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Abstract: A divergent selection for litter size residual variability has been carried out in rabbits during
12 generations. Litter size residual variability was estimated as phenotypic variance of litter size
within females after correcting for the year-season and the parity-lactation status effects. Stress causes
an increase in core body temperature. Infrared thermography (IRT) has been shown to be a useful
technique for identifying changes in body temperature emissivity. The aim of this work is to study
the correlated response to selection for litter size residual variability in body temperature emissivity
at natural mating. Natural mating can be considered a stressful stimulus for does. Temperature
was measured in the eyeball by IRT before mating (basal temperature) and after 5 min, 30 min, and
60 min in does of the lines selected to decrease and to increase litter size residual variability (i.e., the
Low and the High lines). Both lines showed similar basal temperature. Eyeball temperature was
increased slightly in the Low line from basal state to 5 min after stressful stimulus (from 35.69 ◦C
to 36.32 ◦C), and this increase remained up to 60 min after stress (36.55 ◦C). The High line showed
a higher temperature than the Low line at 30 min (+0.96 ◦C, p = 0.99). At 60 min, temperature was
similar between lines. The evolution of temperature was different between lines: the High line
reached the peak of temperature later than the Low line (at 30 min vs. 5 min), and its peak was higher
compared to the Low line (36.95 ◦C vs. 36.32 ◦C). In conclusion, the does selected for reducing litter
size variability showed a lower increase in temperature after a stressful stimulus, therefore showing
lower stress and consequently better welfare.

Keywords: fertility; lactation; rabbit; selection; stress; temperature; thermography

1. Introduction

Livestock industry and consumer are increasingly concerned on farm animal welfare.
Animal welfare is directly related to animal’s stress and healthy. Stress has commonly been
measured not only by cortisol levels in blood but also as cortisol metabolites in feces, hair,
and urine [1]. Neutrophil-lymphocyte ratio has been employed as a stress measurement as
well [2], because the duration of stress affects leucocyte populations [3]. However, a major
issue for animal welfare is that these techniques involve invasive procedures which may
themselves cause a stress response and therefore affect the measurement of interest [4].

Infrared thermography (IRT) is an accepted technique for measuring body heat
losses [5]. This technique has been used to find differences in body temperature emissivity
in eyes, ears and nose in rabbits stressed due to environmental challenges [6]. IRT tech-
nique has the advantage of being fast, non-invasive and requiring minimal handling of
the animals [4]. A higher body temperature in rabbits has been related to a higher level
of cortisol metabolites in feces and therefore to higher stress [6,7]. The monitoring of the
body surface temperature variations in animals can be used to assess the onset of estrus,
the inflammatory processes, the adaptability to heat, and the tolerance to stress [8].

A divergent selection experiment for litter size residual variance has been performed
successfully in rabbits. The High line and the Low lines diverged around 5% from the
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original mean per generation [9]. Litter size residual variance has directly related to
environmental sensitivity, i.e., with coping of animals to environmental challenges [10]. In
this regard, the Low line presented a better behavior against stress and diseases, and in
consequence culling rate was lower in the Low line than in the High line [11]. Moreover,
the Low line showed better body condition and lower fat mobilization at situations of
high-energy demand [12]. Therefore, selection for reducing litter size residual variance
could be a useful tool to improve welfare in dams. The aim of this work is to study the
correlated response to selection for litter size residual variability in the development of
body temperature emissivity.

2. Materials and Methods
2.1. Ethics Statement

All experimental procedures were approved by the Miguel Hernández University
of Elche Research Ethics Committee, according to Council Directives 98/58/EC and
2010/63/EU (reference number 2017/VSC/PEA/00212).

2.2. Experimental Animals

A divergent selection experiment was carried out for litter size variability over
twelve generations (High and Low line). The selection was based on the phenotypic
variation of the litter size within the female, after correcting the litter size for both the
year-season and the parity-lactation status. All the animals were bred in individual cages
(37.5 cm × 33 cm × 90 cm) indoor at the farm of the Miguel Hernández University (Spain).
The does were mated the first time at 18 weeks of age and later at 10 days after delivery.
The non-receptive does were mated again the following week. Fertile natural matings
were considered those that ended in parturition. The pregnancy diagnosis was made by
abdominal palpation 12 days after natural mating, and the kits were weaned at 28 days
of age.

An experiment was performed to analyze the progress in body temperature of does in
the first hour after natural mating. Each doe was moved to a male cage for natural mating.
After copulation, the doe was returned to her cage. Handling, grouping, and mating are
considered stressful stimuli [13–15]. The body temperature emissivity was measured by
IRT of the eyeball. All IRTs were performed on the does’ cages.

A total of 21 does of the Low line and 22 does of the High line were used to measure the
eyeball temperature emissivity before the second natural mating, and at 5, 30, and 60 min
later. The temperature recorded before the second natural mating was considered the
basal temperature. The experiment was carried out in two sessions with an environmental
temperature of 20 ◦C and 24 ◦C.

Another experiment was performed to study the effect of environment, lactation status
and fertility in basal temperature and in range between the basal temperature and 60 min
after natural mating with the same procedures of the first experiment. The temperature
emitted by the eyeball was measured in 56 does of the Low line and 37 does of the High
line. The experiment was carried out in 11 sessions that were grouped according to the
environmental temperature (Table 1).

Table 1. Distribution of thermographic sessions according to environmental temperature.

Environment 1 Environment 2

Number of sessions 4 7
Number of does 46 47

Mean temperature (◦C) 12.5 18.1
Standard deviation (◦C) 0.95 1.51

All temperature emissivity images were taken at 0.7 m of the doe with a ®FLIR SC660
thermal imaging camera and processed with ®ThermaCAM Researcher Pro 2.10 software



Agriculture 2021, 11, 604 3 of 7

to obtain the temperature record (Figure 1). Two thermographs of each rabbit were taken
at each moment, and the maximum temperature recorded in each pair was averaged.
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Figure 1. Thermographic image of a rabbit photographed with the ®FLIR SC660 thermal
imaging camera.

2.3. Traits

The following traits were analyzed: temperature just before the second mating (basal
temperature), temperature 5, 30, and 60 min after mating, temperature range, and indi-
vidual weight at mating. Temperature range was defined as the difference between basal
temperature and 60 min after mating.

2.4. Statistical Analysis

The model for analyzing the progress in temperature in the first hour after stressful
stimulus included the effects of environmental temperature (two levels: session 1 with
environmental temperature of 20 ◦C and session 2 with environmental temperature of
24 ◦C) and line-moment (eight levels; low line before mating, low line at 5 min, low line at
30 min, low line at 60 min, high line before mating, high line at 5 min, high line at 30 min,
and high line at 60 min), the random effect of female, and female weight as covariate.

The model for analyzing the effect of environment, lactating status, and fertility
included the effects of environmental temperature (two levels, see Table 1), lactation status
(two levels: lactating and non-lactating does), fertile mating (two levels; fertile and non-
fertile), line (two levels; the Low line and the High line), and female weight as covariate.

All analyses were performed using Bayesian methodology [9]. Bounded uniform
priors were used for all effects with the exception of the female effect, which was considered
normally distributed with mean 0 and variance Iσ2

f , where I is a unity matrix and σ2
f is

the variance of the female effect. Female and residual effects were considered to be
independent. Residuals were a priori normally distributed with mean 0 and variance
Iσ2

e . The priors for the variances were also bounded uniform. Features of the marginal
posterior distributions for all unknowns were estimated using Gibbs sampling. The Rabbit
program developed by the Institute for Animal Science and Technology (Valencia, Spain)
was used for all procedures. A chain of 60,000 samples was used, with a burn-in period
of 10,000. Only one out of every 10 samples was saved for inferences. Convergence was
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tested using the Z criterion of Geweke and Monte Carlo sampling errors were computed
using time-series procedures.

3. Results
3.1. Correlated Response to Selection in Temperature Emissivity

Figure 2 shows that the Low and the High lines displayed similar eyeball temperature
at baseline moment. The Low line increased slightly eyeball temperature at 5 min after
stressful stimulus (from 35.69 ◦C to 36.32 ◦C), and this increase remained up to 60 min
after stress (36.55 ◦C). The High line showed higher temperature than the Low line at
30 min (+0.96 ◦C, p = 0.99). At 60 min, temperature was similar between lines. The
evolution of temperature was different between lines, since the High line reached the peak
of temperature later than the Low line (at 30 min vs. 5 min), and its peak was higher
compared to the Low line (36.95 ◦C vs. 36.32 ◦C).
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Figure 2. Evolution of eyeball temperature to basal time, 5 min, 30 min, and 60 min after stressful stimulus in the Low and
the High line. Different letters mean differences with p greater than 0.90. Bars indicate highest posterior density region
at 95%.

3.2. Effect of Season and Lactating Status of Does in Eyeball Temperature

Table 2 shows the features of marginal posterior distributions of the difference between
Environment 1 and Environment 2 for basal eyeball temperature and temperature range.
Does showed lower basal temperature emissivity in Environment 1 (−1.09 ◦C, p = 1) than
in Environment 2. No evidence of difference in temperature variation was found between
environments (p = 0.79).

Table 2. Effect of Environments on basal temperature and temperature range between basal and 60 min.

Time (n = 93) Environment 1 Environment 2 DEnv1-Env2 HPD95% p

Basal 32.19 33.28 −1.09 −1.78, −0.39 1
Basal-60 min 2.01 2.32 −0.31 −1.07, 0.44 0.79

n: number of data. DEnv1-Env2: differences in eyeball temperature between Environments [1 and 2]. HPD95%:
highest posterior density region at 95%. p: probability of the difference being >0 when DEnv1-Env2 > 0 or being <0
when DEnv1-Env2 < 0.
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Table 3 shows the features of marginal posterior distributions of the difference between
lactating and non-lactating does for basal eyeball temperature and between basal eyeball
temperature and 60 min after the stressful stimulus of mating. Non-lactating does had
higher basal temperature than lactating ones (+0.60 ◦C, p = 0.97). It should be noted that
non-lactating does showed lower temperature variation between basal eyeball temperature
and 60 min after stressful stimulus than lactating does (−0.55 ◦C, p = 0.92).

Table 3. Effect of lactation on basal temperature and temperature range between basal and 60 min.

Time (n = 93) Non-Lactating (◦C) Lactating (◦C) Dnl-l HPD95% p

Basal 33.21 32.61 0.60 −0.01, 1.27 0.97
Basal-60 min 1.82 2.37 −0.55 −1.30, 0.25 0.92

n: number of data. Dnl-l: differences in eyeball temperature between non-lactating and lactating does. HPD95%:
highest posterior density region at 95%. p: probability of the difference being >0 when Dnl-l > 0 or being <0 when
Dnl-l < 0.

Not enough evidence of differences between fertile and non-fertile natural matings in
basal eyeball temperature or temperature variation was found (Table 4).

Table 4. Effect of fertility on basal temperature and temperature range between basal and 60 min.

Temperature (n = 93) Fertile (◦C) Non-Fertile (◦C) Df-nf HPD95% p

Basal 33.99 32.85 0.12 −0.49, 0.78 0.64
Basal-60 min 1.91 2.28 −0.37 −1.12, 0.39 0.83

n: number of data. Df-nf: differences in eyeball temperature between fertile and non-fertile does. HPD95%: highest
posterior density region at 95%. p: probability of the difference being >0 when Df-nf > 0 or being <0 when Df-nf < 0.

4. Discussion
4.1. Correlated Response to Selection in Temperature Emissivity

Different approaches have been developed to improve the ability of animals to cope
with environmental perturbations without decreasing their production. Litter size uni-
formity is directly related to environmental sensitivity. Therefore, selection for litter size
residual variance has been shown to be a suitable methodology for obtaining more resilient
animals. Beloumi [10] and Argente [11] found that the Low line had a major immunity, a
better behavior of inflammatory markers, and a superior reaction against infections, which
would be related to a better response of this line to stressful conditions. In a previous study,
García [12] found that the Low line made more efficient use of energy reserves than the
High line in stages of high demand such as delivery and lactation. This would suggest a
better response to stress from the Low line with respect to the High line. In this study, the
lines showed a different pattern in the evolution of eyeball temperature after a stressful
stimulus. The temperature increased by 3.2% in the High line, while the increment was
almost half in the low line (1.8%). A higher temperature emissivity is related to a greater
effect of stress [6,7]). Thus, our study would provide new evidence of the lower stress
sensitivity of the Low line.

As far as we know, this is the first time that the evolution of eyeball temperature after
a stressful stimulus has been studied in rabbits. Both lines had a higher eye temperature
60 min after mating than at basal time. Maintaining a high temperature after a stressful
stimulus depends on the species. Thus, in sport horses, it has been shown that the tempera-
ture emissivity measured in the eye is higher from 5 min after a competition and even at
3 h than in its basal state [16,17]. In rats, it has been seen that the eye temperature returned
to basal level 14 min after the stressful stimulus [18].

4.2. Effect of Season and Lactating Status of Does in Eyeball Temperature

The environment temperature is very important for rabbit health because rabbits
cannot effectively sweat, and panting is not efficient for cooling [19]. Higher basal eye
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temperature emissivity in Environment 2 (average temperature of 18.1 ◦C) than Environ-
ment 1 (average temperature of 12.1 ◦C) was found. Does reacted with higher emissivity of
body temperature to keep their homeostasis against the environment with high tempera-
ture [6,7,20].

Lactation is considered a stressful period to does. Our results showed that basal
eyeball temperature and the increment in temperature from mating to 60 min later were
greater in lactating does than in non-lactating ones. This agrees with higher cortisol levels
in lactating does than non-lactating does reported by Argente et al. [21].

Similar basal temperature and temperature range was found in fertile and non-fertile
mating. Ovulation in rabbit does is inducted by coitum, and ova are released between
10 and 12 h after mating [22]. Therefore, our findings show that basal temperature and
temperature variations at 10–12 h before ovulation would have no effect in the fertilization
of ova.

5. Conclusions

Selection for litter size residual variance showed a correlated response in does’ body
temperature. The does selected for reducing litter size variability showed a lower increase
in temperature after a stressful stimulus, which would suggest a better welfare of these
females. This study should be considered preliminary and it will be necessary to conduct
additional studies to confirm these results.
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Simple Summary: Selection for decreasing litter size residual variance has been proposed as an
indirect way to select for resilience. Resilience has been directly related to welfare. A good body
condition and efficient body fat mobilization have been associated with an optimal level of animal
welfare. Two rabbit lines have been divergently selected for litter size residual variability. The low
line selected for decreasing litter size variance more efficiently managed the body fat from mating to
weaning in the second productive cycle in females compared to the high line, which could be related
to the lower culling rate reported previously in the low line. Therefore, body condition can be used as
a useful biomarker of resilience.

Abstract: A divergent selection experiment for residual variance of litter size at birth was carried out
in rabbits during twelve generations. Residual variance of litter size was estimated as the within-doe
variance of litter size after pre-correction for year and season as well as parity and lactation status
effects. The aim of this work was to study the correlated response to selection for litter size residual
variability in body condition from mating to weaning. Body condition is related directly to an animal’s
fat deposits. Perirenal fat is the main fat deposit in rabbits. Individual body weight (IBW) and
perirenal fat thickness (PFT) were used to measure body condition at second mating, delivery, 10 days
after delivery, and weaning. Litter size of the first three parities was analyzed. Both lines decreased
body condition between mating to delivery; however, the decrease in body condition at delivery
was lower in the low line, despite this line having higher litter size at birth (+0.54 kits, p = 0.93).
The increment of body condition between delivery and early lactation was slightly higher in the low
line. On the other hand, body condition affected success of females’ receptivity and fertility at the
third mating, e.g., receptive females showed a higher IBW and PFT than unreceptive ones (+129 g and
+0.28 mm, respectively), and fertile females had a higher IBW and PFT than unfertile ones (+82 g and
+0.28 mm, respectively). In conclusion, the does selected for reducing litter size variability showed a
better deal with situations of high-energy demand, such as delivery and lactation, than those selected
for increasing litter size variability, which would agree with the better health and welfare condition in
the low line.

Keywords: body condition; fertility; litter size variability; rabbits; selection

Animals 2020, 10, 2447; doi:10.3390/ani10122447 www.mdpi.com/journal/animals

http://www.mdpi.com/journal/animals
http://www.mdpi.com
https://orcid.org/0000-0001-9923-6037
https://orcid.org/0000-0001-9504-8290
https://orcid.org/0000-0003-3558-0810
https://orcid.org/0000-0002-4541-3293
http://www.mdpi.com/2076-2615/10/12/2447?type=check_update&version=1
http://dx.doi.org/10.3390/ani10122447
http://www.mdpi.com/journal/animals


Animals 2020, 10, 2447 2 of 8

1. Introduction

Animal welfare is a priority in livestock production for ethical reasons and also because poor animal
welfare is associated with low production, poor health, and larger culling rate [1]. Resilience is defined
as the ability of an animal to maintain or quickly recover its performance in spite of environmental
perturbations [2,3], thus it is directly related to welfare. The ability of an animal to efficiently mobilize its
fat reserves can be essential for it to maintain, or quickly return to its production level. Body condition
has been traditionally employed to measure the mobilization of fat reserves in livestock animals
(Schröder and Staufenbiel [4] in cattle; Maes et al. [5] in pigs; Pascual et al. [6] in rabbits). Body condition
has been commonly used as a welfare indicator, due to its relations with fertility success and prevention of
diseases (Barletta et al. [7] in cattle; van Staaveren et al. [8] in pigs; Sánchez et al. [9] in rabbits). Therefore,
body condition may be connected to resilience, and monitoring it may be useful in resilience assessments.

Recently, residual variance has been proposed as a measure of resilience [10,11]. A direct divergent
selection experiment for residual variance in litter size has been performed successfully in rabbits at the
Universidad Miguel Hernández de Elche [12]. The high and low lines showed a remarkable difference
in residual variance of litter size (4.5% of the mean of the base population). There were also differences
in sensitivity to stress and diseases, which lowered the culling rate in the low line [11]. In this regard,
the more homogeneous line coped better with environmental stressors such as infections and acute
stress than the heterogeneous line which showed higher resilience [11,13].

In an early experiment with the first generations of selection, García et al. [14] found that the low
line had a favorable correlated response to selection in body condition and fat reserve mobilization at
birth. The objective of this work was to study the correlated response to selection for litter size residual
variability in the development of body condition from mating to weaning.

2. Materials and Methods

2.1. Ethics Statement

All experimental procedures were approved by the Miguel Hernández University of Elche
Research Ethics Committee, according to Council Directives 98/58/EC and 2010/63/EU (reference number
2017/VSC/PEA/00212).

2.2. Experimental Animals

Animals came from the twelfth generation of a divergent selection experiment for residual variance
of litter size (see more details in Blasco et al. [12]). A total of 121 females of the low line (homogeneous)
and 124 females of the high line (heterogeneous) were used to estimate the response to selection and
correlated responses in litter size at first, second and third parity, and correlated responses in individual
body weight at 4 weeks and 9 weeks old. A subset of 100 primiparous females from the low line and
74 primiparous females from the high line were used to measure the development of body condition in
the second reproductive cycle and to study the body condition effect on doe’s receptivity and fertility.

All animals were kept on a farm at the Miguel Hernández University of Elche (Spain). Rabbits were
fed a standard commercial diet (17% crude protein, 16% fiber, 3.5% fat, Nutricun Elite Gra®, De Heus
Nutrición Animal, La Coruña). Food and water were provided ad libitum. Females were housed in
individual cages (37.5 cm × 33 cm × 90 cm) under a constant photoperiod of 16 h continuous light
(8 h continuous darkness and controlled ventilation throughout the experiment). The experiment
took place from December to August. They were first mated at 18 weeks of age and at 10 days after
parturition thereafter. Gestation was checked by abdominal palpation 12 d after mating. Litters were
not standardized and weaning was at 28 d after delivery.

2.3. Traits

Individual body weight at 4 weeks and 9 weeks old and litter size at birth were recorded.
Residual variance of litter size was estimated for all females of the twelfth generation considering all
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parties, after pre-correcting litter size for the effects of year and season and parity and lactation status.
Individual body weight and perirenal fat thickness were recorded at four different physiological stages:
second mating, delivery, 10 days after delivery and weaning. Perirenal fat thickness was measured
by ultrasound imaging to evaluate body fat reserves as described by Pascual et al. [15] using Toshiba
NemioMX SSA-590 ultrasound equipment (Toshiba, Tokyo, Japan). Receptivity and fertility were recorder
at third mating (i.e., 10 days after second delivery). Receptivity (acceptance or rejection of the male at
mating) was defined as a binary trait as was fertility (pregnant or non-pregnant females at palpation).

2.4. Statistical Analysis

2.4.1. Correlated Response to Selection for Residual Variance

Models included a different set of effects depending on the trait. The following models were used:
residual variance of litter size at birth had only the effect of line (two levels, high and low line);

individual body weight at 4 weeks and 9 weeks old, litter size at first parity had the effects of line and season;
litter size at second and third parity had the effects of line, season and lactation status (two levels:

lactating and non-lactating female at mating);
individual body weight and perirenal fat thickness had the effects of line-time (eight levels: low line

at mating, high line at mating, low line at delivery, high line at delivery, low line 10 days after delivery,
high line 10 days after delivery, low line at weaning, and high line at weaning), season, lactation status
(two levels: lactating and non-lactating female when recording data) and the dam permanent effect.

All analyses were performed using Bayesian methodology [16]. Bounded uniform priors were
used for all effects with the exception of the dam permanent effect, considered normally distributed
with mean 0 and variance σ2

p. Residuals were a priori normally distributed with mean 0 and variance
σ2

e and uncorrelated with the dam effects. The priors for the variances were also bounded uniform.
Features of the marginal posterior distributions for all unknowns were estimated using Gibbs sampling.
The Rabbit program developed by the Institute for Animal Science and Technology (Valencia, Spain)
was used for all procedures. We used a chain of 60,000 samples, with a burn-in period of 10,000.
Only one out of every 10 samples were saved for inferences. Convergence was tested using the Z
criterion of Geweke and Monte Carlo sampling errors were computed using time-series procedures.

2.4.2. Effect of Body Condition on Receptivity and Fertility

We analyzed the difference on body condition at third mating (i.e., at 10 days after second delivery)
between receptive and non-receptive does, using a model with the effects of line, season, lactation
status, and receptivity with two levels (acceptance or rejection of the male at first attempt). In order to
study the difference on body condition at mating between fertile and unfertile does, we used a model
with the effects of line, season, lactation status and fertility with two levels (pregnant or non-pregnant
female at palpation).

A probit regression was performed to assess the effect of individual body weight and perirenal fat
thickness at third mating on probability of successful receptivity and fertility using the former models.
The probit procedure of the statistical package SAS was used for this analysis (SAS Institute, 2019,
Cary, CA, USA).

3. Results

3.1. Correlated Response to Selection for Residual Variance

Table 1 shows the features of marginal posterior distributions of the differences between lines for
litter size residual variance, litter size at first, second and third parity, and individual body weight at
4 weeks and 9 weeks old. The probability of these differences being greater than zero if DL-H > 0 or
lower than zero if DL-H < 0 is shown. In a Bayesian context there are no significance levels; instead,
we offer the actual probability of the differences. As the environmental effects are the same for both
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lines, the differences between lines (DL-H) are genetic differences, so they estimate the response and
correlated responses to selection. The low line showed a lower litter size variability than the high
line (–1.45 kits2, p =1.00), and a higher litter size in the first parities (+0.42 kits, p = 0.90 in first parity;
+0.54 kits, p = 0.93 in second parity; +0.66 kits, p = 0.94 in third parity). The low line had similar body
weight to the high line at 4 weeks and 9 weeks old.

Table 1. Features of the marginal posterior distribution of the differences for litter size residual variance
at birth (Ve), litter size at first (LS1), second (LS2) and third (LS3) parity, and individual body weight at
4 weeks (IB4w) and at 9 weeks old (IB9w) in rabbits.

L
(n = 121)

H
(n = 124) DL-H HPD95% p

Ve, kits2 2.78 4.23 −1.45 −2.22, −0.67 1.00
LS1, kits 7.54 7.12 0.42 0.26, 1.04 0.90
LS2, kits 8.31 7.77 0.54 −0.19, 1.29 0.93
LS3, kits 8.93 8.27 0.66 −0.19, 1.48 0.94
IB4w, g 732 754 −22 −93.2, 43.9 0.74
IB9w, g 1836 1823 13 −70.9, 95.3 0.61

n: number of data. L: mean of the low line. H: mean of the high line. DL-H: differences between the low and the
high line. HPD95%: highest posterior density region at 95%. p: probability of the difference being >0 when DL-H > 0
or being <0 when DL-H < 0.

Figure 1 displays the development of body condition from second mating to weaning in the high
and the low line. Individual body weight and perirenal fat thickness showed a reduction from mating to
delivery in both lines. However, this reduction was lesser in the low line than in the high line. Both lines
exhibited a recovery of body reserves from delivery to 10 days after delivery, but the increment was
slightly higher in the low line. Body condition showed a decrease from 10 days after delivery to weaning,
but the decrease was slightly higher in the low line. We notice that although number of kits at birth
was higher in the low line than the high one (8.31 kits vs. 7.77 kits respectively, p = 0.93) perirenal fat
thickness was higher in the low line than the high one in the critical moments of delivery (7.71 mm
versus 7.44 mm, p = 0.99) and 10 days after delivery (8.17 mm versus 7.90 mm, p = 0.99).
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Figure 1. Development of individual body weight and perirenal fat thickness at second mating, delivery,
10 days after delivery and weaning in the low and high lines. The bars show standard deviation.

3.2. Effect of Body Condition on Receptivity and Fertility

Table 2 shows that receptive females had higher individual body weight and perirenal fat thickness
than unreceptive females (+129 g, p = 0.97 for body weight; +0.28 mm, p = 0.96 for perirenal fat
thickness). Individual body weight and perirenal fat thickness were higher in fertile females compared
to unfertile females (+82 g, p = 0.94 for body weight; +0.28 mm, p = 0.99 for perirenal fat thickness).

The probabilities of acceptance of mating and pregnancy were not affected by line and season.
However, non-lactating females always showed a higher probability for accepting the male and becoming
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pregnant than lactating females (Figures 2 and 3). For a body weight between 2900 and 4400 g, the probability
of acceptance of the male ranged from 75% to 100% in non-lactating does and from 65% to 95% in lactating
does. For a perirenal fat thickness between 6.0 and 10.0 mm, the probability of acceptance of the male
ranged from 80% to 95% in non-lactating does and from 60% to 95% in lactating does. For the same range
of weights, the probability of pregnancy extended from 60% to 95% in non-lactating does and from 30% to
60% in lactating does. For the same range of perirenal fat thickness, the probability of pregnancy ranged
from 50% to 95% in non-lactating does and from 20% to 80% in lactating does.

Table 2. Features of the marginal posterior distribution of the differences for individual body weight
(IBW10d) and perirenal fat thickness (PFT10d) at 10 days after delivery for receptivity and fertility.

Receptive Non-Receptive D HPD95% p

IBW10d (g) 3581 3452 129 6.59, 260 0.97
PFT10d (mm) 8.09 7.81 0.28 −0.03, 0.57 0.96

Fertile Infertile

IBW10d (g) 3593 3511 82 −20, 182 0.94
PFT10d (mm) 8.15 7.87 0.28 0.04, 0.52 0.99

D: differences between receptive and non-receptive does or fertile and unfertile does. HPD95%: highest posterior
density region at 95%. p: probability of the difference being >0 when D > 0 or being <0 when D < 0.

Animals 2020, 10, x FOR PEER REVIEW 5 of 9 

Figure 1. Development of individual body weight and perirenal fat thickness at second mating, 
delivery, 10 days after delivery and weaning in the low and high lines. The bars show standard 
deviation. 

3.2. Effect of Body Condition on Receptivity and Fertility 

Table 2 shows that receptive females had higher individual body weight and perirenal fat 
thickness than unreceptive females (+129 g, p = 0.97 for body weight; +0.28 mm, p = 0.96 for perirenal 
fat thickness). Individual body weight and perirenal fat thickness were higher in fertile females 
compared to unfertile females (+82 g, p = 0.94 for body weight; +0.28 mm, p = 0.99 for perirenal fat 
thickness). 

Table 2. Features of the marginal posterior distribution of the differences for individual body 
weight (IBW10d) and perirenal fat thickness (PFT10d) at 10 days after delivery for receptivity and 
fertility. 

 Receptive Non-receptive D HPD95% p 
IBW10d (g) 3581 3452 129 6.59, 260  0.97 

PFT10d (mm) 8.09 7.81 0.28 −0.03, 0.57 0.96 
 Fertile Infertile    

IBW10d (g) 3593 3511 82 −20, 182 0.94 
PFT10d (mm) 8.15 7.87 0.28 0.04, 0.52 0.99 

D: differences between receptive and non-receptive does or fertile and unfertile does. HPD95%: 
highest posterior density region at 95%. p: probability of the difference being >0 when D > 0 or being 
<0 when D < 0. 

The probabilities of acceptance of mating and pregnancy were not affected by line and season. 
However, non-lactating females always showed a higher probability for accepting the male and 
becoming pregnant than lactating females (Figures 2 and 3). For a body weight between 2900 and 
4400 g, the probability of acceptance of the male ranged from 75% to 100% in non-lactating does and 
from 65% to 95% in lactating does. For a perirenal fat thickness between 6.0 and 10.0 mm, the 
probability of acceptance of the male ranged from 80% to 95% in non-lactating does and from 60% to 
95% in lactating does. For the same range of weights, the probability of pregnancy extended from 
60% to 95% in non-lactating does and from 30% to 60% in lactating does. For the same range of 
perirenal fat thickness, the probability of pregnancy ranged from 50% to 95% in non-lactating does 
and from 20% to 80% in lactating does. 

 

Figure 2. Probability of acceptance of the male at mating on individual body weight and perirenal fat 
thickness at 10 day after delivery (i.e., third mating in lactating and non-lactating does). 

Figure 2. Probability of acceptance of the male at mating on individual body weight and perirenal fat
thickness at 10 day after delivery (i.e., third mating in lactating and non-lactating does).Animals 2020, 10, x FOR PEER REVIEW 6 of 9 

 

Figure 3. Probability of pregnancy at third gestation on individual body weight and perirenal fat 
thickness at 10 day after delivery (i.e., third mating, in lactating and non-lactating does). 

4. Discussion 

4.1. Correlated Response to Selection for Residual Variance 

We have found that, as in former generations [12], selection to reduce litter size residual 
variance produces females with more uniform litters. Uniformity in litter size and body weight has 
been related to immune response and resistance to diseases (see review [17]). Additionally, we have 
found that selection for reducing residual variance of litter size increases litter size without affecting 
the individual weight neither at birth nor at weaning [18]. 

In relation to development of body condition, we have observed that both lines decrease the 
body condition from mating to delivery. This is due to the negative energy balance during the last 
week of gestation, as a consequence of the growing fetuses and the decreasing feed intake in the 
mother [19]. However, in agreement with previous results from an early experiment in those lines 
[14], the decrease in body condition at delivery is lower in females from the low line, despite that 
fact that this line is gestating on average more fetuses. 

Immediately after delivery, milk production is low and feed intake is sufficient for covering 
the nutritional needs for both maintenance and lactation [20]; therefore, body fat reserves are 
recovered [21]. In accordance with Theilgaard et al. [21], the low and high line increase their body 
condition between delivery and early lactation; however, the increment is higher in the low line 
than the high line. A low body condition and high fat mobilization have been related to a high risk 
of dying or being culled [14,22]; thus, a higher body condition at delivery and a larger fat 
deposition between delivery from 10 days after delivery in the low line would agree with the lower 
involuntary elimination rate reported in this line by Argente et al. [11]. In current rabbit production 
systems, does are mated between 10 and 12 days post-delivery, arriving at the end of weaning with 
lactation and gestation overlapping [23]. The high energetic needs for milk production and 
development of fetuses are not entirely compensated with doe’s increasing feed intake at the end of 
weaning (review by Castellini [24]). Therefore, there is an important increase in the mobilization of 
dam’s body reserves, which leads them to lose body condition (review by Castellini et al. [25]). In 
this sense, we also observed a decrease in body condition between 10 days after delivery and 
weaning in both lines, although the decrease is slightly higher in the low line due to a large number 
of kits at weaning [18]. 

We see that selection to reduce residual variance of litter size has a favorable correlated 
response in body condition and fat mobilization in the dam, playing an important role in coping to 
environmental challenges. 

Figure 3. Probability of pregnancy at third gestation on individual body weight and perirenal fat
thickness at 10 day after delivery (i.e., third mating, in lactating and non-lactating does).



Animals 2020, 10, 2447 6 of 8

4. Discussion

4.1. Correlated Response to Selection for Residual Variance

We have found that, as in former generations [12], selection to reduce litter size residual variance
produces females with more uniform litters. Uniformity in litter size and body weight has been related
to immune response and resistance to diseases (see review [17]). Additionally, we have found that
selection for reducing residual variance of litter size increases litter size without affecting the individual
weight neither at birth nor at weaning [18].

In relation to development of body condition, we have observed that both lines decrease the body
condition from mating to delivery. This is due to the negative energy balance during the last week of
gestation, as a consequence of the growing fetuses and the decreasing feed intake in the mother [19].
However, in agreement with previous results from an early experiment in those lines [14], the decrease
in body condition at delivery is lower in females from the low line, despite that fact that this line is
gestating on average more fetuses.

Immediately after delivery, milk production is low and feed intake is sufficient for covering the
nutritional needs for both maintenance and lactation [20]; therefore, body fat reserves are recovered [21].
In accordance with Theilgaard et al. [21], the low and high line increase their body condition between
delivery and early lactation; however, the increment is higher in the low line than the high line.
A low body condition and high fat mobilization have been related to a high risk of dying or being
culled [14,22]; thus, a higher body condition at delivery and a larger fat deposition between delivery
from 10 days after delivery in the low line would agree with the lower involuntary elimination rate
reported in this line by Argente et al. [11]. In current rabbit production systems, does are mated
between 10 and 12 days post-delivery, arriving at the end of weaning with lactation and gestation
overlapping [23]. The high energetic needs for milk production and development of fetuses are not
entirely compensated with doe’s increasing feed intake at the end of weaning (review by Castellini [24]).
Therefore, there is an important increase in the mobilization of dam’s body reserves, which leads them
to lose body condition (review by Castellini et al. [25]). In this sense, we also observed a decrease in
body condition between 10 days after delivery and weaning in both lines, although the decrease is
slightly higher in the low line due to a large number of kits at weaning [18].

We see that selection to reduce residual variance of litter size has a favorable correlated
response in body condition and fat mobilization in the dam, playing an important role in coping to
environmental challenges.

4.2. Effect of Body Condition on Receptivity and Fertility

As previously commented, current rabbit breeding programs are based on an interval between
delivery and artificial insemination or mating between 10 and 12 days. Therefore, females have
to simultaneously allocate their fatness resources for both maintenance and milk production [26],
and poor body condition at mating can limit mating success [27]. Several studies have reported a
negative effect of lactation on fertilization rate [20,28]. We stress that our study quantifies for the first
time the negative effect of lactating on receptivity and fertility. Non-lactating females have from 10%
to 20% more probability to accept to mating than lactating females. The effect is even more relevant for
fertility. In this regard, probability of becoming pregnant was from 30% to 35% higher in non-lactating
females than in lactating females. No differences in receptivity and fertility were found between lines.

These findings support that lactation mobilizes a large amount of doe’s fat reserves and has an
important effect on receptivity and fertility. Therefore, females must arrive to mate with a good body
fatness level which will allow them to have a long and successful reproductive lifespan. The low
line showed a greater perirenal fat thickness than the high line at mating (8.17 mm versus 7.90 mm).
However, this difference was not enough to result in relevant differences between lines in receptivity
and fertility.
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5. Conclusions

Selection for litter size variability showed a correlated response between body condition and fat
mobilization. The does selected for litter size homogeneity did better in situations with high-energy
demand such as delivery and lactation, compared to those selected for increasing litter size variability.
This means the animals in the homogenous line had better health and welfare levels.
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Simple Summary: Two rabbit lines are divergently selected for increasing or decreasing the variability
of litter size at birth. Decreasing the litter size variability produces more resilient females with
less sensitivity to diseases, being an indirect selection way to improve environmental sensitivity.
The kits’ survival rate at weaning was higher in the homogeneous line. Moreover, this line led to a
greater uniformity of the kits’ weight at weaning, although the weight variability at birth was higher,
which could be due to a higher lactation capacity of the homogeneous line.

Abstract: A divergent selection experiment on environmental sensitivity was performed in rabbits.
The aim was to estimate the correlated response in kit weight and survival, litter weight, and weight
distance from birth to weaning. The weight distance was calculated as the absolute value of the
differences between the individual value and the mean value of its litter. The relationship between
the probability of survival at 4 d of age, and the weight at birth, was studied. Environmental
sensitivity was measured as litter size variability. A total of 2484 kits from 127 does from the low
line, and 1916 kits of 114 does from the high line of the 12th generation were weighed. Both of the
lines showed similar individual and litter weights at birth and weaning, and a similar survival rate
at birth, and at 4 d of age. The survival rate at weaning was higher in the low line (0.67 and 0.62;
P = 0.93). The weight distance was higher at birth, but lower at weaning in the low line (47.8 g and
54.1 g; P = 0.98). When the weight at birth was high, the kits had a higher survival rate. In conclusion,
selection for environmental sensitivity showed a correlated response in the kits’ survival, and in the
homogeneity of litter weight at weaning.

Keywords: correlated response; pre-weaning; survival; weight; welfare

1. Introduction

The aim of genetic selection in maternal rabbit lines has traditionally been to improve the mean
of productive traits: Litter size [1], or the length of does’ productive life [2,3]. Overall, this intensive
selection for the increase of productivity has been successful, but it has also had negative consequences
on animal welfare, increasing culling at early ages [4,5]. Consequently, resistance toward disease and
stress are current priorities in rabbit breeding, leading to better doe resilience and welfare.

Selection for environmental sensitivity, measured as litter size variability, is an indirect selection
methodology for improving resilience and robustness [6,7]. A divergent selection experiment
for this trait has been performed with success [6], leading to lines with high and low litter size
variability. Higher litter size variability affects the heterogeneity of littermates, which can produce
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lower pre-weaning survival rates [8,9]. The aim of this work is to study the correlated response in the
pre-weaning survival rates of two rabbit lines, divergently selected for environmental sensitivity.

2. Material and Methods

All experimental procedures involving animals were approved by the Miguel Hernández
University of Elche Research Ethics Committee (Reference number 2019/VSC/PEA/0017), in accordance
with Council Directives 98/58/EC and 2010/63/EU.

2.1. Animals

A divergent selection experiment for litter size variability was carried out over twelve generations.
The selection was based on the phenotypic variance of the litter size of each doe, after correcting the
litter size for both year–season and parity–lactation status [6].

All of the animals were reared in the farm of the Miguel Hernández University of Elche (Spain).
The rabbits were fed a standard commercial diet (17% crude protein, 16% fiber, 3.5% fat, Nutricun
Elite Gra®, De Heus Nutrición Animal, La Coruña, Spain). Food and water were provided ad libitum.
The same feeding conditions were provided for both lactating and non-lactating does. Does were
housed in individual cages (37.5 × 33 × 90 cm) under a constant photoperiod of 16 h continuous light:
8 h continuous darkness, and with controlled ventilation throughout the experiment. The experiment
took place from December to September. The temperature and relative humidity were recorded every
15 min with a Tinytag data logger (Table 1).

Table 1. Temperature and relative humidity by season.

Season
Temperature (◦C) Relative Humidity (%)

Average Minimum Maximum Average Minimum Maximum

Winter 14.4 7.5 22.2 63.2 26.6 100
Spring 20.3 15.2 28.6 78.7 43.3 100

Summer 26.9 19.2 33.8 76.9 32.1 100

Does were first mated at 18 weeks of age, and at 10 d after parturition thereafter. Matings took
place every week. The nest was made with textile by-products and the doe had free access to the nest,
from 2 days before delivery until 21 days after delivery, when the nest was removed. The litters were
not standardized, and the kits were weaned at 28 days of age.

Data come from the 12th generation of the selection. The litter size at birth (LS), the number born
alive (NBA), the number born dead (NBD), the number of rabbits at 4 days of age (N4), and the number
of rabbits at weaning (NW) were recorded. The rabbits were individually weighed and sexed within
24 h after birth. Some of the kits had suckled before being weighed. The milk intake was verified by
recording a white mark in the abdominal area. The kits were also weighed at weaning. A total of
2484 kits from 127 does from the low line, and 1916 kits of 114 does from the high line were weighed.

2.2. Traits

The following traits were analyzed: LS; survival at birth (NBA/LS); survival at 4 days of age
(N4/NBA); survival at weaning (NW/N4); the individual weight at birth of live and dead kits;
the individual weight at weaning; the litter weight at birth of total kits and kits alive; the litter weight
at weaning; and the weight distance of live, dead, and weaned rabbits. The weight distance was
calculated as the absolute value of the differences between the individual value and the mean value of
its litter.
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2.3. Statistical Analysis

The model used for analyzing the LS and the litter survival rates was:

yijkl = µ + Li +Sj + LPk + pijkl + eijkl

where Li is the line effect with two levels (the high and the low lines); Sj is the season effect with three
levels (winter, spring, and summer); LPk is the lactation–parity effect with five levels (nulliparous,
lactating, and non-lactating primiparous doe, and lactating and non-lactating multiparous doe); pijkl is
the dam permanent effect with 241 levels; and eijkl is the residual term.

The individual weight at birth for the live and dead kits, and their corresponding distance were
analyzed using the following model:

yijklmnop = LKi + Sj + LPk + IMl + SEm + pijklmn + cijklmno + b × LSijklmno + eijklmnop

where LKi is the line-survival effect (live kits of the high line, dead kits of the high line, live kits of the
low line, and dead kits of the low line); IMl is the intake of milk effect (whether the kit suckled or not
before being weighed); SEm is the sex effect (male and female); pijklmn is the dam permanent effect
with 241 levels; cijklmno is the common litter effect with 541 levels; b is the regression coefficient of the
covariate; LSijklmno is the covariate litter size; and eijklmnop is the residual term.

Litter weights, individual weights at weaning, and the distance were analyzed with the same
model, but the line effect with two levels (high and low lines) was used instead of the line-survival effect.

All of the analyses were performed using Bayesian methodology [10]. Bounded uniform priors
were used for all effects. The joint prior distribution for the permanent environmental effect of the doe
and the common litter effect was N (0, I

⊗
Gp), where Gp was the (co)variance matrix between these

effects. Residuals priori distribution was N (0, I
⊗

σ2
e). Residuals, permanent environmental effects,

and common litter effects are uncorrelated. The priors for the variances were also bounded uniform.
Features of the marginal posterior distributions for all of the unknowns were estimated using Gibbs
sampling. The Threshold Model program was used [11]. We used a chain of 250,000 samples, with a
burn-in period of 50,000. Only one out of every 100 samples was saved for inferences. Convergence
was tested using the Z criterion of Geweke [12], and Monte Carlo sampling errors were computed
using time-series procedures [13].

The relationship between the probability of survival from birth to 4 d of age, and the individual
weight at birth was analyzed by logistic regression. The model included line, season, parity–lactation
(with three levels: Nulliparous, lactating, and non-lactating does), milk intake, and sex effects.
Table 2 shows the number of kits that survived at 4 d of age, classified by weight at birth, and line.
The LOGISTIC procedure of the statistical package SAS was used [14].

Table 2. Number of kits at birth (number of kits at 4 d of age) by line effect and individual birth weight (g).

20–34 35–44 45–54 55–64 65–80

Line H 73 (29) 316 (214) 644 (578) 494 (468) 234 (222)
Line L 128 (54) 339 (226) 756 (652) 661 (609) 338 (321)

3. Results

3.1. Correlated Response to Selection in Litter Survival and Pre-Weaning Weight

Descriptive results of the traits by line are presented in Table 3. The coefficient of variations are
moderate and increase from birth to weaning, except for the weight distance, which is high and similar.
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Table 3. General mean, standard deviation (SD), coefficient of variation (CV) for litter size at birth,
survival, litter weight, individual weight, and weight distance before weaning.

Line H Line L

Mean SD CV Mean SD CV

Litter size 7.69 2.98 0.38 8.35 2.43 0.29

Survival
At birth 0.89 0.25 0.28 0.86 0.25 0.29
At 4 days of age 0.88 0.25 0.28 0.87 0.25 0.29
At weaning 0.61 0.34 0.56 0.67 0.34 0.51

Litter weight
Total at birth (g) 431 118 0.27 450 119 0.26
Live at birth (g) 412 127 0.31 410 128 0.31
At weaning (g) 2518 1183 0.47 2460 1185 0.48

Individual weight
Live at birth (g) 53.5 11.2 0.21 54.0 11.2 0.21
Dead at birth (g) 46.3 11.2 0.24 46.0 11.1 0.24
At weaning (g) 493 151 0.31 477 150 0.31

Weight distance
Live at birth (g) 4.9 4.6 0.94 5.4 4.6 0.85
Dead at birth (g) 6.9 4.6 0.67 6.8 4.6 0.67
Weaned (g) 53.3 45.7 0.86 47.8 46.4 0.97

Table 4 shows the features of the estimated marginal posterior distributions of the differences
between the lines for litter survival, individual weight, and weight distances at birth and weaning.
The litter size at birth was higher in the low line (H-L = −0.6 kits; P = 1.0). The survival rate at birth
and at 4 d of age were similar between the lines, but the survival at weaning was 5% higher in the low
line (P = 0.93). Both of the lines showed similar individual weights of kits, and litter weight at birth.
There is some evidence that the individual weight at weaning was lower in the low line (H-L = 15 g;
P = 0.82), but when the litter weight at weaning was considered, both lines showed similar values
(P = 0.78). The weight distance for live kits at birth was higher in the low line (H-L = −0.5 g; P = 0.97);
however, the weight distance at weaning was lower in the low line (H-L = 6.3 g; P = 0.98).

Table 4. Features of the marginal posterior distribution of the differences between the high and the low
litter size variability lines for litter size at birth, survival, litter weight, individual weight, and weight
distance before weaning.

H L H-L HPD95% P

Litter size
At birth 7.7 8.3 −0.6 −1.1; −0.2 1.00

Survival
At birth 0.89 0.87 0.02 −0.03; 0.06 0.79
At 4 days of age 0.88 0.87 0.01 −0.04; 0.05 0.67
At weaning 0.62 0.67 −0.05 −0.12; 0.01 0.93

Litter weight
Total at birth (g) 440 443 −3 −15; 8 0.73
Live at birth (g) 409 411 −2 −14; 9 0.65
At weaning (g) 2461 2404 57 −84; 205 0.78

Individual weight
Live at birth (g) 53.5 54.1 −0.4 −1.7; 0.8 0.75
Dead at birth (g) 46.3 46.1 −0.2 −2.4; 1.9 0.60
At weaning (g) 495 480 15 −17; 47 0.82

Weight distance
Live at birth (g) 4.9 5.4 −0.5 −0.9; 0.0 0.97
Dead at birth (g) 7.0 6.8 0.2 −0.9; 1.3 0.68
Weaned (g) 54.1 47.8 6.3 0.2; 12.3 0.98

H = median of the high line; L = median of the low line; H-L = median of the difference between the high and
the low lines; HPD95% = highest posterior density region at 95%; P = probability of the difference being >0 when
H-L > 0, and probability of the difference being <0 when H-L < 0.
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3.2. Survival at 4 d of Age and Individual Weight at Birth

The probability of survival at 4 d of age, and weight at birth were not affected by sex (P = 0.47).
Both of the lines showed similar probabilities of survival at 4 d of age, with the same weight at birth
(P = 0.12; Figure 1). Probabilities of survival asymptotically increased with the individual birth weights,
and raised to more than 90% from 60 g onwards.
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Figure 1. Relationship between survival at 4 d of age and individual birth weights for the high and the
low litter size variability lines.

Kits born in winter had less of a probability of survival than those that were born in summer or
spring (P < 0.0001; Figure 2). When the weight of the kits was higher than 60 g at birth, the probability
of survival was at its maximum, regardless of the parity–lactation status of the doe (P < 0.0001; Figure 3).
The minimum probability of survival took place in the lactating does, when the weights ranged from
30 to 60 g; the non-lactating does showed the highest probability of survival.
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Kits that suckled always had a higher probability of survival than the kits that did not suckle
(P < 0.0001; Figure 4). Kits with the minimum weight had a survival probability of 65% when the
rabbits suckled, but only 35% if they did not suckle.Animals 2019, 9, x 7 of 9 
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4. Discussion

4.1. Correlated Response to Selection in Litter Survival and Pre-Weaning Weight

Our divergent selection experiment for environmental sensitivity has shown that this trait is
genetically determined [6]. This has implications for animal welfare, as animals that cope better with
their environment have better welfare than the more sensitive animals [7]. After correcting for the
litter size, both of the lines had similar individual weights at birth, and the survival rates at birth
and the survival rates at four days of age were not modified. Moreover, the relationship between the
probability of survival at 4 d of age and the weight at birth was not affected by the line.

Weight distance has been used as the dispersion measure, instead of the standard deviation of the
weight of the litter, because it provides one record per individual instead of one per litter. It seems
that there is a correlated response on both of the weight distances at birth and at weaning, but with
opposite sign; the kits’ weight is more variable at birth in the low line, but then less variable at weaning.
To date, there is no information available on the weight distance at birth in rabbits, but Peiró et al. have
shown similar values of weight distance at weaning [15].

Maternal care in the first days after parturition is clearly related to the ingestion of energy by the
kits, which is directly related to their survival [16]. So, the higher rate of survival at weaning of the low
line could indicate higher milk production, and better maternal behavior during lactation. In spite of
the greater variability of weight at birth of the low line, this line produces a greater uniformity of weight
at weaning than the high line, perhaps due to a higher lactation capacity of the doe. The homogeneity
in weight within the litter is an important trait in prolific species such as rabbits [17], because increasing
the weight homogeneity within the litter reduces the competition between littermates, and increases
the viability of them [18].

4.2. Survival at 4 d of Age and Individual Weight at Birth

The probability of individual survival at 4 d of age is related to birth weight, as the kits with
lower birth weight have a lower probability of survival. Neonates require a protective environment,
adequate nutrition, and special maternal care in order to survive [19]. So, the season of birth, the intake
of milk, and the parity–lactation status of the doe all affect the likelihood of survival. The probability
of survival at 4 d of age was lower in winter than in spring and summer, when the weight at birth
was less than 50 g. If the birth weight is less than the optimum weight, the energy reserves and the
thermoregulatory capacity are reduced, and the perinatal mortality increases [20]. If the temperature
in the nest is low during their first five days of life, the instantaneous energy production capacity of the
young rabbits is insufficient, being unable to compensate for thermal losses through the skin, and the
probability of survival decreases [21].

The kits’ fat tissue is high at birth, and decreases thereafter [22]. The ingestion of milk immediately
after birth allows the rabbit to save fat tissue, and thus significantly increase its chances of survival [23,24].
The lack of a milk spot at birth increases the mortality of the kits at 4 d of age, irrespective of their birth
weight. Similar results were obtained at the first week of age [24,25].

When lactation and gestation were overlapping, the probability of survival was lower than in
nulliparous and non-lactating does. It is well known that does undergo a nutritional deficit when
lactation and pregnancy overlap [26,27], and that this deficit affects the probability of the kits’ survival.

5. Conclusions

The low line leads to a greater uniformity of kit weight at weaning than the high line, although the
variability of weight at birth is higher, which could be due to a higher lactation capacity of the doe.
In conclusion, selection for litter size variability shows a negative correlated response in the uniformity
of weights at birth, and a positive correlated response in survival and the uniformity of weights at
weaning, without affecting individual and litter weight.
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7. Argente, M.J.; García, M.L.; Zbyňovská, K.; Petruška, P.; Capcarová, M.; Blasco, A. Correlated response to
selection for litter size environmental variability in rabbits’ resilience. Animal 2019. [CrossRef]

8. Bolet, G.; Esparbié, J.; Falieres, J. Relations entre le nombre de foetus par corne utérine, la taille de portée à la
naissance et la croissance pondérale des lapereaux. Ann. Zootech. 1996, 45, 185–200. [CrossRef]

9. Poignier, J.; Szendrö, Z.S.; Levai, A.; Radnai, I.; Biro-Nemeth, E. Effect of birth weight and litter size on
growth and mortality in rabbit. World Rabbit Sci. 2000, 8, 103–109. [CrossRef]

10. Blasco, A.; Blasco, P.D.A. Bayesian Data Analysis for Animal Scientists; Springer International Publishing:
New York, NY, USA, 2017.

11. Legarra, A.; Varona, L.; López de Maturana, E. TM Threshold Model. Available online: http://snp.toulouse.
inra.fr/~{}alegarra/manualtm.pdf (accessed on 5 July 2019).

12. Sorensen, D.; Gianola, D. Likelihood, Bayesian, and MCMC Methods. Quantitative Genetics, 1st ed.; Springer:
New York, NY, USA, 2002.

13. Geyer, C.M. Practical markow chain Monte Carlo (with discussion). Stat. Sci. 1992, 7, 467–511.
14. SAS. SAS/STAT User’s Guide 9.4; SAS Institute: Cary, NC, USA, 2017.
15. Peiró, R.; Badawy, A.Y.; Blasco, A.; Santacreu, M.A. Correlated responses on growth traits after two-stage

selection for ovulation rate and litter size in rabbits. Animal 2019. [CrossRef] [PubMed]
16. Pascual, J.J.; Savietto, D.; Cervera, C.; Baselga, M. Resources allocation in reproductive rabbit does: A review

of feeding and genetic strategies for suitable performance. World Rabbit. Sci. 2013, 21, 123–144. [CrossRef]
17. Bolet, G.; Garreau, H.; Joly, T.; Theau-Clément, M.; Falières, J.; Hurtaud, J.; Bodin, L. Genetic homogenisation

of birth weight in rabbits: Indirect selection response for uterine horn characteristics. Livest. Sci. 2007, 111,
28–32. [CrossRef]

18. Garreau, H.; Bolet, G.; Larzul, C.; Robert-Granié, C.; Saleil, G.; SanCristobal, M.; Bodin, L. Results of four
generations of a canalising selection for rabbit birth weight. Livest. Sci. 2008, 119, 55–62. [CrossRef]

19. Hamilton, H.H.; Lukefahr, S.D.; McNitt, J.I. Maternal nest quality and its influence on litter survival and
weaning performance in commercial rabbits. J. Anim. Sci. 1997, 75, 926. [CrossRef]

20. García-Ximénez, F.; Vicente, J.; Viudes-De-Castro, M. Neonatal performances in 3 lines of rabbit (litter sizes,
litter and individual weights). Anim. Res. 1995, 44, 255–261.

21. Hull, D.; Segall, M.M. The contribution of brown adipose tissue to heat production in the new-born rabbit. J.
Physiol. 1965, 181, 449–457. [CrossRef]

http://dx.doi.org/10.1016/S0301-6226(01)00280-9
http://dx.doi.org/10.2527/jas.2007-0217
http://www.ncbi.nlm.nih.gov/pubmed/17998431
http://dx.doi.org/10.2527/jas.2013-7216
http://www.ncbi.nlm.nih.gov/pubmed/24867929
http://dx.doi.org/10.1016/S0301-6226(98)00147-X
http://dx.doi.org/10.1016/j.prevetmed.2008.08.003
http://www.ncbi.nlm.nih.gov/pubmed/18842309
http://dx.doi.org/10.1186/s12711-017-0323-4
http://www.ncbi.nlm.nih.gov/pubmed/28532460
http://dx.doi.org/10.1017/S1751731119000302
http://dx.doi.org/10.1051/animres:19960207
http://dx.doi.org/10.4995/wrs.2000.413
http://snp.toulouse.inra.fr/~{}alegarra/manualtm.pdf
http://snp.toulouse.inra.fr/~{}alegarra/manualtm.pdf
http://dx.doi.org/10.1017/S1751731119001423
http://www.ncbi.nlm.nih.gov/pubmed/31241035
http://dx.doi.org/10.4995/wrs.2013.1236
http://dx.doi.org/10.1016/j.livsci.2006.11.012
http://dx.doi.org/10.1016/j.livsci.2008.02.009
http://dx.doi.org/10.2527/1997.754926x
http://dx.doi.org/10.1113/jphysiol.1965.sp007773


Animals 2019, 9, 603 9 of 9

22. Spencer, S.A.; Hull, D. The effect of over-feeding newborn rabbits on somatic and visceral growth, body
composition and long-term growth potential. Br. J. Nutr. 1984, 51, 389–402. [CrossRef]

23. Venge, O. The influence of nursing behaviour and milk production n early growth in rabbits. Anim. Behav.
1963, 11, 500–506. [CrossRef]

24. Schaal, B.; Coudert, P.; Rideaud, P.; Fortun-Lamothe, L.; Hudson, R.; Orgeur, P. Immediate postnatal sucking
in the rabbit: Its influence on pup survival and growth. Reprod. Nutr. Dev. 2000, 40, 19–32.

25. Argente, M.; Santacreu, M.; Climent, A.; Blasco, A. Phenotypic and genetic parameters of birth weight and
weaning weight of rabbits born from unilaterally ovariectomized and intact does. Livest. Prod. Sci. 1999, 57,
159–167. [CrossRef]

26. Xiccato, G.; Trocino, A.; Sartori, A.; Queaque, P.I. Effect of parity order and litter weaning age on the
performance and body energy balance of rabbit dos. Livest. Prod. Sci. 2004, 16, 239–251. [CrossRef]

27. Rebollar, P.; Pérez-Cabal, M.; Pereda, N.; Lorenzo, P.L.; Arias-Álvarez, M.; García-Rebollar, P. Effects of parity
order and reproductive management on the efficiency of rabbit productive systems. Livest. Sci. 2009, 121,
227–233. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1079/BJN19840045
http://dx.doi.org/10.1016/0003-3472(63)90269-0
http://dx.doi.org/10.1016/S0301-6226(98)00166-3
http://dx.doi.org/10.1016/S0301-6226(03)00125-8
http://dx.doi.org/10.1016/j.livsci.2008.06.018
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.











































	1-27_def
	Agea y col_2021_agriculture-11-00604-v2_Termografías
	Introduction 
	Materials and Methods 
	Ethics Statement 
	Experimental Animals 
	Traits 
	Statistical Analysis 

	Results 
	Correlated Response to Selection in Temperature Emissivity 
	Effect of Season and Lactating Status of Does in Eyeball Temperature 

	Discussion 
	Correlated Response to Selection in Temperature Emissivity 
	Effect of Season and Lactating Status of Does in Eyeball Temperature 

	Conclusions 
	References

	35_def
	Agea y col_2020_animals-10-02447_Condición corporal
	Introduction 
	Materials and Methods 
	Ethics Statement 
	Experimental Animals 
	Traits 
	Statistical Analysis 
	Correlated Response to Selection for Residual Variance 
	Effect of Body Condition on Receptivity and Fertility 


	Results 
	Correlated Response to Selection for Residual Variance 
	Effect of Body Condition on Receptivity and Fertility 

	Discussion 
	Correlated Response to Selection for Residual Variance 
	Effect of Body Condition on Receptivity and Fertility 

	Conclusions 
	References

	44_def
	Agea y col_2019_Animals-09-00603_Tamaño de camada
	Introduction 
	Material and Methods 
	Animals 
	Traits 
	Statistical Analysis 

	Results 
	Correlated Response to Selection in Litter Survival and Pre-Weaning Weight 
	Survival at 4 d of Age and Individual Weight at Birth 

	Discussion 
	Correlated Response to Selection in Litter Survival and Pre-Weaning Weight 
	Survival at 4 d of Age and Individual Weight at Birth 

	Conclusions 
	References

	54-74_def



