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Abstract: This study was conducted to estimate the genetic parameters of different feeding pattern
traits, including average daily feed intake (ADFI), average occupation time per day (AOTD), average
occupation time per visit (AOTV), average daily feeding rate (ADFR), average feeding rate per
feeding visit (AFRV), average feed intake per feeding visit (AFIV), and average number of visits
per day (ANVD), and their genetic relationship to production traits, such as on-test average daily
gain (ADG), backfat thickness (BFT), loin muscle area (LMA), lean percentage (LP), and feed effi-
ciency traits, such as feed conversion ratio (FCR) and five measures of residual feed intake (RFI1
to RFI5), in Duroc pigs (DD). The non-heritable common spatial pen effect was also estimated in
all studied traits. The feeding pattern traits used in this study were derived from filtered feeding
visits of 602 DD pigs. Using three animal models and the REML method, the genetic parameters
revealed low to moderate heritability for ADFI (0.19 to 0.32) and AFIV (0.18 to 0.33), moderate
heritability for ANVD (0.28 to 0.35) and AOTV (0.21 to 0.31), and high heritability for AOTD (0.73),
ADEFR (0.62 to 0.64), and AFRV (0.59 to 0.63). The addition of a common spatial pen effect in models
2 and 3 had a substantial impact, ranging from 8% to 23%, on the total variability of most feeding
pattern traits, with the exception of AOTD, which only had a percentage variance of 0.30% due to
the pen effect. The genetic and phenotypic correlation revealed that ADFI had consistent moderate
to high genetic and phenotypic correlation with production and feed efficiency (FE) traits. However,
selection against ADFI would negatively affect on-test ADG. Interestingly, the AOTD had no genetic
correlation with ADG (0.04), low to moderate positive genetic correlation with FCR (0.27) and all
RFI measures (0.24 to 0.33), and moderate negative correlation with LP (—0.39), indicating that
selection for DD pigs with lower AOTD would not influence on-test ADG but may increase LP
and improve feed efficiency by lowering FCR and all RFI measures. However, the corresponding
phenotypic correlation of AOTD with production and feed efficiency traits was mostly weak, which
can be attributed to the low residual or environmental correlation between these correlated traits.
At the genetic level, the feeding pattern traits showed potential in improving feed efficiency and
production traits. However, further studies are needed to evaluate their impact at phenotypic level.

Keywords: feeding pattern; heritability; genetic correlation; Duroc pigs

1. Introduction

In early feeding behavior studies, the feed intake of pigs was only able to be measured
by housing the animals individually, with the result that the pigs ate more, grew faster,
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and became fatter than pigs housed in groups [1]. However, pigs in actual commercial
operation are housed in groups which, prior to the development of automatic electronic
feeders, made the recording of feed intake challenging. According to McSweeny (2001) [2],
the three most commonly used electronic feeders developed for pigs are the ACEMA 48
feeders developed in France, the IVOG feeders (individual voluntary feed intake recording
in group pens) developed in Wageningen, The Netherlands, and the FIRE (feed intake
recording equipment) feeders originally developed in England. These electronic feeders
not only provide farmers and researchers with the identification number and the feed
intake record of each pig, but also have the capability to record the feeding time, feed
intake per visit, and frequency of visits. These data are eventually used to derive different
feeding pattern traits or, as termed in several published articles, feeding behavior traits. In
the studies of Labroue et al. (1997) [3] and Langdon (2015) [4], it was observed that feeding
behavior traits had moderate to high heritability. In addition, earlier researchers reported
a favorable genetic correlation between feed intake per meal and rate of feed intake with
average daily gain (ADG) and daily feed intake (DFI), and unfavorable genetic correlation
with ultrasound backfat thickness (BFT) and lean percentage (LP). Hall (1997) [5] also
reported that feed intake per visit, number of visits per day, and time per visit per day
were moderately correlated with ADG, BFT, and feed conversion ratio (FCR). Moreover,
numerous researchers consistently reported a strong genetic correlation of DFI with feed
efficiency traits, including FCR, G:F ratio, and residual feed intake (RFI), and production
traits, such as ADG, BFT, and LP [6-8]. Overall, these observations suggest that feeding
behaviors or pattern traits respond to selection and may be used as an auxiliary trait in
improving feed efficiency (FE) and production traits (PTs) in swine. Given such promising
findings, the relationships of feeding pattern traits with FE and PTs remains worthy of
investigation, to further verify the earlier findings of previous research. Moreover, there still
lack of pertinent data showing the relationship between feeding pattern traits and different
measurements of feed efficiency and other production traits, including ADG, ultrasonically
measured BFT, LMA, and LP in Duroc pigs (DD). Thus, this study aimed (1) to estimate
the genetic parameters of feeding pattern traits, (2) and their genetic relationships to feed
efficiency and production traits, (3) and to estimate the non-heritable common spatial pen
effect for all studied traits of DD pigs used in this study.

2. Materials and Methods
2.1. Source of Data

A total of 602 male Duroc (DD) pigs with feeding records at the growing-finishing
stage were used in the analyses. These pigs were born from 2018 to 2020 and reared in
testing pens of one GGP farm located in South Korea. Each testing pen was equipped
with Acemo Genstar (Genstar, Acemo Skiold, Pontivy, France) automatic electronic feeders.
The tested pigs included in this study had an initial age (ITA) of 82.99 £ 1.72 days and
initial weight (IBW) of 43.70 £ 4.86 kg. All the pigs used in this study were allowed to
feed ad libitum for an average of 62.33 & 0.65 days until reaching the average final testing
weight (FBW) of 110.23 & 10.39 kg.

2.2. Feed Efficiency and Production Traits

The feed efficiency traits include the feed conversion ratio (FCR) obtained using
the total feed intake and total weight gain during the entire testing period, and five
measures of residual feed intake (RFI) obtained by regressing average daily feed in-
take (ADFI) in models with testing batch (contemporary group, CG) as the common
fixed effect and unique covariates for each model including ITA, IBW, ADG for RFI1;
ITA, IBW, ADG, BFT for RFI2; ITA, IBW, ADG, LMA for RFI3; ITA, IBW, ADG, BFT and
LMA for RFI4; and ITA, ADG, BFT, LMA and average metabolic body weight (AMBW) for
RFI5. The IBW was not included in the final model due to its high correlation with AMBW;
the latter trait was computed following the formula established by Noblet et al. (1999) [9],
with the equation (FBW160 — IBW1-60) /[1.60 (FBW!-60 — IBW1-60)]. The production traits
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include on-test average daily gain (ADG), ultrasound backfat thickness (BFT), ultrasound
loin muscle area (LMA), and ultrasound lean percentage (LP). BFT, LMA, and LP were all
measured at the end of the testing period using A-mode scanners (PIGLOG 105, Frontmatec,
Kolding, Denmark). The mean values of feed efficiency and production traits in this study
are presented in Table 1.

Table 1. Descriptive statistics of production and feed efficiency trait of Duroc pigs.

Traits N Unit Mean SD Minimum Maximum
ADG 603 g/day 1067.32 129.55 642.86 1417.74
BFT 603 mm 14.23 2.26 8.00 22.00

AMBW 603 kg0 13.43 0.74 11.15 15.43
FCR 602 kg/kg 2.30 0.19 1.68 3.13
LMA 603 cm? 26.03 2.98 17.98 35.21

LP 603 % 56.95 2.23 50.00 64.50
RFI1 602 g/day 0.00 167.78 —536.28 885.39
RFI2 602 g/day 0.00 164.59 —524.75 905.40
RFI3 602 g/day 0.00 167.65 —541.20 895.56
RFI4 602 g/day 0.00 164.56 —527.46 910.54
RFI5 602 g/day 0.00 164.60 —528.84 909.22

SD; standard deviation; ADG, on-test average daily gain; BFT, backfat thickness; AMBW, average metabolic
body weight; FCR, feed conversion ratio; LMA, loin muscle area; LP, lean percentage; RFI1—RFI model 1;
RFI2—RFI model 2; RFI3—RFI model 3; RFI4—RFI model 4; RFI5—RFI model 5; g, grams; mm, millimeter;
kg, kilograms; kg/kg, kilograms feed consumed over kilograms gain in weight; cm?, square centimeter.

2.3. Electronic Feeder and Criteria Set for Filtering Feeding Visits Records

The single-place automatic electronic feeders (Acemo Genstar) used by the GGP farm
provided pigs with 24 h feed supply during the entire test duration; however, the feeders
only allowed one pig to eat at a time. The feeding and non-feeding visits of individual pigs
were measured using an electronic transponder installed in the ear tag of each pig. This
transponder sent a radio frequency together with the unique identification number of each
pig whenever they entered the electronic feeders.

A total of 367,902 raw feeder visit records were obtained using Acemo Genstar elec-
tronic feeders. The raw records comprised the pig identification number from the electronic
transponder located in the ear tag of each pig, the time of entering and leaving the feeder,
and the feed intake per visit. This initial information obtained from the electronic feeders
was used to derive other feeding pattern traits, including the number of visits per day,
occupation time inside the feeder per day and per visit, and feeding rate per visit. Subse-
quently, all the derived feeding pattern traits were filtered using the criteria presented in
the studies of Eissen et al. (1998) [10] and Casey et al. (2005) [11]. These criteria include
feed intake per visit (FIV) of not <—20 g and >2000 g or FIV of not >20 g if occupation time
per visit (OTV) is equal to 0 s; OTV of not <0 s and >3600 s; feeding rate (FRV) per visit of
not >500 g/min if FIV <50 g; FRV of not >110 g/min if FIV was >50 g, with preceding or
following visit having FIV of <—20 g; FRV of not >170 g/min if FIV was >50 g with no
preceding or following visit having FIV of <—20 g; FRV of =0 g/min with OTV of >500 s;
FRYV of <2 g/min except for those visits with FRV = 0 g/min; all visits except the last visit
to the feeder during the test period should not have a leading time difference (LTD) and
following time difference (FID) of <0 s. The related feeder visits that do not fit with these
set criteria for each feeding pattern trait were removed from the dataset before the analyses.
After filtering, 366,272 feeding pattern records remained.

2.4. Feeding Pattern Traits

The filtered feeding and non-feeding records obtained from the electronic feeders
were then used to derived the following feeding patterns traits, namely, average number
of feeding visits per day (ANVD), calculated by dividing the total number of visits by
the number of feeding days; average feed intake per feeding visit (AFIV), calculated by
dividing total feed intake by the total number of feeding visits throughout the test duration;
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average occupation time per day (AOTD), calculated by dividing total occupation time
inside the feeder by the number of feeding days; average occupation time per visit (AOTV),
calculated by dividing total occupation time inside the feeder by the total number of
visits; average feed intake rate per day (ADFR), calculated by dividing total feed intake by
the total feeding time inside the feeder; average feed intake rate per visit (AFRV), computed
by averaging the feed intake rate per feeding visit of each pig throughout the test duration.
In addition, average daily feed intake (ADFI) was calculated by dividing total feed intake
by the number of feeding days.

2.5. Statistical Analyses

Prior to the analyses of genetic parameters, the potential fixed effects, including
the testing batch as a contemporary group (CG = 22 levels), parity of dam, testing days,
potential fixed covariates including ITA and IBW for ADG, FCR, RFI, and all feeding
pattern traits, and FTA and FBW for BFT, LMA, and LP, were initially tested for their
significance using the PROC GLM procedure of the SAS package/PC version 9.4 [12].
Among the tested fixed effects, only CG was found to be significant in most traits, whereas
IBW was found to be significant as a fixed covariate for ADG, FCR, ADFI, AOTD, ADER,
AFRV, and AFIV, and FBW was found to be significant for BFT, LMA, and LP. CG was
found to be insignificant in all RFI measures due to the initial inclusion of this fixed effect
in the estimation of their value. However, CG was still included as a fixed effect for all
RFI measures, similar to the studies of Lu et al. (2017) [7], Gilbert et al. (2007) [13], and
Saintilan et al. (2013) [14].

The genetic parameters and (co)variance components for each feeding pattern trait
were estimated using three animal models and the restricted maximum likelihood method
(REML) of the WOMBAT program [15]. The three animal models used in the analyses are
presented below:

Model 1: y, = Xb+Zja+Zyc+e @)
Model 2: y, = Xb +Zja+ Zzp +e 2
Model 3: y, = Xb + Zja+ Zoc + Zsp +e (3)

where y; is the vector of observations for each feeding pattern trait; b is the vector of
fixed effects of the contemporary group (CG or testing batch = 22 levels); a is the vector of
additive genetic effects; c is the vector for the common litter effect; p is the vector for random
common spatial pen effects; e is the vector for random residual effects. X, Z,, Z,, and Z3 are
the corresponding indices matrices for fixed, additive genetic, common litter, and common
spatial pen effects, respectively. The animal genetic, common litter, and spatial pen terms

were assumed to be independent and distributed asa ~N (0, Aoﬁ) ,c~N (0, IG%) ,p~N (0, Io%) ,

and e ~N (0, IO'%) , respectively. A, 1, 0‘%, Gg, Gl%, and Gg represent the numerator relationship

matrix (NRM), identity matrix, variances of random animal genetic, random common litter

effect, random common spatial pen effect, and random residual error effect, respectively.

A total of 328 litters and 20,226 animals in the pedigree were included in the analyses.
The heritability estimate (h?) was obtained as the ratio of additive genetic (02) to

phenotypic (6%,) variance as shown in the equation below:
h?=-2 )

Bivariate analyses were undertaken to estimate the genetic and phenotypic correlation
of feeding pattern traits to feed efficiency and production traits. The animal model 1,
including the corresponding covariates for each trait, was used for these analyses.
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2.6. Model Comparison

The basis of comparison among the models in this study was undertaken using
the likelihood ratio test (LRT). The LRT was applied to test the significance between the full
and nested models [16]. The equation used to compute the LRT value is shown below:

LRT = (—2log L from nested model) — (—2log L from full model) ®)

where log L is the logarithm of the restricted maximum likelihood function. The statistical
significance for the LRT value obtained in this study was set at p < 0.05. The obtained
LRT value was compared to the chi-square (X?) distribution based on the degrees of
freedom derived from subtracting the number of parameters in two models. A signifi-
cant LRT value indicates that the full model has better model fit than the nested model,
whereas an insignificant LRT value indicates that the nested model with fewer parameters
is the most appropriate model.

3. Results and Discussion
3.1. Descriptive Statistics of Feeding Pattern Traits

The descriptive statistics for feeding pattern traits are presented in Table 2. The mean
values for ADFI, AOTD, AOTV, ADFR, AFRV, ANVD, and AFIV were 2.48 kg/day,
81.26 min/day, 8.85 min/visit, 31.86 g/min, 28.71 g/min, 9.93 visits/day, and 297.06 g/day,
respectively. Using the electronic feeders manufactured by the same manufacturer
(ACEMA 64), Do et al. (2013) [6] reported that DD boars with body weight ranging from
30 to 100 kg had comparable mean values for daily feed intake (DFI), time per day (TPD),
time per visit (TPV), feed intake rate (FR), number of visits to feeder per day (NVD), and
feed intake per visit (FPV) of 2.40 kg/day, 81.05 min/day, 8.58 min/visit, 30.61 g/min,
11.07 visits/day, and 250 g/visit, respectively. Moreover, the same researchers reported
that DD had higher TPD and NVD than LL (Landrace) and Yorkshire (YY) boars. Using
FIRE feeders, Lu et al. (2017) reported lower mean ADFI (2.15 kg), AOTD (61.92 min),
and ANVD (5.77 visits/day), and higher mean ADFR (36.72 g/min), AFRV (36.72 g/min),
AFIV (471.62 g/visit), and AOTV (12.97 min/visit) in DD boars.

Table 2. Descriptive statistics for feeding pattern traits of Duroc pigs.

Traits Unit Mean SD Minimum Maximum
ADFI kg/day 2.48 0.34 1.62 3.86
AOTD min/day 81.26 14.14 47.43 134.23
AOTV min/ visit 8.85 2.73 3.29 18.80
ADFR g/min 31.86 6.30 16.52 50.85
AFRV g/min 28.71 6.05 15.30 46.57
ANVD visits/day 9.93 3.16 3.79 25.23
AFIV g/ visit 297.06 96.44 89.83 826.76

ADFI, average daily feed intake; AOTD, average occupation time per day; ADFR, average daily feeding rate;
ANVD, average number of visits per day; AFIV, average feed intake per feeding visit; AOTV, average occupation
time per visit; AFRV, average feeding rate per feeding visit; SD, standard deviation; kg, kilograms; min, minutes;
g, grams.

Compared to observed mean values for DD in this study, Labroue et al. (1997) [3]
reported lower DFI (2.19 kg/day and 2.25 kg/day) and TPD (58.90 min and 59.10 min), and
higher FR (39.90 g/min and 41.50 g/min) in Large White (LW) and LL pigs, respectively,
using electronic feeder manufactured by the same manufacturer but with a different model
(ACEMA 48). Von Felde et al. (1996) [17] also reported that LW and LL had lower mean
values for TPD (49.20 min) and DFI (2.36 kg/day), and much higher mean values for
TPV (11.54 min/visit), FPV (565.80 g/visit), and FR (49 g/min), in five testing periods
using ACEMA 48 feeders.

However, there were a number of differences with our study and these cited references,
including on-test growth rate of the pigs, the calculation methods for some feeding pattern
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traits, the starting weights and testing duration, and the numbers of pigs per pen. These
studies also housed mixed breeds in the same testing pen. According to Do et al. (2013) [6],
the use of DD, LL, and YY pigs, which grow faster and eat more compared to pigs used
in previous studies, may explain the higher mean TPD observed in their study. More-
over, Labroue et al. (1994) [18] reported that mixing of LW and LR in a similar testing
pen could influence the feeding pattern of the latter breed. Based on these observations,
the differences in the observed mean values may be due to various factors, including
the differences in the growth rate of the tested pigs, breed differences, differences in elec-
tronic feeder, discrepancies in the initial testing weight and testing period, variations in
the calculation method for feeding pattern traits, the number of pigs allowed for each
testing pen, and the housing of mixed breeds in the same testing pen.

3.2. Heritability Estimates of Feeding Pattern Traits

The heritability estimates for feeding pattern traits are presented in Table 3. The lowest
heritability estimates among feeding pattern traits of DD were observed for models 1 and 3
of ADFI (0.20 and 0.19) and AFIV (0.18 and 0.19). However, the same traits had moderate
heritability for model 2. ANVD had moderate heritability, ranging from 0.27 to 0.34, with
model 2 having the highest estimate. The observed low heritability for model 1 in ADFI
was consistent with the finding of Lu et al. (2017) [7], with reported heritability of 0.18 using
a model with random animal effects. However, similar studies reported lower heritability
for a model with a random spatial pen effect. In contrast, numerous researchers reported
moderate to high heritability estimates of 0.36 [4], 0.41 [6], 0.44 [19], and 0.49 [20] for ADFI
in DD pigs. The observed heritability for AFIV and ANVD in this study were far lower than
those observed, respectively, by Langdon (2015) [4] of 0.66 and 0.53; Do et al. (2013) [6] of
0.49 and 0.44; and Lu et al. (2017) [7], ranging from 0.37 to 0.49 and 0.36 to 0.68 for the same
pig breed. Moreover, Von Felde et al. (1996) [17] reported low to moderate heritability for
feed intake per day (0.16 to 0.30), and high heritability estimates for number of visits per
day (0.43) and feed intake per visit (0.51) in LW and LL breeds.

The time of stay inside the feeder trait in this study includes both AOTD and AOTV.
Estimates of heritability for AOTD in this study were found to be identical for all models
(0.73) due to almost zero litter and pen effect for this trait. Such high heritability esti-
mates for AOTD were also observed in DD boars by Do et al. (2013) [6], of 0.56, and
Luetal. (2017) [7], of 0.50 to 0.71. However, Langdon (2015) [4] reported much lower heri-
tability of 0.22 for the same breed and trait. In AOTYV, all models had moderate heritability
ranging from 0.21 to 0.31. Contrary to this observation, several researchers reported much
higher heritability for time per visit of 0.88 [4], 0.47 [6], and 0.51 to 0.58 [7] for the same pig
breed. Von Felde et al. (1996) [17] and Kavlak and Uimari (2019) [8] also reported moderate
to high heritability for both time traits of LW and LL, and Yorkshire (YY), respectively.

In terms of feeding rate traits, including ADFR and AFRV, model 2 had higher es-
timates than models 1 and 3. Specifically, high heritability estimates were found for
both feeding rate traits ranging from 0.59 to 0.64. Such high heritability for feeding rate
traits was also observed by Do et al. (2013) [6], of 0.56, and Langdon (2015) [4], of 0.76,
whereas Lu et al. (2017) [7] reported lower heritability estimates for feeding rate traits
ranging from 0.19 to 0.35 for ADFR and 0.18 to 0.48 for AFRV of the same pig breed.
Von Felde et al. (1996) [17] and Labroue et al. (1997) [3] also reported high heritability for
the rate of feed intake in LW and LL; however, these authors still observed lower heritability
for the latter trait than that observed in this study.
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Table 3. Heritability estimates and variance components for feeding pattern traits of Duroc pigs.

Traits Model 1 Model 2 Model 3

o2 o? h? 2 -—2logL LRT1 o2 o? h? p> —2logL LRT2 o? o? h? 2 p> —2loglL
ADFI 158 x 1072 514 x 1072 02040.11 0.14 —860.73 36.02* 2.60x 1072 460x 1072 0324010 0.13 —890.74 6.01* 152x10"2 441x102 0194010 0.14 013 —896.75
AOTD 129.58 47.66 073+0.12 0.00 351155 0.06™ 130.13 46.97 0.73+0.11 0.003 351149 0.01" 129.58 46.79 0.73+0.12 0.004 0.003 3511.49
AOTV 1.62 450 025+0.12 007 170341 39.13* 217 3.88 0314011 013 166657 2290 1.46 3.89 021+011 008 014 166428
ADFR 19.07 11.60 0.62+0.11 0.00 252679 23.19* 20.45 8.95 0.64+0.10 008 2503.62 0.02"s 20.28 8.89 0.63+011 0.01 009  2503.60
AFRV 17.59 12.11 059 +£0.12 0.00 251570 61.95* 20.42 6.84 0.63+0.11 017  2453.75 0.00"s 20.42 6.84 0.63+£011 0.00 017 245375
ANVD 2.80 6.17 030+£0.12 0.04 1899.44 42.05* 3.42 5.10 034+0.10 015 185896  1.57"s 2.72 5.05 027 +£011 0.07 015  1857.39
AFIV 1437.74 5630.88 018+0.11 0.11 5823.03 77.25*% 2954.99 4016.33 033+0.11 022 5750.02 4.24* 1654.72 4107.01 019+010 011 023 574578

(73, additive genetic variance; (73, residual variance; h2, heritability estimates; c2, variance ratio for common litter effect; p2, variance ratio for spatial common pen effect; —2 log L, —2 logarithm of the restricted maximum
likelihood function; LRT1, likelihood ratio test value between model 1 and model 3; LRT2, likelihood ratio test between model 2 and model 3; ADFI, average daily feed intake; AOTD, average occupation time per day; AOTV;
average occupation time per visit; ADFR, average daily feeding rate; AFRV, average feeding rate per feeding visit; ANVD, average number of visits per day; AFIV, average feed intake per feeding visit. * p < 0.05; ™, not
significant.
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The observed differences for the heritability estimate of feeding pattern traits may
be attributed to differences in breed, sex, feeder and pen design, pen density, number of
tested animals, calculation differences for each feeding pattern trait, and model differences
in the estimation of genetic parameters. According to Do et al. (2013) [6], a possible bias in
the estimate of heritability and genetic parameters may arise when data are from selected
pigs, such as a sample of mostly males with high genetic merit is tested. This observation
may be relevant because only candidate DD boars were included in this study. Despite these
observed differences in heritability estimates, the moderate to high heritability for majority
feeding pattern traits obtained in this study suggests a rapid improvement in these traits
once they are considered in the breeding program. However, to avoid a negative impact on
the performance of the swine industry, familiarization with the genetic correlation of these
feeding pattern traits to feed efficiency and production traits must always be considered
before including them in the breeding program.

3.3. Additive Common Litter Effect

The common litter effect accounted for nil to a small portion of the total variability
among feeding pattern traits in DD pigs, with corresponding percentage values of 0.00% to
14.00% (Table 3). The percentage of variance explained by the litter effect for ADFI, AOTD,
AOTV, ADFR, AFRV, ANVD, and AFIV in model 1 was 14.00%, 0.00%, 7.00%, 0.00%, 0.00%,
4.00% and 11.00%, respectively. The corresponding percentage value for similar feeding
pattern traits using model 3 was 14.00%, 0.40%, 8.00%, 1.00%, 0.00%, 7.00%, and 11.00%,
respectively. These findings were comparable to those reported by Hall et al. (1997) [5],
with percentage variance due to a common litter effect of 12.00%, 0.00%, 0.00%, 0.00%,
5.00%, and 5.00% for daily feed intake, time per day, time per visit, feeding rate, number
of visits per day, and feed intake per visit, respectively. The noticeable small percentage
of variance due to the litter effect in this study indicates that the addition of the common
litter effect would likely result in small improvement in the precision of breeding value
estimation for most feeding pattern traits of DD pigs.

3.4. Additive Common Spatial Pen Effect

The common spatial pen effect in models 2 and 3 in this study accounted for 0.30% to
23.00% of the total variability of feeding pattern traits (Table 3). The highest percentage
variance due to the common pen effect was observed in AFIV, whereas the lowest was
observed in AOTD. In the study of Do et al. (2013) [6], a substantial percentage variance
due to common pen effects was also observed in some feeding pattern traits for the same
pig breed with corresponding estimates of 4.00% for DFIL, 3.00% for TPD, 12.00% for
TPV, 5.00% for FR, 9.00% for NVD, and 10.00% for FPV. It should be noted, however,
that the specific pen effects (physical pen location, social pen mate interaction) used by
the latter researchers were not clearly mentioned in their study. Overall, these observations
indicate that the inclusion of the common spatial pen effect may result in a substantial
improvement in the estimation of genetic parameters for most feeding pattern traits of
DD pigs. However, testing the goodness of fit when adding additional random effects
must be considered to determine the best model fit that would result in the most precise
estimates of breeding value for these traits.

3.5. Model Comparison

The likelihood ratio test among models for each trait was used as a basis for model
comparison (Table 3). In all feeding pattern traits, with the exception of AOTD, model 3
was found to be the more appropriate model compared to model 1 by having significant
(p < 0.05) LRT1 values ranging from 23.19 to 77.25. The LRT1 value for AOTD, of 0.06, was
found to be lower than the X? distribution, which indicates that model 1 with fewer param-
eters was the most appropriate for this trait. The feeding pattern traits, with the exception
of ADFI and AFIV, had insignificant (p > 0.05) LRT2 values ranging from 0.00 to 1.57, which
indicates that model 2 was more appropriate than model 3 in most feeding pattern traits.
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3.6. Correlation among Feeding Pattern Traits

The genetic and phenotypic correlation among feeding pattern is presented in Table 4.
The ADFI in DD had low positive genetic and phenotypic correlation with AOTD (0.23
and 0.22); close to zero genetic and moderate phenotypic correlation with ADFR (0.12 and
0.42) and AFRV (0.12 and 0.39); high and positive genetic, and close to zero phenotypic cor-
relation with ANVD (0.52 and 0.07); and close to zero genetic and low positive phenotypic
correlation with AFIV (—0.06 and 0.26). In contrast, ADFI had high negative genetic and
zero phenotypic correlation with AOTV (—0.60 and 0.00). These observations indicate that
any increase in ADFI would result in DD pigs eating for a longer time per day, spending
less time inside the feeder per visit, and making more frequent visits to the feeder. Most of
these observations were in the same direction as the findings of Do et al. (2013) [6], but with
different levels of magnitude. Specifically, daily feed intake (DFI) had low to moderate ge-
netic and phenotypic correlation with time per day (TPD), number of visits per day (NVD),
feeding rate (FR), feeding per visit (FPV), and time per visit (TPV), ranging from 0.19 to
0.32 and 0.16 to 0.46, respectively, whereas DFI had low negative genetic correlation (—0.16)
and close to zero phenotypic correlation (—0.09) to TPV. Lu et al. 2017 [7] also reported
that ADFI had moderate to high positive genetic correlation with all feeding behavior traits,
including AOTD, ANVD, ADER, AFRV, and AFIV, with correlation coefficients ranging
from 0.47 to 0.83. However, the latter researchers reported moderate positive genetic
correlation between ADFI and AOTV (0.42), which was opposite with that observed in
this study.

Table 4. Genetic (below diagonal) and phenotypic (above diagonal) correlation among feeding
pattern traits in Duroc pigs.

Traits ADFI AOTD AOTV ADFR AFRV ANVD AFIV
ADFI 0.22 0.00 0.42 0.39 0.07 0.26
AOTD 0.23 0.23 -0.76 -0.73 0.33 -0.19
AOTV —0.60 0.41 —0.22 —0.03 —0.76 0.81
ADFR 0.12 —0.94 —0.45 0.94 —0.24 0.33
AFRV 0.12 —-0.92 —0.38 0.99 —-0.42 0.49
ANVD 0.52 0.56 —0.50 —0.43 —0.48 —0.83

AFIV —0.06 —0.65 0.33 0.66 0.70 —0.88

ADF]I, average daily feed intake; AOTD, average occupation time per day; AOTV; average occupation time per
visit; ADFR, average daily feeding rate; AFRV, average feeding rate per visit; ANVD, average number of visits
per day; AFIV, average feed intake per visit.

A moderate genetic and low phenotypic correlation between AOTD and AOTV (0.41
and 0.23) was observed in this study. The AOTD had high negative genetic and phenotypic
correlation with ADFR (—0.94 and —0.76) and AFRV (—0.92 and —0.73), whereas AOTV
had moderate negative genetic and low phenotypic correlation with ADFR (—0.45 and
—0.22), and moderate negative genetic and insignificantly different from zero phenotypic
correlation with AFRV (—0.38 and 0.03). Moreover, the AOTD had high positive genetic and
moderate positive phenotypic correlation with ANVD (0.56 and 0.33), and high negative
genetic and low negative phenotypic correlation with AFIV (—0.65 and —0.19). Conversely,
AQOTYV had high negative genetic and phenotypic correlation with ANVD (—0.50 and
—0.76), and moderate genetic and high phenotypic correlation with AFIV (0.33 and 0.81).
The same correlation in terms of direction but with different magnitude for similar traits of
DD pigs was observed in the study of Do et al. (2013) [6]. In particular, TPD had positive
low genetic (0.24) and phenotypic correlation (0.23) with TPV, and high negative genetic and
phenotypic correlation with FR (—0.87 and —0.78), whereas TPV had moderate negative
genetic and low phenotypic correlation with FR (—0.30 and —0.19). The same researchers
also observed a low positive genetic and phenotypic correlation between TPD and NVD
(0.19 and 0.15), and negative low genetic and phenotypic correlation between TPD and FPV
(—0.16 and —0.12), whereas TPV had high negative genetic and phenotypic correlation
with NVD (—0.87 and —0.76) and high positive genetic and phenotypic correlation with



Agriculture 2021, 11, 850

10 of 14

FPV (0.88 and 0.87). The observed contradicting relationships between the length of time
spent inside the feeder traits and feeding rate traits were expected because the former traits
were used as the basis for computing the feeding rate traits, which implies that the feeding
rate of DD pigs will increase and decrease when pigs spend a shorter and longer time
inside the feeder, respectively. The remaining observations indicate that selection for
DD pigs with shorter AOTD and longer AOTV would likely result in fewer visits to
the feeder, and higher feed intake per visit, whereas the opposite is true for longer AOTD
and shorter AOTV.

In the remaining feeding pattern traits, a varied relationship was observed. The ANVD
had low to high negative genetic and phenotypic correlation with ADFR (—0.43 and
—0.24) and AFRV (—0.48 and —0.42). The AFIV had high positive genetic and moderate
phenotypic correlation with ADFR (0.66 and 0.33), and high positive genetic and moderate
phenotypic correlation with AFRV (0.70 and 0.49). These observations were similar in
direction but with far higher magnitude than those observed by Do et al. (2013) [6], who
reported insignificantly different from zero genetic and phenotypic correlation between
NVD and FR (—0.04 and —0.04, respectively), and close to zero genetic and phenotypic
correlation between FPV and FR (0.10 and 0.13, respectively). Lu et al. (2017) [7] also
reported a negative genetic correlation between ANVD and ADFR (—0.28) and between
ANVD and AFRV (—0.33), and a high and positive genetic correlation between AFIV and
ADEFR (0.63) and between AFIV and AFRV (0.63). These observed correlations simply
indicate that DD pigs with a faster feeding rate would result in fewer visits to the feeder
and lower feed intake per visit, whereas the opposite is true for DD pigs with a slower
feeding rate.

In general, these findings indicate that the majority of the feeding pattern traits were
genetically and phenotypically correlated with each other. Among the correlated feeding
pattern traits, the most interesting finding is the negative relationship between the time
spent inside the feeder traits and the feeding rate traits, which indicates that selection
for one of these traits would result in a negative change to other traits, and eventually
in the production and feed efficiency traits to which they are correlated. Therefore, extra
caution should be applied, and familiarization with the relationship between feeding pat-
tern traits should always be considered, before including them in the breeding program as
a supplementary trait to improve the feed efficiency and production performance of pigs.

3.7. Correlation between Feeding Pattern and Production Traits in Duroc pigs

The genetic and phenotypic correlation between feeding patterns and production
traits in DD pigs is presented in Table 5. The ADFI had high positive genetic correlation
and moderate to high phenotypic correlation with on-test ADG (0.73 and 0.78), BFT (0.60
and 0.36), FCR (0.54 and 0.45), and all RFI measures (0.67 to 0.72 and 0.61 to 0.63). Moreover,
ADFI was found to have a high negative genetic correlation of —0.58 and —0.74, and close
to zero and moderate negative phenotypic correlation of —0.07 and —0.33 to LMA and LP,
respectively. In similar pig breed, Do et al. (2013) [6] also reported that ADFI had moderate
to high positive genetic and phenotypic correlation, respectively, with on-test ADG (0.45
and 0.32), BFT (0.29 and 0.34), FCR (0.67 and 0.65), RFI1 (0.95 and 0.90), and RFI2 (0.88 and
0.91). Lu et al. (2017) [7] also observed that ADFI had high positive genetic correlation with
on-test ADG (0.82), BFT (0.71), and RFI6 (0.88) in the same pig breed.
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Table 5. Genetic (rg) and phenotypic correlation (rp) of feed efficiency traits with production traits and feed intake of

Duroc pigs.
ADFI AOTD AOTV ADFR AFRV ANVD AFIV

Category  Traits
rg rp I‘g rP rg rp rg rp rg rp rg rp rg rp
ADG 073 078 0.04 0.16 —0.63 0.00 0.21 0.33 0.28 0.31 0.35 0.06 0.02 0.21
Production BEL 060 036 0.26 0.10 0.38 0.10 0.04 0.10 —0.02 0.09 0.18 0.01 0.24 0.12
roduction yafA —058 —0.07 —0.05 —0.01 0.00 0.03 —-0.05 —0.02 —001 —-003 —0.02 —-0.03 —0.02 —0.01
LP -074 —033 —039 —0.11 0.12 —0.05 0.06 —0.05 0.16 -0.05 —077 —0.05 0.26 —0.08
FCR 054 045 0.27 0.12 —0.17 0.00 —0.01 0.17 —0.08 0.16 0.34 0.03 -0.13 0.11
RFI1 072  0.63 0.33 0.15 —0.25 0.00 —0.06 0.25 —0.13 0.23 0.46 0.04 —0.16 0.14
Feed Ef- RFI2 068 061 0.24 0.14 —040  —0.02 0.00 0.26 —0.04 0.23 0.38 0.04 —0.13 0.13
ficiency ~ RFI3 071 0.63 0.33 0.15 —0.26 0.00 —0.06 0.25 —0.12 0.23 0.47 0.04 —0.16 0.14
RFI4 067 061 0.24 0.14 —041  —0.02 0.00 0.26 —0.04 0.23 0.39 0.04 -0.13 0.13
RFI5 067 061 0.24 0.14 —041  —0.02 0.00 0.26 —0.04 0.23 0.39 0.04 -0.13 0.13

ADFI, average daily feed intake; AOTD, average occupation time per day; AOTV; average occupation time per visit; ADFR, average daily feeding rate;
AFRYV, average feeding rate per visit; ANVD, average number of visits per day; AFIV, average feed intake per visit; ADG, on-test average daily gain in
weight; BFT, ultrasound backfat thickness; LMA, ultrasound loin muscle, LP, ultrasound lean percentage; FCR, feed conversion ratio; RFI1—RFI model
1; RFI2—RFI model 2; RFI3—RFI model 3; RFI4—RFI model 4; RFI5—RFI model 5.

The genetic correlation of AOTD and ANVD with most of the production and feed
efficiency traits ranged from low to moderate. Specifically, the AOTD and ANVD had low
to moderate positive genetic correlation to BFT (0.26 and 0.18), FCR (0.27 and 0.34), RFI1
(0.33 and 0.46), RFI2 (0.24 and 0.38), RFI3 (0.33 and 0.47), RFI4 (0.24 and 0.39) and RFI5
(0.24 and 0.39), respectively. Contrastingly, AOTD and ANVD had moderate and high
negative genetic correlations to LP (—0.39 and —0.77, respectively). Moreover, the AOTD
was found to have no genetic correlation to ADG (0.04), whereas ANVD, ADFR, and AFRV
had low to moderate positive genetic correlation to on-test ADG of 0.35, 0.20, and 0.28,
respectively. These observations were in a similar direction but with different magnitude to
those observed by Do et al. (2013) [6], where TPD had low positive genetic correlation with
on-test ADG (0.23), BFT (0.10), FCR (0.11), RFI1 (0.25), and RFI2 (0.20), whereas NVD had
a moderate to high positive genetic relationship to FCR (0.50), RFI1 (0.40), and RFI2 (0.44).
Lu et al. (2017) [7] reported similar findings but also found different magnitudes for most
of the correlations mentioned earlier, where AOTD had close to zero genetic correlation
with on-test ADG (0.11), high and positive genetic correlation with RFI (0.72), and high
negative genetic correlation to G:F ratio (—0.65), which is equivalent to a positive corre-
lation coefficient to FCR. Furthermore, the latter researchers also observed a moderate
to high positive genetic correlation between feeding rate traits (ADFR and AFRV) and
on-test ADG of 0.57 and 0.23, respectively, and moderate positive genetic correlation be-
tween ANVD and RFI (0.23). However, Do et al. (2013) [6] reported a low positive genetic
correlation between TPD and on-test ADG (0.23), Lu et al. (2017) [7] reported a low nega-
tive genetic correlation between ANVD and BFT (—0.25), and both researchers reported
a moderate negative genetic correlation between the number of visits per day and on-test
ADG (—0.26 and —0.28, respectively), which were all opposite to those observed in this
study. The corresponding phenotypic correlations of most genetic correlations discussed
above were low, with the exception of the phenotypic correlation between ADFI and most
of the production and feed efficiency traits in this study. The low phenotypic correlation
of most feeding pattern traits to feed efficiency and production traits is probably due
to their low residual or environmental correlation. According to Cheverud (1984) [21],
the similarity between genetic and phenotypic correlation occurs when environmental
effects act in the same direction and pathways as genetic effects.

These earlier observations suggest DD pigs that eat more per day (ADFI), visit
the feeders for a longer period per day (AOTD), and more frequently visit the feeder
per day (ANVD) may result in slightly higher BFT, less lean percentage (LP), and less
feed efficient pigs due to higher FCR and RFI. According to Rauw et al. (2006) [22], DD
barrows that spent longer inside the feeder ate significantly more and had higher RFI. By
comparison, the DD pigs in this study, which visited the feeders more frequently (ANVD),
may result in faster growing pigs. However, this latter observation was opposite to those
observed by Do et al. (2013) [6], Langdon (2015) [4], and Lu et al. (2017) [7], which may
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partly be attributed to the observed high and negative genetic correlation of AOTV with
ADG (—0.63), ANVD (—0.50), and ADFI (—0.60), and high and positive genetic correlation
between ANVD and ADFI (0.52) in this study (shown in Table 4). These assumptions
appeared because any decrease in AOTV may result in higher ADFI and ANVD and,
eventually, higher on-test ADG.

In addition to the negative correlation between AOTV and ADG, the earlier trait
also had a low to moderate negative genetic correlation with FCR (—0.17), and all RFI
measures (—0.25 to —0.41), and a moderate positive genetic correlation with BFT (0.38).
Most of these observations were in agreement with those reported by Do et al. (2013) [6],
where TPV had a low to moderate negative genetic correlation with FCR (—0.43), and RFI
(—0.28 to —0.31), and a moderate positive genetic correlation with BFT (0.26). However,
the same researchers also reported a moderate positive genetic correlation between TPV
and on-test ADG (0.35), which was opposite with that observed in this study. The negative
genetic correlation between AOTV and ADG in this study may be partly attributed to
the observed a moderate to high negative genetic correlation of AOTV with ADFI (—0.60),
AFRV (—0.38), and ANVD (—0.50), and a moderate positive genetic correlation between
ANVD and ADG, and AFRV and ADG (0.28), as shown in Table 4. These assumptions
appeared because the negative correlation between AOTV and ADFI indicates that pigs
spending longer inside the feeder per visit would result in lower ADFI and, eventually,
in lower ADG, whereas the association between ANVD and AFRV emerged because any
decrease in either of these traits would lead to longer AOTV, which would also result
in lower ADFI and ADG. Therefore, the observed genetic relationships of AOTV with
production and feed efficiency traits suggest that DD pigs with a longer time spent inside
the feeder per visit would result in a lower ADG, less residual feed intake, and higher BFT,
whereas the opposite is true for a shorter time spent inside the feeder per visit.

The AFIV had alow positive genetic correlation with BFT (0.24) and LP (0.26). Do et al. (2013) [6]
and Lu et al. (2017) [7] also reported a low positive genetic correlation between feed intake
per visit and BFT of 0.29 and 0.15, respectively. However, both references reported a high
genetic correlation between feed intake per visit and on-test ADG (0.40 and 0.54, respec-
tively), which were not found to be correlated in this study. These findings indicate that, as
the AFIV increases, there would be a corresponding increase in BFT and LP in DD pigs,
whereas the opposite is true when AFIV decreases.

Overall, the most interesting genetic correlation was observed between AOTD and
most production and feed efficiency traits. Specifically, selection against AOTD would
not influence ADG but may result in the improvement of both FCR and RFI values, and
a favorable slight decrease in BFT and increase in LP. Additionally, selection for DD
with a faster feeding rate may result in the improvement of ADG but may negatively
influence AOTD, which may eventually result in a negative impact on other production
and feed efficiency traits. Therefore, careful evaluation of the genetic correlation among
feeding pattern, production, and feed efficiency traits before including them in the breeding
program should always be considered to avoid these potential problems.

4. Conclusions

In this research, most of the studied feeding pattern traits were found to be moderately
to highly heritable, indicating their rapid improvement once included in the breeding
program. The addition of the common spatial pen effect had a substantial impact on
the phenotypic variability of most feeding pattern traits in DD pigs. Based on the LRT1
value, animal model 3, with an additional random litter and spatial pen effect, was more
appropriate than model 1 for all feeding pattern traits, with the exception of AOTD.
However, based on the LRT2 value, model 2 was more appropriate than model 3 for all
feeding pattern traits, with the exceptions of ADFI and AFIV. Among feeding pattern
traits, ADFI had a consistent genetic and phenotypic correlation with most production and
feed efficiency traits. However, selection against ADFI may result in a negative impact on
the growth rate of DD pigs. At the genetic level, the most interesting correlation was found
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in AOTD, which indicates that selection against this trait would not influence ADG but
would probably improve FCR, reduce RFI, and increase LP. However, the corresponding
phenotypic correlations of AOTD with production and feed efficiency traits were weak,
probably due to the low residual or environmental correlation for these traits, which
implies that improvements to the farm environment and management may also positively
influence these correlated traits. At the genetic level, the feeding pattern traits showed
potential in improving feed efficiency and production traits. However, further studies are
needed to evaluate their impact at the phenotypic level. Moreover, to obtain more precise
results in future related studies, a larger number of experimental animals is recommended.
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