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and the slow-growing strain chose a higher (P < 0.001)
wheat proportion (45 and 56 (±1.7) %) than the
pre-mixed inclusion of 25 and 30%, respectively. The
slow-growing strain grew slightly faster in the colder
ambient temperature, and slower when given a free
choice of whole wheat. Both strains drank more water per feed consumed in the warmer ambient temperature treatment. Foot pad dermatitis, only seen
in the fast-growing birds, had a higher occurrence in
the colder and in the choice feeding treatments. Gait
scoring on day 34 showed perfect gait in more than
85% of the slow-growing and less than 1% of the fastgrowing birds. Activity was higher and panting levels were lower in the slow-growing strain (P < 0.001)
toward the end of the growth period, with no effect of the temperature treatment on panting. Slowgrowing strains increase their energy intake, and fastgrowing strains increase their protein intake when given
a choice.

ABSTRACT
Effects of lowering ambient temperature in the second half of the growth period were
studied in 2 broiler strains with different genetic potential for growth (Ross from 1972 and 2004) when
given ad libitum access or pre-mixed increasing proportion of whole wheat in their diet. A total of 48
groups of day-old broilers (n = 64) from the 2 strains
were housed as hatched in 48 pens in 4 houses and
slaughtered at 6 wk of age. Half of the groups had
access to pelleted feed pre-mixed with increasing proportion of whole wheat, the other half had access to
pelleted feed and whole wheat in separate troughs.
Ambient temperature from 28 d of age was either 21
or 15◦ C. The fast-growing strain had greater (P <
0.001) live weight throughout (mean slaughter weights
2.6 (±0.014) kg and 1.0 (±0.006) kg). When given
a choice, the fast-growing strain consumed a lower
(P ≤ 0.004) proportion of whole wheat in their diet
in weeks 5 and 6 (20 and 26 (±0.9) % whole wheat),
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INTRODUCTION

to use home-grown crops as part of the broiler diet,
thereby lowering the feed costs.
A consequence of the fast growth and efficient
metabolism of modern broiler strains is a higher heat
production, which the chickens may find difficult to dissipate (Reiter and Bessei, 2000). Fast-growing broilers
have been found to use behavioral changes when trying to adapt to warm environments by moving away
from the heat source (Nielsen, 2012), and the industryrecommended ambient temperature of 21◦ C for the second half of the growth period in broiler production
may place a constraint on the heat dissipation of fastgrowing broilers (Meltzer, 1983). One way to allow
broilers to regulate aspects of their metabolism better
is to offer them a choice of diets so that they can adjust
their intake to the prevailing environment, particularly
ambient temperature (Cowan and Michie, 1978).
In order to investigate the effects of lowering ambient
temperature and providing fast-growing broilers with a

Modern broilers have been selected for decades for
fast and efficient lean growth, resulting in a genotype with high meat production potential (Rauw
et al., 1998; Zuidhof et al, 2014). Under commercial
conditions, these birds are raised on feeds optimized
for growth at different stages, consisting of pelleted diets often with increasing proportions of whole wheat
added. Inclusion of whole wheat in the diet is a feeding
strategy used in some commercial broiler production
systems, particularly in Northern Europe. It is beneficial for the intestinal health and function of the growing
chicken (Husveth et al., 2015), and allows the producer
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choice of feeds, we carried out an experiment using a 2 ×
2 × 2-factorial arrangement with 6 replicates. We used
2 broiler strains (fast vs. slow growing), 2 ambient temperatures (hot vs. cold in the second growth phase), and
2 feeding strategies (choice of wheat proportion vs. normal whole wheat inclusion) as the 3 treatment factors.
Based on previous results (Nielsen, 2012), we hypothesized that the fast-growing strain would use behavioral
means, such as lower activity and increased panting,
to cope with the hot environment, and have a faster
growth but a poorer feed efficiency in the cold environment. Conversely, the slow-growing strain was expected
to grow better and more efficiently in the hot than in
the cold environment, as their lower growth potential
would not give rise to metabolic heat constraints. The
slow-growing strain was also predicted to make use of
the feed choice to a greater extent than the fast-growing
strain to which the recommended whole wheat inclusion
was formulated.

MATERIALS AND METHODS
Housing and Animals
Four chicken houses were equipped each with 12 floor
pens (2 m × 2 m), 6 on each side of the house (see Supplementary Figure S1). The walls were made of bars,
with the bottom 50 cm consisting of solid boards to prevent the birds from visual contact with birds in neighboring pens (see Supplementary Figure S2a). The walls
were 2 m high and covered by netting to prevent the
slow-growing strain from escaping by flight. The floor
was covered with wood shavings (1.5 to 2 kg/m2 ) and
each pen was equipped with 2 circular feed troughs
(33 cm diameter), each filled from a hopper above the
trough. Drinking nipples were provided (7 per pen)
along water pipes parallel to the back wall. Each pipe
was connected to a water gauge allowing water usage
to be measured on a pen basis.
Lights were on 24 h during the first
3 d (15 lx), after which a lighting schedule was
applied consisting of 1 h of darkness (21:00 to 22:00 h)
until day 5; 8 h of darkness (21:00 to 05:00 h) until day
13; 4.5 h of darkness (00:30 to 05:00 h) until day 29;
and 1.5 h of darkness (03:30 to 05:00 h) until slaughter.
The light period was always preceded and succeeded
by 30 min dawn and dusk (4 lx). The houses were
heated by wall-mounted radiators.
Ambient Temperatures Two different ambient
temperature regimes (warm and cold) were applied
(Figure 1), each in 2 of the 4 houses. Both regimes had a
planned ambient temperature of 34◦ C during the first 3
d after hatching (achieved mean: 32.3◦ C), and the same
gradual reduction in temperature over time. However,
in the warm treatment, ambient temperature was to remain at 21◦ C (achieved mean: 21.7◦ C) to be reached on
day 21, whereas in the cold treatment, ambient temperature was further reduced to 15◦ C (achieved mean:
15.6◦ C), to be reached on day 28, where it remained
until the day of slaughter. Thus, the last 14 d of the

Figure 1. Mean ambient temperature (◦ C; triangles, left y-axis)
and relative humidity (RH; %; diamonds, right y-axis) measured
across the experimental period in the 4 houses (warm: solid markers,
houses 4 and 5, respectively; cold: open markers,  houses 3 and
6, respectively). RH is shown as means across temperature treatments
( warm, cold). The solid lines indicate the planned temperature
regimes. For clarity, the left y-axis does not start at the origin.

experiment all pens had a constant ambient temperature which differed by 6◦ C between warm and cold
treatments (Figure 1).
Broiler Strains Broiler chickens from 2 strains (fast
and slow) were used in the experiment: Ross 308 from
2004, a fast-growing broiler strain (fast) which has
been selected for efficient, lean growth; and Ross 1972,
a slower-growing broiler strain (slow) which is derived
from the Ross chicken from 1972, at the time selected
for growth for 14 generations and kept unselected since
as a control population. All the chickens were hatched
at Aarhus University (Foulum, Denmark) where the experiment was carried out. Due to the predicted differences in growth rate, stocking density in terms of live
weight per area would differ increasingly between the
2 strains. However, group size and number of birds per
trough space would stay the same, and keeping these
variables constant were judged to be of more importance for an unbiased comparison of feeding strategies
and ambient temperatures.
Feeding Strategies Two feeding strategies were
used: feeding a mixture of feed pellets and whole wheat,
with increasing proportion of whole wheat over time
(norm), and a choice feeding strategy (choice), where
feed pellets and whole wheat were fed separately, allowing the birds to freely choose their whole wheat inclusion in the diet. All feeds within treatments were
available ad libitum, and the proportion of whole wheat
in the pellet mix at different ages is given in Table 1.
The same types of pelleted feeds were used for both
broiler strains. A starter feed was used the first 6
d followed by a pre-grower, a grower, and a finisher
feed (Table 1, Supplementary Table S1). The composition of the pellets was formulated to cover the
requirements of growing broiler chickens for essential
nutrients according to the recommendation from the
breeding company taking into account the amount
and nutritional composition of whole wheat (DM:
899.1 g/kg; gross energy: 18.3 MJ/kg; protein
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Table 1. Feed available for the treatments norm and choice for chickens at different ages.
Trough X

Trough O

Treatment

Feed type1

Whole wheat (%)

Feed type1

Whole wheat (%)

0 to 2
3 to 6
7 to 14
15 to 21
22 to 28
29 to 35
35 to 42

Norm
Norm
Norm
Norm
Norm
Norm
Norm

(Trough covered)
Starter
Pre-grower
Grower
Grower
Grower
Finisher

0
0
5
10
20
25
30

Starter
Starter
Pre-grower
Grower
Grower
Grower
Finisher

0
0
5
10
20
25
30

0 to 22
3 to 6
7 to 14
15 to 21
22 to 28
29 to 35
35 to 42

Choice
Choice
Choice
Choice
Choice
Choice
Choice

(Trough covered)
Wheat
Wheat
Wheat
Wheat
Wheat
Wheat

0
100
100
100
100
100
100

Starter
Starter
Pre-grower
Grower
Grower
Grower
Finisher

0
0
0
0
0
0
0

Age (days)
2

The relative position (left/right) of troughs X and O where fixed within pen but differed between pens in a balanced
manner (see Suppl. Figure S1).
1
The compositions of the different feed types are given in Supplementary Table T1.
2
During the first 3 d, additional feed was spread on lengths of paper placed underneath the drinking nipples to
ensure that all chickens learned to associate the pellets with food.

109.4 g/kg DM) added per week. The latter is the reason why the protein content of the pelleted diet increases with time (Supplementary Table S1) as whole
wheat proportions of the norm fed diet increase.

Allocation of Birds and Treatments
The 2 ambient temperature regimes (warm and
cold) were each applied in 2 of the 4 houses. Within
each of the houses, the 4 combinations of broiler
strain and feeding strategy were allocated randomly
to pens, but with the constraint that both treatments (fast/slow and norm/choice) were represented equally on each side of the house (Supplementary Figure S1). From each strain, groups of 64 newly
hatched chicks were allocated randomly to 6 of the pens
(16 birds/m2 ) within each house. Chicks were sexed
after hatching using vent sorting. Within each group,
half of the birds were female, and only they were wing
tagged. Prior to being housed on day 0, the females
and males from each pen, respectively, were weighed
groupwise. Early and late hatched chicks were evenly
distributed across houses and pens. All birds were vaccinated with an attenuated IBDV (infectious bursal disease virus) vaccine via the drinking water on day 9.
A small number of female chickens were removed
from each pen at regular intervals to provide data not
included in this article (i.e., measurements of allometric growth, microbiota, and nutrient digestibility). This
reduction was evenly distributed across pens and the
resulting change in sex ratio and reduction in stocking density were included in the data presented here.
Due to a lower hatching percentage than anticipated,
all pens were equipped on day 21 with a sloping board
at the front wall (see Supplementary Figure S2b) to
reduce the available floor area by 1.1 m2 (28%) in order to achieve a stocking density of the fast strain at

Figure 2. Mean live weight (±SE; g) of the chickens across feeding
and temperature treatments of the fast (circles) and slow strains
(triangles) as a function of age of the birds. Error bars are too small
to be seen.

slaughter which reflected commercial conditions, i.e.,
40 kg/m2 . The estimated stocking density at slaughter for the slow strain was 16 kg/m2 after floor space
reduction.

Measurements and Registrations
All chickens were weighed weekly on a pen basis, i.e.,
days 0, 7, 14, 21, 28, and 35. On the same days, remaining feed in each trough was removed and weighed, and a
known quantity of feed for the coming week was added.
Also, 3 female birds from each pen were sprayed on the
back in different colors (see Supplementary Figures 2b
and c) in preparation for behavioral observations the
following day. These marked birds were removed the following week as part of those used to provide additional
data, thereby preventing the same bird being observed
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more than once. Mortality was registered daily for each
pen. Water intake per pen was measured weekly.
Gait scoring of all birds in a pen was carried out on
day 34 for half of the replicates using the 6-point scale
developed by Kestin et al. (1992), where a score of 0 is
given to birds with perfect gait and a score of 5 given
to birds unable to move. Any birds given a score above
3 were euthanized immediately (5 birds in total).
The chickens were slaughtered over 2 d (days 41 and
42), so that 3 pens from each treatment combination
were slaughtered each day. Birds were weighed individually on the day of slaughter, and the dermatitis on their
footpads was scored using the 3-point scale developed
by Ekstrand et al. (1997), where 0, 1, and 2 indicate no
or light, moderate, and severe dermatitis, respectively.
In addition, eviscerated weights were measured on all
individual carcasses.
Representative samples of the litter in each pen were
collected on day 21 and at slaughter for subsequent
analysis of dry matter. Ambient temperature and relative humidity were registered every half hour throughout the experiment by 4 loggers (TH Trace, Dickson;
http://www.dicksonweb.com) in each house (Supplementary Figure S1) placed just above the solid part
of the pen wall.
Direct 5-min observations were made of 3 focal birds
per pen when the chickens were 8, 15, 22, 29, and 36 d
of age. These were carried out in the norm treatments
only due to time constraints, as it was assumed that of
the 3 treatments, strain and temperature were likely to
affect the time budget more than would feeding treatment. Based on these observations, the percentage of
time the focal birds were standing, in locomotion, and
sitting/lying down (simply referred to as lying henceforth) were calculated together with time spent panting
whilst lying. At the end of the observations, litter surface temperature was measured in all norm pens using
a handheld laser thermometer.

Data Analyses
All data were analyzed using Minitab (ver 17.1), pen
was the experimental unit, and all data were analyzed
within week or day of measurement. Whenever interactions were fitted in a model, these terms were stepwise
removed if not significant. Data on live weight, and feed
and water intake were analyzed within strain fitting
feed, temperature, and their interaction. Percentage of
feed eaten weekly from trough X (i.e., the trough containing whole wheat in the choice treatment, and the
same as the other trough in the norm treatment) were
log-transformed before analyses, and analyzed within
each feeding treatment fitting strain, temperature, and
their interaction. Live weight on the day of slaughter
was analyzed twice, first within strain and sex fitting
feed, temperature, and their interaction; then within
strain fitting sex as a fixed effect. Eviscerated weight
data were analyzed within strain, fitting sex, temper-

ature, feed, and the 2-way interactions. Data on dry
matter percentage of the litter on day 21 were analyzed fitting feed, strain, and their interaction; and on
day 36 adding temperature into the model, fitting all
2-way interactions and dry matter percentage on day
21 as a covariate. Litter temperature (only measured in
norm pens) was analyzed fitting strain, temperature,
and their interaction. Data from direct behavioral observations were found not to be normally distributed
and were therefore analyzed using the Mann-Whitney
U-test on data within each observation day. Mortality, feed conversion ratio, calculated intake of protein
and energy, and gait score were analyzed fitting feed,
strain, temperature, and 2-way interactions. Mean foot
pad dermatitis (FPD) scores were analyzed within the
fast strain only, as very few slow birds showed signs
of FPD, using a general linear model fitting sex, feed,
and temperature treatment as well as the treatment interaction term.

RESULTS
Mortality
Overall mortality was 2.7 (±0.36) % with 1.9 (±0.33)
% occurring within the first week. No significant differences in overall mortality were found between strain,
feed, and temperature treatments, nor between the 4
houses. Strain had a significant effect on mortality in
the first week (P = 0.005), but this was caused by 1
pen of slow chicks having a higher mortality in the
first week (7 chicks) than any of the other pens (1.1 ±
0.2 chicks).

Live Weight
Live weight differed significantly between broiler
strains (Figure 2) from the day of hatch (40 vs. 33
(±0.1) g for fast and slow, respectively; P < 0.001),
and the data were therefore analyzed separately for each
strain in order not to conceal potential treatment effects. The achieved mean stocking densities on the day
of slaughter were 39.9 ± 0.32 and 16.2 ± 0.14 kg/m2
for fast and slow pens, respectively.
For the fast strain, no effects of feeding strategy
and ambient temperature were found on live weight
over time, except for a significant effect of feeding strategy on day 28 (1,481 vs. 1,458 (±6.5) g, for norm and
choice, respectively; P = 0.020). For the slow strain
birds, significant effects on live weight of ambient temperature were found on days 14, 21, and 28 (P ≤ 0.003)
with tendencies on days 7, 35, and at day of slaughter
(P ≤ 0.096; Table 2). On all occasions, the live weight
was greater on the cold treatment. Feeding strategy
had a significant effect in the second half of the experiment, with slow birds on the norm feeding being heavier than the choice fed birds from day 28
until slaughter (P ≤ 0.005; Table 2). No significant
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Table 2. Mean live weight (g) over time of chickens from the slow strain according to
temperature and feeding treatment, respectively.
Temperature
Age (d)
0
7
14
21
28
35
41/42

Feeding

warm

cold

SEM

33
87
194b
370b
593b
844
1038

33
88
200a
379a
601a
852
1059

0.1
0.7
1.2
1.9
1.6
3.4
7.1

norm

choice

33
88
198
374
602x
857x
1065x

33
87
196
375
592y
839y
1033y

SEM

fast1

SEM

0.1
0.7
1.2
1.9
1.6
3.4
7.1

40
134
396
868
1469
2127
2598

0.1
0.7
2.2
3.7
5.1
5.8
14.1

1
The overall means of the fast strain are shown for comparison.
SEM: pooled standard error of the means.
a,b
Means with different superscripts within age and between temperature treatments differ significantly (P ≤ 0.003).
x,y
Means with different superscripts within age and between feeding treatments differ significantly
(P ≤ 0.005).

Table 3. Mean feed intake (g/d) over time of chickens from
the fast strain according to temperature and feeding treatment,
respectively.
Temperature
Age (d)
0 to 7
7 to 14
14 to 21
21 to 28
28 to 35
35 to 41/42

Table 4. Mean feed intake (g/d) over time of chickens from the
slow strain according to temperature and feeding treatment,
respectively.

Feeding

Temperature

warm

cold

SEM

norm

choice

SEM

19
44
95
138
168b
191

19
43
95
141
176a
190

0.2
0.4
0.7
0.9
1.0
3.4

19y
43
94
139
172
195

20x
44
96
140
172
185

0.2
0.4
0.7
0.9
1.0
3.4

SEM: pooled standard error of the means.
a,b
Means with different superscripts within age and between temperature treatments differ significantly (P < 0.001).
x,y
Means with different superscripts within age and between feeding
treatments differ significantly (P = 0.039).

interactions were found between temperature and feeding treatments.
Significant differences were found for live weight on
day of slaughter between the males and females of both
the fast (2,803 vs 2,367 (±16.5) g, respectively; P <
0.001) and slow strain (1,141 vs 948 (±8.6) g, respectively; P < 0.001) with females of each strain reaching
just under 85% of the live weight of the males. Only
females of the slow strain were affected by the treatments, with choice fed females weighing significantly
less at slaughter than norm fed females (927 vs 968
(±8.2) g, respectively; P = 0.002).

Feed Intake
Data on daily feed intake were analyzed separately
for each strain, and no significant interaction was found
between temperature and feeding treatment for any of
the 2 strains. Tables 3 and 4 show the weekly means
for the fast and slow chickens, respectively. An effect
of temperature treatment was found only in week 5,
both for the fast (P < 0.001) and for the slow strain
(P = 0.003). A small difference was found in the first
week between norm and choice fed birds of the fast
strain (P = 0.039; Table 3). In contrast, the slow strain
showed higher daily feed intake by the choice birds in

Age (d)
0 to 7
7 to 14
14 to 21
21 to 28
28 to 35
35 to 41/42

Feeding

warm

cold

SEM

norm

choice

SEM

12
22
44
63
79b
89

12
22
44
65
82a
93

0.2
0.2
0.4
0.8
0.7
3.6

12
22
43y
64
77y
83y

12
22
45x
64
84x
99x

0.2
0.4
0.4
0.8
0.7
3.6

SEM: pooled standard error of the means
a,b
Means with different superscripts within age and between temperature treatments differ significantly (P = 0.003).
x,y
Means with different superscripts within age and between feeding
treatments differ significantly (P ≤ 0.012).

weeks 3, 5, and 6 (P ≤ 0.012) compared with the norm
fed groups (Table 4).

Feed Choice
Feed choice was not significantly affected by ambient
temperature treatment. The fast strain on the choice
treatment chose a proportion of whole wheat in their
diet which differed (P ≤ 0.004) from the pre-mixed inclusion of the norm treatment, especially in weeks 5
and 6 (Figure 3a). The lower wheat percentage chosen by the fast strain led to a higher intake of protein
by the choice fed compared to the norm fed birds in
weeks 2, 3, and 5 (Table 5). The slow strain differed
from the fast strain and from the norm inclusion in
their wheat choice in weeks 2, 5, and 6, with a smaller
(P < 0.001) wheat proportion chosen in week 2, and a
higher (P < 0.001) wheat proportion chosen in weeks
5 and 6 (Figure 3a), the latter leading to a higher energy intake (Table 6). In comparison, the use of the
2 troughs by norm fed chickens did not differ significantly from each other (Figure 3b), although the fast
strain in week 1 showed a tendency to remove more feed
from the trough that had been covered for the initial
3 d (P = 0.094; Figure 3b).
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Figure 3. Feed (% ±SE) eaten from trough X over the 6 wk of the experiment for each of the 2 strains; a) choice treatment, where trough X
contained whole wheat. For comparison, the line indicates the inclusion of wheat in the norm treatment for each of the 6 wk; b) norm treatment,
where trough X contains the same feed as the other trough. The dashed line indicates 50%. Analysis was carried out on the log-transformed data,
but means of original data are shown. Differences between strains: ∗∗∗ P < 0.001, and ‡ P = 0.094.

Table 5. Mean protein intake (g DM/bird) over time according
to strain and feeding treatment.
fast1

slow

Age (d)

norm

choice

SEM

norm

choice

SEM

0 to 7
7 to 14
14 to 21
21 to 28
28 to 35
35 to 41/42

4.2
9.6b
21.8b
30.3a
36.3b
37.1

4.3
9.9a
22.6a
29.1b
37.6a
36.8

0.05
0.06
0.12
0.18
0.26
0.49

2.7
4.9
10.1
14.0
16.3a
16.0

2.7
4.9
10.5
13.5
15.0b
15.3

0.05
0.06
0.12
0.18
0.26
0.49

1
The 2 strains differ (P < 0.001) at all ages.
SEM: pooled standard error of the means.
a,b
Means with different superscripts within strain and age differ significantly (P ≤ 0.002).

Table 6. Mean energy intake (MJ/bird) over time according to
strain and feeding treatment.
fast1
Age (d)
0 to 7
7 to 14
14 to 21
21 to 28
28 to 35
35 to 41/42

of the trial due to the small quantities drunk. There
was an overall and large effect of strain until the last
week of the rearing period, with fast chickens ingesting more water per quantity feed than the slow birds
(P < 0.001; Figure 4a). In the second week, choice
fed birds of both strains drank more per feed unit than
the norm fed birds of the same strain (P = 0.048), but
in weeks 5 and 6, an interaction with strain was found
(P < 0.001), as the norm fed birds of the slow strain
had a higher water to feed ratio than their choice fed
counterparts, even exceeding that of the fast strain in
the final week (P < 0.001; Figure 4a). Ambient temperature affected water intake independent of strain
and feeding treatment with birds on the warm treatment drinking more per quantity feed in weeks 4 and
5, but less in week 2 than birds on the cold treatment
(Figure 4b).

slow

norm

choice

SEM

norm

choice

SEM

3.3
7.4
16.2
23.9
29.6
33.4

3.4
7.6
16.7
24.0
29.6
31.8

0.04
0.05
0.08
0.14
0.15
0.58

2.1
3.8
7.5
11.0
13.3b
14.2b

2.1
3.9
7.7
11.0
14.2a
16.7a

0.04
0.05
0.08
0.14
0.15
0.58

1
The 2 strains differ (P < 0.001) at all ages.
SEM: pooled standard error of the means.
a,b
Means with different superscripts within strain and age differ significantly (P ≤ 0.028).

Water Intake
Water intake was expected to be highly correlated
with feed intake, and was therefore analyzed as the water to feed ratio (L/kg). It was not possible to get an
accurate estimate of water intake during the first week

Feed Conversion Ratio
The fast strain was significantly more efficient than
the slow strain in the conversion of feed throughout
the period of growth and independent of feeding treatment (P < 0.001; Table 7). A significant interaction
between strain and feeding treatment was found from
week 4 onwards, with the choice fed birds from the
slow strain having increasingly higher feed conversion
ratios (FCR) than their norm fed counterparts (P <
0.001; Table 7). Temperature affected FCR significantly
and across other treatments in weeks 2 (P = 0.015)
and 5 (P = 0.005), and with a tendency in week 4
(P = 0.060), with the least efficient birds found on the
cold treatment once the ambient temperature differed
(Table 7).

BROILER STRAIN, AMBIENT TEMPERATURE, AND FEED CHOICE

509

Figure 4. Water to feed ratio (L/kg ±SE) for a) the 4 strain x feeding treatment combinations for weeks 2 to 6 of the experiment (S: main
effect of strain; F: main effect of feeding treatment; SxF: significant interaction of strain and feeding treatment), and for b) the 2 temperature
treatments across other treatments. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001. For clarity, the left y-axis does not start at the origin.

Table 7. Feed conversion ratio (kg feed/kg live weight gain) at
different ages for all strain and feeding treatment combinations,
and for temperature treatment across other treatments.
fast

Temperature

slow

Age (d)

norm choice norm choice SEM warm cold SEM

0 to 7
7 to 14
14 to 21
21 to 28
28 to 35
35 to 41/42

1.42b
1.16b
1.41b
1.63b
1.81c
2.71b

1.43b
1.16b
1.42b
1.61b
1.86c
2.59b

1.55a
1.39a
1.71a
1.98a
2.12b
2.61b

1.58a
1.39a
1.74a
2.06a
2.37a
3.33a

0.021
0.010
0.015
0.025
0.027
0.110

1.51
1.29x
1.58
1.80
2.00y
2.85

1.48
1.26y
1.56
1.84
2.08x
2.76

0.015
0.007
0.011
0.017
0.019
0.077

SEM: pooled standard error of the means.
a,b
Within age, means with different superscripts between strain and
feeding treatments differ significantly (P ≤ 0.001).
x,y
Within age, means with different superscripts between temperature
treatments differ significantly (P ≤ 0.015).

Eviscerated Weight

Figure 5. Litter temperature (◦ C ±SE) for the 4 strain x temperature treatment combinations at 5 different time points across the
experimental period (S: main effect of strain; T: main effect of temperature treatment), ∗∗∗ P < 0.001. For clarity, the left y-axis does not
start at the origin.

Eviscerated weight (see Supplementary Figure S3b)
was significantly higher for males than females for both
the fast (2,057 ± 11 vs. 1,771 ± 16 g, respectively;
P < 0.001) and slow strain (785 ± 6 vs. 701 ± 10 g, respectively; P < 0.001), with no effect of feeding strategy
or ambient temperature. A significant interaction was
found between sex and strain for eviscerated percentage (P = 0.001) with males of the slow strain having a significantly (P < 0.001) lower eviscerated percentage (68.8 ± 0.65%) than the other 3 combinations
(fast males: 73.4 ± 0.64%; fast females: 75.0 ± 0.64%;
slow females: 74.7 ± 0.66%), which did not differ significantly.

day 36, litter dry matter differed between pens with
fast and slow strains (36.5 ± 0.81 vs 53.4 ± 0.93%,
respectively; P < 0.001) and between warm and cold
pens (47.8 ± 0.51 vs 42.0 ± 0.52%, respectively; P <
0.001) with no effects of feeding strategy and no interactions. This finding was also seen in the litter surface temperature from day 22 onwards (Figure 5) being
significantly higher for fast than slow strains (P <
0.001), and with a significant difference between warm
and cold pens (P < 0.001) with no effects of feeding
strategy and no significant interactions.

Litter Dry Matter and Litter Temperature

Foot pad dermatitis at the time of slaughter differed
significantly between strains (P < 0.001) with only 3
out of 722 chickens of the slow strain showing signs
of FPD. Further analysis within the fast strain found
no significant effect of sex on the prevalence of FPD,
with the overall percentage of the 795 fast birds on

On day 21, before the temperature regimes differed, a
significant effect of strain was found on litter dry matter
(59.9 vs. 75.6 (±0.82) %, for fast and slow, respectively; P < 0.001) with no effect of feeding strategy. On

Foot Pad Dermatitis and Gait Score
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Figure 6. Mean foot pad dermatitis score (±SE) on day of slaughter
(days 41 or 42) for chickens of the fast strain for each temperature
treatment (cold or warm; left panel) and for each feeding strategy
(norm or choice; right panel). ∗ P < 0.05, ∗∗ P < 0.01.

the 3 score categories being 32.8, 22.5, and 44.7%, for
scores 0, 1, and 2, respectively. No significant interaction was found between ambient temperature and feeding strategy, with the cold treatment giving rise to
a higher mean FPD score than the warm treatment
(P = 0.022), and with more FPD seen in the choice
than the norm treatment (P = 0.009) for the fast
strain (Figure 6).
Gait scoring on day 34 differed only between the 2
strains (1.96 ± 0.026 vs. 0.14 ± 0.029 for fast and
slow, respectively; P < 0.001) with no significant effects of ambient temperature and feeding strategy. More
than 85% of the slow birds and less than 1% of the
fast birds scored 0, which indicates perfect gait.

Activity and Panting
Both strains showed similar activity levels early in the
growth period (day 8), whereas time spent lying in the
last week (day 36) differed significantly between strains
(P < 0.001; Figure 7). No significant effects of temperature were found on the recorded behaviors within or
between the strains. Likewise, panting levels while lying did not differ between strains on day 8, but in the
last week birds of the fast strain were panting a significantly larger proportion of their time lying down
compared to that observed in the slow strain (P <
0.01; Figure 7). Surprisingly, this was independent of
the temperature treatment.

DISCUSSION
Major strain effects in terms of feed intake and live
weight gain were found in the present experiment; this
was of course expected, given that the fast strain
had been subjected to over 3 decades more of intense

Figure 7. Time (% ±SE) spent lying on days 8 and 36 by chickens
from the fast and slow strains, respectively. The hatched part of the
bars indicates the proportion spent panting. Different letters indicate
significant differences within day (a, b: P < 0.001; x, y: P < 0.01).

genetic selection for growth than the slow strain
(Rauw et al., 1998; Zuidhof et al., 2014). We hypothesized that due to the difference in growth potential, the
slow birds would choose a different whole wheat percentage in their diet than chickens of the fast strain
when given the choice. Indeed, a lower whole wheat
percentage was chosen by the slow strain during early
growth, increasing to be significantly higher than that
of the norm fed toward the end of the growth period.
This led to the slow strain having lower live weights
on the choice than the norm feeding treatment. However, the latter had a lower energy intake, but also a
higher water intake per unit feed which may have contributed to the differences in live weight due to gut fill.
Siegel et al. (1997) also found broilers to have a preference for high energy diets and, when given a choice,
to grow slower than control fed birds. These authors
suggest that chickens do not select a diet to maximize
growth in the short term but perhaps to optimize longterm survival through more moderate growth. Zulkifli
et al. (2001) found jungle fowl, but not modern strain
broilers capable of selecting diets for maximum growth.
In their review, Forbes and Covasa (1995) concluded
that pre-mixed and increasing whole cereal inclusion
in broiler diets, as the norm feed in the present experiment, is the most beneficial for both producer and
chickens.
The whole wheat inclusion in the norm feed was formulated according to the recommended values for fastgrowing broiler strains; we therefore expected the fast
chickens on the choice treatment not to differ significantly from the norm feed in their choice of whole
wheat inclusion. However, except for weeks 1 and 4,
the choice fed birds of the fast strain chose a lower
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wheat inclusion than the norm leading to a higher
protein intake. Moss et al. (2018), using a fast-growing
broiler strain (Ross 308), found a preference for the
high-protein diets over whole grain. Broilers have been
shown able to select between diets differing in protein
content to obtain a protein intake optimal for growth
(Forbes and Shariatmadari, 1994; Gous and Swatson,
2000). Although no effect on live weight of the fast
strain was found for the feeding strategies applied in
the present experiment, these birds appear to choose a
slightly lower wheat inclusion than that recommended
for the last 2 wk of growth.
Based on previous results (Nielsen, 2012), we hypothesized that the fast-growing strain would use behavioral
means, such as lower activity and increased panting, to
cope with the warm environment, and have a faster
growth but a lower feed efficiency in the cold environment. However, it was only in the slow strain that we
found significant effects on growth at different temperature treatments. Our hypothesis that the slow strain
would grow better and more efficiently in the warm
than in the cold environment did not hold, as these
birds achieved higher live weights in the cold treatment. However, this effect was seen to some extent also
before day 21 when the temperature treatments were
started, so we cannot exclude some unaccounted for
carry-over effect.
The relationship between temperature and feed
choice in broilers has been tested mostly in the context
of higher-than-normal ambient temperatures (e.g.,
Sinurat and Balnave, 1986; Syafwan et al., 2011)
simulating heat stress potentially experienced in some
broiler producing countries. In contrast, the present
experiment used lower ambient temperatures relative
to the recommended in order to allow the fast-growing
strain to dispose of excess heat production more easily.
We chose to apply the different temperature treatments in the later part of the growth period, where the
chickens had reached a live weight were they were more
likely to need and to be able to cope with a cooler
environment. In a recent paper, Nyuiadzi et al. (2017)
compared different ambient temperature regimes
during incubation and in the first half of the growth
period (0 to 21 d of age). They found that, compared
to reducing ambient temperature from 33 to 21◦ C over
3 wk, starting at 28◦ C on day 0 increased feed intake
by 5% in that period. They also found a doubling
in health problems in the low temperature group,
consisting mainly of cardiac death and leg disorders
leading to chickens being euthanized. In the present
experiment, no such morbidity effects were found,
indicating that both strains were able to cope with
both the warm and the cold treatment in terms of
any potential metabolic stress.
Foot pad dermatitis was found mainly in the fast
strain, with an effect of both feed and temperature
treatment. The latter was to be expected as the cold
environment also gave rise to the litter being colder and
wetter, which was found for both strains, but to a much
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larger extent for the fast strain. Litter moisture is usually the main determinant of foot pad health (Harms
et al., 1977; Wu and Hocking, 2011), but a direct relationship is not always found (Kaukonen et al., 2016).
Indeed, Wang et al. (1998) found a positive relationship between litter moisture and FPD only for ambient temperatures above 20◦ C. Genetics is also known
to play a role for the occurrence of foot pad lesions
(Kjaer et al., 2006), as well as nutritional factors such
as dietary content of biotin and non-starch polysaccharides (Swiatkiewicz et al., 2017). The higher occurrence
of FPD of the fast birds on the choice feeding treatment may thus have been caused by the low availability
of biotin (Bryden et al., 1991) or high content of nonstarch polysaccharides (Yaghobfar and Kalantar, 2017)
in wheat. However, as the pelleted diet also contained
a large proportion of wheat, other factors are likely to
be involved.
Differences in activity levels among broilers strains
with different growth rates have often been found, with
fast-growing strains being less active than their slowergrowing conspecifics (Bokkers and Koene, 2003, 2004;
Nielsen et al., 2003). This difference has been found
within days of hatching with fast-growing broilers being the least active and feeding the most (Nielsen et al.,
2010). Such an early difference in activity was not seen
in the present experiment, but by the end of the growing
period, chickens of the fast strain spent most of their
time lying down, and a large proportion of this spent
panting. Panting is known as a means to thermoregulate in a number of bird species (Marder and Arad,
1989), but only few poultry studies include panting as
a behavioral measure. Hu et al. (2016) found that panting only occurred in White Leghorn hens when exposed
to acute heat stress (33◦ C), and Mahmoud et al. (2015)
reduced panting in heat stressed broilers by inclusion of
green propolis in the diet. Using the same fast-growing
strain and very similar housing to the present study,
Syafwan et al. (2012) exposed male broilers to 1 of 2 alternating temperature schedules (32◦ C during the day
and 25◦ C during the night vs. 20 and 18◦ C). In the
most comparable period (days 21 to 42), no panting
was found in the colder treatment, which was not the
case in the present experiment. Indeed, the difference
between strains found in panting level was independent
of the temperature treatment, which suggests that the
difference in ambient temperature used was too small
to reduce the panting in fast broilers. However, the
temperature at bird level, as reflected in the litter surface temperature, would have been higher for the fast
strain, which had more than twice the stocking density
than the slow strain by the age of slaughter. McLean
et al. (2002) found stocking densities of broilers above
34 kg/m2 to give rise to significantly more panting.
These authors also distinguished between shallow and
deep panting; this was not done in the present study,
and such differences in behavioral registration may have
given rise to some of the discrepancies found in the literature. Behavioral observations were carried out only
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in the norm pens, and we therefore do not know if feed
choice could have affected the difference in panting seen
at the end of the growth period.

CONCLUSIONS
Lowering the ambient temperature in the second half
of the growth period gave rise to the litter being colder
and wetter, resulting in more FPD in the fast growing
strain. The colder environment also reduced the water to feed ratio, and gave rise to a worse feed conversion ratio in both strains. It also resulted in slightly
faster growth in the slow strain compared to the same
strain raised in the warm environment. The major differences in this study were found between the 2 strains,
which represented a span of 32 yr in terms of genetic
selection for fast, lean, and efficient growth. Overall,
the fast strain grew 2 and a half times as fast as the
slow strain. Contrary to our predictions, both strains
made use of the feed choice, but differed in their proportional intake of wheat and pellets: When given a
choice of wheat inclusion, birds of the fast strain chose
a lower wheat percentage over time than that found in
the norm feed, leading to a higher protein intake as
relative more pelleted feed was consumed. In contrast,
the slow strain chose a higher wheat inclusion over
time than that found in the norm feed, leading to a
higher energy intake than the norm fed birds of the
slow strain. These differences from the norm affected
growth only in the slow strain, with choice fed slow
birds being lighter than the norm fed ones. The divergent choice of higher protein and energy, respectively,
by the 2 strains indicates that the conventional proportion of wheat inclusion may carry different forms of
constraint for the 2 strains.

SUPPLEMENTARY DATA
Supplementary data are available at Poultry Science
online.
Supplementary Figure S1. Plan of the experimental
layout of the 4 houses (not to scale). Within each house,
each feeding strategy and strain are represented 3 times
on each side of the middle corridor. The 2 troughs are
indicated by X and O, where X is the trough that was
covered during the first 3 d, and which contained whole
wheat in the choice treatment. Stars indicate position
of temperature loggers.
Supplementary Figure S2. Photos of the inside of a
pen on a) day 1, b) day 34 for the slow strain, and
c) day 34 for the fast strain. Please note the sloping
board at the front of the pen in b) to reduce available
surface area in all pens from day 21 onwards.
Supplementary Figure S3. Photos of a) live and b)
eviscerated carcasses of females from the fast (right)
and slow (left) strain on day of slaughter (day 42).
Supplementary Table S1. The composition of pelleted diets.
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