
their great contribution to the second selected compo-
nent.

The results of sPLS-DA analysis (Figure 3) also cor-
roborate the results of the variance components from 
the piecewise mixed-effects models. We observed mean-
ingful between-individuals’ variability in plasma BHB,
especially on the prechallenge, and rate of response 
and rate of recovery from the 2-d nutritional challenge 
(CV = 26.2%, 36.1%, and 41.2%, repeatability = 0.749, 
0.322, and 0.741, respectively; Table 3; Figure 4). Plas-
ma NEFA recovery from challenge also demonstrated
high between-individuals’ variability (CV = 16.4%, 
repeatability = 0.323; Table 3). These results suggest 

plasma metabolites related to body reserves dynamics 
and liver fatty acid oxidation are highly variable among 
individuals especially during the phase of recovery from 
a 2-d nutritional challenge.

DISCUSSION

The adaptive capacity of animals to overcome envi-
ronmental challenges relies on their capacity to adjust 
metabolism. The use of body lipid reserves is one of 
the key strategies of domestic ruminants to cope with 
feed shortage situations (Chilliard et al., 2000). Our 
results showed an increase in blood NEFA concentra-
tion during the nutritional challenge and a drop in 

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Figure 1. Plasma metabolites concentration average time trends (Glucose (mM), nonesterified fatty acids (NEFA; µmol/L), Urea (mM), 
and B-hydroxybutyrate (BHB; mM)) following nutritional challenge of first lactation Alpine goats from 2 divergent genetic lines, according to 
lifespan duration, longevity plus (LGV+) and longevity minus (LGV-) evaluated across 6 years in 2 different sites (Bourges and Grignon). 
Symbol and line represent observed and predicted trajectory from the fixed part of the fitted mixed-effects model only, respectively.
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blood glucose concentration. This indicates an increase 
of lipolysis during the 2-d nutritional challenge, along 
with a reduction of fatty acid re-esterification and 
reduction in glycerol 3-phosphate synthesis from glu-
cose (Dunshea et al., 1990; Forest et al., 2003). During 
feed shortage, glucose becomes a scarce metabolite for 
survival and maintaining lactose synthesis and milk
production (Bauman, 2000). Along with this, BHB also 
increased during the nutritional challenge demonstrat-
ing incomplete β-oxidation of mobilized NEFA by the
liver, which is used as an oxidable substrate in specific 
tissues to spare blood glucose (Heitmann et al., 1987). 
Similar results were also demonstrated by studies with 
dairy cows and dairy goats during early, mid, and late 
lactation (Bjerre-Harpøth et al., 2012; Friggens et al., 
2016; Billa et al., 2020).

However, in disagreement with our hypothesis of 
observing different metabolic responses and recoveries 
between genetic lines, plasma NEFA, BHB, and glucose 
responses to the nutritional challenge were not different 
between genetic lines. This was found both for the uni-
variate analysis of the piecewise shapes of response and
recovery for each plasma metabolite, and for the mul-
tivariate analysis across all plasma metabolites. Thus,
although the literature indicates that body energy dy-
namics are central to adaptive capacity, the use of goats 
from lines divergently selected on functional longevity 
did not provide the expected contrast in resilience pro-
files. Physiological reasons for this and the influence of 
other factors, such as uncontrolled variability induced 

by the difference in management and location between 
farms, in this study are discussed below.

A study comparing Barbarine and Lacaune ewes con-
stantly fed with low energy supply for 22 weeks dem-
onstrated that barbary ewes, a breed adapted to harsh 
environments, presented a better ability to maintain a 
moderate rate of fat mobilization and decrease energy 
expenditure and keep their higher level of body fatness 
than Lacaune ewes during same feed restriction (Atti 
et al., 2004). These findings suggest that there is a 
distinction to be made between short-term and long-
term responses to changes in environmental conditions. 
In this context, the 2-d nutritional challenge may not 
be long enough to differentiate the mechanisms related 
to longer-term body energy dynamics in individuals 
divergently selected for functional longevity. Monaghan 
(2008) proposed 3 levels of phenotypic changes trig-
gered by the environment during development changes. 
Monaghan proposed that within a certain level of en-
vironmental change, organisms may be able to adjust 
their phenotype such that fitness is maintained (plas-
ticity). Outside this range of environmental change, 
fitness declines as the development of an optimal phe-
notype is constrained and phenotypic adjustments may 
mitigate the negative effects on fitness, and trade-offs 
between traits or across life-history stages may occur. 
Beyond this ‘mitigation zone’ pathologies develop, and 
fitness drops dramatically. In the present study, with 
the 2 d of nutritional challenge, the focus was on short-
term metabolic resilience which may only be one aspect 
underpinning differences in functional longevity.

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Figure 2. Scores plot from the Sparse Partial Least Square Discriminant Analysis applied to the random parameters from the piecewise 
mixed-effects model, adjusted for the effect of litter size and year nested in site, to discriminate 2 lines of goats selected for extreme functional 
longevity, longevity plus (LGV+) and longevity minus (LGV-), evaluated across 6 years in 2 different sites (Bourges and Grignon)
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Not only body lipids but also body proteins have a 
role in metabolic adaptations during nutritional deficit. 
Body protein contributes by providing energy precursors 
for gluconeogenesis thereby sparing body lipid reserves 
and alleviating the toxic effects of lipid metabolites 
during the nutritional challenge. Dairy cows after 2 d of 
starvation demonstrated increased muscle protein ca-
tabolism by increasing blood concentration of 3-meth-
ylhistidine (indicator of muscle protein catabolism in 
cattle) and urea (Ndibualonji et al., 1997). Increased 
arterial urea concentration during feed restriction has 
also been demonstrated by other studies with 1–3 d of 
fasting in dairy cows (Eisemann and Nienaber, 1990; 
Toerien and Cant, 2007; Girard et al., 2019; Pires et al., 
2019). The increase of blood urea during feed restric-
tion can also be related to an increase in urea recycling 
to the rumen by liver synthesis (Silanikove, 2000). Even 
with its high cost (7.1–25% of liver oxygen consump-

tion and endogenous amino acids), urea recycling is 
beneficial to feed efficiency and metabolizable protein 
supply during feed shortage situations (Huntington and 
Reynolds, 1987; McBride and Kelly, 1990; Westwood 
et al., 1998). On the other hand, some studies with 
dairy cattle and goats have demonstrated a decrease in 
blood urea concentration during feed restriction. This 
has been attributed to a lower ammonia load in the ru-
men due to reduced nitrogen intake (Velez and Donkin, 
2005; Billa et al., 2020). In our results, urea responses to 
the 2 d nutritional challenge were not different between 
genetic lines, demonstrating that urea metabolism in 
response to a 2 d nutritional challenge is not different 
among goats divergently selected for functional longev-
ity. However, the overall urea response and recovery 
profiles were markedly affected by the site/year effect.

Our results indicated significant differences in 
metabolic responses across sites and years but with 
no interaction with genetic line. The statistical model 
incorporated site and year effects to assess the vari-
ability of responses across diverse environments, aiming 
to determine the suitability of metabolites as biomark-
ers on farms, and also to reduce statistical noise. This 
effort aimed to focus on the impacts of genetic lines 
and litter size rather than extraneous factors. However, 
we acknowledge the potential presence of unmodeled 
complex interactions in terms of farm and year effects. 
Below, we explore potential reasons for the observed 
variation across different sites and years.

Both climates are semi oceanic, and the locations are 
close enough (200km) to suggest that the weather is the 
main explanation of differences between those sites. In 
Grignon, the individuals were fed ad libitum TMR, 2 
times a day, whereas in Bourges they had ad libitum lu-
cerne hay plus concentrates supplied with an automatic 
feeder. The TMR involves shorter particle size that can 
impact microbiota activity, and sometimes increase 
the risk of acidosis even if no clinical acidosis occurred 
during the experiments. The frequency of the ingestion 
also has an impact on microbiota activity and rumen 
pH and could be different depending on the TMR vs 
automatic feeder. The type of forage could also explain 
the higher pre and post challenge plasma urea concen-
trations observed in Bourges compared with Grignon. 
During challenge, the decrease of nitrogen intake re-
sulted in a strong plasma urea decrease in Bourges, 
whereas the plasma urea increased in Grignon, linked 
with the catabolism of body proteins (Hossaini-Hilali 
et al., 1993; Pascottini et al., 2019; Ansia et al., 2020). 
The within farms year differences could be linked to 
hay quality fluctuations, health status fluctuations, 
or other unrecording events. Moreover, a study has 
demonstrated a relationship between the environmen-
tal conditions, where individuals are raised, and ad-

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Figure 3. Loading plot of the first 2 principal components (comp) 
from the Sparse Partial Least Square Discriminant Analysis applied 
to the random parameters from the piecewise mixed-effects model, ad-
justed for the effect of litter size and year nested in site, to discriminate 
2 lines of goats selected for extreme functional longevity, longevity plus 
(LGV+) and longevity minus (LGV-), evaluated across 6 years in 2 
different sites (Bourges and Grignon). Colors indicate the line in which 
the median is maximum for each variable (Glucose (mM), nonesteri-
fied fatty acids (NEFA; µmol/L), Urea (mM), and B-hydroxybutyrate 
(BHB; mM) Pre-challenge level (V1), Rate of response (V2), Rate of 
recovery (V3), Rate of deceleration in recovery (V4)).
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aptative response to environmental challenges during 
adulthood (Cameron et al., 2005). Rats, deprived of 
energy during fetal life, showed a pattern of develop-
ment that favors energy conservation, including high 
rates of fat accumulation, and an increased capacity
for both gluconeogenesis and basal lipolysis in adult-
hood. In addition, Friggens et al. (2016), evaluated the 
response profiles of dairy goats to nutritional challenge 
and demonstrated significant between-individuals’ 
variability in their physiologic responses and recovery. 
These studies suggest that individual strategies in re-
sponse to environmental challenges may be impacted 
by inherent individual characteristics, due to genetics, 
and in response to early life programming.

Regarding litter size, our results demonstrated 
plasma glucose and NEFA responses and recoveries to 
2-d nutritional challenge was affected by litter size dur-
ing the previous gestation. Females who had carried 
one single fetus presented quicker and sharper plasma 
NEFA recovery from challenge during the subsequent 
lactation than females who had carried more than one 
fetus. The opposite was observed for plasma glucose. 
Litter size has been related to body condition score and 
plasma glucose and NEFA levels in sheep (González-
García et al., 2014, 2015). In general, females who had 

carried one single fetus manifested higher body condi-
tion score than females who had carried more than one 
fetus, even after weaning (González-García et al., 2014, 
2015). Several studies have demonstrated that the lipo-
lytic potential is regulated according to physiological 
needs and by the amount of lipid stored; Thin and fat 
ewes have shown the lipid mobilization during lactation 
is clearly dependent on initial fatness when they are 
severely underfed (Cowan et al., 1982; Gilson et al., 
1996; Atti and Bocquier, 1999; Pulina et al., 2012). 
This was also observed in dairy cows (Chilliard, 1992; 
Pires et al., 2013; Roche et al., 2015).

Even though body energy dynamics, as indicated 
by plasma NEFA, were not different between genetic 
lines subjected to a short-term nutritional challenge, 
literature suggests that there may be other adaptations 
of goats divergently selected for functional longevity to 
cope with nutritional disturbances. In rabbits, increased 
ability for resource acquisition under a constrained envi-
ronment has been related to longer functional longevity 
(Savietto et al., 2015). Genetic studies have also found 
that dairy sheep selected for different levels of somatic 
cell count had different levels of adipose tissue mobili-
zation (plasma NEFA), fatty acid utilization for energy 
production (plasma BHB), and fat-to-protein milk 

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Table 3. Summary statistics for between-individuals’ (Indiv.) variability in time trends (variance components of piecewise mixed-effects models 
considering the fixed effects of genetic line, litter size, and year nested in site) following two-days nutritional challenge of first lactation Alpine 
goats from two divergent lines, according to functional lifespan duration, longevity plus and longevity minus evaluated across six years in two 
different sites (Bourges and Grignon)

Trait Indiv. variance Indiv. StdDev Estim. Param1 Indiv. CV2 Repeatability3

Glucose      
Pre-challenge level 0.0867 0.294 5.04 5.84 0.173
Rate of response 0.0084 0.092 −0.493 18.6 0.0199
Rate of recoveryr 0.0789 0.281 1.21 23.2 0.160
Rate of deceleration in recover 0.0033 0.0572 −0.232 24.7 0.00785
Residual 0.414 0.643    
NEFA      
Pre-challenge level 15249 123 523 23.6 0.141
Rate of response 9933 100 612 16.3 0.0969
Rate of recoveryr 44127 210 −1277 16.4 0.323
Rate of deceleration in recover 1397 37.4 226 16.5 0.0149
Residual 92558 304    
BHB      
Pre-challenge level 0.0160 0.126 0.482 26.2 0.749
Rate of response 0.00254 0.050 0.140 36.1 0.322
Rate of recoveryr 0.0154 0.124 −0.300 41.2 0.741
Rate of deceleration in recover 0.000439 0.0210 0.0544 38.5 0.0757
Residual 0.00754 0.0869    
Urea      
Pre-challenge level 0.272 0.521 4.34 12.0 0.399
Rate of response 0.0241 0.155 −0.346 44.9 0.0556
Rate of recoveryr 0.227 0.476 −0.734 64.9 0.357
Rate of deceleration in recover 0.00955 0.0977 0.241 40.6 0.0228
Residual 0.409 0.639    
1mean across treatments.
2Coefficients of variance (%) were calculated as standard deviation of variance components divided by the respective mean value of the estimated 
fixed effects across line and diet.
3Repeatability = σ σ σindividuals individuals residual

2 2 2+( )




.
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ratio (Bouvier-Muller et al., 2018) This suggests that 
body energy dynamics are linked with udder infection, 
an important underlying component of functional lon-
gevity. Therefore, other metabolic adaptations, rather 
than those related to body energy dynamics, may occur 
during a short-term nutritional challenge, which may
be related to functional longevity. This more nuanced 
view of the links between short-term adaptive capacity 
and functional longevity is reflected in the high, and 
meaningful, between-individuals’ variability for plasma 
NEFA and BHB responses and recoveries from the 2-d 
nutritional challenge found in the present study. This 
diversity of plasma BHB and NEFA concentration 

within a group of animals under similar housing and 
feeding conditions has also been observed in dairy cows 
(van Dorland et al., 2009; Weber et al., 2013).

The between-individuals’ variability in short-term 
adaptive capacity is of interest. Friggens et al. (2016), 
evaluating the response and recovery profiles of dairy 
goats to nutritional challenge, also found significant 
between-individuals’ variability in their plasma metab-
olite response and recovery. Recent multivariate studies 
have shown how this individual variance in metabolic 
responses can be used to characterize differences in re-
silience (Abdelkrim et al., 2023) and thereby assess the 

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE

Figure 4. Plasma metabolites concentration deviations time trends (Glucose (mM), nonesterified fatty acids (NEFA; µmol/L), Urea (mM), 
and B-hydroxybutyrate (BHB; mM)) of the individuals (thin lines; random effects) throughout the nutritional challenge across year nested in 
site (site/year), genetic lines, and litter size estimated by the piecewise mixed effects model. The thick lines represent the individual deviations 
averaged by (site/year), genetic line, and litter size. These are first lactation Alpine goats from 2 divergent lines, selected for extreme functional 
longevity, longevity plus (LGV+) and longevity minus (LGV-), evaluated across 6 years in 2 different sites (Bourges and Grignon)
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contribution of this resilience to functional longevity
(Ithurbide et al., 2023).

CONCLUSIONS

Response and recovery profiles of plasma metabolites 
to a 2-d nutritional challenge in dairy goats were not 
different between animals selected to be divergent on 
functional longevity. There were significant effects of 
site and year within site, and an effect of litter size. The 
litter size effect on the responses and recoveries seems 
dependent on nutritional status (and body reserve lev-
el) before challenge. Plasma NEFA and BHB response 
and recovery presented high between-individuals’ vari-
ability, indicating individual adaptative characteristics 
to nutritional challenges are more related to inherent 
individual characteristics than to the environmental 
conditions.

ACKNOWLEDGMENTS

The authors thank the staff of the INRAE experi-
mental unit at Bourges and the Experimental Installa-
tion of UMR MoSAR at Grignon for technical support 
in producing, raising, and monitoring the animals. This 
work was performed in the framework of the EU H2020 
SMARTER project (grant n°772787), the ADAPT-
HERD project, part of the PRIMA program supported 
by European Union, and the national APIS-GENE 
(Paris, France) funded projects ActiveGoat and Resi-
lait. M Ithurbide acknowledges EU H2020 (SMARTER) 
and APIS-GENE (Resilait) for her PhD grant. The 
authors have not stated any conflicts of interest.

REFERENCES

Abdelkrim, A. Ben, M. Ithurbide, T. Larsen, P. Schmidely, and N.C. 
Friggens. 2023. Milk metabolites can characterise individual dif-
ferences in animal resilience to a nutritional challenge in lactat-
ing dairy goats. animal 17:100727. doi: https: / / doi .org/ 10 .1016/ j 
.animal .2023 .100727 .

Ansia, I., Y. Ohta, T. Fujieda, and J. K. Drackley. 2020. Feed restric-
tion in mid-lactation dairy cows. II: Effects on protein metabo-
lism- related blood metabolites. bioRxiv. doi: https: / / doi .org/ 10 
.1101/ 2020 .06 .12 .144980.

Arnal, M., C. Robert-Granié, and H. Larroque. 2018. Diversity of dairy 
goat lactation curves in France. J. Dairy Sci. 101:11040–11051. 
https: / / doi .org/ 10 .3168/ jds .2018 -14980.

Atti, N., and F. Bocquier. 1999. Adaptation des brebis Barbarine à 
l’alternance sous-nutrition-réalimentation : effets sur les tissus adi-
peux. Ann. Zootech. 48:189–198. https: / / doi .org/ 10 .1051/ animres: 
19990304.

Atti, N., F. Bocquier, G. Khaldi, and G. K. Performance. 2004. Perfor-
mance of the fat-tailed Barbarine sheep in its environment: adap-
tive capacity to alternation of underfeeding and re-feeding peri-
ods. A review. Anim. Res. 53:165–176. https: / / doi .org/ 10 .1051/ 
animres: 2004012 .

Bauman, D. E. 2000. Regulation of nutrient partitioning during lacta-
tion: homeostasis and homeorhesis revisited. CABI, Wallingford.

Billa, P. A., Y. Faulconnier, T. Larsen, C. Leroux, and J. A. A. Pires. 
2020. Milk metabolites as noninvasive indicators of nutritional sta-
tus of mid-lactation Holstein and Montbéliarde cows. J. Dairy Sci. 
103:3133–3146. https: / / doi .org/ 10 .3168/ jds .2019 -17466.

Bjerre-Harpøth, V., N. C. Friggens, V. M. Thorup, T. Larsen, B. M. 
Damgaard, K. L. Ingvartsen, and K. M. Moyes. 2012. Metabolic 
and production profiles of dairy cows in response to decreased 
nutrient density to increase physiological imbalance at different 
stages of lactation. J. Dairy Sci. 95:2362–2380. https: / / doi .org/ 10 
.3168/ jds .2011 -4419.

Bouvier-Muller, J., C. Allain, F. Enjalbert, Y. Farizon, D. Portes, G. 
Foucras, and R. Rupp. 2018. Somatic cell count–based selection 
reduces susceptibility to energy shortage during early lactation 
in a sheep model. J. Dairy Sci. 101:2248–2259. https: / / doi .org/ 10 
.3168/ jds .2017 -13479.

Cameron, N. M., F. A. Champagne, C. Parent, E. W. Fish, K. Ozaki-
Kuroda, and M. J. Meaney. 2005. The programming of individual 
differences in defensive responses and reproductive strategies in 
the rat through variations in maternal care. Neurosci. Biobehav. 
Rev. 29:843–865. https: / / doi .org/ 10 .1016/ j .neubiorev .2005 .03 .022.

Chilliard, Y. 1992. PHYSIOLOGICAL CONSTRAINTS TO MILK 
PRODUCTION: FACTORS WHICH DETERMINE NUTRIENT 
PARTITIONING, LACTATION PERSISTENCY AND MO-
BILIZATION OF BODY RESERVES. World Rev. Anim. Prod 
27:19–26.

Chilliard, Y., A. Ferlay, Y. Faulconnier, M. Bonnet, J. Rouel, and F. 
Bocquier. 2000. Adipose tissue metabolism and its role in adapta-
tions to undernutrition in ruminants. Proc. Nutr. Soc. 59:127–134. 
https: / / doi .org/ 10 .1017/ S002966510000015X .

Cowan, R. T., J. J. Robinson, and I. McDonald. 1982. A note on the 
effects of body fatness and level of food intake on the rate of fat 
loss in lactating ewes. Anim. Sci. 34:355–357. https: / / doi .org/ 10 
.1017/ S0003356100010321.

Dunshea, F. R., A. W. Bell, and T. E. Trigg. 1990. Non-esterified fatty 
acid and glycerol kinetics and fatty acid re-esterification in goats 
during early lactation. Br. J. Nutr. 64:133–145. https: / / doi .org/ 10 
.1079/ BJN19900016 .

Eisemann, J. H., and J. A. Nienaber. 1990. Tissue and whole-body 
oxygen uptake in fed and fasted steers. Br. J. Nutr. 64:399–411. 
https: / / doi .org/ 10 .1079/ BJN19900041 .

Forest, C., J. Tordjman, M. Glorian, E. Duplus, G. Chauvet, J. 
Quette, E. G. Beale, and B. Antoine. 2003. Fatty acid recycling in 
adipocytes: A role for glyceroneogenesis and phosphoenolpyruvate 
carboxykinase. Biochem. Soc. Trans. 31:1125–1129. https: / / doi 
.org/ 10 .1042/ bst0311125.

Friggens, N. C., C. Duvaux-Ponter, M. P. Etienne, T. Mary-Huard, 
and P. Schmidely. 2016. Characterizing individual differences in 
animal responses to a nutritional challenge: Toward improved ro-
bustness measures. J. Dairy Sci. 99:2704–2718. https: / / doi .org/ 10 
.3168/ jds .2015 -10162.

Gilson, T. L., A. D. Kennedy, and T. Rampersand. 1996. Effects of 
breed and adipose depot location on responsiveness and sensitiv-
ity to adrenergic stimulation in ovine adipose tissue. Comp. Bio-
chem. Physiol. C. Comp. Pharmacol. Toxicol. 115:19–26. https: / / 
doi .org/ 10 .1016/ S0742 -8413(96)00070 -9 .

Gindri, M., N. Friggens, and L. Puillet. 2022a. Individual variation in 
responses to a nutritional challenge in goats. Page 1401. (Abstr.) 
in J. Dairy Sci. 105(Suppl. 1).

Gindri, M., N. C. Friggens, and L. Puillet. 2022b. Short-term adaptive 
capacity of dairy goats to a two-days nutritional challenge. Pages 
675–675 in Book of Abstracts of the 73rd Annual Meeting of the 
European Federation of Animal Science. Wageningen Academic 
Publishers.

Girard, C. L., N. Vanacker, V. Beaudet, M. Duplessis, and P. Lacasse. 
2019. Glucose and insulin responses to an intravenous glucose tol-
erance test administered to feed-restricted dairy cows receiving 
folic acid and vitamin B12 supplements. J. Dairy Sci. 102:6226–
6234. https: / / doi .org/ 10 .3168/ jds .2019 -16298.

González-García, E., V. Gozzo de Figuereido, D. Foulquie, E. 
Jousserand, P. Autran, S. Camous, A. Tesniere, F. Bocquier, and 
M. Jouven. 2014. Circannual body reserve dynamics and metabolic 

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE



Journal of Dairy Science Vol. TBC No. TBC, TBC

profile changes in Romane ewes grazing on rangelands. Domest. 
Anim. Endocrinol. 46:37–48. https: / / doi .org/10 .1016/ j .domaniend 
.2013 .10 .002 .

González-García, E., A. Tesniere, S. Camous, F. Bocquier, F. Bari-
llet, and P. Hassoun. 2015. The effects of parity, litter size, physi-
ological state, and milking frequency on the metabolic profile of 
Lacaune dairy ewes. Domest. Anim. Endocrinol. 50:32–44. https: / 
/ doi .org/ 10 .1016/ j .domaniend .2014 .07 .001 .

Hales, C. N., and D. J. P. Barker. 2001. The thrifty phenotype hy-
pothesisType 2 diabetes. Br. Med. Bull. 60:5–20. https: / / doi .org/ 
10 .1093/ bmb/ 60 .1 .5 .

Heitmann, R. N., D. J. Dawes, and S. C. Sensenig. 1987. Hepatic keto-
genesis and peripheral ketone body utilization in the ruminant. J. 
Nutr. 117:1174–1180. https: / / doi .org/ 10 .1093/ jn/ 117 .6 .1174.

Hossaini-Hilali, J., S. Benlamlih, and K. Dahlborn. 1993. Fluid bal-
ance and milk secretion in the fed and feed-deprived black Moroc-
can goat. Small Rumin. Res. 12:271–285. https: / / doi .org/ 10 .1016/ 
0921 -4488(93)90063 -N.

Hothorn, T., F. Bretz, and P. Westfall. 2008. Simultaneous Inference 
in General Parametric Models. Biom. J. 50:346–363. https: / / doi 
.org/ 10 .1002/ bimj .200810425.

Huntington, G. B., and C. K. Reynolds. 1987. Oxygen Consumption 
and Metabolite Flux of Bovine Portal-Drained Viscera and Liver. 
J. Nutr. 117:1167–1173. https: / / doi .org/ 10 .1093/ jn/ 117 .6 .1167.

Ithurbide, M., C. Huau, I. Palhière, T. Fassier, N. C. Friggens, and 
R. Rupp. 2022. Selection on functional longevity in a commercial 
population of dairy goats translates into significant differences in 
longevity in a common farm environment. J. Dairy Sci. 105:4289–
4300. https: / / doi .org/ 10 .3168/ jds .2021 -21222.

Ithurbide, M., H. Wang, T. Fassier, L. Zheyuan, J. Pires, T. Larsen, 
J. Cao, R. Rupp, and N. C. Friggens. 2023. Multivariate analysis 
of milk metabolite measures shows potential for deriving new re-
silience phenotypes. J. Dairy Sci. 106:8072–8086. https: / / doi .org/ 
10 .3168/ jds .2023 -23332 .

Lê Cao, K. A., S. Boitard, and P. Besse. 2011. Sparse PLS discrimi-
nant analysis: Biologically relevant feature selection and graphi-
cal displays for multiclass problems. BMC Bioinformatics 12:1–17. 
https: / / doi .org/ 10 .1186/ 1471 -2105 -12 -253 .

McBride, B. W., and J. M. Kelly. 1990. Energy cost of absorption 
and metabolism in the ruminant gastrointestinal tract and liver: 
a review. J. Anim. Sci. 68:2997. https: / / doi .org/ 10 .2527/ 1990 
.6892997x .

Monaghan, P. 2008. Early growth conditions, phenotypic development 
and environmental change. Philos. Trans. R. Soc. Lond. B Biol. 
Sci. 363:1635–1645. https: / / doi .org/ 10 .1098/ rstb .2007 .0011.

Ndibualonji, B. B., D. Dehareng, and J. M. Godeau. 1997. Effects 
of starvation on plasma amino acids, urea and glucose in dairy 
cows. Ann. Zootech. 46:163–174. https: / / doi .org/ 10 .1051/ animres: 
19970206 .

Pascottini, O. B., M. R. Carvalho, S. J. Van Schyndel, E. Ticiani, J. 
W. Spricigo, L. K. Mamedova, E. S. Ribeiro, and S. J. LeBlanc. 
2019. Feed restriction to induce and meloxicam to mitigate poten-
tial systemic inflammation in dairy cows before calving. J. Dairy 
Sci. 102:9285–9297. https: / / doi .org/ 10 .3168/ jds .2019 -16558.

Pinheiro, J., and D. Bates. 2000. Mixed-Effects Models in S and S-
PLUS. Statistics and Computing. Springer-Verlag, New York.

Pires, J. A. A., C. Delavaud, Y. Faulconnier, D. Pomiès, and Y. Chill-
iard. 2013. Effects of body condition score at calving on indicators 
of fat and protein mobilization of periparturient Holstein-Friesian 
cows. J. Dairy Sci. 96:6423–6439. https: / / doi .org/ 10 .3168/ jds .2013 
-6801.

Pires, J. A. A., K. Pawlowski, J. Rouel, C. Delavaud, G. Foucras, P. 
Germon, and C. Leroux. 2019. Undernutrition modified metabolic 
responses to intramammary lipopolysaccharide but had limited ef-
fects on selected inflammation indicators in early-lactation cows. J. 
Dairy Sci. 102:5347–5360. https: / / doi .org/ 10 .3168/ jds .2018 -15446.

Poppe, M., R. F. Veerkamp, M. L. van Pelt, and H. A. Mulder. 2020. 
Exploration of variance, autocorrelation, and skewness of devia-
tions from lactation curves as resilience indicators for breeding. J. 
Dairy Sci. 103:1667–1684. https: / / doi .org/ 10 .3168/ jds .2019 -17290.

Pulina, G., A. Nudda, G. Battacone, C. Dimauro, A. Mazzette, G. 
Bomboi, and B. Floris. 2012. Effects of short-term feed restriction 
on milk yield and composition, and hormone and metabolite pro-
files in mid-lactation Sarda dairy sheep with different body condi-
tion score. Ital. J. Anim. Sci. 11:e28. https: / / doi .org/ 10 .4081/ ijas 
.2012 .e28.

R Core Team. 2022. R: A Language and Environment for Statistical 
Computing.

Roche, J. R., S. Meier, A. Heiser, M. D. Mitchell, C. G. Walker, M. A. 
Crookenden, M. V. Riboni, J. J. Loor, and J. K. Kay. 2015. Effects 
of precalving body condition score and prepartum feeding level on 
production, reproduction, and health parameters in pasture-based 
transition dairy cows. J. Dairy Sci. 98:7164–7182. https: / / doi .org/ 
10 .3168/ jds .2014 -9269.

Savietto, D., C. Cervera, E. Blas, M. Baselga, T. Larsen, N. C. Friggens, 
and J. J. Pascual. 2013. Environmental sensitivity differs between 
rabbit lines selected for reproductive intensity and longevity. Ani-
mal 7:1969–1977. https: / / doi .org/ 10 .1017/ S175173111300178X.

Savietto, D., N. C. Friggens, and J. Pascual. 2015. Reproductive ro-
bustness differs between generalist and specialist maternal rabbit 
lines: the role of acquisition and allocation of resources. Genet. Sel. 
Evol. 47:2. https: / / doi .org/ 10 .1186/ s12711 -014 -0073 -5 .

Silanikove, N. 2000. The physiological basis of adaptation in goats to 
harsh environments. Small Rumin. Res. 35:181–193. https: / / doi 
.org/ 10 .1016/ S0921 -4488(99)00096 -6.

Toerien, C. A., and J. P. Cant. 2007. Duration of a severe feed restric-
tion required to reversibly decrease milk production in the high-
producing dairy cow. Can. J. Anim. Sci. 87:455–458. https: / / doi 
.org/ 10 .4141/ CJAS07024.

van Dorland, H. A., S. Richter, I. Morel, M. G. Doherr, N. Castro, and 
R. M. Bruckmaier. 2009. Variation in hepatic regulation of metab-
olism during the dry period and in early lactation in dairy cows. J. 
Dairy Sci. 92:1924–1940. https: / / doi .org/ 10 .3168/ jds .2008 -1454.

Velez, J. C., and S. S. Donkin. 2005. Feed Restriction Induces Pyru-
vate Carboxylase but not Phosphoenolpyruvate Carboxykinase in 
Dairy Cows. J. Dairy Sci. 88:2938–2948. https: / / doi .org/ 10 .3168/ 
jds .S0022 -0302(05)72974 -X.

Weber, C., C. Hametner, A. Tuchscherer, B. Losand, E. Kanitz, W. 
Otten, S. P. Singh, R. M. Bruckmaier, F. Becker, W. Kanitz, and 
H. M. Hammon. 2013. Variation in fat mobilization during early 
lactation differently affects feed intake, body condition, and lipid 
and glucose metabolism in high-yielding dairy cows. J. Dairy Sci. 
96:165–180. https: / / doi .org/ 10 .3168/ jds .2012 -5574.

Westwood, C. T., I. J. Lean, and R. C. KeIlaway. 1998. Indications 
and implications for testing of milk urea in dairy cattle: A quanti-
tative review. Part 1. Dietary protein sources and metabolism. N. 
Z. Vet. J. 46:87–96. https: / / doi .org/ 10 .1080/ 00480169 .1998 .36066 .

ORCIDS

M. Gindri  https: / / orcid .org/ 0000 -0003 -3569 -8827
M. Ithurbide  https: / / orcid .org/ 0000 -0002 -5987 -3194
J. Pires  https: / / orcid .org/ 0000 -0002 -3773 -9293
R. Rupp  https: / / orcid .org/ 0000 -0003 -3375 -5816
L. Puillet  https: / / orcid .org/ 0000 -0003 -2358 -7302
N. C. Friggens  https: / / orcid .org/ 0009 -0008 -0410 -7223

Gindri et al.: GOATS’ METABOLIC RESPONSES TO A NUTRITIONAL CHALLENGE


