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ABSTRACT: Obtaining unbiased estimates of the
direct-maternal genetic correlation proves far from
straightforward for several reasons. Consequently,
the use of such over- or underestimated correlations
may introduce errors in genetic evaluation models.
The objective of our study was to evaluate how the
value of the direct-maternal genetic correlation affects
EBV. Direct, maternal, and total breeding values were
predicted for the ADG or weight at weaning for 3 dif-
ferent species (sheep, rabbits, and pigs) using models
that differ depending on the fixed value of the direct-
maternal genetic correlation (ranging from —0.9 to 0.9)
as well as a model in which the correlation was esti-
mated. The results were consistent between species.
The direct-maternal genetic correlation had a greater

impact on the estimated maternal genetic effects than
on direct effects. The lowest correlations between
maternal breeding values obtained with different mod-
els were —0.20, —0.01, and —0.72 in pigs, sheep, and
rabbits, respectively, whereas for the direct breeding
value, the lowest correlations were 0.45, 0.90, and
0.95 in pigs, sheep, and rabbits, respectively. The total
EBYV, calculated as the unweighted sum of direct and
maternal genetic effects, did not differ greatly between
the models, the lowest correlations between total
breeding values being 0.93, 0.98, and 0.97 for pigs,
sheep, and rabbits, respectively. Given the uncertainty
associated with estimating the direct-maternal genetic
correlation, setting its value to 0 in genetic evaluation
models appears to be a good compromise.
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INTRODUCTION

Maternal effects occur when an animal’s pheno-
type is influenced by its mother’s phenotype in addi-
tion to the genes it inherits. Willham (1972) proposed
to model such traits by decomposing the phenotype into
the sum of unobserved direct and maternal phenotypes,
which are the sum of both a genotypic and an environ-
mental value. Generally, the variance and covariance
components estimated with such models are direct and
maternal genetic variances, the maternal permanent en-
vironmental variance, the residual variance, and direct-
maternal genetic covariance (Dodenhoff et al., 1999).
To estimate variance components, such models require

ICorresponding author: ingrid.david@toulouse.inra.fr
Received July 17, 2015.
Accepted October 5, 2015.

J. Anim. Sci. 2015.93:5639-5647
doi:10.2527/jas2015-9548

the use of both appropriate methods (Thompson, 1976)
and appropriate data structure (Gerstmayr, 1992). Still,
in some cases, the model produces surprising results
such as a strong negative direct-maternal genetic cor-
relation (Robinson, 1996; Koerhuis and Thompson,
1997). Various explanations for such bias have been
proposed in the literature: misidentification of sires
(Lee and Pollack, 1997a), lack of genetic connected-
ness between herds (Clement et al., 2001), omission of
the random sire x herd x year effect (Lee and Pollack,
1997b; Hagger, 1998), or environmental covariances
among dam-—offspring records (Koch, 1972; Bijma,
2006). However, in practice, perfectly designed data
that fits complex models is not always available when
estimating the genetic parameters to use for genetic
evaluation (Dodenhoff et al., 1999), so some uncer-
tainty about the true value of the direct-maternal ge-
netic correlation remains. Choosing the direct-maternal
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Table 1. Descriptive statistics

Statistics Pigs Sheep Rabbits
No. records 15,572 22,807 62,139
No. dams (% of dams with their own record) 796 (33%) 7,149 (83%) 3,633 (87%)
No. litters 1,236 21,016 8,080
No. animals in the pedigree 19,987 37,195 63,858
Variable of interest ADG 0-21d, g/d ADG 0-45d, g/d Weight at 31 d, g
Mean 223 258 641
SD 52 62 128
Minimum 5 31 113
Maximum 415 523 1,375

genetic correlation for a genetic evaluation model can,
therefore, be challenging. This article attempts to answer
the question “does the use of a wrong direct-maternal ge-
netic correlation seriously impact breeding value (EBV)
predictions?”” by comparing EBV for growth obtained
with different direct-maternal genetic correlations in 3
different species: pigs, sheep, and rabbits.

MATERIALS AND METHODS

The ADG or the weight at weaning was analyzed in
3 different species (pig, sheep, and rabbit). Rearing facili-
ties are described in detail in Banville et al. (2015), David
et al. (2011), and Piles et al. (2006) for pigs, sheep, and
rabbits, respectively. Briefly, pig data consisted of 15,572
ADG records of Tai Zumu piglets born in 3 GENE+ (Erin,
France) nucleus herds between 2009 and 2012. Piglets
were weighed at birth and at 3 wk of age (20.5+ 1.4 d) to
calculate the ADG between birth and 21 d (223 52 g/d).
Sheep data consisted of records for 22,807 Romane
lambs born between 1987 and 2009 on the experimental
farm of La Sapiniere (INRA; France). This experimental
population is the nucleus flock of the composite sheep
strain INRA401 (Ricordeau et al., 1992). All animals
were bred in the same system. Lambs were weighed
at birth and at 44.8 + 3.8 d of age using a standardized
method (i.e., same animal restraint method and same
weight scale). Resulting weights were used to calculate
the ADG between birth and 45 d (258 + 62 g/d). Rabbit
data consisted of the weaning weights of 62,139 young
rabbits. This experimental rabbit population was bred at
the experimental INRA farm Pole d’Expérimentation
Cunicole Toulousain (Castanet-Tolosan, France). Kittens
were weighed at weaning, that is, at approximately 31 d
ofage (31.1 £ 1.0 d). Data are summarized in Table 1.

Let y; be the ADG or weaning weight of animal
i nursed by female ; in litter &. For all species, the lin-
ear mixed models used to study Vjjk can all be decom-
posed from the following general model:

yij’k:ﬂi]'k+di+mj+pj+lk+gijk’

in which H4;j5 Tepresents the fixed effects, d; and m; repre-
sent the direct and maternal genetic effects, p. represents
the permanent maternal effect, /, represents tﬁe litter ran-
dom effect, and ¢, represents the residual. All random
effects were distributed as centered normal distributions
with variance—covariance matrices equal to
o O

A® Oy O | for the genetic effects, in which A is
the relationship matrix, 1,07 is for the maternal perma-
nent effects, 1,07 is for the litter effect, and 1o’ is for the
residual effects, in which I are identity matrices of ap-
propriate sizes. The fixed effects included in the models
were those used for genetic evaluation purposes (rabbits)
or those that had been used in previous studies (pigs and
sheep): litter size (20 levels), age at weighting (10 levels),
sex (2 levels), and the combination herd x year x season
(48 levels) in pigs; type of birth (3 levels) in interaction
with sex of the lamb (2 levels), year x season (36 classes)
combination, age of the dam (8 levels), and litter size (2
levels) in sheep; and age at weighing (6 levels), litter size
at 21 d old (10 classes), kindling rank (5 classes), and the

combination year x month of birth (105 levels) in rabbits.
The goal of the analysis was to compare EBV ob-

tained with models that differ according to the value of the
direct-maternal genetic correlation (p=o,, /(0207 )1/2)
and/or the value of the direct or maternal genetic variance.
Twenty-two different models were fitted to the data. In
the first model, all the parameters of the general model
described above had to be estimated (called EST model).
The second model included only a maternal genetic effect;
ie., o) =0, =0 (called MEf model = general model with
direct genetic effects excluded), and the third model ex-
cluded a maternal genetic effect; i.e., o2 =5, =0 (DEf
model = general model with maternal genetic effects
excluded). In the last 19 models, the genetic correlation
between the direct and maternal genetic effect was fixed
(1. 0, =P x(0%02)"") and varied from —0.9 to 0.9
with a 0.1 step. We designated these models MOD p, in
which p is the fixed value of the genetic correlation. All
models were fitted using ASReml software (Gilmour et
al., 2009). Heritabilities were computed based on the re-
sulting estimates of variance and covariance components:
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Table 2. Variance component and heritability estimates obtained with the EST model (all the parameters of the general

model had to be estimated)

Component Pigs Sheep Rabbits
Direct genetic effect 236 365 2,677

Maternal genetic effect 189 153 1,143

Litter 295 309 2,103

Maternal permanent environmental effect 146 279 723

Genetic correlation —0.54 (0.18) 0.21 (0.12) —-0.36 (0.07)
Direct heritability 0.10 (0.03) 0.13 (0.02) 0.26 (0.02)
Maternal heritability 0.08 (0.03) 0.06 (0.01) 0.09 (0.01)
Total heritability 0.08 (0.02) 0.22 (0.02) 0.20 (0.02)

os (0} +0%+0,,+0% +0] +0’ ) for maternal heritabil-
ity, o /(ofn +0,+0,,+0,+0, + oj) for direct heritabil-
ity, and (02 +o2 +2de)/(ofn +0,+0,,+0,+0; +o§)

for total heritability (Eaglen and Bijma, 2009). The cor-
relations between the direct, maternal, or total EBV (C:’i»
i, and total EBV; = d, + ,, respectively, for individual
i) were calculated between each model to evaluate the

change in EBV depending on the model.

RESULTS

The estimates for variance components and heri-
tabilities obtained with the EST model are shown in
Table 2. Maternal heritabilities were low for all spe-
cies (ranging from 0.06 to 0.09). Direct heritability was
low for pigs and sheep (0.10 and 0.13, respectively)
and moderate for rabbits (0.26). The genetic correla-
tion between direct and maternal effects for ADG was
strongly negative in pigs (—0.54) and slightly positive
in sheep (+0.21), but the accuracy of the estimates was
low. The genetic correlation between direct and mater-
nal effects obtained for the weight at weaning in rabbits
was negative (—0.36). The total heritability was low for
pigs (0.08) and moderate for sheep and rabbits (0.22
and 0.20, respectively). Both heritability estimates and
log likelihood (LogL) values are presented for the dif-
ferent models in Fig. 1, 2, and 3 for pigs, sheep, and rab-
bits, respectively. In the MOD_p models, the maternal
genetic variance could not be estimated for several ex-
treme values of the genetic correlation between direct
and maternal effects. For 0.9 < p <—0.7 in sheep and
0.8 < p < 0.9 in rabbits, the model failed to converge
and maternal genetic variance was fixed at a boundary
(i.e., 0) during the estimation process. The results from
these models were, therefore, not used when compar-
ing EBV. Results were consistent between species. The
EST model showed the highest LogL value. Omitting
the direct genetic effects (MEf model) led to a signifi-
cantly lower LogL value associated with a substantial
decrease of the total heritability in comparison with the
EST model. The changes observed when maternal ge-

netic effects were excluded (DEf model) were less sub-
stantial. The results obtained with the MOD_p models
showed that direct and maternal heritabilities decreased
with the value of the genetic correlation whereas total
heritabilities increased.

Figures 4 to 6 illustrate the correlations between
the maternal EBV obtained with the different models
(DEf model excluded). To help with reading Fig. 4 to
11, all values of p were not used to draw the correlation
matrices. Maternal EBV varied with models. For the
MOD p models, the correlation between maternal EBV
decreased when the absolute difference between fixed
genetic correlations increased, the lowest value being
—0.20, —0.01, and —0.72 for pigs, sheep, and rabbits,
respectively. When direct genetic effects were excluded
(MEf model), maternal EBV were close to those ob-
tained with the MOD_p models that had a moderately
positive fixed genetic correlation. The correlation be-
tween the maternal EBV obtained with the EST model
and the MOD_p models decreased symmetrically with
the absolute difference between the estimated and fixed
genetic correlation (JA|) in sheep and pigs (the low-
est values being 0.11 and 0.60 in pigs and sheep, re-
spectively). In rabbits, the decrease was greater when
A was positive than when it was negative (the lowest
correlation being —0.30). The correlations between the
direct EBV obtained with the different models (except
for the MEf model) are also shown in Fig. 4 to 6 for
the 3 species. As for the maternal EBV, the correlation
between direct EBV decreased, although to a lesser ex-
tent, when the absolute difference between the fixed
genetic correlations increased in MOD_p models (the
lowest correlations being 0.45, 0.90, and 0.96 in pigs,
sheep, and rabbits, respectively). The direct EBV gen-
erated by the EST model were highly correlated with
the direct EBV obtained with the different MOD p
models in sheep and rabbits (the lowest correlations be-
ing 0.96 and 0.98 in sheep and rabbits, respectively).
In pigs, slightly lower values were found for the same
comparison (the lowest value being 0.76). The corre-
lations between the total EBV obtained with MOD p
models were high for all species (Fig. 7 to 9), the lowest
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Figure 1. Direct, maternal, and total heritabilities and log likelihood
(LogL) of the different models in pigs. EST model = all the parameters of
the general model had to be estimated; MEf model = general model with
direct genetic effects excluded; DE model = general model with maternal
genetic effects excluded; MOD_p models = general model with fixed value
for the direct maternal genetic correlation p (on the x-axis).

correlation being 0.93 between MOD_0.9 and MOD_—
0.9 in pigs. Omitting maternal effects from the model
(DEf model) did not have a significant impact on total
EBYV in rabbits and sheep (correlations with other mod-
els >0.96). However, more substantial changes were
observed when direct effects were excluded (MEf mod-
el; correlations < 0.96 in all cases). The same pattern
was observed in pigs although correlation values were
found to be lower. The total EBV obtained with the
EST model were strongly correlated with the total EBV
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Figure 3. Direct, maternal, and total heritabilities and log likelihood
(LogL) of the different models in rabbits. EST model = all the parameters
of the general model had to be estimated; MEf model = general model with
direct genetic effects excluded; DEf model = general model with mater-
nal genetic effects excluded; MOD_p models = general model with fixed
value for the direct maternal genetic correlation p (on the x-axis). Gray
box: model did not converge.

Figure 2. Direct, maternal, and total heritabilities and log likelihood
(LogL) of the different models in sheep. EST model = all the parameters of
the general model had to be estimated; ME model = only maternal genetic
effect; DE model = only direct genetic effect; MOD_p models = p is the
fixed value of the direct-maternal genetic correlation (on the x-axis). Gray
box: model did not converge.

of MOD_p models whatever the value of p (>0.98 in
sheep and rabbits and >0.95 in pigs).

DISCUSSION

We chose to compare the EBV obtained between and
within 3 different sets of models (EST, MOD _p, and DEf/
MEY). The EST model, in which all the parameters of the
general model are estimated, was considered to be the
reference model. Its variance and covariance parameters
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Figure 4. Correlation between maternal EBV (above the diagonal)
and between direct EBV (below the diagonal) obtained with the different
models in pigs. EST = all the parameters of the general model had to be es-
timated; MEf = general model with direct genetic effects excluded; DEf =
general model with maternal genetic effects excluded. Figures correspond
to the value of p in MOD_p models.
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Figure 5. correlation between maternal EBV (above the diagonal)
and between direct EBV (below the diagonal) obtained with the different
models in sheep. EST = all the parameters of the general model had to
be estimated; MEf = general model with direct genetic effects excluded;
DEf = general model with maternal genetic effects excluded. Figures cor-
respond to the value of p in MOD_p models.

would have been used to predict EBV in genetic evalua-
tion procedures. Nonetheless, given the potential sourc-
es of bias in the estimation (Gerstmayr, 1992; Lee and
Pollack, 1997a,b; Clement et al., 2001; Bijma, 2006), we
cannot actually ascertain that this is the model that pro-
vides the EBV closest to the true values. The EBV gener-
ated by the various MOD_p models practically covered
the range of values that can be obtained whatever the val-
ue of the direct-maternal genetic correlation. The DEf and
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Figure 7. Correlation between total EBV = maternal EBV + direct EBV
obtained with the different models in pigs. EST = all the parameters of the
general model had to be estimated; MEf = general model with direct ge-
netic effects excluded; DEf = general model with maternal genetic effects
excluded. Figures correspond to the value of p in MOD_p models.

5643

-0.2

-0.8

S S S S S

Figure 6. Correlation between maternal EBV (above the diagonal)
and between direct EBV (below the diagonal) obtained with the different
models in rabbits. EST = all the parameters of the general model had to
be estimated; MEf = general model with direct genetic effects excluded,
DEf = general model with maternal genetic effects excluded. Figures cor-
respond to the value of p in MOD_p models.

MEf models were fitted to the data to evaluate the impact
of applying a “wrong” model on the EBV when the trait
studied is governed by direct and maternal genetic effects.

We chose to apply the models to several different
species to have a wide range of data types and be able to
draw conclusions that are not data specific. Depending
on the species, the structure of the data was variable with
large (pigs and rabbits) or limited (sheep) litter sizes. The
variance and covariance component values were also
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obtained with the different models in sheep. EST = all the parameters of the
general model had to be estimated; MEf = general model with direct ge-
netic effects excluded; DEf = general model with maternal genetic effects
excluded. Figures correspond to the value of p in MOD_p models.
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variable with strongly negative (pigs), moderately nega-
tive (rabbits), or slightly positive (sheep) direct-maternal
genetic correlations, as were the proportions of direct ge-
netic effect (62 (&j + 61) obtained with the EST model
(55% in pigs, 68% in sheep, and 74% in rabbits).

The heritabilities obtained with the EST model in
pigs were in accordance with Bouwman et al. (2010),
who reported low heritabilities for direct and maternal
effects (0.07 and 0.06, respectively), but lower than
those reported by Rosendo et al. (2007; 0.24 and 0.41,
respectively), who also reported a highly negative direct-
maternal genetic correlation (—0.74). There was probably
an overestimation of the heritability in this last study that
ignored the common environmental effect of the sow in
its model. Bouwman et al. (2010) reported a higher di-
rect-maternal genetic correlation than the one obtained in
the present study (—0.21 versus —0.58), which is probably
explained by the higher proportion of cross-fostering in
their study (29 versus 6%) that helped in the parameter
estimations. Our estimates of heritability in sheep are
consistent with most of the heritabilities reported in the
literature for preweaning ADG. Bromley (2000) reported
heritabilities varying from 0.07 to 0.20 for direct effects
and from 0.04 to 0.05 for maternal effects, depending
on the breed. In a review on such studies, Safari et al.
(2005) reported an average heritability of 0.15 for the
direct effect and 0.05 for the maternal effect. In another
study, however, Snowder and Van Vleck (2003) reported
a low heritability for direct effects (0.03) and a higher
heritability for maternal effects (0.28). Previous studies
in sheep have reported estimates of the genetic correla-
tion between direct and maternal effects that vary to a
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great extent, with values ranging from —0.52 (Mousa et
al., 1999) to 0.52 (Bromley, 2000). In rabbits, our total
heritability estimate was in line with the values reported
by Garcia and Baselga (2002; 0.22) and slightly lower
than the values reported by Niranjan et al. (2010; 0.25)
but higher than those provided by Lukefahr et al. (1996;
0.04), Drouilhet et al. (2013; 0.06), Garreau and De
Rochambeau (2003; 0.10), and Iraqi (2003; 0.10). Most
of these previous studies did not include maternal genetic
effects in their models. However, the comparison is still
relevant because the heritabilities estimated with EST
and DEf models were quite close in rabbits.

The small changes of the total heritability esti-
mates observed when maternal genetic effects were
ignored (DEf model) are consistent with previous stud-
ies (Hagger, 1998; Berweger Baschnagel et al., 1999;
Clement et al., 2001). On the other hand, when direct
genetic effects were ignored (MEf model), the total
heritability calculated using o?, / (0%, + 0} +0% +0; +07)
substantially decreased. In this specific case, offspring
records are considered repeated measurements of their
dam. Consequently, similarly to the sire—dam model,
part of the dam variance has to be multiplied by 4 to ob-
tain the genetic variance (Matos et al., 1997; Wolf et al.,
2011). It can be noted that the magnitude of the decrease
of heritability is proportional to the relative importance
of the maternal effects obtained using the EST model.
In MOD_p models, the increase of the total heritability
with the direct-maternal genetic correlation was attenu-
ated by the simultaneous decrease of the direct and ma-
ternal genetic variances. However, we observed changes
in the total heritability with p for all species. The relative
SD of the heritability were 0.12, 0.17, and 0.15 for pigs,
sheep, and rabbits, respectively, for p varying in the rea-
sonable interval [-0.5, 0.5]. Consequently, the expected
accuracy of selection varies with p.

Comparison of the EBV obtained with the different
MOD_p models shows that direct EBV are less sensitive
to the value of p than maternal EBV. If the changes in
direct and maternal EBV are considered to be more or
less interrelated, 2 hypotheses can be postulated to ex-
plain our results. First, direct EBV were derived from the
animal’s own performance and maternal EBV were not.
Consequently, if changes to the value of p affect 1 set
of EBV, then it would be most likely to have an impact
on maternal EBV. Second, in this study, the variance of
the maternal genetic effect is generally lower than that of
the direct effect. Therefore, small changes to the direct
EBV lead to more substantial changes of the maternal
EBV. This assumption is consistent with the decrease
in the correlation between maternal EBV of the differ-
ent MOD p models when the relative contribution of
direct genetic variance (o2 /(o? +07,)) estimated in the
EST model) increases (pigs < sheep < rabbits). That also
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Figure 10. Correlation between total EBV = 0.5 x maternal EBV +
direct EBV obtained with the different models in sheep. EST = all the param-
eters of the general model had to be estimated; MEf = general model with
direct genetic effects excluded; DEf = general model with maternal genetic
effects excluded. Figures correspond to the value of p in MOD_p models.

explains the high correlations between total EBV among
several MOD_p models observed in rabbits whereas the
correlations between maternal EBV were highly nega-
tive. Total EBV were not significantly affected by the
value of the direct-maternal genetic correlation. Given
the difficulty of obtaining reliable estimations of this
correlation, we therefore consider that setting the value
of the direct-maternal genetic correlation to 0 in genetic
evaluation models is a good compromise. Similar recom-
mendations were issued by Phocas and Laloé (2004). In
this study, for the sake of simplicity and in accordance

with Eaglen and Bijma (2009) and Willham (1972), the

total EBV was calculated as the sum of the direct and ma-
ternal EBV, each trait being considered to have the same

weight. Nonetheless, a “classical” selection index pro-
cedure in which the traits have different weights (Vleck,
1976) could be envisaged. Weights are defined depending
on the level at which the breeding objective is defined.
For example, the following weights are used to calculate

the total EBV in some maternal French rabbit lines used
in crossbreeding systems: total EBV, :0.25421. +0.5m,

(Garreau et al., 2005). On the other hand, the following
is used in French meat sheep: total EBV, = d, +0.5m,

(Jacques Bouix, INRA-GenPhySE, personal communi-
cation). In that case, the breeding objective is focused on
the growing animal and hence the dam contributes half
of its genes to the growth of animals. Figures 10 and 11
show the correlation between these total EBV in the 2
species, respectively. In both cases, the correlation be-
tween total EBV calculated with the EST and all MOD_p
models is still high (>0.97 in sheep and 0.98 in rabbits).
Therefore, a set value of 0 for the direct-maternal genetic
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Figure 11. Correlation between total EBV = 0.5 x maternal EBV +
0.25 x direct EBV obtained with the different models in rabbits. EST = all the
parameters of the general model had to be estimated; MEf = general model
with direct genetic effects excluded; DEf = general model with maternal ge-
netic effects excluded. Figures correspond to the value of p in MOD_p models.

correlation remains a good compromise. It is impossible
to test and assess how all the possible weight values for
the direct and maternal genetic effects might affect the
total EBV. Nonetheless, the weights given above (1:2
or 2:1) for the direct and maternal effects correspond, a
priori, to the range of weights that might be used for the
genetic evaluation of traits controlled by direct and ma-
ternal effects.

In this study, we describe how the total EBV is af-
fected by the direct-maternal genetic correlation in the
case of only single trait analysis. In the case of multiple
trait analysis (Wolfova et al., 2005), different results
may or may not be obtained. The extent of any potential
differences will probably be related to the strength of
the correlation between the different traits analyzed. In
a previous study based on a social model (the maternal
model being is a specific kind of social model), Canario
et al. (2012) studied the changes in the genetic correla-
tion between 2 traits (1 simple trait and a second trait
controlled by direct and associative effects) with differ-
ent set values of the direct-associative correlation in the
social genetic model. They showed that for 3 of the 10
simple correlated traits, the genetic correlation between
traits varied a little (up to 0.3) with extreme values of
the direct-associative correlation. Nonetheless, their
study did not provide any clear insight into the effect of
the direct-associative correlation on the total EBV or on
the total heritability in multiple trait analysis.

To conclude, we showed that the influence of the
direct-maternal genetic correlation on the total EBV is
minimal. Given that it is difficult to ascertain that the
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direct-maternal genetic correlation has been estimated
without bias, we suggest setting the direct-maternal
genetic correlation to 0 for genetic evaluation purposes.
Our results were obtained in a context of single trait
analysis. Although it is highly probable that same con-
clusion will be obtained in the multiple trait case, fur-
ther investigation will be needed to confirm the results
for multiple trait analysis with other traits of interest.

LITERATURE CITED

Banville, M., J. Riquet, D. Bahon, M. Sourdioux, and L. Canario.
2015. Genetic parameters for litter size, piglet growth and
sow’s early growth and body composition in the Chinese—
European line Tai Zumu. J. Anim. Breed. Genet. 132:328-337.

Berweger Baschnagel, M., J. Moll, and N. Kunzi. 1999.
Comparison of models to estimate maternal effects for
weaning weight of Swiss Angus cattle fitting a sire x herd
interaction as an additional random effect. Livest. Prod. Sci.
60:203-208. doi:10.1016/S0301-6226(99)00093-7.

Bijma, P. 2006. Estimating maternal genetic effects in livestock. J.
Anim. Sci. 84:800-806.

Bouwman, A. C., R. Bergsma, N. Duijvesteijn, and P. Bijma. 2010.
Maternal and social genetic effects on average daily gain of
piglets from birth until weaning. J. Anim. Sci. 88:2883-2892.
doi:10.2527/jas.2009-2494.

Bromley, C. M. 2000. Genetic parameters among weight, prolifi-
cacy, and wool traits of Columbia, Polypay, Rambouillet, and
Targhee sheep. J. Anim. Sci. 78:846-858.

Canario, L., S. P. Turner, R. Roehe, N. Lundeheim, R. B. D’Eath,
A. B. Lawrence, E. Knol, R. Bergsma, and L. Rydhmer. 2012.
Genetic associations between behavioral traits and direct-
social effects of growth rate in pigs. J. Anim. Sci. 90:4706—
4715. doi:10.2527/jas.2012-5392.

Clement, V., B. Bibe, E. Verrier, J. M. Elsen, E. Manfredi, J. Bouix,
and E. Hanocq. 2001. simulation analysis to test the influence of
model adequacy and data structure on the estimation of genetic
parameters for traits with direct and maternal effects. Genet. Sel.
Evol. 33:369-395. doi:10.1186/1297-9686-33-4-369.

David, 1., F. Bouvier, D. Francois, J.-P. Poivey, and L. Tiphine.
2011. Heterogeneity of variance components for preweaning
growth in Romane sheep due to the number of lambs reared.
Genet. Sel. Evol. 43:32. doi:10.1186/1297-9686-43-32.

Dodenhoff, J., L. D. Van Vleck, and D. E. Wilson. 1999.
Comparison of models to estimate genetic effects for wean-
ing weight of Angus cattle. J. Anim. Sci. 77:3176-3184.

Drouilhet, L., H. Gilbert, E. Balmisse, J. Ruesche, A. Tircazes, C.
Larzul, and H. Garreau. 2013. Genetic parameters for two
selection criteria for feed efficiency in rabbits. J. Anim. Sci.
91:3121-3128. doi:10.2527/jas.2012-6176.

Eaglen, S. A., and P. Bijma. 2009. Genetic parameters of direct and
maternal effects for calving ease in Dutch Holstein-Friesian
cattle. J. Dairy Sci. 92:2229-2237. doi:10.3168/jds.2008-1654.

Garcia, M. L., and M. Baselga. 2002. Estimation of correlated re-
sponse on growth traits to selection in litter size of rabbits using
a cryopreserved control population and genetic trends. Livest.
Prod. Sci. 78:91-98. doi:10.1016/S0301-6226(02)00093-3.

Garreau, H., and H. De Rochambeau. 2003. La sélection des quali-
tés maternelles pour la croissance du lapereau. (In French.)
In: 10th journées de la recherche cunicole. Institut Technique
de I’ Aviculture, Paris. p. 61-64.

David et al.

Garreau, H., R. Duzert, F. Tudela, C. Baillot, J. Ruesche, G. Grauby,
C. Lille-Larroucau, and H. De Rochambeau. 2005. Gestion et
sélection de la souche INRA 1777: Résultats de trois généra-
tions de selection. (In French.) In: 11th journées de la recherche
cunicole. Institut Technique de I’ Aviculture, Paris. p. 19-22.

Gerstmayr, S. 1992. Impact of the data structure on the reliabil-
ity of the estimated genetic parameters in an animal model
with maternal effects. J. Anim. Breed. Genet. 109:321-336.
doi:10.1111/5.1439-0388.1992.tb00412.x.

Gilmour, A. R., B. J. Gogel, B. R. Cullis, and R. Thompson. 2009.
ASReml user guide release 3.0. VSN International Ltd.,
Hemel Hempstead, UK.

Hagger, C. 1998. Litter, permanent environmental, ram-flock, and
genetic effects on early weight gain of lambs. J. Anim. Sci.
76:452-457.

Iraqi, M. M. 2003. Estimation and evaluation of genetic param-
eters for body weight traits of New Zealand White rabbits
in Egypt using different multivariate animal models. Livest.
Res. Rural Dev. 15:2003.

Koch, R. M. 1972. The role of maternal effects in animal breeding:
VI. Maternal effects in beef cattle. J. Anim. Sci. 35:1316-1323.

Koerhuis, A., and R. Thompson. 1997. Models to estimate maternal
effects for juvenile body weight in broiler chickens. Genet. Sel.
Evol. 29:225-249. doi:10.1186/1297-9686-29-2-225.

Lee, C.,and E. Pollack. 1997a. Influence of sire misidentification on sire
X year interaction variance and direct-maternal genetic covariance
for weaning weight in beef cattle. J. Anim. Sci. 75:2858-2863.

Lee, C., and E. J. Pollack. 1997b. Relationship between sire x year
interactions and direct-maternal genetic correlation for wean-
ing weight of Simmental cattle. J. Anim. Sci. 75:68-75.

Lukefahr, S. D., H. B. Odi, and J. K. Atakora. 1996. Mass selection
for 70-day body weight in rabbits. J. Anim. Sci. 74:1481-1489.

Matos, C. A., D. L. Thomas, D. Gianola, M. Perez-Enciso, and
L. D. Young. 1997. Genetic analysis of discrete reproduc-
tive traits in sheep using linear and nonlinear models: I.
Estimation of genetic parameters. J. Anim. Sci. 75:76-87.

Mousa, E., L. D. Van Vleck, and K. A. Leymaster. 1999. Genetic
parameters for growth traits for a composite terminal sire
breed of sheep. J. Anim. Sci. 77:1659-1665.

Niranjan, S., S. Sharma, and G. Gowane. 2010. Estimates of di-
rect and maternal effects on growth traits in Angora rabbits.
Asian-Australas. J. Anim. Sci. 23:981-986.

Phocas, F., and D. Laloé. 2004. Genetic parameters for birth and
weaning traits in French specialized beef cattle breeds. Livest.
Prod. Sci. 89:121-128. doi:10.1016/j.livprodsci.2004.02.007.

Piles, M., H. Garreau, O. Rafel, C. Larzul, J. Ramon, and V.
Ducrocq. 2006. Survival analysis in two lines of rabbits se-
lected for reproductive traits. J. Anim. Sci. 84:1658-1665.
doi:10.2527/jas.2005-678.

Ricordeau, G., L. Tchamitchian, J. Brunel, and D. Francois. 1992.
La souche ovine INRA 401: Un exemple de souche synthe-
tique. INRA Prod Anim Hors serie. Elements de genetique
quantitative et application aux populations animals. (In
French.) Edition Quae, Paris, France. p. 255-262.

Robinson, D. L. 1996. Estimation and interpretation of direct and ma-
ternal genetic parameters for weights of Australian Angus cattle.
Livest. Prod. Sci. 45:1-11. doi:10.1016/0301-6226(95)00083-6.

Rosendo, A., L. Canario, T. Druet, J. Gogue, and J. P. Bidanel.
2007. Correlated responses of pre- and postweaning growth
and backfat thickness to six generations of selection for ovu-
lation rate or prenatal survival in French Large White pigs. J.
Anim. Sci. 85:3209-3217. doi:10.2527/jas.2007-0106.



Direct-maternal genetic correlation

Safari, E., N. M. Fogarty, and A. R. Gilmour. 2005. A review
of genetic parameter estimates for wool, growth, meat and
reproduction traits in sheep. Livest. Prod. Sci. 92:271-289.
doi:10.1016/j.livprodsci.2004.09.003.

Snowder, G. D., and L. D. Van Vleck. 2003. Estimates of genetic param-
eters and selection strategies to improve the economic efficiency
of postweaning growth in lambs. J. Anim. Sci. 81:2704-2713.

Thompson, R. 1976. The estimation of maternal genetic variances.
Biometrics 32:903-917. doi:10.2307/2529273.

Vleck, L. D. V. 1976. Selection for direct, maternal and grand-
maternal genetic components of economic traits. Biometrics
32:173-181. doi:10.2307/2529347.

5647

Willham, R. 1972. The role of maternal effects in animal breed-
ing: I1I. Biometrical aspects of maternal effects in animals. J.
Anim. Sci. 35:1288-1293.

Wolf, J. B., L. J. Leamy, C. C. Roseman, and J. M. Cheverud. 2011.
Disentangling prenatal and postnatal maternal genetic effects
reveals persistent prenatal effects on offspring growth in mice.
Genetics 189:1069-1082. doi:10.1534/genetics.111.130591.

Wolfova, M., J. Wolf, R. Zahradkova, J. Ptibyl, J. Dano, E. Krupa,
and J. Kica. 2005. Breeding objectives for beef cattle used
in different production systems: 2. Model application to pro-
duction systems with the Charolais breed. Livest. Prod. Sci.
95:217-230. doi:10.1016/j.livprodsci.2004.12.019.



