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The mule duck accounts for over 90% of French foie gras production, a sector where feed represents two-
thirds of production costs. This study focuses on analysing the feeding behaviours of the mule duck and
its parental populations (Pekin and Muscovy) using automated feeders. To assess feed efficiency, feed
conversion ratio and residual feed intake were analysed, along with six traits derived at the daily and
meal levels. Genetic parameters were estimated separately in purebred populations, as well as with a
joint crossbred model that estimated the parental contributions to the hybrid crossbred performances.
In relation to higher feed intakes and much-reduced feeding times (P < 0.001), the feeding rate in the
Pekin population was twice as high as in the Muscovy population (19 g/min vs 9 g/min), while the mule
duck exhibited a large heterosis for this trait (29 g/min). Feeding traits exhibited moderate (0.38 £ 0.11)
to high (0.65 + 0.11) heritabilities. Similar correlation patterns were observed between feeding traits in
the two parental populations. In the Pekin line, the feed conversion ratio did not significantly correlate
with feeding traits except for daily feed intake. However, in the Muscovy population, it was negatively
correlated with the number of meals (—0.51 £ 0.21) and positively with meal feed intake and meal dura-
tion (+0.79 £ 0.17 and + 0.71 % 0.26, respectively). The contributions of the two parental species to the
hybrid’s performance differed, with the Pekin contributing more to feeding and meat traits compared
to the Muscovy. They were similar only for liver weight. Additionally, unfavourable correlations between
meat traits and liver traits were estimated in both pathways. Genetic relationships between feeding traits
and slaughter traits varied by parental origin, suggesting different strategies for improving hybrid perfor-
mance in the two parental species. However, in both pathways, genetic correlations between feed con-
version ratio and meat traits (breast muscle and thigh weights) were favourable (<-0.42 + 0.18),
whereas they were unfavourable (>0.41 + 0.20) for fatty liver weight. Altogether, improving liver traits
and feed efficiency in the hybrid through selection in the parental populations could be enhanced by con-
sidering feeding traits recorded with electronic feeders, provided that adverse correlations are properly

accounted for in a multitrait index.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Implications

Using automatic feeders to measure feeding behaviour traits in
selection candidates can enhance the selection of parental popula-
tions (Muscovy sires and Pekin dams) for better foie gras produc-
tion in their mule duck offspring. This research highlights the
value of traits related to feeding time and meal frequency mea-
sured on selection candidates for improving liver traits in mule
ducks. However, unfavourable correlations between feed efficiency
and fatty liver traits, particularly in the sire pathway, will require
the development of dedicated multitrait indexes.

* Corresponding author.
E-mail address: herve.chapuis@inrae.fr (H. Chapuis).

https://doi.org/10.1016/j.animal.2024.101234

Introduction

The mule duck, a sterile hybrid of female Pekin ducks (Anas
platyrhynchos) and male Muscovy ducks (Cairina moschata), con-
tributes to more than 90% of French foie gras production, one of
the flagship products of French gastronomy. Selection to enhance
foie gras production focuses on these parental populations. Unlike
Muscovy ducks, Pekin ducks do not produce foie gras. Pekin ducks
are selected based on growth, egg-laying traits, and the slaughter
performance of mule half-sibs of selection candidates. The genetic
correlation between mule foie gras weight and live BW in selection
candidates is low for both parental populations, ranging from
—0.28 (Chapuis and Larzul, 2006) to + 0.12 (Larzul, 2002) in Pekin
ducks and below 0.1 in Muscovy ducks (Chapuis and Larzul, 2006).

1751-7311/© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
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Therefore, effective selection for improved foie gras weight in
Pekin ducks relies on accounting for the slaughter performance
of related mule ducks. Similarly, Muscovy ducks are selected based
on growth traits and mule half-sibs’ slaughter performance.

As in most poultry productions (Waller, 2007), feeding costs
represent two-thirds of total production costs in foie gras produc-
tion, highlighting the importance of selecting for better feed effi-
ciency. While feed conversion ratio (FCR) has been used to
improve mule duck feed efficiency (Larzul et al., 2004), it nega-
tively impacts carcass fat content and muscle adiposity (Pingel,
1999), making it less suitable for foie gras production. As demon-
strated by Drouilhet et al (2014, 2016)) in a selection experiment,
residual feed intake (RFI) (Koch et al., 1963) offers a better alterna-
tive, improving mule duck feed efficiency without compromising
foie gras production.

However, accurate selection for FCR and RFI requires individual
feed intake assessment, ideally in groups rather than using individ-
ual cages, to avoid welfare issues. Automatic feeders, as described
by Bley and Bessei (2008), facilitate group-based feed intake mea-
surement and behavioural analysis. Research has since shown
moderate to high heritabilities for feeding behavioural traits, mak-
ing them viable selection criteria, particularly in Pekin ducks for
meat production (Thiele, 2016; Le Mignon et al., 2017; Zhu et al.,
2019) and, to a lesser extent, in mule ducks for foie gras (Basso
et al., 2014; Drouilhet et al.,, 2016). In addition, Chapuis et al.
(2022) have described the feeding patterns of mule duck parental
populations.

The genetic relationship between feeding behaviour traits in
parental lines and mule duck performance remains to be fully
explored. This study hypothesises a genetic basis for mule duck
feeding behaviour linked to parental traits and feed efficiency,
potentially exploitable through selection. The goal is to identify
new selection traits in parental populations to enhance foie gras
traits.

To explore the connection between feeding behaviour and pro-
duction traits in the foie gras industry, three generations of mule,
Pekin, and Muscovy ducks were produced. This study provides
the first estimates of genetic parameters related to the feeding
behaviour of foie gras ducks across these three populations (in-
cluding contributions from Muscovy and Pekin to mule ducks), in
relation to feed efficiency and mule duck slaughter performance.
These findings aim to establish new selection criteria for parental
lines to save feed without impairing fatty liver production.

Material and methods
Bird management and housing

Three successive generations of animals (Fig. 1) were bred from
a dam White Pekin common duck line (n = 740), and a sire Mus-
covy line (n = 460). Additionally, mule half-sibs (n = 733) of these
purebred ducks were also produced. Each generation comprised a
single batch, except for the first two Muscovy generations, which
were hatched in two batches with a 2-week lag.

The animals were reared in a 96-m? pen equipped with six
automatic feeders (Drouilhet et al., 2016). Each feeder has an elec-
tronic scale under the access corridor that detects the presence of a
duck and closes a door to prevent other animals from entering. This
setup ensures that only one duck can access the feeder at a time. To
facilitate duck management, the area was divided into two sections
with a barrier, ensuring that each bird had effective ad libitum
access to three feeders, thereby reducing competition among ani-
mals. During the first 7 days after hatching, the lighting was set
to 24 h of light and 0 h of darkness (24L:0D). After this period, it
was adjusted to 16 h of light and 8 h of darkness (16L:8D). The
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temperature of the building was maintained at approximately
23 °C.

Since overfed female ducks produce lower quality foie gras
(more veined and smaller) compared to males, fatty liver is typi-
cally obtained by force-feeding male mule ducks, or more rarely,
male Muscovy ducks. Consequently, we decided to test only male
mule batches and focused on recording feeding behaviour for
males in the Muscovy population, while in Pekin batches, both
males and females were reared together. During the first 2 weeks,
birds had free access to both the electronic feeders and an addi-
tional conventional feeder. To help the ducks adapt to the feeders,
the feeder doors were kept open for the first few days after hatch-
ing. After a week, the doors would close when a duck entered the
feeder. During the 2nd week for Pekin ducks and the 3rd week for
Muscovy and mule ducks, birds were electronically tagged at the
base of the neck with a transponder. Animals were thus identified
using a radio frequency antenna system when they entered and
exited a feeding station. Conventional feeders were removed
1 day before the start of the trial.

Feeding traits were assessed over a 5-week period, ranging from
day 15 to day 49 for the Pekin population and from day 22 to day
56 for Muscovy and mule ducks. The gregarious behaviour of Mus-
covy ducks resulted in a high number of simultaneous visits to the
same feeder at a young age, making accurate feed consumption
recording challenging before 3 weeks of age (Cobo et al., 2022).
Consequently, the recording period for Muscovy ducks was
delayed compared to Pekin ducks. Up to the end of the recording
period (day 56), mule ducks were reared on the same schedule
as Muscovy ducks (Fig. 2).

The three genetic types were fed the same diet until the end of
their recording period, albeit with different feeding schedules. Ini-
tially, they were provided with a starter diet from hatching until
day 14 (for Pekin) and day 21 (for Muscovy and mule ducks). Sub-
sequently, during the recording period (from day 15 to day 49 for
Pekin and from day 22 to day 56 for Muscovy and mule ducks), the
birds had ad libitum access, via automatic feeders, to a 4-mm pel-
leted diet with apparent metabolisable energy nitrogen-corrected
of 11.9 MJ/kg and digestible CP of 155 g/kg.

After the recording period, from day 64 to day 83, only mule
ducks were prepared for the force-feeding phase. During this
preparation period, they had limited access to the same feed (1 h
per day). Starting from day 84, the ducks were subjected to over-
feeding for 11 days with 23 meals (evening meal only on the first
day and then two meals a day) consisting of Palma 146 mash from
Maisadour (98% Maize and 2% Premix, DM = 53%, Apparent
metabolisable energy nitrogen-corrected = 13.6 MJ/kg with diges-
tible CP = 72 g/kg). The amount of feed administered during force-
feeding was gradually increased and adjusted based on the ani-
mals’ BW.

At the conclusion of the test period, an individual Total body
electrical conductivity (TOBEC) score was recorded using equip-
ment from EM-SCAN Inc., Springfield, IL, USA, to estimate the lipid
mass in the animals’ bodies. This measure was carried out for all
batches of Pekin and Muscovy ducks, but it was unavailable for
one of the three mule batches.

Data acquisition

Feeding behavioural traits

Each time an animal was identified entering a feeder, it trig-
gered the recording of a new visit. Records included the bird’s iden-
tification, start and end date and time, feed intake, and BW.
Average feeding behaviour traits were then calculated over the
5-week period. The definitions of average daily feed intake (ADFI)
and average daily feeding time (ADFT) are straightforward. Aver-
age feeding rate (AFR) was computed as the ratio of feed intake
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MUSCOVY MULE
MUS,
MUS, \ MUL,
Issued from 26 sires & 54 dams Issued from 27 sires & 87 dams
batchl #=76J, batch2 n=89< n=2473
1 (+1469)
MUS, \ MUL,
Issued from 28 sires & 55 dams Issued from 23 sires & 85 dams
batchl »=86J, batch2 n=83 n=2824
(+120 Q)
MUS; MUL;
Issued from 37 sires & 64 dams Issued from 33 sires & 69 dams
n=126J n=204J
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PEKIN
PEK,
PEK,
Issued from 40 sires & 79 dams
n=94 J+1552
PEK,
Issued from 34 sires & 79 dams
n=983+1542
PEK;
Issued from 35 sires & 67 dams
n=813+1582

Fig. 1. Organisation of the pedigreed experimental duck cohorts.

hatching 35d feeding test TOBEC
l 22 456 l
MUS 6\ ! ! ! L] L] L] L] L] ! :
0 7 14 21 28 35 42 49 56 day

1 2 3 4 5 6 7 8 9

week

hatching 35d feeding test TOBEC
l as 49
PEK Q4
0 7 14 21 28 35 42 49 day
1 2 3 4 5 6 7 8 week
hatching 35d feeding test TOBEC feed restriction overfeeding slaughter
1h /day
d22 ds6 l ~ . ‘I
muo. ¢ 4+4—-+1fH-+4+-—-1+t+t -+ttt >
0 7 14 21 28 35 42 49 56 63 70 77 84 91 96 day
1 2 3 4 5 6 7 8 9 10 1 12 13 14 week

MUL = mule duck (crossbred)
MUS = Muscovy duck (sire pathway)
PEK = Pekin duck (dam pathway)

Fig. 2. Experimental design for foie gras ducks.
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over feeding time for each visit and averaged over the whole per-
iod. Visits were aggregated into meals to allow for reliable compar-
isons of feeding behaviours between populations and flocks.

Using, the Mixtools R package (Benaglia et al., 2009), a mixture
of two log-normal distributions was applied to the time intervals
between successive visits of the same animal to the feeder for each
batch This method helped determine the meal criterion, defined as
the point where the two distributions intersect (Howie et al., 2009)
(see Supplementary Figure S1 for an example). For each duck, visits
were considered part of a single meal if the time interval between
visits was shorter than the meal criterion. As a result, the average
number of meals per day (ANM), average meal duration (AMD),
and average food consumption per meal (AMFI) were also
recorded.

Slaughter traits

After force-feeding, the mule ducks were subjected to elec-
tronarcosis and slaughtered. Twenty minutes postmortem their
liver was eviscerated and weighed to determine liver weight. After
cooling the carcass in a room at 4 °C for 24 h, the right thigh,
including the bone, muscle and skin, was collected and weighed
to determine thigh weight. At the same time, the breast muscle,
also known as “magret” (pectoralis major), was removed from the
carcass and the muscle was carefully separated from the skin
and weighed to determine the skinned breast muscle weight. The
technological properties of the liver were assessed using a cooking
test to measure the liver melting rate, which is the percentage of
fat release after pasteurisation of 60 g of liver for 60 min at 85 °C.

Efficiency traits

Feed efficiency during the 5-week recording period was evalu-
ated by calculating the feed conversion ratio, which is the ratio
of total feed intake to total weight gain. Additionally, two varia-
tions of residual feed intake (RFI; and RFI,) were computed. These
are the differences between an animal’s actual feed intake and the
expected feed intake based on its production and maintenance
needs. A high RFI value indicates poor feed efficiency, meaning
the animal consumes more than expected.

The RFI values are the residuals of a multiple linear regression
of DFI on the average metabolic BW to account for maintenance
requirements and on average daily gain (ADG) in order to account
for production requirements (RFI;). The TOBEC score was intro-
duced as an extra factor in RFI, to account for the animal’s body

adiposity. The average metabolic BW was computed as BWO75

where BW is the average BW measured over the 5-week period.
The ADG was computed by differentiating BWs at the start and
end of the recording period divided by the period length.

For each individual i, RFIs were derived as follows: DFI; = u+

- 075
Vbateh + 1 X BW,;  + By x ADG; + RFIy; and DFl; = [t + Ypgen + 02 X
- 075
BW,  + f, x ADG; + &, x TOBEC; + RFly;

As we could not perform the TOBEC measurement in all three
mule batches, RFI, was not computed for the mule population.

Statistical analysis

To normalise the data and improve the symmetry of the distri-
butions, the ADFT and AMD were log-transformed before analysis.
An illustration of the effect of the log transformation on the distri-
bution of time-related feeding traits is provided in Supplementary
Figure S2. Values exceeding three SDs from the mean within a line
were considered as outliers and removed from the analyses. They
represented less than 0.5% of raw data in the mule population,
0.8% in Pekin and 1.3% in Muscovy. Phenotypic comparisons of per-
formance between lines were obtained using a linear model taking
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into account the effects of line (three levels: Pekin, Muscovy and
mule) and sex (two levels) in the Pekin line only, using the R
emmeans package (Lenth, 2022).

Genetic parameters were estimated using the REML method
(Harville, 1977) with ASReml software (Gilmour et al., 2015) and
models tailored to the population under consideration:

Purebred analyses
An animal linear mixed model was considered for each trait as:

Vi = K+ B+ Vi + Ui + &k (1)

where y; is the phenotype of animal i of sex k born in batch j, p is
the general mean, ; and y, are the fixed effects of batch and sex (for
the Pekin line only), respectively, u; is the additive genetic effect,
and &y is the residual. Both the genetic and the residual effects
are normally distributed. Residuals are considered independent,
whereas additive effects are structured according to the pedigree
relationship matrix A. First, univariate analyses were run to com-
pute heritabilities, and then, multivariate models were applied with
the same effects to obtain correlations between traits.

Mule trait analyses
Mule traits were analysed using a parental model:

Vi = M+ By + Sm + di + Ejemi (2)

where y;,, is the phenotype of the jth animal born in batch k from
sire mand dam L. i and B, stand for the same variables as previously
stated. s,; and d, represent the random genetic contributions of the
Muscovy sire and the Pekin dam, respectively, to the performance of
their mule offspring.

Two different numerator relationship matrices, say Awys and
Apgk, were built to fit the model, and the random effects had the
following variances:

s 0 Ayys O 0
Var| d | = 0 O3Apyx O
€ 0 0 o

For each mule trait, the parental contribution ratios were defined as
follows:

. . . . 2
e sire Muscovy contribution ratio ¢2 = %,
03 +05+07

2
e dam Pekin contribution ratio ¢2 = 24—
d g5 +05+0;

This model was then extended in order to estimate genetic cor-
relations between traits measured in the mule population and
traits measured in one parental population: Models 3 and 4 were
used to simultaneously estimate the genetic correlations between

the mule and Muscovy populations or the Pekin and mule popula-
tions, respectively, for different traits (two traits at a time):

{J’MUL = XmuByur + ZnmueS + Wiued + Evur
Ymus = XmusBuus + ZmusUnmus + Emus

3)

with
a? 0,0,
s s Ps . MUS ) o Ayus 0 0
Unus PsOsOmus Onus
Var| d | = 0 03 Aney 0
emuL 0 0 o, 0
Emus 0 o2l
and

{yMUL = XmuPuur + ZmueS + Wiond + emur
Yrex = Xeex Bpex + ZpexUpek + Epex
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with
% 040
d d Pd ; PEC ) o Ape 0 0
Upgk Pa0d0Pek Opex
Var| s = 0 02 Ayys 0
emuL g2 1 0
0 0 “MUL
EpEK 0 g2 1

where y, are the vectors of performances measured in population x,
Xy, Zx, and W, are known incidence matrices, f, represents the vec-
tors of fixed effects for population x (batch effect for all populations,
slaughter date for mule slaughter traits and sex effect for Pekin
only), while s and d are the vectors of genetic parental contributions
to the mule performances. uyys and upg are the vectors of additive
genetic effects in the Muscovy and Pekin populations, respectively.
p, is the genetic correlation between a trait measured in the mule
population and another trait measured in the Muscovy population,
while the genetic correlation between a trait measured in the mule
population and another trait measured in the Pekin population is

Pa-
Results
Comparison of performances between populations

The mean values of each trait are reported for each population
in Table 1. Except for FCR, the average values of all traits were sig-
nificantly different in the three populations at the threshold P-
value of 0.05.

Pekin vs Muscovy performances

Pekin ducks spent nearly half as much time feeding each day as
Muscovy ducks but consumed 9% more feed, resulting in a feeding
rate more than twice as high for Pekin ducks. The average number
of meals per day was smaller in Muscovy (3.57 vs 4.46, P < 0.001),
and the meals were roughly 2.4 times longer than in the Pekin line
(460 vs 190 s, P < 0.001). Muscovy ducks exhibited the lowest val-
ues for ADFI, AFR, ANM and FCR, and the highest values for ADFT,
AMD and ADG. The only trait where Muscovy ducks had an inter-
mediate value compared to the other lines was AMFI. Pekin ducks
had the lowest AMFI and intermediate values for ADFI, ADFT, AFR,
and AMD, while mule ducks ranked second for ANM and ADG.

Crossbred vs purebred performances

The mule performances approximately averaged the parental
values for ANM and ADG. For FCR, AMD, and ADFT, mule perfor-
mances were closer to those of Pekin than to Muscovy. Regarding
ADFI and AMFI, mule ducks exhibited moderate positive heterosis
over their parents. The heterosis was even more pronounced for
AFR, which in the mule population was over three times greater
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than the Muscovy value and 1.5 times greater than the Pekin value.
For FCR, mule and Pekin ducks did not differ significantly, but both
were significantly higher than Muscovy ducks.

Genetic parameters for feeding traits in the parental lines

Genetic parameters for feeding behaviour traits in the sire and
dam parental lines are displayed in Table 2. In both lines, feeding
behaviour traits were highly heritable, with estimates ranging
from 0.46 to 0.62 in the Pekin line and from 0.35 to 0.65 in the
Muscovy line, depending on the trait. Except for AFR and AMD,
which tended to be more heritable in the Pekin population
(P < 0.10), estimated heritabilities did not differ between the two
populations (P > 0.10).

For most traits, genetic correlations showed similar patterns in
both populations: ADFI was positively correlated with AMFI and, in
addition, slightly negatively correlated with ANM. ADFT was posi-
tively correlated with ANM and AMD, strongly negatively corre-
lated with AFR, and moderately negatively correlated with AMFI
only in Pekin. In both Muscovy and Pekin populations, AFR was
negatively correlated with ANM and AMD, and positively linked
with AMFI. ANM and AMFI exhibited a strong negative correlation,
while the negative link between ANM and AMD was significantly
different from zero only in Pekin. Additionally, a moderate positive
correlation was found between AMFI and AMD.

Genetic relationships between feed efficiency traits, average daily gain
and feeding behaviour traits in the parental lines

Table 3 presents the genetic parameters for efficiency traits and
average daily gain in the two parental populations. The heritability
estimates for feed efficiency traits were moderate in the Muscovy
line, ranging from 0.22 + 0.10 to 0.24 £ 0.10, and higher in the Pekin
line, ranging from 0.33 + 0.07 to 0.48 + 0.08. For ADG, heritability
estimates were moderate to high, at 0.37 + 0.11 in the Muscovy
line and 0.53 % 0.07 in the Pekin line. Feed efficiency traits exhib-
ited high correlations in both populations (o > 0.71 + 0.12). There
were no significant correlations between ADG and feed efficiency
traits, except for a notable correlation with feed conversion ratio
in the Pekin line (o = —0.34 + 0.12).

Table 4 displays the genetic correlations between feeding beha-
vioural traits, feed efficiency traits and ADG in each parental line.
ADG was positively correlated with ADFI and AMFI in both lines,
and with AMD in the Pekin line. Feed efficiency traits were posi-
tively correlated with ADFI. In the Muscovy line, FCR was also sig-
nificantly correlated with ANM (¢ =-0.51+0.21), AMEFI
(0 =0.79+0.17)and AMD (¢ = 0.71 £ 0.26). In the Pekin line, RFIs
were positively correlated with AMFI and negatively correlated
with ANM. Additionally, in this line, RFI, exhibited a moderate pos-
itive genetic correlation with AFR.

Table 1

Mean values (Least square means' + SE) of feeding behaviour traits in the three duck populations.
Trait MUSCOVY MULE PEKIN
Average Daily Feed Intake (g) 204 + 1.54" 236 + 1.388 224 + 0.96¢
Average Daily Feeding Time (s) 1603 +17.7¢ 576 + 16.0% 810 + 11.18
Average Feeding Rate (g/min) 9.05 + 0.292* 29.44 + 0.265¢ 18.88 + 0.184°
Average Number of Meals 3.57 + 0.066" 4.01 £ 0.0608 4.46 + 0.042°
Average Meal Feed Intake (g) 58.9 + 1.04° 64.3 + 0.94¢ 53.1 + 0.65"
Average Meal Duration (s) 460 + 6.2¢ 152 + 574 190 + 3.9%
Average Daily Gain (g/d) 80.9 + 0.45¢ 73.7 £+ 0.418 69.0 + 0.28"
Feed Conversion Ratio (g/g) 2,57 £ 0.013" 3.23 £ 0.0128 3.25 + 0.008®

! Least square means from a linear model including the fixed effect of line, batch and sex (PEKIN population only). Within a row, different letter superscripts indicate a

significant difference between populations (P < 0.05).
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Table 2
Genetic parameters (heritability estimates in bold on the diagonal, genetic correlations above the diagonal, with their SEs) for feeding behaviour traits in the parental lines of the

mule duck (Muscovy sire line and Pekin dam line). Values in bold denote a parameter of absolute value greater than or equal to 1.96 times the SE, meaning that they differ from
nullity with a 95% confidence level. When absolute values lie between 1.64 (90% confidence) and 1.96 times the SE, they are in italics.

Population Trait ADFI ADFT AFR ANM AMFI AMD

MUSCOVY ADFI 0.50 + 0.12 0.21 £ 0.20 0.16 + 0.20 —0.28 £0.18 0.66 * 0.11 0.37 £ 0.22
ADFT 0.53 + 0.12 —0.88 £ 0.05 0.36 + 0.17 -0.19 £ 0.17 0.75 + 0.09
AFR 0.38 £ 0.11 -042 £0.19 0.44 £ 0.17 —0.61 £ 0.14
ANM 0.56 £ 0.11 —0.91 £ 0.04 —0.30 +0.19
AMFI 0.65 £ 0.11 0.36 £ 0.18
AMD 0.35 £ 0.11

PEKIN ADFI 0.49 + 0.08 0.11 £0.13 0.16 £ 0.12 -0.16 £ 0.13 0.40 £ 0.11 0.23 £0.14
ADFT 0.55  0.07 —0.95 + 0.02 0.43 *0.10 -0.41£0.10 0.60 * 0.08
AFR 0.59 * 0.07 -0.42 t0.10 0.49 * 0.09 —0.54 £ 0.09
ANM 0.56 * 0.07 —0.95 £ 0.08 -0.45 £ 0.10
AMFI 0.62 + 0.07 0.45 £ 0.10
AMD 0.46 * 0.07

ADFI = Average Daily Feed Intake; ADFT = Average Daily Feeding Time; AFR = Average Feeding Rate; ANM = Average Number of daily Meals; AMFI = Average Meal Feed Intake;

AMD = Average Meal Duration.

Table 3

Genetic parameters (heritability estimates on the diagonal, genetic correlations above the diagonal, with their SEs) for feed efficiency traits in the parental lines of the mule duck
(Muscovy sire line and Pekin dam line). Values in bold denote a parameter of absolute value greater than or equal to 1.96 times the SE, meaning that they differ from nullity with a

95% confidence level.

Population Trait ADG FCR RFI1 RFI2

MUSCOVY ADG 0.37 £ 0.11 0.31+0.28 0.34 +0.26 0.12 £ 0.29
FCR 0.22 £ 0.10 0.80 £ 0.12 0.71 £ 0.12
RFI1 0.22 £ 0.10 0.97 £ 0.02
RFI2 0.24 £ 0.10

PEKIN ADG 0.53 + 0.07 -0.34 £ 0.12 0.15£0.13 0.17 £ 0.14
FCR 0.48 * 0.08 0.82 + 0.05 0.76 * 0.06
RFI1 0.49 + 0.08 0.91 £ 0.01
RFI2 0.33 £ 0.07

ADG = Average Daily Gain; FCR = Feed Conversion Ratio; RFl; and RFI, are two derivations of Residual Feed Intake accounting (RFI;) or not (RFI,) for the body fat content

estimated through Total Body Electrical Conductivity (TOBEC).

Table 4

Genetic correlations of average daily weight gain and feed efficiency traits with feeding behaviour traits in the parental lines of the mule duck (Muscovy sire line and Pekin dam
line). Values in bold denote a correlation of absolute value greater than or equal to 1.96 times the SE, meaning that they differ from nullity with a 95% confidence level. When
absolute values lie between 1.64 (90% confidence) and 1.96 times the SE, they are in italics.

Population Trait ADFI ADFT AFR ANM AMFI AMD

MUSCOVY ADG 0.93  0.04 0.07 £ 0.22 0.21 £ 0.22 —0.18 £ 0.20 0.52 £ 0.15 0.00 £ 0.25
FCR 0.69 + 0.17 0.33 +£0.29 0.00 + 0.27 —0.51 £ 0.21 0.79 £ 0.17 0.71 £ 0.26
RFI, 0.63 £ 0.19 0.43 £0.25 —0.16 £ 0.28 —0.11 +£0.25 0.36 £ 0.22 0.39 +0.29
RFI, 042 +0.23 0.33 £0.25 —0.15+0.28 —0.09 +0.25 0.28 +0.22 0.39 +0.29

PEKIN ADG 0.76 % 0.06 0.16 £ 0.12 0.07 £ 0.11 —0.11 £ 0.12 0.33 £ 0.11 0.27 £ 0.12
FCR 0.35 £ 0.12 -0.10+0.13 0.13 £ 0.12 —0.11 £ 0.14 0.14 £ 0.13 —0.05 +0.14
RFI4 0.70 * 0.07 —0.13 £0.13 0.28 +0.23 -0.27 £ 0.13 0.44 * 0.11 0.09 +0.14
RFI; 0.71 £ 0.09 —0.12 £ 0.15 0.29 £ 0.14 -0.29 £ 0.15 047 £ 0.13 0.12 +0.16

ADFI = Average Daily Feed Intake; ADFT = Average Daily Feeding Time; AFR = Average Feeding Rate; ANM = Average Number of daily Meals; AMFI = Average Meal Feed Intake;
AMD = Average Meal Duration; ADG = Average Daily Gain; FCR = Feed Conversion Ratio; RFI; and RFI, are two derivations of Residual Feed Intake accounting (RFl;) or not
(RFI,) for the body fat content estimated through Total Body Electrical Conductivity (TOBEC).

Parental contributions for feeding traits and correlations with
purebred traits

Table 5 presents the respective contributions computed on the
sire and dam pathways for feeding behavioural traits, ADG, and
feed efficiency traits observed in the mule populations, as well as
their correlations with purebred traits. For all traits, the Pekin con-
tribution ratios were higher than those for Muscovy, ranging from
0.10 = 0.04 to 0.44 * 0.05 in Pekin, compared to a maximum of
0.10 £ 0.04 for Muscovy. Although the sire contribution ratios were

low, they significantly differed from zero for behavioural and effi-
ciency traits. AFR was the only trait showing a significant and pos-
itive correlation between the Muscovy and mule populations.
Conversely, on the dam path, all behavioural traits were positively
correlated between purebred Pekin and mule populations. The
estimated ratios in this pathway were significantly different from
zero, with higher values for feed intake traits (ADFI and AMEFI;
c% > 0.40 £ 0.05) than for duration traits (c3 = 0.10 + 0.04 for ADFT
andc? = 0.21 + 0.05 for AMD), and they were intermediate for AFR
and ANM. For behavioural traits, correlations were higher for traits
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Table 5
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Parental contribution to feeding traits and genetic correlations with purebred traits in the parental lines of the mule duck (Muscovy sire line and Pekin dam line). Values in bold
denote a genetic correlation or a parental contribution ratio of absolute value greater than or equal to 1.96 times the SE, meaning that they differ from nullity with a 95%
confidence level. When absolute values lie between 1.64 (90% confidence) and 1.96 times the SE, they are in italics.

Sire Muscovy line

Dam Pekin line

Trait c? PmusmuL c} Prek MUL

ADFI 0.08 + 0.04 0.46 + 0.30 0.44 * 0.05 0.80 * 0.09
ADFT 0.10 * 0.04 0.26 + 0.28 0.10 * 0.04 0.94 £ 0.20
AFR 0.09 * 0.04 0.54 + 0.30 0.29 * 0.05 0.75 £ 0.10
ANM 0.08 + 0.04 —-0.05 £ 0.31 0.35 * 0.05 0.46 *0.13
AMFI 0.05 + 0.03 0.07 £ 0.33 0.40 * 0.05 0.51 £0.12
AMD 0.10 * 0.04 0.38 + 0.29 0.21 * 0.05 047 £0.17
ADG 0.05 £ 0.03 0.87 + 0.36 0.36 * 0.05 0.82 + 0.09
FCR 0.09 + 0.04 0.50 + 0.35 0.19 * 0.05 044 +0.17
RFI; 0.07 + 0.03 0.70 + 0.31 0.13 + 0.05 0.40 + 0.21

ADFI = Average Daily Feed Intake; ADFT = Average Daily Feeding Time; AFR = Average Feeding Rate; ANM = Average Number of daily meals; AMFI = Average Meal Feed Intake;
AMD = Average Meal Duration; ADG = Average Daily Gain, FCR = Feed Conversion Ratio; RFI; = Residual Feed Intake (not accounting for the body adiposity).

c2 = sire Muscovy contribution ratio to the mule performance; pyysyu. = genetic correlation between purebred and crossbred performance in the sire (Muscovy) pathway;
c2= dam Pekin contribution ratio to the mule performance; pp yu;, = genetic correlation between purebred and crossbred performance in the dam (Pekin) pathway.

when computed on a daily scale than on the meal scale
(0=0.80+£0.09 vs @9=051+£0.12 for feed quantity and
0=0.94+0.20 vs ¢ = 0.47 £+ 0.17 for feeding time).

The genetic correlation between purebred and crossbred ADG
was highly positive (above 0.8) and significant in both parental
populations. The positive correlation between purebred and cross-
bred efficiency traits was significantly different from zero, except
for FCR in the sire pathway.

Genetic parameters of mule slaughter traits

The elementary statistics for the four slaughter performances of
primary importance for the fatty liver market - liver weight,
skinned magret weight and thigh weight recorded in mule ducks,
plus liver melting rate - are given in Table 6. Liver weights met
the standards for foie gras production, validating the overfeeding
management.

Parental contributions for meat traits (skinned breast muscle
and thigh weights) were higher in the dam pathway (0.26 + 0.08
and 0.20 + 0.05) than in the sire pathway (0.13 + 0.05 and
0.06 * 0.05, respectively). For liver weight, contributions were sim-
ilar in both parental populations (0.17 + 0.05 vs 0.15 £ 0.05). Nega-
tive genetic correlations between liver weight and meat traits were
observed in both pathways, with a more pronounced trend in the
sire pathway, while meat traits were positively correlated with
each other. The liver meting rate also tended to exhibit a higher
dam contribution than the sire contribution (0.20 £ 0.06 vs 0.13 +
0.05). It was highly correlated with liver weight in both pathways

Table 6

and was strongly and negatively correlated with thigh weight in
the sire pathway alone.

Correlations between purebred feeding traits and mule slaughter
performances

Genetic correlations with feeding and efficiency traits were esti-
mated for these slaughter traits and are presented in Table 7.

For liver and skinned magret weights, a set of feeding traits in at
least one of the purebred parents could be found with a correlation
significantly different from nullity (P < 0.05). For thigh weight, sig-
nificant correlations were observed only in the dam pathway,
specifically with traits related to feed intake at the meal or daily
level. In the Muscovy population, both ANM and AMFI were posi-
tively correlated with liver melting rate. Additionally, in this pop-
ulation, liver melting rate was positively correlated with ADG, FCR
and RFI,. Conversely, in the Pekin population, liver melting rate
was only correlated with FCR.

FCR was the only trait that had significant correlations in both
parental pathways for all slaughter traits. It was positively corre-
lated with liver weight and negatively correlated with skinned
breast muscle and thigh weights, indicating that selecting for
decreased FCR would negatively impact liver weight but not the
two muscle weights. In the Pekin population, none of the RFIs
was significantly correlated with any slaughter trait. Conversely,
in the Muscovy population, both RFIs significantly exhibited a
non-zero correlation with liver and skinned magret weights, while
only RFI, was correlated with thigh weight.

Elementary statistics and genetic parameters for slaughter mule performances depending on the parental population (Pekin or Muscovy duck). Parental contributions are on the
diagonal and genetic correlations above the diagonal, with their SEs. Values in bold denote a parameter of absolute value greater than or equal to 1.96 times the SE, meaning that

they differ from nullity with a 95% confidence level.

Liver traits Meat traits
Item Trait LW LMR SBMW ™

Descriptive statistics Mean + SD 552 +123.1 (g) 26.1 £ 0.14 (%) 303 + 27.7(g) 482 + 449 (g)
MUSCOVY LW 0.15 * 0.05 0.82 +0.11 -0.42 £0.27 —-0.83 £ 0.35
(sire pathway) LMR 0.13 £ 0.05 —0.15 £ 0.30 —0.89 + 0.37
SBMW 0.13 * 0.05 0.62 * 0.27
™ 0.06 + 0.05
PEKIN LW 0.17 £ 0.05 0.76 £ 0.11 —0.04 £ 0.20 -0.25 +0.21
(dam pathway) LMR 0.20 £ 0.06 0.00 + 0.19 —0.09 +0.21
SBMW 0.26 * 0.08 0.53 + 0.14
™ 0.20 * 0.05

LW = fatty liver weight; LMR = liver melting rate; SBMW = skinned breast muscle weight; TW = thigh weight.
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Table 7
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Genetic correlations between purebred feeding and efficiency traits and mule slaughter performances in the parental lines of the mule duck (Muscovy sire line and Pekin dam
line). Values in bold denote a correlation of absolute value greater than or equal to 1.96 times the SE, meaning that they differ from nullity with a 95% confidence level. When
absolute values lie between 1.64 (90% confidence) and 1.96 times the SE, they are in italics.

Liver traits Meat traits
Liver Weight Liver Melting Rate Thigh Weight Skinned Breast Muscle Weight
Item MUSCOVY PEKIN MUSCOVY PEKIN MUSCOVY PEKIN MUSCOVY PEKIN
ADFI 0.10 £ 0.28 0.12 £ 0.22 -0.17 £ 0.29 0.27 £ 0.21 0.26 £ 0.34 0.66 * 0.16 0.23 £ 0.28 0.37 £ 0.16
ADFT 0.35+0.24 043 +0.19 0.06 + 0.26 0.29 £ 0.19 -0.19 £+ 0.32 -0.15+0.19 —-0.62 £ 0.23 -0.30 £0.16
AFR —0.01 £ 0.28 -0.40 * 0.19 0.27 £ 0.30 -0.23+0.19 -0.24 £+ 0.39 0.14 £ 0.18 047 £ 0.27 0.32 £ 0.16
ANM —0.44 £ 0.23 0.03 £ 0.19 —0.66 £ 0.21 0.03 £ 0.19 0.46 + 0.32 -0.28 £ 0.18 0.34 £ 0.26 —0.25 +0.16
AMFI 0.31+0.22 —0.06 + 0.20 042 + 0.24 0.00 £ 0.19 -0.28 +0.32 0.43 £ 0.17 -0.19 £ 0.25 0.32 £ 0.15
AMD 0.52 £ 0.25 0.36 + 0.20 0.36 £ 0.28 0.23 £0.19 -0.47 +0.33 0.14 £ 0.19 —0.85 +0.19 —0.06 +0.17
ADG -0.21+0.29 -0.14 £ 0.21 —0.54 £0.29 -0.01 £ 0.19 0.67 £ 0.30 0.84 + 0.12 0.58 + 0.24 0.66 + 0.13
FCR 0.63 + 0.28 0.41 +0.20 0.69 * 0.31 0.39 +0.19 —0.86 * 0.36 -0.42 £ 0.18 -0.75 £ 0.27 -0.44 + 0.16
RFI, 0.52 + 0.30 0.15 £ 0.21 0.49 + 034 0.21 £ 0.21 —0.50 + 0.41 -0.09 + 0.19 —-0.77 £ 0.30 -0.10 + 0.19
RFI, 0.60 * 0.28 0.20 + 0.25 0.70 + 0.31 0.29 £ 0.24 —0.63 +0.38 -0.12 £ 0.22 —0.69 + 0.29 —0.04 + 0.21

ADFI = Average Daily Feed Intake; ADFT = Average Daily Feeding Time; AFR = Average Feeding Rate; ANM = Average Number of daily meals; AMFI = Average Meal Feed Intake;
AMD = Average Meal Duration; ADG = Average Daily Gain; FCR = Feed Conversion Ratio; RFI; and RFI, are two derivations of Residual Feed Intake accounting (RFI;) or not
(RFI,) for the body fat content estimated through Total Body Electrical Conductivity (TOBEC).

Discussion

This is the first genetic study to investigate genetic parameters
of feeding traits in the three duck populations and their relation-
ships with traits for foie gras production.

Computation of feeding traits

The logarithm values of the meal criterion differed only slightly
between populations and between batches within populations:
7.33 + 0.07 for mule, 7.62 * 0.05 for Muscovy and 7.72 + 0.10 for
Pekin. There was no significant difference in the meal criterion
between the Muscovy and Pekin populations, with a slightly lower
value observed in the crossbred population. After confirming that
these differences did not affect meal characteristics, a specific meal
criterion was calculated for each batch rather than using a com-
mon value for all batches within a population.

For the Pekin line, the meal criterion (i.e., the interval between
meals) was approximately 1725 s (natural log of 7.45), consistent
with the value reported by Howie et al. (2010) in another Pekin
population. In contrast, Zhu et al. (2017) reported a shorter interval
(natural log of 7.03).

Computation of efficiency traits

Two methods for computing residual feed intake were com-
pared, considering that an accurate derivation of RFI for the fatty
liver industry should account for body adiposity, a component
challenging to measure in vivo. To address this, we introduced a
TOBEC (Total Body Electrical Conductivity) score to derive RFI2, fol-
lowing the approach of Drouilhet et al. (2014), and also tested a
computation without this component. The TOBEC method requires
a calibration step to obtain accurate prediction equations from a
linear model combining the TOBEC score and the BW of the animal.
A previous study had shown that prediction equations existing for
rabbits (Fortun-Lamothe et al., 2002) are not applicable to mule
ducks (Cornuez et al., 2013). However, no reference was available
to recompute prediction equations for our animals, which
belonged to three different populations. Consequently, we directly
incorporated the TOBEC score into the multiple regression model
to compute RFI,. In both parental lines, RFI; and RFI, exhibited
similar heritabilities and very high genetic correlations (above
0.9). It should be noted, however, that the TOBEC score exhibited
different heritabilities in the two parental populations
(0.07 £ 0.08 in the Muscovy population and 0.38 + 0.08 in the Pekin

population). This may explain why heritabilites of the two RFI indi-
cators differ more in the Pekin line. Further research is needed to
determine the best methods for measuring body composition on
farms, with ultrasonic measurements and tomography being
potential options, each with varying accuracy and constraints
(Grandhaye et al., 2019). Some body measurements have also been
suggested to estimate the body composition, including fat content
in Pekin (Lin et al., 2018) or Muscovy duck (Kleczek et al., 2006) but
are quite tedious and too time-consuming to be routinely imple-
mented in breeding programs.

Comparison of performances between populations

The age difference between lines (Muscovy ducks being tested a
week later than Pekin ducks) does not allow for a complete com-
parison between line traits since young animals are expected to
eat less, have lower ADG and have better efficiency. However,
although Muscovy ducks (older) had larger ADG than Pekin ducks
(younger), they also had lower average daily feed intake, leading to
lower FCR values in the Muscovy line compared to the Pekin line,
despite the age difference. This is consistent with Muscovy ducks
having a leaner meat than Pekin (Larzul et al., 2006; Kokoszynski
et al., 2021), especially as foie gras Pekins are fatter than lean
Pekins reared for meat. In our study, the observed difference could
have been reinforced by studying only males in the Muscovy pop-
ulation, which are generally bigger and leaner than females (Tai
and Rouvier, 1998), whereas both sexes were analysed in the Pekin
line. Indeed, in their study on a limited number of male ducks mea-
sured from day 28 to day 49 (about 40 per line) from lines differing
with our study, Cobo et al. (2022) reported larger ADG in a Mus-
covy line, but not a significantly different average daily feed intake,
which also led to lower FCR in Muscovy than in Pekin. Concerning
feeding behaviour, this latter study also reported longer feeding
times and more feeding events in Muscovy compared to Pekin,
with a reduced feeding quantity per event, resulting in much faster
feeding rates in Pekin. Finally, the greater similarity between Pekin
and mule ducks, compared to Muscovy and mule ducks, in terms of
average meal duration and daily feeding time has already been
previously reported by Cobo et al. (2022).

Purebred feeding trait genetic parameters

The genetic parameter estimates for feeding behaviour traits in
this study were consistent with those obtained on Pekin broilers by
Le Mignon et al. (2017) and Thiele (2016). Our heritability estimate
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for DFI slightly exceeded that reported by Zhang et al (2017)
between day 15 and day 42 (0.33 £+ 0.11). Several patterns can be
drawn from the correlations between feeding traits, with some
common features with Le Mignon et al. (2017). First, strong nega-
tive genetic correlations between ANM and AMFI indicated that an
increase in meal number strongly reduces feed intake per meal.
Second, moderately negative correlations of AFR with ANM and
AMD suggested that birds exhibiting a high feeding rate may reach
satiety quickly, resulting in shorter meals, and less frequent initia-
tion of feeding sequences. Third, an exploitable plasticity in feeding
behaviours was emphasised by a large and positive correlation
between average meal duration and daily feeding time, which
was significantly different from unity. As expected, the latter was
also strongly negatively correlated with the feeding rate. These
three points were common to both parental populations, suggest-
ing some generalities about duck feeding behaviours, despite the
divergence between Anas platyrhynchos and Cairina moschata that
occurred around 14 million years ago (Jiang et al., 2021).

Purebred efficiency trait genetic parameters

In our study, FCR was more heritable than in the two Pekin lines
studied by Le Mignon et al. (2017), who reported heritability esti-
mates of 0.24 and 0.31. In the Pekin line, our estimates of the cor-
relation between FCR and feeding behaviour traits aligned with
those reported by Thiele (2016) and Le Mignon et al. (2017): except
for average daily feed intake, they were of low magnitude (< 0.20).
Conversely, in the Muscovy line, FCR was strongly correlated with
average feed intake, regardless of the scale, which may suggest a
larger variability of FCR due to feed intake compared to the Pekin
line. Additionally, in the Muscovy line, ANM and FCR were nega-
tively correlated (—0.540.21), indicating that selecting an
increased number of meals could improve (i.e., decrease) FCR. This
finding contrasts with the literature, which generally associates
lower feeding activity with more efficient animals. For instance,
Marie-Etancelin et al. (2019) found a positive genetic correlation
between the number of daily visits and residual feed intake in
Romane sheep, meaning that efficient animals (with a low RFI)
would start fewer feeding sequences than less efficient ones. Sim-
ilarly, Young et al. (2011) estimated a significantly positive pheno-
typic correlation between RFI and the number of visits in pigs. The
significantly positive genetic correlation between AFR and RFIl; in
the Pekin population differs from previously reported findings in
pigs, where low RFI animals ate significantly faster than high RFI
pigs, suggesting a negative correlation between RFI and feeding
rate (Meunier-Salaiin et al., 2014).

In conclusion, feeding behaviour traits in parental populations
exhibit exploitable genetic correlations with feed efficiency that
are likely to facilitate the selection. However, it is crucial to also
consider their correlations with the economic traits measured in
the mule progeny.

Genetic parameters for crossbred traits

Consistent with Lo et al. (1997), Marie-Etancelin et al. (2011)
calculated a pseudo-heritability for crossbred traits as
h* =2(02 + 63) /(0% + 62 + 02), which equates to twice the sum
of the parental contributions. As they acknowledged, this
pseudo-heritability holds no significance for mule ducks due to
the hybrid’s sterility. Besides, sire contributions should not be con-
sidered as a quarter of the heritability, as would be the case in a
homogeneous population. In the context of an intergeneric hybrid
between two populations that diverged millions of years ago,
where additivity is questionable and both pathways are expected
to contribute differently to hybrid traits, such an assumption
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would lead to misestimations and could result in pseudo-
heritabilites outside the parameter space. Based on the estimates
presented in Table 5, this would lead to a pseudo heritability of
1.04 for ADFI, 0.9 for AMFI or 0.86 for ANM. For this reason, it is
more appropriate to report parental contribution ratios rather than
pseudo-heritabilities. In addition to the hybrid specificities, it is
accepted that the dam contribution encompasses more than purely
additive effects, unlike the sire contribution, and may, therefore, be
overestimated.

Genetic parameters for slaughter traits

The estimated genetic parameters of mule slaughter traits con-
firm a common precept in the fatty liver industry that holds that
“the Muscovy sire brings the liver while the Pekin dam brings
the meat” and, consequently, the well-documented antagonism
between liver and meat weights (Marie-Etancelin et al., 2009,
2011). In this regard, it may be noted that the Muscovy parental
contribution to thigh weight is not significantly different from zero
and is similar to that found by Marie-Etancelin et al. (2011).

For liver weight, sire and dam contributions were of similar
magnitude, while the sire contribution only halved the dam one
for skinned breast muscle and thigh weights. This revealed a pro-
portionally larger contribution from the sire to liver weight. The
antagonism between meat and liver weights was stronger in the
Muscovy population. Marie-Etancelin et al. (2011) reported similar
findings in the common duck population (contributions of 0.15,
0.32 and 0.20 for liver, skinned magret and thigh weights, respec-
tively, as well as negative correlations between liver weight and
meat traits, and a positive correlation between skinned magret
and thigh weights). In this paper, contributions were also lower
in the Muscovy population (0.08, 0.07 and 0.05 for liver, skinned
breast muscle and thigh weights, respectively). Our estimates for
liver melting rate parental contributions and genetic correlation
with liver weight align with their results. These genetic correla-
tions are further supported by a phenotypic correlation of —0.83
estimated between liver weight and technological yield, which is
one minus the melting rate (Bonnefont et al., 2019).

Relationship between feed efficiency proxies and slaughter traits

The low correlation observed between average daily gain and
liver weight in both pathways, as previously reported by Chapuis
and Larzul (2006) and Marie-Etancelin et al. (2008), confirms that
improving liver weight through selection cannot rely solely on the
growth performance of selection candidates. In both parental lines,
the genetic correlation of FCR with the slaughter traits of mule off-
spring was clearly positive (hence unfavourable) with liver weight,
and negative with the meat traits (skinned magret and thigh
weights). This agreed with results previously reported after selec-
tion for improved feed efficiency (i.e., a reduced FCR) that
increased the proportion of lean tissues, as observed in rabbits
(Molette et al., 2016) and in pigs (Gilbert et al., 2017; Young and
Dekkers, 2012).

More generally, RFI tended to have lower genetic correlations
with slaughter traits than FCR, underscoring the advantage of RFI
in describing the portion of feed intake that is not influenced by
maintenance and production requirements. However, in the Mus-
covy population, unlike the Pekin population, significant correla-
tions were still observed between RFI traits and slaughter traits.

Finally, the high correlation of RFI, with slaughter traits found
in the Muscovy population suggests that finer in vivo proxies of
the body adiposity would be key to improving the feed efficiency
of growing animals without impairing their ability to sire progeny
with desirable slaughter performances.
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Relationship between feeding behaviour and slaughter traits

Liver and skinned breast muscle weights are significantly
related to feeding behaviour traits in both parental lines. To
improve liver weight using feeding behaviour traits, selection in
the dam pathway should focus on increasing ADFT and decreasing
the average feeding rate, favouring birds that spend more time
feeding. In the sire pathway, an improved liver weight is expected
to result from a selection for a reduced meal number and an
increased meal duration. However, increasing meal duration may
reduce breast meat weight due to antagonistic genetic correlations,
while reducing the number of meals may increase technological
loss after cooking.

To improve magret and thigh weights, the Pekin population
could be selected for an increased feeding time, regardless of the
scale, with no detrimental effect on liver weight. It is also worth
noting that the above-mentioned feeding behaviour traits were
obtained at ages (7 weeks in Pekin and 8 weeks in Muscovy) com-
patible with the selection stages commonly used in breeding
schemes, so no adjustment of the test periods is required.

Consequences for the selection of the parental populations of the mule
duck

For a long time, the maternal pathway of the mule duck (i.e., the
Pekin population) has been selected for improved laying perfor-
mances, with an emphasis on plumage colour in the 1990 s
(Marie-Etancelin et al., 2008). Progeny tests have also been used
for improvement of foie gras production, but are difficult to imple-
ment in this pathway because only males are overfed according to
current practices. Consequently, the number of mule offspring
available for accurately estimating a Pekin dam’s genetic merit
for foie gras production is limited. In the sire pathway, selection
for improved feed efficiency has been proposed, often relying on
the performances of mule half-siblings reared in pens (Drouilhet
et al., 2014). However, the introduction of automatic feeders has
significantly changed the selection process in both sire and dam
pathways. Now, selection candidates can be assessed based on
traits such as daily feeding time and feeding rate in the dam path-
way, or meal duration and number of meals in the sire pathway,
which exhibit non-zero correlations with key traits like liver
weight and liver melting rate. This reinforces the benefits of joint
models that combine purebred and crossbred performances to
enhance selection accuracy through multitrait genetic evaluation.
However, due to multiple unfavourable correlations, further
research is required to accurately determine the optimal weights
for an index that combines traits measured on purebred candidates
and mule siblings. This index should aim to simultaneously
improve feed efficiency and slaughter performance in mule ducks.
Nevertheless, in the dam pathway, moderate genetic correlations
between RFI and both liver and meat traits provide opportunity
for selecting feed efficiency without adverse effects on slaughter
traits. Additionally, improving feed efficiency in the parental pop-
ulations by reducing FCR or RFI is likely to pay off in the mule pop-
ulation since correlations between purebred and crossbred traits
are favourable, even if they are different from unity.

Conclusion

As demonstrated by the genetic analyses conducted on a large
experimental design, feeding behaviour traits, which are non-
lethal, are heritable. Both feed efficiency traits in the parental lines
and slaughter traits in the mule ducks show exploitable correla-
tions with these feeding behaviour characteristics. Thanks to elec-
tronic feeders, selection indexes for foie gras production can now
be enhanced by incorporating new non-lethal traits, measured on
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selection candidates. These traits exhibit significant genetic corre-
lations with key economic components such as foie gras weight,
magret weight and technological yield. Consequently, improved
efficiency in the selection for improved foie gras and magret pro-
duction is anticipated. The new selection indexes should, however,
also account for melting rate and the mule duck feed efficiency,
despite the presence of unfavourable genetic correlations.
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