Constant and cyclic chronic heat stress models differentially influence growth
performance, carcass traits and meat quality of broilers
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ABSTRACT This experiment compared the effects of
2 chronic heat stress (HS) models, constant (coHS),
and cyclic (cyHS), on broiler performance, carcass
characteristics, and meat quality. A total of 720 male
chicks from a Cobb 500 line were placed in 12 environ-
mentally controlled chambers divided into 2 pens of 30
birds. Before the experimental HS models were applied,
chamber temperatures were gradually decreased from
32°C at placement to 24°C on d 20. From 20 to 41 d,
4 chambers were set to 35°C (coHS), and 4 chambers
were set to 35°C for 12 h and 24°C for the next 12 h
(cyHS). Four thermoneutral chambers were maintained
at 24°C with half of the birds pair-fed to equalize feed
intake (FI) with coHS birds (TN-coPF) and half fed
ad-libitum (TN-al). From 20 to 41 d, FI and BW gain
(BWG) of cyHS, coHS and TN-coPF birds were
decreased (P < 0.001), whereas feed conversion ratio
(FCR) was increased (P < 0.001) for coHS and TN-

coPF birds compared with TN-al birds. The overall
BWG and FCR of coHS birds were lower (P < 0.001)
than TN-coPF birds. Both HS models reduced (P <
0.001) carcass weight, pectoralis major yield, total
breast meat yield, and increased (P < 0.001) wing yield
relative to TN-al birds, with each of these measure-
ments more impacted by coHS than by cyHS. Pair-fed
birds had lower (P < 0.001) fat pad and a higher total
breast meat yield than coHS birds. They also had the
lowest (P < 0.001) pectoralis major ultimate pH and
yellowness, and these parameters were lower (P <
0.001) for coHS birds than for TN-al birds. Both HS
models reduced (P < 0.001) the incidence of woody
breast and white striping. Thus, these data indicate
that the detrimental effects of HS cannot be entirely
explained by reduced FI and that HS per se affects
metabolic pathways associated with muscle and lipid
accretion in broilers.
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INTRODUCTION

Poultry production faces several important environ-
mental challenges in meeting the increasing global
demand for animal protein. By 2050, predictions estimate
the animal based food demand will rise by nearly 70%
(Searchinger et al., 2019), and meanwhile, climate change
is a major concern for livestock production in the context
of global warming. Temperate zones where most of the
industrialized farming systems are found may lose 25% of
their animal production due to global warming, and this
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scenario may be worse for some regions of Asia and
Africa where extensive farming systems are more abun-
dant (Nardone et al., 2010). By definition, heat stress
(HS) is a common environmental stressor that occurs
when the amount of heat produced by an animal sur-
passes the animal’s capacity to dissipate the heat to its
surrounding environment (Lara and Rostagno, 2013).
This imbalance between heat production and body heat
loss occurs when the environmental temperature rises
above the upper critical temperature of the thermoneutral
zone (Bernabucci et al., 2010; Lara and Rostagno, 2013).

Birds are particularly sensitive to heat because their
capacity for heat loss is limited by feathering and the
lack of sweat glands. Furthermore, the genetic selection
of high performing birds over several decades has
resulted in birds with elevated metabolic rates, making
them more sensitive to hot temperatures (Lara and
Rostagno, 2013). When environmental temperature
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rises above the thermoneutral zone, birds decrease their
feed intake and physical activity to reduce heat produc-
tion and increase panting and water consumption to dis-
sipate heat (McFarlane et al., 1989; Mahmoud et al.,
2015). However, at certain temperature thresholds, birds
can no longer control their body temperature, leading to
welfare problems and detrimental effects on perfor-
mance, carcass characteristics, and meat quality ensue.
From an economical perspective, HS has been estimated
to cause total annual economic losses of $128 to $165 mil-
lion to the US poultry industry (St-Pierre et al., 2003).
However, due to a lack of more recent economic evalua-
tions, these numbers are probably currently underesti-
mated due to the growth of the poultry industry over
the last decades and worsening of global warming pre-
dictions. Furthermore, it is likely that the consequences
of HS are even more severe in tropical countries
(Pawar et al., 2016).

Numerous studies have investigated the detrimen-
tal effect of HS on performance, most often under
constant hot temperatures to provide marked
responses to model HS (Alleman and Leclercq, 1997;
Temim et al., 2000; Lu et al., 2007; Rosa et al.,
2007). More recently, several publications have uti-
lized daily cyclical HS to mimic the diurnal pattern
observed in temperate countries during summer.
These models consistently demonstrate a degradation
of body weight gain (BWG), feed intake (FI), and
feed conversion ratio (FCR) when compared with
birds in thermoneutral conditions (Zhang et al., 2012;
De Souza et al., 2016; Awad et al., 2018), with con-
stant HS havmg a greater effect than cyclic HS. Also,
the magnitude of performance reductions observed
with different HS models depends on several parame-
ters including the temperature, relative humidity,
length, and cyclicality of the heat period, as well as
the age of the birds at the beginning of the stress
period. Degradations in carcass composition and
meat quality have also commonly been observed
under cyclic and constant HS (Baziz et al., 1996;
Song and King, 2015; Zeferino et al.,, 2016;
De Antonio et al., 2017; Roushdy et al., 2018).

A reduction in feed intake (FI) in attempt to limit
heat production is the main factor explaining degraded
performance in response to HS (Syafwan et al., 2011).
However, other physiological responses need to be con-
sidered, as pair-feeding birds under thermoneutral con-
ditions to equalize FI with those subjected to HS
treatments indicates that reduced FI alone does not fully
account for the reduction in growth performance associ-
ated with HS (De Souza et al., 2016). Further investiga-
tions comparing both chronic constant and cyclical HS
models within the same experiment for market-age birds
reared in floor pens are required. As such, the objective
of this experiment was to compare 2 chronic HS models
(constant and cyclic) to assess their influence on perfor-
mance, carcass characteristics, and meat quality of
broilers reared to 42 d, and to determine the direct effect
of constant HS on these parameters independent of
decreased FI.

MATERIAL AND METHODS

Animals and Experimental Design

All animal care and procedures were approved by the
Institutional Animal Care and Use Committee at the
University of Arkansas (protocol #20020).

Seven hundred and twenty male chicks from a Cobb 500
female breeder line were obtained from the Cobb hatchery
(Fayetteville, AR). Upon arrival, chicks were selected to
ensure that the weight of each group of 30 chicks fell within
3% of the expected group weight based on a preliminary
weight of approximately one-half of the population. Birds
were allocated to 12 environmentally controlled chambers
divided into 2 pens. Each chamber measured 2.44 x 3.66 m
and was divided by wire paneling into 2 pens of 4.47 m?
that each housed 30 chicks. Each pen within the chambers
was equipped with hanging pan feeders, nipple waters, and
concrete floors covered with fresh pine shavings. Before
experimental HS models were applied, ambient tempera-
tures of all the chambers were gradually decreased from
32°C at placement to 24°C on d 20.

On d 20, bird numbers were equalized to 25 per pen
before application of the experimental treatments and to
ensure that each group weight of 25 birds was similar
(within 3% of the overall average). From 20 to 41 d, 3 differ-
ent environmental conditions and 1 pair-feeding treatment
formed a total of 4 treatments: thermoneutral birds fed ad-
libitum (TN-al); cyclic HS (cyHS) birds fed ad libitum in
4 cyclic HS chambers for which the temperature was main-
tained at 35°C for 12 h daily (from 7:30 to 19:30) and
reduced to 24°C each night; constant HS (coHS) birds fed
ad libitum in 4 chambers for which the temperature was set
to and maintained at 35°C; and a group kept in thermoneu-
tral chambers and pair-fed to equalize feed intake to that of
coHS bird (TN-coPF). These birds were fed one time per
day with the same amount of feed consumed by coHS birds
over the last 24 hours. Moreover, for the first week of the
challenge only, as will be discussed below, an additional
amount equal to the expected relative daily increase in FI
was distributed to the TN-coPF birds according to the fol-
lowing formula: Fl; ;X M with Flgo 41, q being
the FT of coHS birds Ineasure(f on day d-2, d-1, and d.

Each chamber was equipped with a Thermochron
temperature logger (iButton, DS1922L, Embedded
Data Systems, KY) to record environmental tempera-
ture hourly (Figure 1). As described previously (Rajaei-
Sharifabadi et al., 2017), two birds per pen were ran-
domly selected and equipped with the same temperature
logger for continuous monitoring of core body tempera-
ture, but malfunctioning of the loggers prevented data
recovery for most birds. Water was provided ad libitum
throughout the experiment and a diet based on corn and
soybean meal was formulated and fed in 3 phases: starter
from d 0 to 13, grower from d 14 to 27, and finisher from
d 28 to 42 (Table 1). The photoperiod was set at 23L:1D
from placement to 7 d, 16L:8D from 8 to 28 d, and
18L:6D from 29 d until the end of the trial. Light inten-
sity was set at 27 lux from 1 to 7 d, 16 lux from 8 to 14 d,
and 6 lux from 15 d to the end of the experiment.
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Temperature ("C)

Days
—— TN ——cyHS ——coHS

Figure 1. Average chamber temperature recorded during the experiment. TIN: Chambers with a continuous 24°C from d20. cyHS: Chambers
with a cyclic high temperature (8 h at 35°C and 12 h at 24°C) from d20. coHS: Chambers with a continuous 35°C from d20.

Performance Measurements and Carcass
Characteristics

Feed intake and body weights (BW) were measured
at 0, 20, 27, 34, and 41 d posthatch and mortality was
recorded daily. On d 42 birds were processed at the Uni-
versity of Arkansas Pilot Processing Plant (Fayetteville,
AR) following an overnight feed withdrawal for 8 h. The

Table 1. Composition of starter, grower, and finisher diets.

weight of each processed bird was individually measured
before they were subjected to electrical stunning (11 V,
11 mA for 11 s) and exsanguination via a jugular vein
cut. After scalding at 53.8°C, feathers were removed
with a commercial inline defeatherer (Foodcraft Model
3; Baker international, MI). Necks, heads, and feet were
removed from each bird. Carcasses were then mechani-
cally eviscerated. Carcass and abdominal fat weights

Item, % as-fed Starter (0 to 13 d)

Grower (14 to 27 d) Finisher (28 to 42 d)

Corn 58.74
Soybean meal (47.5%) 37.53
Poultry Fat 0.50
Limestone 1.10
Dicalcium phosphate 0.78
Salt 0.40
DL-methionine 0.30
L-lysine HCIL 0.13
L-threonine 0.10
Choline chloride (60%) 0.11
Vitamin and mineral premix” 0.25
Enzyme blend® 0.01
Coccidiostat’ 0.05
Titanium Dioxide 0.00
Calculated nutrient composition’
AMEn (kcal/kg) 2,991
Crude Protein 22.81
Digestible Lys 1.22
Digestible TSAA 0.92
Digestible Thr 0.83
Digestible Arg 1.41
Digestible Ile 0.89
Digestible Val 0.98
Total Ca 0.90
Total P 0.57
Available P 0.45
DEB’ (mEq) i 268
Analyzed nutrient composition’
Crude Protein 25.70
Total Ca 0.80
Total P 0.56

62.11 65.56
33.98 29.75
1.00 1.59
1.08 1.03
0.62 0.43
0.41 0.41
0.27 0.23
0.11 0.09
0.04 0.02
0.08 0.07
0.25 0.25
0.01 0.01
0.05 0.05
0.00 0.50
3,057 3,120
21.28 19.45
1.12 1.00
0.85 0.78
0.73 0.65
1.31 1.18
0.83 0.76
0.92 0.85
0.84 0.76
0.53 0.47
0.42 0.38
250 229
23.33 19.99
0.80 0.62
0.51 0.45

'"HMTBA-Ca salt (Adisseo France S.A.S., Antony France).

2Supplied the following per kg of diet: vitamin A, 6,173 IU; vitamin D3, 4,409 ICU; vitamin E, 44 TU; vitamin B12, 0.01 mg; menadione, 1.20 mg; ribo-
flavin, 5.29 mg; d-pantothenic acid, 7.94 mg; thiamine, 1.23 mg; niacin, 30.86 mg; pyridoxine, 2.20 mg; folic acid, 0.71 mg; biotin, 0.07 mg; manganese, 24

mg; zinc, 14.4 mg; selenium, 0.04 mg; copper, 0.68 mg; iodine, 0.47 mg.
*Rovabio AdvancePhy T (Adisseo France S.A.S., Antony France).
“BioCox60 (Huvepharma, INC., USA).
Values reported as percentages unless noted otherwise.
SDEB: Dietary electrolyte balance.



4 TEYSSIER ET AL.

were recorded before placing carcasses in ice water for a
4 h chill. Chilled carcasses were weighed, and pectoralis
major (P. major) and minor (P. minor) muscles,
wings, and leg quarters were removed and weighed.
Total breast meat (TBM) was calculated as the sum of
the P. major and P. minor weights, and the yield of each
part was determined by division of the part weight by
the individual back dock live weight. The P. major from
each bird was placed on an aluminum tray, covered with
plastic wrap and stored at 4°C until 24 h postmortem.

Meat Quality

P. major fillets were immediately scored for woody
breast (WB) and white striping (WS) on a visual scale
from 0 to 3 and an increment of 0.5 by a trained individ-
ual (Kuttappan et al., 2012b; Tijare et al., 2016;
Kuttappan et al., 2016). To simplify data representa-
tion, WB scores were categorized as normal (0—0.5),
mild (1-1.5), or severe (2.0—3.0). Similarly, WS scores
were categorized as normal, faint, or apparent.

At 24 h postmortem, P. major color was measured
according to the L* a* b* scale using a Minolta color-
imeter (CR-400; Konica Minolta Sensing Inc., Sakai
Osaka, Japan; size 102 (W) x 217 (H) x 63 (D) mm)
with illuminant D65 and a 2.54-cm aperture. Three
readings were performed on the ventral side of the
right P. major and averaged to obtain the color
result. Pectoralis major ultimate pH (pH,) was mea-
sured with a temperature-compensating pH meter
(Testo 205; Testo Inc., West Chester, PA) inserted
into the cranial region of the right P. major lobe with
an average of 3 measurements per each sample
(Orlowski et al., 2018).

Statistical Analysis

The experimental unit was the pen within cham-
bers assigned to environmental conditions in a
completely randomized design. Data for the 2 pens
within the chambers assigned to the coHS and cyHS
treatments were averaged and treated as 1 pen since
the treatment was applied to the entire chamber.
Thus, while each treatment had a total of 4 repli-
cates, the number of individuals per replicate
depended on the environmental condition, with data
for birds under HS conditions (cyHS and coHS) con-
sisting of an average of 2 pens in the respective cham-
bers (50 birds total) and data for birds under
thermoneutral conditions (TN-al and TN-coPF) rep-
resenting 1 pen of 25 birds.

Growth performance (FI, BWG, FCR, and moral-
ity), carcass characteristics (P. major, P. minor,
wings, leg quarters, TBM weights and yields), and
meat quality (P. major pH, and color) were sub-
jected to a one-way ANOVA and means were sepa-
rated using a Tukey’s HSD test. Mean differences
were considered statistically significant when

P < 0.05 and all analyses were performed using R
(RStudio 1.3.1093).

RESULTS

Effect of Two Chronic HS Models and Pair-
Feeding on Bird Performance

From 0 to 20 d, all birds were reared under the
same environmental conditions and received the same
diet. Diet analyses indicated that the CP content of
the soybean meal may have been higher than esti-
mated, resulting in higher analyzed dietary CP than
expected, especially during the starter phase before
experimental treatments were applied (Table 1). No
differences (P > 0.05) among each set of 4 chambers
were observed on BW, BWG, FI, FCR, and mortality
during this period, and subsequent removal of some
birds from each chamber before the beginning of the
experimental phase allowed each treatment to have
average bird weights within 1.3% of the grand mean
weight for all treatments.

The live broiler performance data measured during
the 3 cumulative periods from 20 to 27 d, 20 to 34 d, and
20 to 41 d are presented in Table 2. During the first
week of the challenge (d 20 to 27), birds in the coHS and
TN-coPF treatments had the lowest (P < 0.001) FT,
while birds in the TN-al had the highest FI, and FI of
cyHS birds was intermediate. Compared with the TN-al
group, BW and BWG were reduced (P < 0.001) by
cyHS, further reduced by coHS, and BWG of the TN-
coPF group was intermediate to the cyHS and coHS
groups. Cyclic HS and TN-al had the lowest (P < 0.001)
FCR, coHS birds had the highest FCR, and FCR of the
TN-coPF treatment was intermediate to these groups.

During the 20 to 34 d cumulative period, the FI of
cyHS birds was similar to that of TN-al birds,
reduced (P < 0.001) in the TN-coPF group, and
reduced to a greater extent with coHS. As observed
from 20 to 27 d, BW and BWG were reduced (P <
0.001) by cyHS relative to the TN-al group, further
reduced by coHS, with the TN-coPF group being
intermediate to the cyHS and coHS groups. The FCR
was lowest (P < 0.001) for the TN-al treatment,
highest for the coHS treatment, and intermediate for
the cyHS and TN-coPF treatments.

During the total cumulative period from 20 to
41 d, compared with TN-al birds, the reduction in FI
(P < 0.001) was greatest and similar in the coHS and
TN-coPF groups, while FI of cyHS bird was interme-
diate. Compared with the TN-al group, BW and
BWG were reduced (P < 0.001) by cyHS, further
reduced by coHS, with the TN-coPF group being
intermediate to the cyHS and coHS groups. The low-
est (P < 0.001) FCR was observed for TN-al and
cyHS groups, the highest observed for coHS birds,
with TN-coPF birds having an intermediate FCR. No
differences (P > 0.05) in mortality were observed
between treatments during any individual period or
the total cumulative period.



BROILER RESPONSES TO HEAT STRESS MODELS )

Table 2. Cumulative live performance of broilers from 20 to 27 d, 20 to 34 d, and 20 to 41 d reared under different environmental condi-

tions and feed regimens.

Treatment'
Period Parameter’ TN-al cyHS coHS TN-coPF SEM? P-values
20 d BW, kg 0.975 0.968 0.968 0.965 0.015 0.788
20 t0 27 d 27 d BW, kg 1.693" 1.588" 1.361¢ 1.467° 0.035 <0.001
BWG, kg 0.717" 0.620" 0.390" 0.501¢ 0.027 <0.001
FI, kg 1.039" 0.931" 0.760° 0.880" 0.030 <0.001
FCR 1.448° 1.503° 1.956™ 1.761" 0.043 <0.001
Mortality, % 2.00 0.00 0.00 0.99 1.288 0.140
20t034d 34 d BW, kg 2.492" 2.215" 1.633¢ 1.795¢ 0.065 <0.001
BWG, kg 1.516" 1.248" 0.663¢ 0.829° 0.058 <0.001
FI, kg 2.314° 2.409" 1.477° 1.619" 0.056 <0.001
FCR 1.492° 1.936" 2.270" 2.016"" 0.112 <0.001
Mortality, % 2.67 0.00 1.50 2.51 2.552 0.557
20t041d 41 d BW, kg 3.312" 2.841" 1.748¢ 2.040° 0.099 <0.001
BWG, kg 2.336" 1.873" 0.777¢ 1.074° 0.094 <0.001
FI, kg 3.781" 3.178" 2.069° 2.223¢ 0.109 <0.001
FCR 1.559° 1.710° 2.806" 2.185" 0.169 <0.001
Mortality, % 2.67 0.00 3.00 8.14 3.726 0.082

I'"TN-al: Birds reared under continuous 24°C and ad libitum feeding. cyHS: Birds reared under cyclic high temperature (8hat 35°C and 12 h at 24°C)
and ad libitum feeding. coHS: Birds reared under continuous 35°C and ad libitum feeding. TIN-coPF': Birds reared under continuous 24°C and pair-fed

to the coHS treatment.
2SEM: pooled standard error of the mean.

*BW: Body weight; BWG: Body weight gain; FI: Feed intake; FCR: Feed conversion ratio.
aPMeans within row without a common superscript were determined to be significantly different (P < 0.05) by a Tukey’s multiple comparison test.

Effect of Two Chronic HS Models and
Pair-Feeding on Carcass Characteristics
and Part Weights

The hot and chilled carcass, hot fat pad weight and
yields of processed birds are presented in Table 3. Hot
and chilled carcass weights were the highest (P < 0.001)
for TN-al birds, intermediate for cyHS birds, and lowest
for coHS and TN-coPF birds. The hot and chilled car-
cass yield of TN-coPF birds was decreased compared to
the other treatments, and coHS birds had a higher

chilled carcass yield than TN-al birds. Compared to TN-
al condition, hot fat pad weights were more drastically
reduced (P < 0.001) under coHS than with cyHS, and
TN-coPF had an even lower abdominal fat weight than
coHS birds. Hot fat pad yield was the highest (P <
0.001) with coHS birds, intermediate with TN-al and
cyHS birds, and the lowest for TN-coPF birds.
Compared with the TN-al group, weights of P. major, P.
minor and TBM were reduced (P < 0.001) by cyHS, further
reduced by coHS, and the TN-coPF group was intermedi-
ate to the cyHS and coHS groups. Wing and leg quarter

Table 3. Carcass characteristics and part weights and yields of broilers reared under different environmental conditions and feed regi-

mens from 20 to 41 d and processed at 42 d.

Treatment'
Parameter TN-al cyHS coHS TN-coPF SEM? P-values
Hot Carcass Weight, kg 2.565" 2.143" 1.365° 1.512¢ 0.0909 <0.001
Yield®, % 74.9" 75.1" 75.1" 72.5" 0.3005 <0.001
Hot Fat Pad Weight, kg 0.0349" 0.0283" 0.0213¢ 0.0099 0.0015 <0.001
Yield, % 1.02" 1.00" 1.24° 0.52° 0.0678 <0.001
Chilled Carcass Weight, kg 2.617° 2.189" 1.414¢ 1.555¢ 0.0897 <0.001
Yield, % 76.4" 77.1%0 77.9° 74.5¢ 0.0049 <0.001
P. major Weight, kg 0.715 0.552" 0.312¢ 0.380° 0.0313 <0.001
Yield, % 20.89" 19.30" 17.03° 18.19" 0.5680 <0.001
P. minor Weight, kg 0.134" 0.113" 0.068" 0.084° 0.0042 <0.001
Yield, % 3.91° 3.95" 3.71" 4.02" 0.0740 <0.001
TBM* Weight, kg 0.849" 0.665" 0.379¢ 0.464° 0.0352 <0.001
Yield, % 24.80" 23.25" 20.75¢ 22.21" 0.5940 <0.001
Wings Weight, kg 0.259" 0.228" 0.161° 0.174° 0.0090 <0.001
Yield, % 7.56¢ 8.00° 8.91° 8.36" 0.1030 <0.001
Leg quarters Weight, kg 0.800" 0.709" 0.457¢ 0.487° 0.0291 <0.001
Yield, % 23.36" 24.90" 24.67" 23.34" 0.4480 <0.001

'"TN-al: Birds reared under continuous 24°C and ad libitum feeding. cyHS: Birds reared under cyclic high temperature (8 h at 35°C and 12 h at 24°C)
and ad libitum feeding. coHS: Birds reared under continuous 35°C and ad libitum feeding. TN-coPF: Birds reared under continuous 24°C and pair-fed

to the coHS treatment.
2SEM: pooled standard error of the mean.

3Yields calculated relative to live body weight taken immediately prior to processing.

ATBM: Total breast meat = P. major + P. minor.

aPMeans within row without a common superscript were determined to be significantly different (P < 0.05) by a Tukey’s multiple comparison test.
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weights followed the same trend (P < 0.001) except that
there was no difference between coHS and TN-coPF birds.
For yields of these parts, coHS birds had a greater (P <
0.001) reduction of the P. major yield compared to cyHS
birds, while TN-coPF yields were not different than coHS
and cyHS birds. Constant HS birds had the lowest (P <
0.001) P. minor yield, which was similar among other
groups. The TBM yield was the highest (P < 0.001) under
the TN-al treatment, the lowest under coHS, and interme-
diate under cyHS and TN-coPF conditions. On the other
hand, leg quarter yield was increased (P < 0.001) by the
two HS models compared to TN-al and TN-coPF condi-
tions. The wing yield was the lowest (P < 0.001) with TN-
al birds and the highest with coHS birds. Pair fed and cyHS
birds had a lower wing yield than coHS birds, with a reduc-
tion more important in cyHS birds.

Effect of Two Chronic HS Models and Pair-
Feeding on Meat Quality

No difference (P> 0.05) was observed in the incidence of
severe WB and apparent WS between the treatments
(Table 4). The incidence of mild WB was highest (P <
0.001) for TN-al, intermediate for cyHS, and lowest and
not different between coHS and TN-coPF. An inverse rela-
tionship was observed for the incidence of normal WB (P <
0.001). The incidence of faint WS was highest (P < 0.001)
and not different for TN-al and cyHS, intermediate for
coHS, and lowest for TN-coPF, with an inverse response
observed for the incidence of normal WS (P < 0.001).

As presented in Table 5, compared to TN-al condi-
tion, the P. major pH, was not affected by cyHS or
coHS conditions, whereas TN-coPF birds had a lower
(P < 0.001) pH, than all other groups. Concerning the
P. major color measurements, L* was the highest (P <
0.001) for the coHS treatment, but not different among
the other groups. Values for a* did not differ (P > 0.05)
among treatments, whereas P. major b* values were
decreased (P < 0.001) with coHS birds and to a greater
extent in TN-coPF birds.

Table 5. Pectoralis major pH,,, L*, a*, and b* of broilers reared
under different environmental conditions and feed regimens from
20 to 41 d and processed at 42 d.

Treatment'
Parameter” TN-al cyHS coHS ~ TN-coPF SEM?  P-values
pH, 5.80°"  5.94° 5.85" 575 0.039  <0.001
L* 56.5"  56.0" 59.1" 55.0" 0.858  <0.001
a* 2.74 2.43 2.58 2.64 0.233 0.324
b* 9.65" 8.84" 877" 7.07°  0.403  <0.001

'TN-al: Birds reared under continuous 24°C and ad libitum feeding.
cyHS: Birds reared under cyclic high temperature (8 h at 35°C and 12 h
at 24°C) and ad libitum feeding. coHS: Birds reared under continuous 35°
C and ad libitum feeding. TN-coPF': Birds reared under continuous 24°C
and pair-fed to the coHS treatment.

2SEM: pooled standard error of the mean.

3pHu: ultimate pH; L*: lightness; a*: redness; b*: yellowness.

2P)Means within row without a common superscript were determined to
be significantly different (P < 0.05) by a Tukey’s multiple comparison test.

DISCUSSION

As expected, both coHS and cyHS models impaired
BW, BWG, FI, and FCR, with a greater impact result-
ing from constant versus cyclic HS exposure. Further-
more, markedly reduced performance (67% reduction in
BWG and 80% increase in FCR) during the cumulative
challenge period indicates that birds were quite stressed
when maintained at 35°C continuously. Performance
was also negatively affected by cyHS (20% reduction in
BWG and 10% increase in FCR), but to a lesser extent
than with coHS. With both models, reduced perfor-
mance was mainly caused by the decrease in FI induced
by hot temperatures; however, the TN-coPF birds pre-
sented better performance than the coHS birds, indicat-
ing that HS per se directly contributes to decreased
performance. Similarly, De Souza et al. (2016) noted
that the reduced growth under cyHS is more related to
decreased FI than directly to HS, while coHS led to
greater metabolic impacts.

During the 2 first weeks of challenge, TN-coPF birds
received the same amount of feed consumed by coHS
birds plus an amount equal to the expected relative daily
increase in feed intake of those same birds. Because the

Table 4. Pectoralis major muscle myopathy distribution of broilers reared under different environmental conditions and feed regimens

from 20 to 41 d and processed at 42 d.

Treatment'
Parameter Score TN-al cyHS coHS TN-coPF SEM? P-values
Woody Breast” (%) Normal 28.81° 69.67" 87.54" 100.00" 7.1071 <0.001
Mild 67.74" 30.33" 12.46¢ 0.00° 7.6967 <0.001
Severe 3.45 0.00 0.00 0.00 1.9956 0.073
White Striping” (%) Normal 1.67¢ 2.13° 32.67" 83.99" 4.8876 <0.001
Faint 93.33" 94.70" 67.33" 16.01° 6.0797 <0.001
Apparent 5.00 3.17 0.00 0.00 3.7671 0.215

'TN-al: Birds reared under continuous 24°C and ad libitum feeding. cyHS: Birds reared under cyclic high temperature (8 h at 35°C and 12 h at 24°C)
and ad libitum feeding. coHS: Birds reared under continuous 35°C and ad libitum feeding. TN-coPF: Birds reared under continuous 24°C and pair-fed

to the coHS treatment.
2SEM: pooled standard error of the mean.

3P. major fillets were considered normal, mild, or severe for woody breast if the fillet was flexible throughout, stiff in cranial region, or if stiff in the cra-

nial and caudal regions, respectively.

P, major fillets were considered normal, faint, or apparent for white striping if they displayed no visible stripes, stripes less than 1 mm, or stripes larger

than 1 mm, respectively.

*PMeans within row without a common superscript were determined to be significantly different (P < 0.05) by a Tukey’s multiple comparison test.
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expected daily increases in FI of coHS birds did not
occur, this led to a higher FI of TN-coPF birds compared
to coHS birds. This was corrected during the third week
of the challenge, with no difference in FI observed
between the coHS and TN-coPF for the total cumulative
challenge period. Comparison of the performance of
these pair-fed birds with the coHS birds indicates that,
in this experiment, approximately 81% of the degrada-
tion of performance under constant high temperature
was caused by decreased FI, with the remaining 19%
directly associated with the physiologic changes induced
by the elevation of temperature. These relative reduc-
tions are in the general range of values reported in other
studies (Geraert et al., 1996; Bonnet et al., 1997;
Faria Filho et al., 2007; De Souza et al., 2016;
Habashy et al., 2017). Several physiological changes are
responsible for impaired performance following HS per
se such as oxidative stress, inflammation, and compro-
mised intestinal integrity. From a metabolic standpoint,
reduced protein turnover and increased fat deposition
have been observed with HS birds compared to pair-fed
birds (Geraert et al., 1996; Temim et al., 2000;
Faria Filho et al., 2007; De Souza et al., 2016).

Compared with ad libitum fed birds reared under
thermoneutral conditions, increased chilled carcass yield
under coHS, as observed in the current study, has been
previously reported, as has decreased carcass yield of
pair-fed birds (Baziz et al., 1996; Lu et al., 2007;
Rosa et al., 2007; Zeferino et al., 2016). Under HS condi-
tion, the reduction of relative organ weights (heart,
liver) and reduced feathering to improve heat losses
could partially explain this increase in carcass yield
(Geraert et al., 1993; Zeferino et al., 2016). Concerning
TN-coPF birds, reduced carcass yield could partially be
explained by increased mobilization of fat as an energy
source (Zhan et al., 2007). This hypothesis is supported
by the large reduction in abdominal fat deposition of
pair-fed birds compared with birds in TN-al condition.
Conversely, coHS increased abdominal fat deposition,
which agrees with previous studies (Zeferino et al.,
2016). Moreover, increased intramuscular fat deposition
in birds subjected to coHS observed by others
(Zhang et al., 2012) reveals an increase in the amount of
energy retained as fat (Geraert et al., 1996; Faria Filho
et al., 2007). However, cyHS did not affect abdominal
fat yield in the current experiment, which is in agree-
ment  with  Orlowski et al.  (2020) and
Greene et al. (2021) and supports the notion that metab-
olism alterations depend on the HS model.

Whereas an increased proportion of energy appeared
to be stored as lipid under coHS, P. major, and P. minor
yields were decreased. This trend was also observed
under cyHS, but to a lower extent. Broilers have been
selected to have high P. major yield for decades, and
marked decreases in BWG observed under HS should
logically result in decreased weights of this highest selec-
tive trait (Orlowski et al., 2020). Similarly, less muscle
protein deposition (Temim et al., 2000; Zhang et al.,
2012) and less energy retention as protein
(Geraert et al., 1996; Faria Filho et al., 2007) following

HS has been observed in several studies. Furthermore,
leg quarter and wing yields are increased under HS,
which can be partially explained by the decrease in P.
major yield, resulting in increased relative yield of other
carcass parts. Additionally, leg quarters are comprised
of oxidative fibers whereas P. major muscle is comprised
of glycolytic fibers that are more dependent on glycogen
stores, and these are depleted following decreased FI in
response to HS (Temim et al., 2000; Zeferino et al.,
2016). In the current study, parts yield reductions
responded similarly in restricted fed birds as in coHS
birds, indicating that the observed effect of HS on car-
cass part yield is mainly associated with decreased FI.
However, leg quarter yield was not increased in TN-
coPF birds compared to TN-al birds.

Woody breast and WS are major concerns for the
meat industry as they are associated with a decrease in
meat quality. White striping is characterized by white
striations parallel to muscle, while WB results in a
tougher consistency of breast fillets (Kuttappan et al.,
2016). Compared to the TN-al treatment, the incidence
of WB was reduced to a greater extent by coHS than by
cyHS, and WB was completely absent in P. major
muscles from broilers in the TN-coPF group. White
striping was not decreased by cyHS, but was reduced
with coHS, and more importantly with TN-coPF.
Orlowski et al. (2020) and Greene et al. (2021) observed
similar results under cyHS, but Orlowski also reported a
reduction of WS under cyclic HS. The incidence of both
WB and WS has been related to rapid growth and high
P. major muscle yields (Griffin et al., 2018). Thus, the
marked reduction in FI and BWG of coHS and TN-
coPF birds could explain the low occurrence of muscle
myopathies in those treatments. However, TN-coPF
birds presented a lower incidence of these conditions
than coHS, despite having higher weight gain and P.
major yield. This may have been related to behavioral
differences, as WB has been associated with a resting
behavior (Norring et al., 2019) that is often displayed by
HS birds in an attempt to minimize the heat production
through reduced physical activity (Mack et al., 2013).

In our experiment, the pH, was only decreased under
coHS condition and not cyHS. Zhang et al. (2012)
observed decreased pH,, in response to both coHS and
cyHS, whereas other studies have not shown differences
in pH, in response to cyHS (Orlowski et al., 2020;
Greene et al., 2021) or coHS (Lu et al., 2007, 2017). As
observed here, Lu et al. (2007, 2017) and
Zeferino et al. (2016) also found that the P. major from
coHS birds had higher pH,, than TN-coPF birds. Low-
ered pH,, during HS could be explained by greater con-
version of pyruvate into lactate during chronic HS
(Song and King, 2015; Lu et al., 2017). The increased
lightness of P. major under constant HS has been
observed in previous studies, but responses in redness
and yellowness to HS vary in the literature (Lu et al.,
2007; Zhang et al., 2012; Zeferino et al., 2016). The lower
b* values observed under coHS and TN-coPF conditions
could be associated with the less severe WS scores
observed in those treatments (Kuttappan et al., 2013a).
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The higher yellowness observed with severe WS has been
associated with higher fat content (Kuttappan et al.,
2012a, 2013b,c; Petracci et al., 2014), but given that
restricted fed birds are expected to have low intramuscu-
lar fat content, this should not be the case for chronic HS
birds (Lu et al., 2017).

In summary, the comparison of performance, carcass
characteristics, and meat quality of birds reared under a
thermoneutral, cyclic, or constant HS environment
within the same experiment have confirmed that the
response of birds to HS is largely dependent on the
model used. Cooler nights during a diurnal HS seems to
improve the ability of the bird to adapt or recover from
cyclic HS. Additionally, impaired weight gain resulting
from HS is predominantly caused by a decrease in FI,
but the use of pair-fed birds confirmed that HS also has
direct effects on the measurements reported in this study
that are independent of FI. Further investigations on
oxidative stress and metabolic changes elicited by these
conditions are ongoing to better characterize bird
responses to the different HS models tested herein.
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