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ABSTRACT Chronic heat is a major stress factor in
laying hens and many studies on the effect of heat
stress have been published. It remains difficult, how-
ever, to draw general conclusions about the effect of
chronic heat stress on performance and its relationship
with genetic and environmental factors, as these stud-
ies have been done under varying experimental condi-
tions and using various experimental designs. A meta-
analysis enabled us to make a quantitative review of
the results from 131 published papers. The relative ef-
fects of four factors (genotype, age, group size, and
amplitude of temperature variation) and their interac-
tions with temperature were analyzed for 13 traits. Af-
ter pre-correcting the data for a random study effect,
the best model for each trait was selected in a step-

wise procedure based on its residual sum of squares.
Shell strength, daily feed intake, egg mass, and hen-
day egg production were found to be more sensitive to
heat stress than the other traits as they dropped by
9.0 to 22.6% between thermo-neutrality (15 to 20◦C)
and heat stress (30 to 35◦C) while yolk and albumen
proportions or Haugh units showed nearly no variation
with temperature (<1.2% between thermo-neutrality
and heat stress). Many interactions (17) were found be-
tween temperature and one or more factors in the 13
traits studied here, which reinforces the interest of using
a meta-analysis to summarize data from the literature.
This study highlighted that the impact of heat stress in
laying hens depends on the genotype, age, and group
size, some of which have rarely been investigated.
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INTRODUCTION

The economic losses in poultry production due to
heat stress are important both for tropical areas, where
mean ambient temperatures frequently exceed 30◦C
(Al-Saffar and Rose, 2002; Tan et al., 2010), and for
temperate countries exposed to recurrent summer heat
waves (COPA/COGECA report, 2003). For example,
in the USA, heat has been estimated to increase layers
mortality by 0.03 to 0.96% and to decrease egg pro-
duction by 0.5 to 7.2%, leading to a global yearly eco-
nomic loss of $98.1 million (Saint-Pierre et al., 2003).
Layers are particularly vulnerable to heat stress because
they have to maintain a long production cycle (50 to 70
weeks). Besides the effect on egg quantity, heat stress
also decreases egg quality (Balnave and Muheereza,
1997; Al-Saffar and Rose, 2002), reproductive efficiency
(Novero et al., 1991), and efficiency of the immune re-
sponse (Bollengier-Lee et al., 1998; Al-Saffar and Rose,
2002).
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Heat stress is caused by a combination of high en-
vironmental temperature, high humidity and low air
velocity (Yahav et al., 2004; Balnave and Brake, 2005).
The chicken’s thermoregulatory mechanisms to avoid
heat stress are normally activated above 24◦C, i.e.,
above the 18 to 24◦C thermoneutral zone (Celik et al.,
2004; Etches et al., 2008), but St-Pierre et al. (2003)
showed that this limit can be lower depending on air
humidity. Heat stress effects become noticeable when
temperatures exceed 30◦C (Çiftçi et al., 2005; Seven,
2008) and are accentuated by the fact that chickens
cannot dissipate heat efficiently because of the insulat-
ing property of feathers and the lack of sweat glands.

Apart from the intensity and duration of the heat
stress itself, several factors affect a bird’s sensitivity
to high temperatures. The most frequently reported
factors are the age of the bird, the cyclic variations
of the temperature, and genotype. For example, egg
shape is less affected by high temperature in old than
in young hens (Tůmova and Gous, 2012) but laying in-
tensity is more affected by a severe heat stress (37◦C)
at the end than at the beginning of the laying period
(Bordas and Mérat, 1992). Cyclic variations of tem-
perature reduce the effect of heat stress by providing
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recovery periods for birds during the cooler periods
(Mashaly et al., 2004). Finally, regarding genotype ef-
fects, the most productive genotypes are more affected
than the less productive ones, and the brown egg geno-
types, which are heavier and more feathery, are more
affected than the white egg ones (Franco-Jimenez et al.,
2007; Melesse et al., 2011).

Despite the large number of studies on chicken heat
stress, predictors for heat tolerance are not yet easily
accessed. It is difficult to synthesize the results from
multiple studies because of the heterogeneity of the ex-
perimental conditions, especially regarding age, geno-
type, intensity of heat stress, and cyclic variation of
temperature during stress. To overcome this difficulty,
we performed a meta-analysis of data collected from a
large number of published studies evaluating the main
effects of heat stress on laying hens to produce a quan-
titative synthesis of the literature results.

MATERIALS AND METHODS

Literature Search and Paper Filtering
Criteria

A detailed search of studies from 1970 to 2013 was
carried out in the ISI Web of Science and PubMed
through key word searches and cited references of other
published papers. Keywords and search strings included
terms related to robustness (robustness, tolerance, and
resistance), heat stress (heat stress, high ambient tem-
perature, high environmental temperature, etc.), laying
hens (laying hen, layer, chicken or poultry), genotype
by environment interaction (genotype by environment
interaction or genotype-environment interaction), and
egg production (egg production, egg quality, laying rate
or performance).

The numerous papers obtained by this search were
then filtered before inclusion in the database. Papers
were not eligible for inclusion if: 1) they studied other
poultry species like quail or meat-type genotypes such
as broiler breeder hens, 2) they were conference pro-
ceedings without details on results or on conditions,
3) they were literature reviews with no original data,
4) they did not specify the genotype, the age of the
hens, the daily amplitude of temperature variation or
the group size, 5) the experiment was performed un-
der one temperature, 6) the experimental temperatures
were below 15◦C or above 35◦C, 7) the exposure time
was too short to be considered as long-term (less than
one week), and 8) the parameters recorded, even if in-
teresting, were too scarce and rarely measured (e.g.,
heat shock proteins).

After the filtering step, the final database included
data collected from 131 papers with 99 to 1,335 data
points per trait (see Appendix). Because the raw data
from each study was not available, the final database
was made up of the mean values for each trait per heat
treatment as summarized in tables and graphs for the
retained papers. Similarly, in most cases standard er-

rors were not reported for each trait, as such, in order
to account for variability in the mean estimates due to
differences in sample sizes among studies, we instead
estimated the number of independent statistical units
(NIS) and included them in the database. For exam-
ple, in a study presenting the results obtained during
2 weeks of egg collection, with an egg production rate
of 50%, and 32 hens in each heat temperature group,
reared in cages of 2 hens with a common feeder for
2 cages, we counted 32 independent samples for body
weight, 16 for egg production rate and egg mass, 8 for
feed intake and feed conversion ratio, and 224 for egg
weight (i.e., 14 d × 32 hens × 50% egg production rate).
The detailed description of the database and the com-
plete list of references included can be found as supple-
mentary data.

Database Recording

Parameters recorded included minimum and maxi-
mum daily temperatures, and mean daily temperature
(T). We also recorded genotype (GEN) in 3 categories:
commercial white birds (CW, 48.8% of final data),
commercial colored birds (CC, 24.5%), and experimen-
tal lines or indigenous flocks (EXP, 26.7%). To main-
tain a sufficient number of data per category, it was not
possible to define more detailed categories of genotypes.
We note that EXP represented a heterogeneous group,
as it included both local breeds, generally less produc-
tive under standard conditions but well adapted to local
conditions, as well as experimental lines selected on a
single trait (as opposed to commercial lines selected on
wider number of traits) and characterized by a small
effective population size. Although more homogeneous,
the CC and CW groups exhibited pronounced variabil-
ity as they included several different commercial lines
issued from selection programs over the time span in-
cluded in the database (1970 to 2014). Group size (GS),
representing single versus collective rearing (56.9% and
43.1% of the cases, respectively) was also included in
the database. For all traits recorded between X and Y
weeks of age of hens, we attributed a mean age value
(A; in weeks) corresponding to the mean of X and Y.
The mean hen age in the database was 39.6 wk, with
25.8% of data coming from hens younger than 30 wk,
36.1% from 30 to 40-wk-old hens, 17.1% from 40 to
50-wk-old hens, 11.4% from 50 to 60-wk-old hens, and
9.6% from hens older than 60 wk. Finally, daily am-
plitude of temperature variation (Δ) was calculated as
the difference between maximum and minimum tem-
peratures. In the database, 64% of the data arose from
studies with no amplitude of variation or variation less
than 3◦C. For the remaining studies, the daily variation
of temperature averaged 9.5◦C.

Traits included in the database were hen-day egg
production rate per flock (EPR; in %), egg weight
(EW; in g), egg mass (EM; in g.d−1), daily feed intake
(FI; in g.d−1), feed conversion ratio (FCR) calcu-
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Table 1. Summary statistics for each trait.

Trait1 Unit N Mean Std Minimum Maximum

FI g.d−1 1097 99.55 19.90 23.20 162.00
EPR % 1323 76.18 15.03 18.00 100.50
EW g 1335 56.04 6.11 37.60 72.00
EM g.d−1 1281 43.07 10.39 10.40 70.38
FCR g.g−1 881 2.355 0.569 1.150 4.990
HU - 254 81.49 10.84 48.72 104.53
ST mm 307 0.3565 0.0387 0.2670 0.4900
SS g 99 3199 704 1958 4895
YP % 170 28.19 2.27 24.08 34.99
AP % 138 61.82 2.56 54.61 67.01
SP % 251 9.736 1.507 69.24 14.31
MORT %.wk−1 159 0.5310 0.9198 0.00 6.78
BWc %.wk−1 529 −0.3483 2.5671 −14.9511 19.7880

1FI: feed intake; EPR: egg production rate; EW: egg weight; EM: egg
mass; FCR: feed conversion ratio; HU: Haugh units; ST: shell thickness;
SS: shell strength; SP: shell proportion; YP: yolk proportion; AP: albu-
men proportion; MORT: mortality rate; BWc: relative weekly body weight
change.

lated as the ratio of feed consumption to egg mass (in
g.g−1), Haugh units (HU), shell thickness (ST; in mm),
shell strength (SS; in g), shell proportion (SP; in %),
yolk proportion (YP; in %), albumen proportion (AP;
in %), body weight (g), and mortality (%). Weekly mor-
tality rate (MORT) was calculated by dividing the to-
tal mortality during the experiment by the length of the
experiment (in weeks). We calculated a relative weekly
body weight change (BWc) during heat exposure
as:

BWc = 100 ×
⎛
⎝1 −

[
BW2

BW1

](
1

T 2−T 1

)⎞
⎠ ,

where BW1 and BW2 were body weight at the begin-
ning and at the end of the heat stress period, respec-
tively, and T1 and T2 the hens’ ages (in weeks) at the
beginning and at the end of the heat stress period, re-
spectively.

Summary statistics for these traits are presented in
Table 1.

Statistical Analysis

Egg production rate, mortality, body weight change,
and shell proportions were expressed in percent-
ages, which were below 20% or above 80% and
were, thus, transformed by arcsine square root,
while FCR was log-transformed before analysis. The
corresponding abbreviations for transformed traits
are, respectively, EPRt, MORTt, BWct, SPt, and
logFCR.

The analysis consisted of two steps. In the first
step, data were pre-corrected for a random study ef-
fect through the MIXED procedure of SAS (SAS In-
stitute Inc., 2009). In the second step, we ran the
GLMSELECT (SAS Institute Inc., 2009) procedure on
the residuals of the first step to automatically select the
best model for each trait. Models were allowed to in-

clude the fixed main effects of genotype (GEN), group
size (GS) as fixed effects, and covariates for linear effect
of temperature (T), nonlinear effects of temperature
(T2, T3), linear effects of age and amplitude of tem-
perature variation, and all possible two-by-two interac-
tions. In addition, we introduced observation weights
into the model to account for study-specific differences
in the variability of data measured on differing num-
bers of independent samples (NIS), particularly as the
NIS varied considerably among the traits and stud-
ies considered. For example, mean albumen propor-
tions were calculated on 19 to 2421 NIS depending on
the study. However, weighting observations using the
raw NIS (which would correspond to giving the latter
study in the previous example 127 times more weight
than the former) would lead to attributing a dispro-
portionate influence to the few large-scale experiments
and largely excluding data from small to medium-sized
studies, even though small studies are often more accu-
rate in their monitoring of heat stress than large studies,
so that data quality of small-scale studies is quite reli-
able. To avoid this, the NIS were split into 5 quantiles
for each trait, from 1 (20% of studies with the smallest
NIS) to 5 (the 20% of studies with the largest NIS), and
these categories were used as weighting factors in the
analyses of variance. A stepwise procedure was used to
successively introduce new effects in the model up to
the entry significance level of P < 0.15, which is the
common standard in stepwise regressions in SAS. The
best-fitting parsimonious model was then selected on
the criterion of lowest predicted residual sum of squares.
The final selected models for each trait are presented
in Table 2.

To assess whether a trait was a good indicator of
sensitivity to heat stress, we calculated an index of sen-
sitivity (IS) in a “standard” situation (defined as single-
caged birds of CW genotype, 30-weeks-old, reared
under constant ambient temperature), as the relative
difference between estimated performances at thermo-
neutrality (TN, 15 to 20◦C) and under heat stress
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Table 2. Trait mean estimated values at thermo-neutrality (TN, 15 to 20◦C) and under heat stress (HS, 30 to 35◦C); index of
sensitivity (IS); and models fitted to each trait.

EPR1,2 FI EW EM FCR2 HU ST YP AP SP2 BWc2 MORT2 SS
(%) (g.d−1) (g) (g.d−1) (g.g−1) (mm) (%) (%) (%) (%.wk−1) (%.wk−1) (g)

TN 86.91 112.82 58.09 48.48 2.313 - 0.3631 - 61.48 9.86 −0.6828 0.2610 3513
HS 77.06 87.27 53.93 44.11 2.224 - 0.3439 - 62.23 9.43 0.2028 0.2900 3009
IS −11.3 −22.6 −7.2 −9.0 −3.9 - −5.3 - 1.2 −4.3 −129.7 126.1 −14.3
P3 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - <0.0001 - <0.0001 <0.0001 <0.0001 0.0010 <0.0001

Significance level of main effects4

T <0.0001 0.0002 <0.0001 0.0239 0.0610 0.0089 0.0788
T2 <0.0001 <0.0001 <0.0001 <0.0001 0.0003 <0.0001 0.0002 <0.0001 <0.0001
T3 0.0179 0.0129
A <0.0001 0.0120 <0.0001 <0.0001 0.0002 0.0039 0.1142 0.0411 0.0040
GS <0.0001 <0.0001 <0.0001 0.0008 0.0521
GEN <0.0001 0.0243 <0.0001 0.0018 0.0180 0.0795

Significance level of interactions

T×A <0.0001
T×GS <0.0001 <0.0001 0.0022 0.0354 0.1360
T×GEN <0.0001
T2×A 0.0112 0.0046 <0.0001 0.0972
T2×GS
T2×GEN 0.0494
A×GS <0.0001 <0.0001
A×GEN <0.0001
GS×GEN 0.0061 0.0233
Adj R2 0.34 0.43 0.37 0.24 0.02 0.05 0.30 0.00 0.09 0.17 0.04 0.16 0.42

1FI: feed intake; EPRt: egg production rate on transformed scale; EW: egg weight; EM: egg mass; logFCR: feed conversion ratio on log-
transformed scale; HU: Haugh units; ST: shell thickness; SS: shell strength; SPt: shell proportion on transformed scale; YP: yolk proportion; AP:
albumen proportion; MORTt: mortality rate on transformed scale; BWct: relative weekly body weight change on transformed scale.

2EPR, FCR, SP, BWc and MORT were transformed before analyses.
3P: significance of the difference between TN and HS.
4T: mean temperature; T2: squared mean temperature; T3: cubed mean temperature; Δ: daily amplitude of temperature variation; A: hen age;

GS: group size; GEN: genotype.

(HS, 30 to 35◦C):

IS = 100 × HSS − TNS

TNS

,

where HSS is the mean of estimated values between 15
and 20◦C (6 estimated values, i.e., 1 estimated value by
degree) and TNS the mean of estimated values between
30 and 35◦C (6 estimated values, i.e., 1 estimated value
by degree).

For traits for which an interaction between tempera-
ture (T, T2, T3 or Δ) and one other effect was fitted in
the model, we similarly calculated an index showing the
differences between levels of fixed effects or pre-defined
levels of covariates (30, 50, and 70 wk for age, 0, 5,
and 10◦C for amplitude of temperature variation). For
example, for an interaction between temperature and
genotype, we calculated:

ISC W = IS

ISC C = 100 × HSC C − TNC C

TNC C

ISEX P = 100 × HSEX P − TNEX P

TNEX P

,

where ISX is the index of sensitivity for the level X
of genotype (X = CW, CC, EXP), HSX and TNX the
means of estimated values under HS and at TN for the
level X of genotype.

Finally, when an interaction between two effects A
and B (except temperature) was fitted in the model,
we calculated a similar index showing the importance
of this interaction as:

INTAX X ′ ,BY Y ′ = 100 × PAX ,BY
− PAX ′ ,BY ′

PAX ′ ,BY ′
,

where PAX ,BY
(PAX ′,BY ′) were the means of estimated

values between 15 and 35◦C for level X (X′) of effect
A and level Y (Y′) of effect B. Only combinations in
which one effect was fixed (X = X′ or Y = Y′) while
the other was varying were tested. For example, for an
interaction between age and genotype, we calculated
the difference between CC and CW birds at 30 weeks,
the difference between CC birds at 30 and 50 weeks,
but not the difference between CC birds at 30 weeks
and CW birds at 50 weeks.

To test the significance of indices defined above, esti-
mated data (one point by degree) were analyzed with a
GLM procedure with model 1 for IS, model 2 for an in-
teraction between temperature and another effect, and
with model 3 for interactions between two effects except
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temperature:

Model 1 : EVij = μ + TZi + eij

Model 2 : EVijk = μ + TZi + E1j + TZi × E1j + eijk

Model 3 : EVijk = μ + E1j + E2k + E1j × E2k + eijk,

where EVij(k) is the estimated value at j (k) degrees
(j = 15 to 20 and 30 to 35◦C in model 1, k = 15
to 20 and 30 to 35◦C in model 2, k = 15 to 35◦C in
model 3), μ the general mean, TZi the fixed effect of
the ith temperature zone (TN, HS), E1j and E2k the
fixed effects of level j of effect 1 and level k of effect 2
(j, k = CC, CW, EXP for genotype, 30, 50, 70 wk
for age, 0, 5, 10◦C for amplitude of temperature varia-
tion, Individual or Collective for group size), TZi×E1j
the interaction between the ith temperature zone and
the jth level of effect 1, E1j×E2k the interaction be-
tween the jth level of effect 1 and the kth level of effect
2, and eij(k) the residual for estimated value at j (k)
degrees.

RESULTS

The list of significant main effects and interactions
for the 13 modeled traits is presented in Table 2. Am-
plitude of variation of temperature was found to be in-
significant as both a direct effect and in interactions
with other effects and will thus not be included in the
Tables of results. Interactions were present 17 times in
the fitted models, involving all effects. The selected fit-
ted models can be found in Table 3. Adjusted R2 of
the models are sometimes null or close to zero (e.g.,
for HU or YP), which implies that these traits are not
affected by heat and that factors affecting these traits
are not included in our model. However, it is also im-
portant to remember that data have been pre-corrected
for the random effect of the study, which generally is
the largest cause of variability in a meta-analysis. In-
deed in our case, the pseudo-R2 calculated for the initial
model including only the random study effect averaged
at 0.65.

Index of Sensitivity and Direct Effect of
Temperature

The index of sensitivity describes the intensity of re-
sponse to heat stress for each trait in the reference situa-
tion between TN and HS (Table 2). Mortality and body
weight change were the most affected traits and varied
sharply with temperature (+126.1% and −129.7%, re-
spectively), which is partly because their proportions
were close to zero under TN conditions. Other traits
such as feed intake, shell strength, egg production, and
egg mass were also strongly affected by heat as their

values decreased by 9.0 to 22.6% between TN and
HS in the standard situation. Egg weight, feed conver-
sion ratio, shell thickness, and percentage showed lower
but non-negligible variation with temperature (−3.9 to
−7.2%). In contrast, Haugh units and albumen and yolk
proportions did not vary with temperature.

The temperature effect included only quadratic di-
rect or interaction effects for AP (Table 2) or both lin-
ear and quadratic direct or interaction effects for EPRt,
FI, EW, ST, BWct, MORTt, EM, SPt, SS, and ST
(Table 2). For ST and SPt, the model also included a
cubic term. A nonlinear relationship could be due to the
presence of quadratic or cubic terms (FI, EM, ST, and
SS) or to the nonlinear transformation of the traits be-
fore analysis (EPRt and SPt). For shell characteristics
and egg production rate, the values initially increased
at lower temperatures, reached their maximum between
20 and 22◦C, and declined at higher temperatures (e.g.,
Figure 1A for shell proportion). Conversely, mortality
decreased at low to medium temperature before increas-
ing at high temperatures (Figure 1B). For most traits
however, we observed a continuous increasing (AP) or
decreasing (FI, EM, EW, FCR) trend with increasing
temperature.

Genotype Effect

Genotype by temperature interaction This inter-
action was found for EPRt and EM (Table 2), and was
mostly due to a difference in heat sensitivity between
the commercial colored group and the other genotypes
(Figure 2). At TN, EPR was equivalent for the 3 geno-
types (Table 4), while under HS egg production was
lower for CC than for CW (−8.4%, P = 0.001) and
tended to be lower than in EXP (−5.7%, P = 0.08).
At TN, egg mass of CC was 5.9% higher than that of
EXP (P < 0.0001), but under HS no difference of EM
between EXP and CC was observed (P = 0.52). This
result can be interpreted by looking at the egg weight of
CC that was constantly higher compared to EXP, both
at TN and HS (3.4 and 3.7%, respectively, P < 0.0001).
The fact that CC hens have higher EW but lower EPR
at HS, leads to the lack of difference in EM observed
between CC and EXP.

Genotype by age interaction A genotype by age
interaction was found for egg weight (Table 2), due to
a difference between EXP and CW genotypes (Table 5).
Egg weight was not different between commercial hens
and EXP at 30 weeks (+4.3%, P = 0.12), but egg weight
increased more with age for EXP than for commer-
cial birds (+15.8% and +6.2%, respectively), leading
to 4.6% heavier eggs in EXP birds at 70 wk (P = 0.04,
Table 5).

Genotype by group size interaction This interac-
tion was found for egg weight and egg mass (Table 2)
and was due to a lower sensitivity to the group effect in
CW birds than in CC and EXP birds (−0.4% vs −2.8
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Figure 1. Fitted curves for evolution of (A) shell proportion (SP) and (B) weekly mortality rate (MORT) with temperature, in the standard
situation (commercial white genotype, 30-wk-old birds, single-caged, daily amplitude of variation of temperature = 0◦C).

to −7.9% for EW, −8.3% vs −14.1 to −24.1 for EM,
Table 5). In both individual cages and in group housing,
egg weight was higher in commercial birds than in EXP,
but a difference was found between CW and CC only
in collective systems. Similarly, for egg mass, no differ-
ence was found between genotypes in individual cages,
but commercial birds showed better performances than
EXP birds in collective systems (Table 5).

Genotype main effect Genotype differences were
observed for FI and FCR (P = 0.02, Table 2), EXP birds
eating 2.1 to 2.8 g.d−1 less and exhibiting a 0.06 to 0.08
higher FCR than commercial birds (Table 3). The ef-
fect of the genotypes on FI was nevertheless minor com-
pared to the effect of the temperature itself (−34.1 g be-
tween estimated values at 20 and 35◦C in the standard
situation).
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Figure 2. Fitted curves showing the interaction between genotype and temperature for (A) egg production rate (EPR) and (B) egg mass
(EM). Full line stands for commercial white, dotted line for commercial colored, and dashed line for experimental and indigenous lines.

Hen Age Effect

Age by temperature interaction Age by T or T2

interactions were included in our models for EW, FI,
and EM (Figure 3 for EM and EW) and SS, even if
weakly significant for the latter (P = 0.10, Table 2). Egg
weight, egg mass, and feed intake were more affected
by heat in older than in younger hens (respectively,
−13.1%, −18.0% and −26.7% at 70 wk vs. −7.2%,
−9.0%, and −22.7% at 30 wk between TN and HS,
Table 4). On the contrary, shell strength decreased more
with heat in younger than in older hens (−14.3% at 30
wk, −6.4% at 70 wk, between TN and HS, Table 4). In

both cases, this pattern led to the presence of a signifi-
cant or nearly significant difference between 30-wk-old
hens and 70-wk-old hens under TN (P = 0.002 for SS,
<0.0001 for EW and EM, 0.10 for FI). Under HS, the
differences between young and old hens vanished for
FI and SS and were largely reduced for EW and EM
(Table 4).

Age by group size interaction This interaction af-
fected EPR (P < 0.0001) and EM (P < 0.0001, Table 2).
At 30 weeks, egg production rate and egg mass were,
respectively, 6.7% and 8.3% lower in group-caged birds
than in individual cages. At 50 and 70 weeks, these dif-
ferences between group sizes disappeared (Table 5).
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Table 5. Means of fitted values for traits exhibiting interactions between effects, except
temperature.

Effect 11 Means of estimated values by Relative difference between levels of effect
level of effect 22 2 within effect 1(%)3

Egg Production Rate (%)

Group Ind Coll Coll-Ind
30 wk 83.3a,4 77.7b −6.7
50 wk 78.7b 77.2b,c −1.9
70 wk 73.6c 76.7b,c −4.1

Egg Weight (g)

Age 30 wk 50 wk 70 wk 50–30 wk 70–50 wk 70–30 wk
CW 55.9d,e 57.6c,d 59.3b,c 3.1 3.0 6.2
CC 55.5d,e 57.9b,d 60.5a,b 4.5 4.3 8.9

EXP 53.5e 57.8b,d 62.0a 7.9 7.3 15.8

Group Ind Coll Coll-Ind
CW 55.9a 55.6a −0.4
CC 55.5a 53.9b −2.8

EXP 53.5b 49.3c −7.9

Egg mass (g.d−1)

Group Ind Coll Coll-Ind
30 wk 46.4a,b 42.6c −8.3
50 wk 46.9a,b 45.4b −3.2
70 wk 47.4a,b 48.2a 1.7

Group Ind Coll Coll-Ind
CW 46.4a 42.6b −8.3
CC 46.2a 39.7c −14.1

EXP 45.0a 34.1d −24.1

1CW: commercial white birds, CC: commercial colored birds; EXP: experimental birds.
2Ind: individual rearing, Coll: collective rearing.
3Relative difference “B-A” is calculated as PB −PA

PA
, where PA and PB are the means over the

whole temperature range (15 to 35◦C) of estimated performances of levels A and B of effect 2,
within effect 1.

4Traits within interaction with no common superscript are significantly different (P < 0.05).

Main age effect An age effect was fitted for BWct
(P = 0.04), SPt (P = 0.11), ST (P = 0.04), and HU
(P = 0.0002, Table 2). These effects were very low,
leading to weekly decreases of 0.03 to 0.06% for HU,
ST, and SP. For BWc, this effect changed the tem-
perature above which hens started to gain weight. At
70 wk, body weight change was positive whatever the
temperature. At 50 and 30 weeks, body weight change
became positive above 32◦C and 28◦C, respectively
(Figure 4).

Group Size

Group size by temperature interaction Group size
by temperature interaction was fitted to EPRt (P <
0.0001), EM (P = 0.04), EW (P = 0.002), SS (P =
0.14), and FI (P < 0.0001, Table 2). For egg produc-
tion and egg mass, the advantage of individual cages
compared to collective ones was reduced at high tem-
peratures (Figure 5 for EPR). Indeed, EPR and EW
were 11.3% and 7.2% lower in collective than in indi-
vidual cages at TN, but only 5.8% and 4.1% lower at
HS (Table 4). On the contrary, the difference between
group sizes slightly increased with heat for feed intake
and egg mass. Mean values in collective cages were lower
than those in individual cages by 22.6% for FI and by

9.0% for EM at TN, and by 24.7% and 9.7%, respec-
tively, under HS.

DISCUSSION

In previous studies evaluating the effect of heat stress
on production and feed efficiency traits, the effects of
age, genotype, group size, and amplitude of tempera-
ture have been mostly studied separately and largely on
CW hens reared in single battery cages. A few attempts
have been made to model changes in traits with ambi-
ent temperature, but they never studied simultaneously
the effects and traits analyzed in this study. For ex-
ample, Marsden and Morris (1987) modeled the effects
of temperature on various metabolic and production
traits considering only the genotype effect, while Al-
Saffar and Rose (2002) considered the genotype, group
size, and temperature program but only on egg related
traits. None of these reviews included the effect of hen
age or interactions between traits.

One of the main results of this study is to have high-
lighted the existence of interactions between temper-
ature and the different factors (age, group size, and
genotype) for four main traits: 1) feed intake, 2) egg
production, 3) egg weight, and 4) egg mass. This
underscores that it is incorrect to apply the results
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Figure 3. Fitted curves showing the interaction between age and temperature for (A) egg weight (EW) and (B) egg mass (EM). Full line
stands for 30-wk-old birds, dotted line for 50-wk-old birds, and dashed line for 70-wk-old birds.

obtained from one study done under specific conditions
of genotype, hen age, and group size to other conditions,
unless the mechanisms leading to the aforementioned
interactions are well understood. This also enhances the
importance of providing the equations corresponding to
fitted models, which will allow people to apply the ap-
propriate equation for a given situation.

Joint analysis of independent studies would be facili-
tated by a standardization of experimental procedures.
For example, mortality recording is not standardized
between studies. Age or causes of mortality are usu-

ally not recorded, and it is difficult to summarize the
available data on mortality although it is influenced by
chronic heat stress. Similarly, some other effects such
as air velocity or humidity could not be included in
the models because of the paucity of records, even if
they are known to influence the response to heat stress
(Yahav et al., 2004). This information should be sys-
tematically included in a general effort of standardiza-
tion of data recording in future experiments.

Concerning the temperature effect, our study con-
firmed that large negative effects of heat stress (more
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Figure 5. Fitted curve showing the interaction between group size and temperature for egg production rate (EPR). Full line stands for
single-caged birds (I), dotted line for collective rearing (G).

than 10% of decrease compared to the optimal value)
are observed above 30◦C. However, a real impact of heat
stress on some traits was observed below the threshold
value of 30◦C. This was the case for feed intake, with
a 10% decrease observed already at 24◦C, and for im-
portant production traits such as egg mass, egg pro-
duction rate, egg weight, and shell strength with losses
of 5% (i.e., values comparable to what is forecast as
heat related losses in the USA, St-Pierre et al., 2003)
at lower temperatures (24 to 29◦C). This observation
is relatively novel since previous studies generally con-
sidered heat stress in layers to start only above 30◦C.
To avoid any heat stress effect, it is recommended that

ambient temperature remains below 25◦C. As feed in-
take is the trait that is the most largely affected at the
lowest temperature, we can hypothesize that this trait
has a higher adaptive value than the other traits, as a
lower feed intake is associated with a reduced need to
dissipate heat. Moreover, there is probably a cascading
effect of the reduced feed intake on the other traits, as
they are all correlated.

Furthermore, the impact of using cyclic tempera-
tures appears to be much more limited than previ-
ously thought. This underlines the severe consequences
that climate change may have on egg production, con-
sidering that the Intergovernmental Panel on Climate
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Change (IPCC) scenarios are suggesting that temper-
atures could rise by +2 to +4◦C by the end of the
century.

Genotype Effects

The high egg production rate and egg mass in the
CC hens under TN temperatures followed by a stronger
drop under heat stress (HS) reflect the limited ability
of the CC hens to cope with high temperatures. High-
performing hens have been shown to be more sensitive
to environmental changes (Chen et al., 2009) but differ-
ences exist between genotypes. For example, the abil-
ity of the CW hens to tolerate heat stress better than
the CC hens is well documented (Marsden and Morris,
1987; Franco-Jimenez et al., 2007; Melesse et al., 2011,
2013), and several hypotheses have been proposed. At
elevated environmental temperatures, animals dissipate
body heat by sensible heat loss (radiation, convection,
and conduction) and evaporative heat loss (DEFRA,
2005; Mutaf et al., 2008). However, sensible heat loss
is reduced in brown birds because of heavy feather
coverage that limits heat dissipation (Franco-Jimenez
et al., 2007). Furthermore, brown birds are heavier and,
therefore, require more energy for maintenance (Franco-
Jimenez et al., 2007). This was also the case in our
database, where, at onset of lay (before 25 wk), CC
were on average 174 g heavier than CW birds. Mars-
den and Morris (1987) showed that energy available for
production is maximum at 23◦C for brown birds and at
24◦C for white birds. In our analysis birds from exper-
imental lines (EXP) were mostly composed of White
Leghorn hens and it is, therefore, not surprising that
they showed a similar response to HS as the CW birds.
Moreover, the EXP was a heterogeneous group. It was
composed on the one hand of experimental lines se-
lected on one unique selection criterion (residual feed
intake, clutch length, etc). This might confer an ad-
vantage under HS conditions compared to commercial
birds selected on multiple criteria selection indexes and
that exhibit high performance for several production
traits shown here to be sensitive to heat. On the other
hand, the EXP group also included indigenous breeds
coming mostly from hot countries and, thus, adapted
to heat, and lines segregating for genes like the naked
neck, sex-linked dwarf gene or frizzle genes, which have
been shown to improve tolerance to heat (Chen et al.,
2004, 2009; Cahaner et al., 2008; Zerjal et al., 2013).

The small difference between the commercial lines
in changes in feed intake and FCR in response to in-
creasing temperatures was expected. Reducing feed in-
take during heat stress is a physiological reaction to
reduce diet-induced thermogenesis and the consequent
metabolic energy to dissipate, thus, increasing the tol-
erance to heat stress. The differences in feed intake
between the commercial and EXP hens can be ex-
plained considering that some EXP lines were selected
for low residual feed intake, and others were carry-

ing the sex-linked dwarf mutation, that causes a re-
duced appetite due to thyroid insufficiency (Guillaume,
1976; Marks, 1980). In both cases, a relatively low
feed intake was expected. Small variation in BWc ob-
served at HS in CW hen temperatures could be ex-
plained by the smaller size of the White leghorns com-
pared to Brown hens and their higher tolerance to
heat.

Age Effects

The combined effect of temperature and age can be
explained by the larger drop in the level of production
for age groups having the highest values in optimal con-
ditions. Shell strength was more affected in young birds
and EW was more affected in old ones. A similar sce-
nario was reported by Tůmova and Gous (2012) who
found a stronger impact of heat in highly productive
laying hens compared to less productive broiler breeder
hens.

When hens get older, egg weight and egg surface in-
crease, implying an increased need for calcium to build
shell matrix (Tůmova and Gous, 2012). However, the
capacity to absorb calcium decreases with age (Cordts
et al., 2002). This can explain why at TN, when heat
stress does not affect production, shell strength is lower
in old than in young hens. Under heat stress, birds hy-
perventilate to dissipate heat leading to an additional
lack of bicarbonate ions required for shell structure
(Tůmova and Gous, 2012). This should increase the dis-
advantage of old hens, however, old hens show a sharp
decrease in egg weight under heat stress, thus limiting
their needs in calcium, which may in turn explain why
young and old hens have similar shell strength under
HS.

Similarly, the interaction between temperature and
egg weight can be linked to the trend observed with age
and temperature, for egg number and feed intake. When
birds get older, their needs increase for both mainte-
nance and production as hens and eggs get heavier. Un-
der HS, feed intake decreases sharply, and less resources
are available both for maintenance and for production.
As egg production does not decrease at the same rate
as feed intake, there are proportionally less resources
available for each egg, especially for older hens produc-
ing larger eggs, so that the age effect on egg weight is
completely erased by the heat stress.

Group Size

The relationship between group size and ambient
temperature has been less studied, as most of the stud-
ies on heat-stress effects in laying hens have been per-
formed in single cages. In our database, almost 60%
of the studies were done in individual cages, and only
two considered both collective and individual rearing.
In agreement with our results, Saki et al. (2012) showed
that group-caged hens have lower egg production, egg
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weight and egg mass than hens kept in single cages un-
der neutral temperatures of 18 to 22◦C. This could be
due, on the one hand, to the lower feed intake of hens
reared in group-cages compared to hens kept in single
cages (Table 4), and, on the other hand, to the higher
activity levels in group-caged hens (Guo et al., 2012),
both leading to a reduction of energy resources avail-
able for production. The absence of large differences
for egg production between group and individual cage
systems under HS (Table 4) could reflect that above a
certain temperature, HS outweighed stress represented
by the collective cage. For other traits such as FI and
EM the stronger effect of heat stress in collective groups
than in individual cages may be due to the greater dif-
ficulty of the former to dissipate heat. Etches et al.
(2008) mentioned that under heat stress, caged birds
tend to increase the distance between birds and to lift
their wings from the body to increase the surface of
evaporative heat loss. These behavioral adaptations are
probably more difficult in collective cages than in indi-
vidual ones. For further studies, it will be important to
include the information on surface available per bird to
make a realistic estimation of this effect.

CONCLUSIONS

This analysis provides a quantification of main ef-
fects that should be taken into account to predict the
expected impact of chronic heat stress in given con-
ditions. Age and genotype are crucial factors for re-
silience to heat stress in laying hens as both contribute
strongly to variation in egg production and quality. The
genotype plays a vital role in determining egg produc-
tion rate, egg weight, egg mass, and feed intake. Com-
mercial colored birds, which generally are heavier, have
more difficulties in handling heat stress. The effect of
age was more prominent on egg production rate, egg
weight, and feed intake, which calls for consideration
of the production length of hens in rearing conditions
where house temperatures are not controlled. Finally,
group size (single or group-cage) is important for egg
production rate, egg mass, egg weight, and feed intake.
This meta-analysis points out that shell strength, feed
intake, egg mass, egg production rate, and relative body
weight change are good indicators of robustness in lay-
ing hens as they are more sensitive to temperature.

SUPPLEMENTARY DATA

Supplementary data is available at PSA Journal
online.
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