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ABSTRACT The aims of this study were to investigate
the genetic background of foot-pad dermatitis (FPD)
in 4 different broiler lines reared in 2 contrasting en-
vironments (pedigree or sib-test) and to evaluate the
performance of simultaneous genetic selection for im-
proved FPD and BW. Data were available for 4 genera-
tions from 4 broiler lines, bred with varying intensities
of selection for growth. The average BW ranged from
1.7 to 2.4 kg at 5 wk of age. In the pedigree environ-
ment, the prevalence of FPD ranged from 14 to 37%,
with 3 to 9% being severely affected; in the sib-test
environment, these values were correspondingly 45 to
79% and 35 to 70%. Both traits showed re-ranking of
the 4 lines in terms of phenotype across the 2 envi-
ronments, indicating the existence of a genotype-by-
environment interaction. In both environments, females
showed higher prevalences of FPD than males. In line
with their higher prevalence, heritabilities of FPD in
the sib-test environment ranged from 0.22 to 0.32,

compared with 0.18 to 0.24 for FPD in the pedigree
environment (all SE <0.02). Estimates of the genetic
correlation between FPD in the pedigree and in the
sib-test environments were high (0.78-0.82), which sug-
gests that selection against FPD in a highly biosecure
environment can improve the genetic merit for birds
reared under commercial conditions. Estimates of the
genetic associations between FPD and BW were small
and varied in sign. Predicted responses to selection
showed a yearly reduction in average score of —3.4 to
—7.5% for FPD in the pedigree environment and —0.5
to —6.6% for FPD in the sib-test environment, while
maintaining improvement of BW of 2.6 to 3.2% and 2.6
to 3.8% of the average BW per year, respectively. This
research indicates that balanced genetic selection for
both BW and FPD in contrasting environments is an
effective strategy to reduce the genetic disposition to
develop FPD in broilers.
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INTRODUCTION

Foot-pad dermatitis (FPD), a form of contact der-
matitis, is an ulceration of the skin of the foot in chick-
ens and turkeys (Martland, 1984; Greene et al., 1985;
Mayne, 2005). Affected areas show a dark discoloration
and an inflammation and necrosis of the skin (Greene
et al., 1985). It is associated with a range of welfare
issues (e.g., Martland, 1984, 1985; Kestin et al., 1999),
and the Council of the European Union determined
that monitoring of the levels of contact dermatitis at
postmortem inspections should be used as an indicator
of poor welfare conditions (Council of the European
Union, 2007).
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The mean prevalence of FPD in European countries
ranged from 11 to 49% in standard commercial systems
(Ekstrand et al., 1997; Sanotra et al., 2003; Haslam et
al., 2007). Trial studies in the Netherlands and Den-
mark found prevalences ranging from 19 to 93% (Kjaer
et al., 2006; Ask, 2010). The broad range reflects the
large differences in management, environment, and
genotypes among these studies. Ekstrand et al. (1997)
found no significant difference in prevalence of FPD
between 2 commercial broiler hybrids in Sweden, but
they did find significant effects of environmental fac-
tors, such as litter quality, litter depth, and drinker
type. A trial study using 4 commercial broiler hybrids
found significant differences in prevalence of FPD at
slaughter among the crosses, with one strain show-
ing significantly higher scores than the others (Kestin
et al., 1999). A survey of commercial broiler farms in
Sweden and Denmark found significant differences in
prevalence of FPD at slaughter between 2 commercial
broiler hybrids, but this was confounded with large
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differences in housing and BW between the countries
(Sanotra et al., 2003).

Estimates of heritabilities for FPD and genetic cor-
relations with BW were first reported by Kjaer et al.
(2006). The authors evaluated FPD in a dual-purpose
strain and a commercial broiler hybrid. Foot-pad der-
matitis was only present in the latter (17% at 4 wk of
age and 44% at 6 wk of age). The commercial hybrids
were produced from parent stock in a fully pedigreed
system and a heritability of 0.31 + 0.12 was estimated,
with a favorable genetic correlation with BW of —0.08
+ 0.26. Ask (2010) reported prevalences and herita-
bilities of FPD in 8 female and 2 male purebred com-
mercial lines. The total prevalence (57-93%) and the
probability of being more severely affected (45-76%)
differed significantly among the 10 lines. The estimates
of heritabilities, estimated in the 2 male lines at 0.21
4+ 0.03 and 0.08 + 0.02, were lower than those found
by Kjaer et al. (2006), which may be due to the more
elaborate scoring system and the higher prevalence
in the latter study. The favorable genetic correlations
with BW (—0.51 4+ 0.12 and 0.08 + 0.19) showed high
standard errors but may indicate that the relationship
between FPD and BW is line-dependent (Ask, 2010).

Differences in the prevalence and estimated herita-
bilities of FPD have been found between strains within
the same environment (Kestin et al., 1999; Kjaer et
al., 2006; Ask, 2010). However, none estimated genet-
ic parameters for broilers sharing a common genetic
background but reared in different environments. The
effect of an environment on the phenotype can vary
depending on the genotype of an individual (genotype-
by-environment interaction; G x E; Kruuk et al., 2008)
and responds to natural or artificial selection (Scheiner,
1993). Long-term selection on traits in a specific envi-
ronment may be accompanied by an increased environ-
mental sensitivity (van der Waaij, 2004). Genotype-by-
environment interactions have been found for a range of
performance traits in broilers (Ye et al., 2006; Long et
al., 2008), and similar interactions may exist for FPD.

The main aim of this study was to estimate herita-
bilities for FPD and genetic correlations with BW in 4
purebred broiler lines, reared in 2 contrasting environ-
ments, and to examine the presence of a GxE interac-
tion. Furthermore, the study aims to investigate the ef-
fectiveness of combined selection for BW and FPD and
the potential to increase the genetic merit for a trait
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across environments in the presence of a GxE inter-
action, through the examination of the recent genetic
trends for both traits.

MATERIALS AND METHODS

Birds, Housing, and Management

The data for this study originate from the ongoing
recording of dermal traits within the Aviagen Ltd.
(Newbridge, UK) breeding program. For this study,
data collected between October 2007 and September
2010, comprising 4 generations, were used. In total, re-
cords for 910,737 birds across 4 purebred commercial
broiler lines (A to D) were available (Table 1). The dif-
ference in selection emphasis has led to large differences
in BW between the lines, with line A having the highest
average BW at 2.4 kg, lines B and C having intermedi-
ate weights at 2.0 kg, and line D having the lowest BW
at 1.7 kg at 5 wk of age. An additional generation of
pedigree was added for the estimation of genetic pa-
rameters. The birds were housed on farms in southern
Scotland in 2 different environments: (1) a high bios-
ecure environment referred to as pedigree (P) environ-
ment where breeding-program selection candidates are
recorded and selected, and (2) a non-bio-secure envi-
ronment referred to as sib-test (S) environment aimed
to resemble broader commercial conditions and where
full-sibs and half-sibs of selection candidates are placed.

Table 2 provides a detailed overview of the environ-
mental parameters for the 2 environments. Water and a
high-quality diet were provided ad libitum throughout
the growing period. Litter was supplied in the form of
a layer of wood shavings, which was topped up as re-
quired. From April 2010 onwards, the amount of wood
shavings per top up was reduced to allow for the fur-
ther expression of the trait. In the P environment, the
litter was removed completely at the end of each cycle,
after which pens were disinfected and filled with fresh
wood shavings. In the S environment, half of the litter
was retained at the end of each cycle, mechanically con-
ditioned, and subsequently topped up with fresh wood
shavings.

The average stocking density in the P environment
between October 2007 and September 2010 ranged
from 29 kg of bird weight per m? in line C to 32 kg of
bird weight per m? in line D. In the same period, the

Table 1. Records for birds across 4 purebred commercial broiler lines (A to D)!

Line Phenotype (P) Phenotype (S) Pedigree c? Batch
A 132,813 15,339 193,081 4,938 3,594
B 217,943 40,371 327,192 5,393 3,236
C 248,096 45,942 384,668 6,372 3,159
D 181,783 28,450 262,034 4,216 1,988

INumber of birds with phenotypic information (Phenotypes) in the pedigree (P) and sib-test (S) environments,
number of birds in the pedigree (Pedigree), number of levels for the permanent environmental effect of the dam
(¢?), and number of levels for the fixed effect accounting for the interaction between the hatchweek, pen, contribut-

ing mating group, and sex of the individual (Batch).
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Table 2. Description of the environmental parameters of the pedigree and sib-test environment

Parameter Pedigree environment

Sib-test environment

Feed d 0-10

Feed d 11-25

Feed d 25—final weighing
Stocking density

Temperature

Photoperiod d 0-7
Photoperiod d 8—final weighing
Light intensity d 0-7 40 Ix
Light intensity d 8—final weighing

23L:1D

Starter (240 g of CP/kg; 12.6 MJ of ME/kg)

Grower (210 g of CP/kg; 13.3 MJ of ME/kg)

Finisher (205 g of CP/kg; 13.5 MJ of ME/kg)
29 to 32 kg of bird weight per m?

Gradually reduced from 29 to 20°C

20L:4D (18L:6D from October 2009)

Gradually reduced to 10 to 20 Ix

Starter (195 g of CP/kg; 12.0 MJ of ME/kg)
Grower (170 g of CP/kg; 12.7 MJ of ME/kg)
Grower (170 g of CP/kg; 12.7 MJ of ME/kg)
26 to 27 kg of bird weight per m?

Gradually reduced from 35 to 24°C

23L:1D

20L:4D (18L:6D from September 2010)

40 Ix

Gradually reduced to 10 to 20 1x

average stocking density in the S environment ranged
from 26 kg of bird weight per m? in line D to 27 kg of
bird weight per m? in line B, in accordance with the
maximum stocking density of 33 kg per m? as laid down
in the EU Council Directive 2007/43/EC (Council of
the European Union, 2007). All birds hatched in the
same hatchery, where they were sexed and tagged with
a barcoded wing band. Birds were subsequently moved
to the growing farms, where they were distributed over
pens according to line.

Assessment of Traits

Birds were individually weighed and visually assessed
for dermatitis by a trained team at 5 wk of age (line D
in the P environment at 6 wk of age starting in Octo-
ber 2008). The team of scorers was regularly assessed
for consistency using correlations between and within
selectors and was the same across the whole data set.
The trait FPD was analyzed using a scale with 3 lev-
els according to absence or severity of the lesion (Fig-
ure 1). These scores ranged from no lesions (score 0),
over mild lesions (up to 50% of the plantar surface af-
fected—score 50), to severe lesions (more than 50% of
the plantar surface affected—score 100). A stringent
approach was used, whereby both feet were evaluated
and the higher-scoring foot determined the final score.
Following the start of recording of FPD in 2006, active
selection against this trait commenced in 2008. Hereby,
information from birds in the S environment was used
for the evaluation of selection candidates in the P en-
vironment.

Statistical Analyses

The trait FPD was recorded on a multinomial scale,
and differences in prevalence between lines, as well as
between sexes within line, were tested using the Wil-
coxon nonparametric rank sum test, as implemented in
the software R (R Development Core Team, 2010).

Both BW and FPD were treated as separate traits
depending on the environment, resulting in a total of 4
traits: BW-P, BW-S, FPD-P, and FPD-S. For the ge-
netic analysis, the following multivariate animal model
including 4 traits was used to estimate genetic param-
eters per line:

y = Xb + Za + Wc + e,

where y is the vector of observations of the traits; b
the vector of the fixed effect accounting for the interac-
tion between the hatchweek, pen, contributing mating
group, and sex of the individual; a the vector of addi-
tive genetic effects; ¢ the vector of permanent environ-
mental effects of the dam; and e the vector of residuals.
In the equation, X, Z, and W are incidence matrices
relating the vectors b, a, and ¢ with y. The assumed
(co)variance structure was:

a ARG 0 0
Viel=| 0 I®C 0 |
e 0 0 I®R

where A and I are the additive genetic relationship ma-
trix and identity matrix, respectively. The matrices G,
C, and R represent the variance and covariance matri-
ces of additive genetic effects, permanent environmen-
tal effects of the dam, and residual effects, respectively.
Numbers of levels per effect for the bird, permanent
environmental of the dam, and batch are given in Table
1. All variance component analyses were performed by
restricted maximum likelihood using the software VCE
(Groeneveld et al., 2008). The estimates for variance
components obtained with the software VCE were sub-
sequently used to estimate breeding values and pre-
dict long-term genetic trends using the software PEST
(Groeneveld, 2006).

RESULTS

Phenotypic Trend and Descriptive Statistics

Recording of FPD started in 2006, coinciding with
the publication of the first study to present genetic pa-
rameters for this trait (Kjaer et al., 2006). Figure 2
shows the frequency of the different scores since the
start of recording in the P environment (top row) and
in the S environment (bottom row). In the P environ-
ment, the proportion of birds without lesions decreased
between 2006 and 2010. At the same time, the propor-
tion of birds that showed mild lesions increased at first,
but then stabilized, to be replaced by an increased pro-
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Figure 1. Illustrations of the scores for foot-pad dermatitis. The
scores range from (a) no lesions (score 0), over (b) mild lesions (up
to 50% of the plantar surface affected—score 50), to (c) severe lesions
(more than 50% of the plantar surface affected—score 100).

portion of birds with severe lesions. In the S environ-
ment, no clear phenotypic trend was visible. The birds
showed more variation between measuring points and
a higher proportion of the 2 extreme phenotypes (no
lesions or severe lesions). The proportion of birds show-
ing mild lesions was generally below 25%.

The number of observations, means of BW, and
prevalence of FPD, per sex and in total, in the 4 lines
and the 2 environments are given in Table 3. The val-
ues in this table describe the data used for the genetic
analysis but may not be representative of the average
prevalence at a specific point in time. Line A showed
the highest BW in both environments (2,373 and 1,804
g, respectively, for P and S) compared with the other
lines, whereas line D showed the lowest BW (1,740 and

KAPELL ET AL.

1,416 g, respectively, for P and S; Figure 3a). The ratio
of BW-S to BW-P was fairly consistent across lines at
on average 3 quarters, though in the S environment,
lines B and C showed a re-ranking with a higher BW
in line C.

Line D was the least affected by FPD across both
environments (Figure 3b). Whereas line A had the
highest proportion of affected birds in the P environ-
ment, lines B and C showed higher proportions of af-
fected birds in the S environment, mainly due to the
high prevalence of FPD among females in these lines.
Differences between the sexes were more pronounced
in the P environment, where the total prevalence was
between 1.7 and 2.3 times higher in females than in
males compared with between 1.0 and 1.3 times in the
S environment. In the P environment, severe prevalence
affected less than 10% of the birds across all lines; it
accounted for on average 25% of the total prevalence.
In the S environment, 35 to 70% of the birds showed
severe FPD, which accounted for on average 85% of the
total prevalence.

Heritabilities

Table 4 shows the estimates of heritabilities, genet-
ic correlations, and phenotypic correlations for the 4
traits and lines. Estimates of heritabilities for BW-P
ranged from 0.32 to 0.40. Heritabilities for the same

(a)
Line A Line B Line C Line D
100 100 1 100 1 100
75 1 75 1 75 1 75 1
P
o0
.g. 50 1 50 A 50 50 1
D
S 25 25 - 25 - 25 -
[ ﬁ
0 - 0 - 1 0 1 0
2006 2009 2012 2006 2009 2012 2006 2009 2012 2006 2009 2012
Year Year Year Year
(b)
Line A Line B Line C Line D
100 100 1 100 4 100 -
75 1 75 1 75 - 75 1
L
)
.’E‘ 50 50 50 - 50 A
D
£ 25 - 25 - 25 - 25 -
(-
0 L) 1 0 L) L) 0 Ll 1 0 L L}
2006 2009 2012 2006 2009 2012 2006 2009 2012 2006 2009 2012
Year Year Year Year

Figure 2. Distribution of the scores: 0 (green line), 50 (blue line), and 100 (red line) for foot-pad dermatitis in (a) the pedigree and (b) the

sib-test environments from 2006 until 2010. The data are presented as the 6-mo moving average.
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Table 3. Mean values for BW and prevalence of foot-pad dermatitis (FPD), per sex and in total, in the pedigree (P) and sib-test (S)

environments for October 2007 until September 2010%:2

P S
BW (g) FPD BW (g) FPD
Line Sex n Mean (SD) Piop (Pgey)®? n Mean (SD) Piop (Psey)®*
A Male 65,464 2,521 (231) 0.279 (0.036) 7,761 1,857 (373) 0.625 (0.535)
Female 67,349 2,230 (216) 0.461 (0.146) 7,578 1,750 (356) 0.650 (0.548)
Total 132,813 2,373 (267) 0.371 (0.092) 15,339 1,804 (369) 0.637 (0.542)
B Male 106,079 2,200 (182) 0.159 (0.040) 18,669 1,585 (299) 0.598 (0.516)
Female 111,864 1,888 (167) 0.358 (0.091) 21,702 1,448 (289) 0.702 (0.616)
Total 217,943 2,040 (234) 0.261 (0.066) 40,371 1,511 (302) 0.654 (0.569)
C Male 122,055 2,100 (190) 0.234 (0.069) 22,062 1,658 (299) 0.770 (0.691)
Female 126,041 1,807 (174) 0.425 (0.110) 23,880 1,499 (279) 0.813 (0.715)
Total 248,096 1,951 (234) 0.331 (0.090) 45,942 1,576 (300) 0.792 (0.703)
D’ Male 87,644 1,869 (183) 0.100 (0.026) 13,724 1,481 (293) 0.394 (0.295)
Female 94,139 1,621 (153) 0.179 (0.037) 14,726 1,355 (272) 0.507 (0.401)
Total 181,783 1,740 (209) 0.141 (0.032) 28,450 1,416 (289) 0.453 (0.350)

LAl differences in BW and FPD between lines (in total and per sex) and within lines between sexes are significantly different at P < 0.001, except

FPD-S between males and females in line A (P < 0.05).

2In the P environment, all birds were scored for FPD. In the S environment, the proportion of birds scored for FPD exceeded 98%.

3Pt = total prevalence (scores 1 and 2); Py, = severe prevalence (score 2).

4The values in this table describe the data used for the genetic analysis, but may not be representative of the average prevalence at a specific point

in time.

SMeasurements for BW-P from October 2008 onwards corrected to 5-wk weight.

trait in the S environment were slightly lower in lines
A, B, and D. In contrast, line C showed a higher heri-
tability (0.32 vs. 0.36 for P and S, respectively). The
heritabilities for FPD were low to moderate, ranging
from 0.18 to 0.32. No difference in heritability between
the 2 environments was found for line A, but lines B, C,
and D showed increased heritabilities in the S environ-
ment, ranging from 0.22 to 0.32. Overall, despite minor
differences, the estimated heritabilities for both traits
showed a remarkable concordance across all lines.

A combined linear-threshold model was performed
for line B. In this analysis, a Bayesian approach was
used, with Gibbs sampling and MCMC methods
using flat priors, as implemented in the software of
THRGIBBS1F90 (Misztal et al., 2002), and heritabili-
ties were estimated at 0.44 for FPD-P and 0.45 for
FPD-S. Conversion of the heritabilities obtained with
the software VCE to the underlying liability scale re-
sulted in heritabilities of 0.37 when combining scores 50
and 100 and 0.76 when combining scores 0 and 50 for
FPD-P; for FPD-S, it resulted in heritabilities of 0.42
and 0.40, respectively.

Genetic Correlations

The estimates of the genetic correlation between
FPD-P and FPD-S were similar for all 4 lines, rang-
ing from 0.78 to 0.82. The genetic correlation between
BW-P and BW-S showed more variation, ranging from
0.46 to 0.69. Within the P environment, the estimated
genetic correlations between BW and FPD were typi-
cally negative (and thus favorable), but they tended
to be positive in the S environment. Across environ-
ments, the estimated genetic correlations between BW

and FPD were generally small and were on either side
of zero.

Long-Term Genetic Predictions

Figure 4 shows the predicted genetic trend since the
start of recording in the P environment (top row) and
in the S environment (bottom row). It should be noted
that both BW and FPD, the only traits used in this
prediction, are part of a much larger index for selection
in the Aviagen Ltd. program, which includes a broad
range of traits, including growth, lifetime performance,
reproduction, livability, and health. These traits, how-
ever, were not considered for the prediction of the ge-
netic trends, because this would be outside the scope
of this research. Line A showed a steady improvement
of the predicted breeding value in the P environment,
followed in more recent years by lines B, C, and D.
In the S environment, all lines showed a tendency to-
ward more favorable breeding values. Since the start
of recording FPD, the predicted yearly genetic trend
showed a reduction of —0.5 to —7.5% of the average
FPD score (Table 5). The predicted genetic trend for
BW increased steadily at 2.6 to 3.8% of the average
BW per year in both environments.

DISCUSSION

Foot-pad dermatitis is associated with a range of wel-
fare issues (Martland, 1984, 1985; Kestin et al., 1999)
and high prevalences may be indicators for poor welfare
conditions (Haslam et al., 2007). Studies have shown
that a genetic background for FPD in broilers exists
(Kjaer et al., 2006; Ask, 2010); therefore, genetic selec-
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Figure 3. Comparison of (a) the mean BW and (b) the total preva-
lence of foot-pad dermatitis in the pedigree (gray bar) or the sib-test
(white bar) environments.

tion against the disposition to develop FPD may con-
tribute to the reduction of the prevalence. However,
purebred commercial broilers are selected in a different
environment from the one in which commercial pro-
duction takes place. An important aspect to consider
is that a G x E interaction may develop as a result of
long-term selection on traits in a specific environment
(van der Waaij, 2004). In this study, we have not only
analyzed the genetic background of FPD, but we have
also shown that continuous improvement of a live per-
formance (BW) and a welfare-related (FPD) trait can
be achieved simultaneously across contrasting environ-
ments. We have compared the heritabilities of FPD, as
well as the genetic correlations with their correspond-
ing BW in each environment, to show how these traits
differ depending on the environment in which the bird
is reared and how selection in a highly biosecure envi-
ronment can lead to improvement of the genetic merit
under commercial conditions.

Table 4. Estimates of heritabilities (bold, diagonal), genetic correlations (above diagonal), and phenotypic correlations (below diagonal) for BW and foot-pad dermatitis (FPD) in

the pedigree (P) and the sib-test (S) environments with SE in parentheses below
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Table 5. Predicted yearly genetic trend for BW and foot-pad
dermatitis (FPD) in the pedigree (P) and the sib-test (S) envi-
ronments for August 2006 until September 2010

P (%) S (%)

Line BW FPD BW FPD
A +3.2 —4.1 +2.6 —1.3
B +2.6 7.5 +3.0 —1.6
C +2.6 —3.4 +3.8 —0.5
D +3.2 7.1 +2.9 —6.6
FPD

The total prevalence of FPD across the 4 lines and
2 environments (12-79%) was within the range previ-
ously found in standard rearing systems in the UK and
other European countries (11-93%; Sanotra et al., 2003;
Kjaer et al., 2006; Pagazaurtundua and Warriss, 2006;
Haslam et al., 2007; Ask, 2010). The large differences in
prevalence between these studies may in part be due to
the scoring systems that were used—the present study
used a 3-point scale; other studies recorded up to 9 dif-
ferent categories (e.g., Kjaer et al., 2006; Pagazaurtun-
dua and Warriss, 2006; Haslam et al., 2007; Ask, 2010).
The prevalence of FPD increases steadily with age up
to 7 wk, after which it remains relatively steady or de-
clines (Martland, 1985; Bilgili et al., 2006; Kjaer et al.,
2006)—this is supported by findings in the P environ-
ment. At 5 wk of age, the total prevalence of FPD-P in
line D was less than 1%. The change in age of recording
from 5 to 6 wk in 2008 led to an increased proportion
of mildly affected birds, which is also seen in Figure 2
in the decrease of scores 0 and the increase of scores 50
from this point onwards. The recent increase in severe
FPD in the P environment coincides with a change in
litter management policy from April 2010, whereby lit-
ter was topped up with fewer shavings on a routine
basis, leading to a reduction in litter quality through an
increase in moisture, thereby increasing the prevalence
and the variation that can be used in selection.

Heritability estimates of FPD in this study (0.18-
0.32) are within the range of the heritabilities found in
other studies in purebred (0.08 and 0.21 in Ask, 2010)
and crossbred birds (0.31 in Kjaer et al., 2006). How-
ever, neither of these studies included a permanent en-
vironmental effect of the dam in their analysis, which
may have lead to an inflation of the heritabilities, as
illustrated by other analyses in which models with and
without maternal effects were compared (e.g., Koerhuis
and Thompson, 1997; Clément et al., 2001; Grosso et
al.; 2010). In our study, the permanent environmen-
tal effect of the dam accounted for 3.0 to 4.9% of the
phenotypic variance for BW and 1.5 to 2.8% for FPD
across all lines. To evaluate the effect of not fitting this
effect, line B was analyzed additionally with a model
including only the random additive genetic effect of
the bird and the fixed effect of batch. This resulted in
higher heritability estimates at 0.29 and 0.33 for FPD-

P and FPD-S, respectively, and at 0.57 and 0.55 for
BW-P and BW-S, respectively.

The prevalence of FPD is scored on a 3-point scale.
Although more categories would allow increased dis-
crimination, those used in this study (no FPD, less
than 50% covered, or more than 50% covered) are easy
to distinguish and score repeatably. Heritabilities on
the observed scale depend on the choice of categories
and their frequencies and are lower than on a continu-
ous underlying scale (e.g., Dempster and Lerner, 1950;
Gianola, 1982). In our restricted maximum likelihood
approach, distances between the categories are assumed
to be equal, so other methods, such as a threshold mod-
el, may have higher expected heritabilities (e.g., Giano-
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Figure 4. Genetic predictions for foot-pad dermatitis in (a) the
pedigree and (b) the sib-test environments. The data are presented
as the 6-mo moving average. Note the difference in scale of the y-axis
between the 2 traits. Breeding values for foot-pad dermatitis were
predicted on a scale of 0 to 100.
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la, 1982; Sorensen et al., 1995). Indeed, in the analysis
of line B with a threshold model, higher heritability
estimates were obtained. For practical implementation
in a routine breeding program, however, it is appealing
to use genetic parameter and breeding value estimates
on the observed scale.

Ask (2010) attributed the significant difference in
heritability between the 2 lines for which they estimat-
ed genetic parameters in part to a much higher preva-
lence in one line compared with the other. This prob-
ably played a part in the current study as well when
comparing lines A, B, and D within environment. An
exception was line C, which had a high prevalence of
FPD in both environments but the lowest heritabilities
of all lines.

Historically, the prevalence of FPD in the pedigree
lines has been very low. However, to enable effective se-
lection at the breeding-program level, FPD needs to be
expressed sufficiently in selection candidates through a
higher prevalence and variation. For this reason, both
the P and the S environments have been adjusted to
attain, and subsequently maintain, a higher level of ex-
pression of FPD. Consequently, this has resulted in an
obvious contrast between the genetic prediction and the
actual phenotypic trend. The predicted genetic trend
for FPD in both environments, resulting from continu-
ous selection of candidates with an average prevalence
below the average population prevalence, shows that
selection against FPD can be expected to be success-
ful, while the phenotypic trend has remained stable or
increased. The achievement of a trend that reduces the
genetic propensity of commercial broilers to develop
FPD in a wide range of environments is what will ul-
timately benefit the industry and the welfare of the
animals as a whole.

Effect of the Interaction Between Genotype
and Environment on FPD and BW

The prevalence of FPD differed markedly between
the 2 environments. Dawkins et al. (2004) concluded
that not only stocking density, but also a broad range
of housing conditions, including factors like tempera-
ture, humidity, and litter moisture, play a major role
in leg health and overall welfare of broilers. The 2 en-
vironments in this study differed substantially in feed,
litter management, and temperature, which together
are likely the main factors that contributed to the dif-
ferences in prevalence. A recent study into the effect of,
among others, diet on the prevalence of FPD found a
significantly higher prevalence when broilers were fed a
low-energy content diet. This may have been due to the
poorer litter quality on this diet, as a result of increased
nitrogen excretion (Zuowei et al., 2011).

Long-term selection on production traits in a specific
environment, will lead to increased productivity under
those circumstances. However, in the presence of a G
x E interaction this may cause problems when ani-

mals are placed in poorer environments (van der Waaij,
2004). This has been shown in selection experiments;
for example, in mice (Rauw et al., 2003) and in broil-
ers (Deeb and Cahaner, 2002; Deeb et al., 2002). Us-
ing deterministic predictions, Mulder and Bijma (2005)
concluded that in dairy cattle breeding schemes, re-
cording relatives of selection candidates in the produc-
tion environment minimizes the loss in gain due to a
GxE interaction when the genetic correlation between
environments is below 0.8. There is substantial GxE
interaction for BW in the present study, as the genetic
correlation between BW-P and BW-S is much less than
1 (0.46-0.69). Although in broiler breeding it is not lo-
gistically feasible to record relatives of selection candi-
dates directly in the commercial conditions, the use of
farms replicating a range of commercial-like conditions
(e.g., the S environment) to rear full-sibs and half-sibs
of selection candidates is an appealing strategy to ad-
dress the effects of a GxE interaction.

Contrary to what was observed for BW, the high ge-
netic correlations between FPD-P and FPD-S indicate
that the effects of a GxE interaction would be much
less pronounced than for BW. Therefore, a reduction
of the disposition to develop FPD under commercial
conditions can be achieved through direct selection in
the P environment and through a correlated response
from recording in the S environment.

Correlations Between FPD and BW

Genetic correlations between BW and FPD were ei-
ther favorable or, if unfavorable, small, as was found
by Ask (2010) and Kjaer et al. (2006). This indicates
that, from a genetic stand point, there is no evidence
that selection for BW has led and would lead to ap-
preciable increases in the disposition to develop FPD.
Moreover, balanced selection, including both traits in
a selection index, is an effective way of achieving con-
tinuous improvement in both traits. Indeed, the genetic
trend predicted that in both environments, genetic se-
lection for FPD in recent years improved the average
FPD score steadily at —3.4 to —7.5% in the P environ-
ment and —0.5 to —6.6% in the S environment, while at
the same time maintaining progress in BW. The yearly
genetic progress in BW at 2.6 to 3.8% is in line with the
progress in meat production that has been reported in
earlier publications; for example, 2.4% for BW (McKay
et al., 2000; Hill, 2010) and 2 to 3% for the overall ef-
ficiency of meat production (McKay, 2009).

Differences Between Sexes

The effect of sex on FPD is unclear, with studies
finding a higher prevalence of FPD in males (e.g.,
Greene et al., 1985; Nagaraj et al., 2007a; Zuowei et
al.; 2011), a higher prevalence in females (e.g., Kjaer
et al., 2006; Nagaraj et al., 2007b), or no difference
between the sexes (Martland, 1985). In our study, fe-
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males showed consistently higher prevalences of FPD
than males in both the P and the S environments. A
separate analysis of BW-P and FPD-P, whereby FPD-
P was split into a male and a female trait depending on
the sex of the bird, showed a high genetic correlation
between FPD in males and females (ranging from 0.86
+ 0.02 to 0.93 £ 0.01), indicating that the difference in
prevalence between the sexes is mainly due to a differ-
ential of the sexes to a common environment. Studies in
which females showed higher prevalences of FPD sug-
gested that a lower content of collagen and protein in
the skin may predispose females to skin injuries (Naga-
raj et al., 2007b). Although the greater prevalence of
FPD in females held across both P and S environments,
both the absolute and the relative difference between
sexes was less in the S environment. Similarly, the dif-
ference in BW between the sexes decreased in the S
environment—on average, the ratio of BW-S to BW-P
was ~5% lower in males than in females, leading to a
decreased difference between the sexes in the S envi-
ronment. Studies looking into the interaction between
heat stress and performance traits in males and females
found significant interactions between the effect of the
environment and the sex on several performance traits,
indicating a higher sensitivity of males to their environ-
ment than females (e.g., Deeb and Cahaner, 2002; N'Dri
et al., 2007). For example, BW, weight gain, and feed
consumption were higher in males under normal tem-
peratures, but under high temperatures, males showed
a higher decrease in these traits than females, leading
to similar performance levels for both sexes in the sub-
optimal environment (Deeb and Cahaner, 2002).

To conclude, this study has shown that genetic selec-
tion against FPD can be incorporated effectively in a
breeding goal that focuses simultaneously on welfare
traits and production traits. The heritabilities for FPD
were of moderate magnitude and the genetic correlations
with BW were generally low. The genetic predictions
for BW and FPD show that simultaneous improvement
of the genetic merit for both traits is possible. The
estimates of genetic parameters varied considerably,
depending on the line and the environment, and inclu-
sion of selection against FPD should be considered for
each line individually. However, the genetic correlation
between FPD measured in different environments was
high, which suggests that selection against FPD in a
highly biosecure environment can reduce the prevalence
of FPD under commercial conditions.
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