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Exposure of laying hens to chronic heat stress results in loss of egg production. It should be possible to improve hen resilience
to chronic heat stress by genetic selection but measuring their sensitivity through internal temperature is time consuming and
is not very precise. In this study we used infrared thermography to measure the hen’s capacity to dissipate heat, in a commercial
line of laying hens subjected to cycles of neutral (N, 19.6°C) or high (H, 28.4°C) ambient temperatures. Mean body temperatures
(BT) were estimated from 9355 infrared images of wing, comb and shank taken from 1200 hens. Genetic parameters were
estimated separately for N and H temperatures. Correlations between BT and plumage condition were also investigated.
Wing temperature had low heritability (0.00 to 0.09), consistent with the fact that wing temperature mainly reflects the
environmental temperature and is not a zone of heat dissipation. The heritability of comb temperature was higher, from 0.15 to
0.19 in N and H conditions, respectively. Finally, the shank temperature provided the highest heritability estimates, with values
of 0.20 to 0.22 in H and N conditions, respectively. Taken together, these results show that heat dissipation is partly under
genetic control. Interestingly, the genetic correlation between plumage condition and shank and comb temperatures indicated
that birds with poor condition plumage also had the possibility to dissipate heat through featherless areas. Genetic correlations
of temperature measurements with egg quality showed that temperatures were correlated with egg width and weight, yolk
brightness and yellowness and Haugh units only under H conditions. In contrast, shell colour was correlated with leg temperature
only at thermo-neutrality.
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Implications

Adaptation of laying hens to chronic heat stress is essential
to maintaining animal welfare and productivity in the context
of global warming. Our study shows that the surface
temperatures of the shank and comb, measured in this study
by infrared thermography, are under genetic control. They
therefore constitute potential selection criteria that could be
used to improve the capacity of laying hens to dissipate heat
in the intent to improve hen’s adaptation to high environ-
mental temperatures.

Introduction

World egg production increased by 81% over the last two
decades, mainly in tropical and sub-tropical areas, with
South, East and South-East Asia now representing 57% of
world production (http://faostat3.fao.org). This flourishing
industry is nevertheless expected to be affected by climate
change, especially due to heat stress-related problems. The
fifth IPCC (Intergovernmental Panel on Climate Change)
report published in April, 2014 confirmed the previously
reported global warming phenomenon and foresaw an
acceleration of the consequences of climate change.
Chickens are particularly sensitive to high ambient

temperatures because their heat loss is limited by the insu-
lating property of feathers and the absence of sweat glands.† E-mail: sandrine.grasteau@tours.inra.fr
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Chronic heat stress induces a reorientation of physiological
processes towards survival (Mount, 1974; Etches et al., 2008)
and away from production and quality traits (Mashaly et al.,
2004; Franco-Jimenez et al., 2007; Etches et al., 2008). The
increasing concern about production losses due to high
ambient temperatures affects not only tropical and
subtropical regions but also temperate countries where heat
waves during summer months are becoming more frequent
(Saint-Pierre et al., 2003; COPA/COGECA report, 2004).
Furthermore, massive mortality increases public concern and
questions the sustainability of intensive poultry husbandry
from an ethical standpoint. It is therefore crucial to improve
the hen’s capacity to adapt to heat stress.
The world poultry industry relies on a few major breeding

companies that are all located in temperate countries. They
provide high performing chickens selected under optimal
climatic conditions but not well adapted to high tempera-
tures. To make effective progress, it appears important to
include resistance to high temperatures among primary
selection objectives, for example by selecting layers for an
improved thermoregulation system. One key factor in ther-
moregulation is the capacity to dissipate heat. In chickens
due to the thick insulation coat of feathers on most of the
body surface, heat loss happens largely through featherless
areas where heat dissipation is most efficient. There is a large
body of literature showing that the surface temperature of
featherless areas is a valuable parameter that varies with
environmental changes and that can be used to evaluate the
comfort or thermal stress in chickens (Richards, 1971; Giloh
et al., 2012). In birds under heat stress, heat is dissipated
through sensible heat loss (by radiation, conduction and
convection) and by respiratory–evaporative mechanisms
(Seymour, 1972; Marder and Arad, 1989). At temperatures
around 30°C, the proportions of heat lost through the
two mechanisms are equal (Anderson and Carter, 1993).
Conduction and convection mechanisms depend on the
ambient temperature surrounding the animal, and heat loss
occurs by direct contact and by movement of the air around
the animal. On the other hand, radiation represents heat
flow from the surface of the body to the surrounding air,
mainly occurring through infrared emissions.
Infrared thermography has in recent years become a

valuable tool in veterinary and animal sciences to measure
infrared body radiation to detect fluctuations in body surface
temperature (Stewart et al., 2005; McCafferty, 2007; Ferreira
et al., 2011). The advantage of this technique is that it is non-
invasive and of remote assessment, and can measure body
surface temperature with minimal manipulation of birds that
can bias measurements.
The aim of this study was to investigate whether surface

temperature, element of the radiative heat loss, could be
used as a selection criterion for adaptation to heat stress in
laying hens. This implied to measure surface temperature by
infrared thermography and to evaluate its genetic basis
through an estimation of its heritability. We also calculated
genetic correlations between body surface temperature and
feathering or egg quality traits. Body surface temperature

was measured on the wing, a feathered area normally not
involved in the heat dissipation process, and on the shank
and the comb, which are the main featherless areas involved
in heat loss in chickens.

Material and methods

All animal care and experimental procedures were approved
under No. 2012-05-10 by the Ethics Committee for Animal
Experimentation of Val de Loire, registered by the National
Committee under No. C2EA-19.

Animal and rearing conditions
Hens were from a commercial line of brown laying hens,
involved in a project aiming at finding strategies of selection
to adapt birds to difficult and variable conditions. This con-
ditions included floor rearing to face up to the increasing
proportion of laying hens reared on floor, alternative diets to
limit soya bean incorporation and high temperatures. They
were hatched in November 2011 from 42 sires and 345 dams
and reared on the floor until 14 weeks of age. They were then
transferred to the henhouse for adult layers and randomly
distributed between 6 pens of 200 birds each. Two pens (one
in control condition, one in heat stress condition) were
equipped with individual trap nests and the other pens had
Vencomatic group nests. From 35 to 75 weeks of age, half of
the birds were submitted to three cycles of environmental
changes, separated by recovery periods during which birds
were returned to control conditions. Each cycle was succes-
sively composed of 24 days in control conditions, 24 days of
diet change, 24 days of recovery period, 12 days of increased
temperature, 12 days of recovery, 24 days of combined diet
change and increased temperature (12 days with only the
diet change followed by 12 days with diet change and
increased temperature). The other half of the birds remained
under control conditions throughout the experiment. Figure 1
summarizes the complete experimental scheme. The main
difference between the control and the alternative diets was
the replacement of one third of soybean meal by rapeseed
meal, thus providing to a slightly reduced CP content
(16.00% v. 17.25%). Ambient temperature and relative air
humidity in the pens were on average 28.4°C and 46.9%
during heat stress periods, respectively, and 19.6°C and
68.8% during thermo-neutral and control periods.

Measures
Surface temperature. Infrared thermographic pictures of
birds were taken at 28 weeks and at the end of each diet,
heat stress and combined diet and heat stress period.
Measures were taken in the morning when the lights were
turned on. All birds from individual nest pens were measured
each time. A sample of 50 birds from each collective nest pen
was measured at each period. Mean temperatures were
estimated from 9355 infrared wing, comb and shank images
taken from 1115 hens. An infrared thermographic camera
(FLIR B335; FLIR Systems Inc., Wilsonville, OR, USA) was
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used, providing a thermal sensitivity of 0.05°C and accuracy
of 2°C. Each bird was placed sideways in an open wooden
box which was at the same temperature as the pen.
Depending on the quality of the images, we obtained one
(full body picture) to three images (focussed on wing, comb
and shank) per bird. Temperature and humidity of each pen
were recorded before obtaining images and entered as
parameters in the image analysis software (ThermaCam Pro
2.10© 1997–2010; FLIR Systems, AB, Sweden). Limits of
wing, shank and comb areas were drawn manually. Shank
area was drawn from hock joint and included toes. Wing area
included wing shoulder, bow, bar, primaries and second-
aries. Comb area included all parts of the comb from base,
points to blade. The mean shank, comb and wing tempera-
ture and standard deviations of the temperature of all pixels
in each zone were extracted from the software. The
emissivity of featherless areas (comb and shank) was set at
0.980, which is the reference value provided by the software
for bare skin. For the feathered wing area, we measured
surface temperature with a contact thermometer, taken
simultaneously with a thermographic image on a sample of
20 birds, and adjusted emissivity value to obtain the closest
possible values between the two temperatures. Emissivity
was thus set at 0.896 for the wing area.

Egg quality. Egg quality was recorded on two to three eggs
per hen in individual pens and on 30 random eggs in col-
lective pens during the last 3 days of each period. Egg width
(EWi) was measured with a digital caliper. Eggs and yolks
were weighed (EW, YW). Shells were washed and dried at
75°C for 12 h before being weighed (SW). Albumen weight
(AW) was calculated as (EW− SW− YW). Yolk, shell and
albumen proportions were noted YP, SP and AP, respectively.
The egg shape index (ESI) was calculated as in (1):

ESI= 100´
EWi
EW

� �1
3

(1)

Shell and yolk colour (L_S and L_Y for luminance, a_S and
a_Y for redness index, b_S and b_Y for yellowness index)
were measured using a Miniscan Spectrocolorimeter by the
CIELAB system. A synthetic colour index (LAB_S, LAB_Y) was

then calculated as in (2) and (3):

LAB S= L S� a S�b S (2)

LAB Y = L Y � a Y �b Y (3)

The presence of meat and/or blood spots and cracked
shells was recorded. The shell breaking strength (EBS) and
mechanical stiffness (ESS) were measured by quasi-static
compression using an Instron (UK527 High Wycombe, UK)
fitted with a 50N load capture at a compression speed of
5mm/min and at 1mm/min for stiffness measurements. Shell
breaking strength was measured as the maximum force (N)
required to fracture the egg. Stiffness was calculated as the
mean value for three linear slopes of the force deformation
curves resulting from the applied load of 10N on three points
on the equator of each egg (about 120° from each other).
Albumen height (AH) was measured with a micrometer and
the Haugh unit (HU) was estimated as in (4):

HU= 100 ´ logðAH� 1:7 ´EW0:37 + 7:57Þ (4)

Feather quality. During the laying period, feather quality was
scored on the neck, back and belly at 28 weeks of age and at
the end of each period of combined diet and temperature
changes. The total number of feather score data was 1033 at
thermo-neutrality and 717 at high temperature. A three-point
scale (from 0 for a good plumage to 2 for poor plumage) was
used for the neck, back and belly zones, as described in the
Welfare Quality Assessment Protocol for Poultry (2009).

Genetic analysis
A preliminary analysis of variance was performed to select
the fixed effects to be included in the model, using the GLM
procedure of SAS (2012). Using the results of this first step,
genetic analyses were performed with model (5) for comb
surface temperature, model (6) for wing and shank tem-
perature and model (7) for egg quality traits and feathering:

yijklm = μ +Ci +TGj +Nk +NPl +Am +eijklm (5)

yijlm = μ +Ci + TGj +NPl +Am +eijlm (6)

yijm = μ +Ci +TGj +Am + eijm (7)

where yij(k)(l)m is the performance of animal m, µ the general
mean, Ci the fixed effect of cycle i (i = 1 for start of

Figure 1 Experimental design of the three cycles of environmental changes (control condition in grey, diet change (cross-hatched areas), high temperature
(dotted areas), combined diet change and high temperature (diagonal hatched areas)). Black arrows indicate the hens’ age when surface temperature and
egg quality measures were taken. Grey arrows indicate the hens’ age when surface temperature, feather score and egg quality measures were taken.
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egg-laying on 28 to 43-week-old hens, 2 for the middle of
egg-laying on 43 to 61-week-old hens, 3 for end of egg-
laying on 61 to 78-week-old hens), TGj the fixed effect of the
jth combination of group (control or with environmental
changes) and temperature period (j = control or hot), Nk the
fixed effect of pen type (collective or individual nests), NPl
the fixed effect of number of images (l = 1 or >1), Am the
random additive genetic effect of animal m, and eij(k)(l)m the
random residual effect pertaining to animal m. The pedigree
file included 1502 animals (1115 hens with data and their
387 parents).
Traits recorded under thermo-neutral and hot conditions

were analysed as separate traits in multivariate analyses to
estimate the genetic correlations between both traits.
VCE6 software (Neumaier and Groeneveld, 1998;

Groeneveld et al., 2010) was used for the genetic analyses.
As not all traits could be included in a single analysis, a series
of 76 analyses was run. Each analysis included four traits,
that is, one temperature trait and one egg quality or feath-
ering trait at hot and thermo-neutral conditions, in order
to test each combination of traits at least once. When the
same parameter appeared in different analyses, the results
presented below are the average of estimated genetic para-
meters and the average of the standard errors.

Results

Elementary statistics
Body surface temperature was 7.1°C to 8.7°C higher during
hot periods than at thermo-neutrality (Table 1). This increase
under heat stress is close to the 8.8°C difference observed for
the ambient temperature between hot and thermo-neutral
conditions. During heat stress, body temperature was also
more homogeneous than at thermo-neutrality, as shown by
the reduction in standard deviation of the surface tempera-
ture, especially in heat dissipation zones (−58.5%, −27.2%
and −19.7% for shank, comb and wing temperature,
respectively).

Elementary statistics for egg quality and feathering are
presented in Supplementary Table 1. The shell was the egg
component that was most affected by heat stress, with
deterioration of its weight, colour and solidity under heat
stress. The frequency of egg defects (meat and blood spots,
cracked vitelline membrane) was also higher under heat
stress. Finally, the average feathering on the belly tended to
worsen under heat stress (P = 0.07). This non-significant
tendency could be expected from the very high coefficient of
variation of this trait (i.e. between 232% and 283%).

Heritability estimates
The heritability estimates of temperature and egg quality
traits estimated at thermo-neutrality and high ambient
temperature are presented in Table 2. Heritability estimates
for wing temperature were low, and significantly higher
than 0 only at thermo-neutral temperature (0.09 ± 0.01).
Heritability estimates were low to moderate, but significantly
different from zero for shank and comb temperatures. They
were on average 0.04 points higher for shank temperature
than for comb temperature.
Heritability estimates for egg quality parameters are also

presented in Table 2. Heritability estimates were 0.02 to 0.13
higher under thermo-neutrality than at high temperatures
for egg weight, yolk proportion, shell breaking strength,
luminance and yellowness of the shell. Heritability under
heat stress for shell and albumen proportions, albumen
height and Haugh units was 0.15 to 0.20 higher than under
thermo-neutrality.
Belly, back and neck feathering heritability estimates are

also presented in Table 2. Back feathering was highly
heritable whatever the temperature condition (0.51 to 0.54).
Neck and belly feathering were less heritable (0.06 to 0.22)
and heritability was 0.10 higher at thermo-neutrality.

Genetic correlations between wing, shank and comb
temperature
Shank and comb temperatures were positively correlated in
both conditions, with estimates ranging from 0.42 ± 0.07 at
thermo-neutrality to 0.70 ± 0.12 at high temperature. Wing
temperature was poorly and negatively correlated to shank
and comb temperatures, the values being greater at thermo-
neutrality (−0.30 ± 0.16 with shank, −0.37 ± 0.14 with
comb) than at high temperature where they were not sig-
nificant (−0.14 ± 0.12 with shank, −0.13 ± 0.12 with comb).

Genetic correlations between thermo-neutral and hot
conditions
The genetic correlations between thermo-neutrality and hot
conditions for all thermography results, feather scores and
egg quality traits are summarized in Table 2. Except for shell
weight, shell proportion and back and neck feathering
scores, correlations were all high (between 0.74 and 0.99).
The genetic correlations were significantly lower than 1 for
shell weight, shell proportion, Haugh units, neck and back
feathering. For the latter, the correlation was not sig-
nificantly different from zero.

Table 1 Elementary statistics on body surface temperature per tem-
perature condition

n Mean ± SD

Wing temperature
Hot conditions (28°C to 30°C) 1304 34.34 ± 1.26
Thermo-neutral conditions (18°C to 20°C) 8051 25.59 ± 1.57
Total 9355 26.81 ± 3.40

Shank temperature
Hot conditions (28°C to 30°C) 1305 37.69 ± 1.40
Thermo-neutral condition (18°C to 20°C) 8038 30.56 ± 3.37
Total 9343 31.56 ± 4.02

Comb temperature
Hot conditions (28°C to 30°C) 1297 36.80 ± 2.36
Thermo-neutral conditions (18°C to 20°C) 8004 28.46 ± 3.24
Total 9301 29.63 ± 4.26
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Genetic correlations between body temperature and egg
quality traits and feathering
Genetic correlations between body temperature and egg
quality and feathering are presented in Table 3. The genetic
correlations between body temperatures and the other traits
were generally low (<0.40), and the highest correlations were
found with shank temperature under heat stress exposure
(28°C to 30°C). We found an association between yolk colour
and shank temperature: a higher shank temperature was
associated with reduced luminance and yellowness of the yolk
under heat stress, and with reduced redness of the yolk at
thermo-neutrality. The profile of correlation between comb
temperature and yolk colour was the same, but with lower and
non-significant correlations. Similarly, shell and egg weight
were negatively correlated with shank temperature at 28°C to
30°C, but not at 18°C to 20°C. Finally, the presence of egg
defects was correlated with body temperature only when hens
were under heat stress. It was found that an increase in shank
temperature was associated with higher scores for meat and
blood spots (i.e. more frequent or larger spots). An increase in
comb temperature was associated with more cracked vitelline
membranes.

In contrast to the above traits, belly and back feathering
were associated with shank and comb temperature only at
thermo-neutrality, better plumage quality being associated
with higher body temperatures.

Discussion

Heritability estimates
Body temperature. This study is the first attempt to our
knowledge to estimate the heritability of body temperature
measured by infrared thermography in poultry. Infrared thermal
imaging has undergone major development during the past
decade for application to biological research into thermal phy-
siology in mammals (Klir and Heath, 1992) and chickens (Nääs
et al., 2010; Ferreira et al., 2011). Using infrared thermography,
Yahav and Giloh (2012) demonstrated that the main skin zones
of heat dissipation were the head (including comb and barbs),
the shank and, to a lesser extent, the wing. In our experiment,
heritability estimates of wing surface temperature were close to
zero. These low values were expected because of the property
of contour feathers located on wings to isolate the skin

Table 2 Heritability estimates for body surface temperatures, egg quality and feathering and genetic correlations between traits measured at thermo-
neutrality and during heat stress

Traits
Heritability at
18°C to 20°C

Heritability at
28°C to 30°C

Genetic correlation between traits measured
at 18°C to 20°C and 28°C to 30°C

Wing surface temperature 0.09 ± 0.01 0.00 ± 0.00 0.98 ± 0.74
Shank surface temperature 0.22 ± 0.01 0.20 ± 0.04 0.95 ± 0.05
Comb surface temperature 0.15 ± 0.01 0.19 ± 0.04 0.99 ± 0.03
Egg weight 0.57 ± 0.02 0.55 ± 0.04 0.96 ± 0.03
Egg width 0.37 ± 0.03 0.27 ± 0.03 0.91 ± 0.06
Egg shape index 0.11 ± 0.03 0.06 ± 0.15 0.74 ± 0.46
Yolk weight 0.27 ± 0.03 0.30 ± 0.07 0.96 ± 0.06
Yolk proportion 0.42 ± 0.02 0.32 ± 0.07 0.87 ± 0.08
Shell weight 0.09 ± 0.02 0.20 ± 0.09 0.53 ± 0.21*
Shell proportion 0.06 ± 0.02 0.23 ± 0.09 0.65 ± 0.21*
Albumen weight 0.39 ± 0.03 0.48 ± 0.06 0.97 ± 0.05
Albumen proportion 0.15 ± 0.03 0.30 ± 0.08 0.95 ± 0.14
Albumen height 0.30 ± 0.03 0.48 ± 0.07 0.94 ± 0.06
Haugh units 0.22 ± 0.04 0.42 ± 0.07 0.98 ± 0.01*
Synthetic colour index of the yolk 0.15 ± 0.02 0.17 ± 0.08 0.77 ± 0.21
Luminance of the yolk 0.05 ± 0.02 0.18 ± 0.11 0.81 ± 0.20
Redness of the yolk 0.16 ± 0.02 0.19 ± 0.07 0.86 ± 0.17
Yellowness of the yolk 0.10 ± 0.02 0.12 ± 0.07 0.82 ± 0.21
Synthetic colour index of the shell 0.49 ± 0.09 0.45 ± 0.13 0.94 ± 0.04
Luminance of the shell 0.54 ± 0.02 0.48 ± 0.05 0.95 ± 0.03
Redness of the shell 0.48 ± 0.05 0.46 ± 0.05 0.94 ± 0.05
Yellowness of the shell 0.35 ± 0.03 0.22 ± 0.05 0.96 ± 0.06
Shell breaking strength 0.29 ± 0.03 0.24 ± 0.05 0.95 ± 0.08
Static stiffness 0.17 ± 0.02 0.25 ± 0.05 0.87 ± 0.09
Meat and blood spots 0.13 ± 0.02 0.05 ± 0.05 0.84 ± 0.23
Cracked vitelline membrane 0.01 ± 0.01 0.11 ± 0.05 0.79 ± 0.26
Belly feathering score 0.16 ± 0.04 0.06 ± 0.02 0.90 ± 0.15
Back feathering score 0.51 ± 0.04 0.54 ± 0.05 −0.23 ± 0.31*
Neck feathering score 0.22 ± 0.06 0.12 ± 0.03 0.62 ± 0.11*

*Values significantly different from 1 (P< 0.05).
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(Kock, 2006). This makes the wing temperature mainly depen-
dent on the environment, the temperature measured corre-
sponding essentially to the radiation of environmental heat on
feathers. Moreover, because of deterioration of the wing feather
coverage over time, the wing surface temperature resulted from
the mixed effects of feather and featherless areas, thus making
it an unsuitable trait for selection on heat dissipation.
The heritability of shank and comb surface temperatures

was low to moderate in both conditions. These estimates
indicated that part of the phenotypic variance measured for
comb and shank surface temperatures is the result of genetic
factors. Featherless skin areas have an important role in the
temperature regulation of birds (Wolfenson et al., 1981).
Yahav (2009) demonstrated that birds with better heat
dissipation capacities were those which exhibited the greatest
peripheral vasodilatation under heat stress (35°C). This
supports the hypothesis that genetic variation in the ability
to dissipate heat exists between birds, as shown by the
heritability values obtained in this study for comb and shank
surface temperatures. Of the three body areas analysed, the
shank surface temperature may be a reliable trait for
introduction of heat dissipation ability in selection pro-
grammes. The heritability values obtained in this study for
body surface temperatures are consistent with the previous
estimates of 0.06 to 0.19 for internal body temperature

(Tixier-Boichard et al., 1995; Loyau et al., 2013) in broilers and
adult layers and with those obtained for comb surface
temperature in broilers (0.12 at thermo-neutrality and 0.33 in
hot conditions, Loyau et al., 2013). Tixier-Boichard et al.
(1995) found much higher heritability of internal temperature
in adult males than in females (0.49± 0.03 v. 0.19± 0.02),
which suggests that measurement of temperature in adult
females can be affected by daily variations due to the
ovulatory cycle. Indeed, the laying cycle of the hen has an
important role in the maintenance of circadian rhythms of
body temperature, with an increase in body temperature at the
time of prelaying behaviour and oviposition (Kadono et al.,
1981). In this study, temperature measurements were mostly
performed during the morning, after oviposition, but a
substantial proportion of hens laid eggs after the measure-
ment time, which may have increased variance in the
temperatures recorded. Another possible source of variability
in the measurement of comb surface temperature was the
surface and the shape of the comb, which is highly variable
between birds. This may result in differences in birds’ capacity
to dissipate heat through this body part which was not
accounted for in this study. The genetic correlations between
shank and comb surface temperature were moderately
positive, indicating that their genetic control is not entirely
the same, even if they both contribute to heat dissipation.

Table 3 Genetic correlations between surface temperatures and egg and feathering traits

Wing temperature Shank temperature Comb temperature

18°C to 20°C 28°C to 30°C 18°C to 20°C 28°C to 30°C 18°C to 20°C 28°C to 30°C

Egg weight −0.17 ± 0.09* −0.28 ± 0.97 0.01 ± 0.07 −0.26 ± 0.14* 0.03 ± 0.09 −0.19 ± 0.14
Egg width −0.13 ± 0.11 0.23 ± 0.86 0.05 ± 0.04 −0.46 ± 0.15* 0.00 ± 0.08 −0.13 ± 0.04*
Egg shape index 0.16 ± 0.15 0.30 ± 0.67 0.05 ± 0.30 −0.05 ± 1.12 0.02 ± 0.15 −0.28 ± 0.75
Yolk weight −0.45 ± 0.10* −0.65 ± 0.42 −0.21 ± 0.08* −0.26 ± 0.23 −0.34 ± 0.08* −0.50 ± 0.18*
Yolk proportion −0.15 ± 0.10 0.47 ± 1.92 −0.08 ± 0.07 0.02 ± 0.26 −0.15 ± 0.10 0.47 ± 1.92
Shell weight −0.05 ± 0.16 −0.12 ± 0.38 0.01 ± 0.12 −0.68 ± 0.26* −0.07 ± 0.13 −0.45 ± 0.33
Shell proportion −0.02 ± 0.19 −0.11 ± 1.26 −0.00 ± 0.12 −0.13 ± 0.34 −0.02 ± 0.15 −0.02 ± 0.29
Albumen weight −0.17 ± 0.11 −0.31 ± 0.32 0.03 ± 0.08 −0.19 ± 0.21 0.06 ± 0.09 −0.12 ± 0.21
Albumen proportion −0.03 ± 0.14 0.27 ± 1.11 0.07 ± 0.11 −0.06 ± 0.22 0.18 ± 0.11* 0.12 ± 0.27
Albumen height 0.22 ± 0.11* −0.29 ± 1.03 0.21 ± 0.08* 0.47 ± 0.16* 0.31 ± 0.08* 0.54 ± 0.16*
Haugh units 0.27 ± 0.11* −0.43 ± 1.46 0.20 ± 0.08* 0.43 ± 0.18* 0.28 ± 0.10* 0.49 ± 0.17*
Synthetic colour index of the yolk 0.17 ± 0.12 −0.02 ± 1.01 0.24 ± 0.09* −0.36 ± 0.36 0.19 ± 0.11* −0.19 ± 0.35
Luminance of the yolk 0.05 ± 0.19 0.45 ± 1.65 −0.16 ± 0.14 −0.80 ± 0.13* 0.07 ± 0.16 −0.45 ± 0.38
Redness of the yolk −0.50 ± 0.10* 0.87 ± 0.38* −0.45 ± 0.08* 0.01 ± 0.26 −0.41 ± 0.09 −0.04 ± 0.27
Yellowness of the yolk −0.25 ± 0.15* 0.22 ± 1.06 −0.26 ± 0.11* −0.63 ± 0.28* −0.10 ± 0.12 −0.15 ± 0.45
Synthetic colour index of the shell 0.04 ± 0.10 0.55 ± 5.66 0.18 ± 0.07* −0.04 ± 0.21 0.01 ± 0.08 0.08 ± 0.15
Luminance of the shell 0.08 ± 0.09 0.61 ± 0.73 0.15 ± 0.07* −0.11 ± 0.19 −0.04 ± 0.08 0.09 ± 0.16
Redness of the shell −0.08 ± 0.10 −0.57 ± 0.59 −0.19 ± 0.07* 0.02 ± 0.20 −0.06 ± 0.07 −0.22 ± 0.22
Yellowness of the shell 0.14 ± 0.10 −0.26 ± 1.17 −0.12 ± 0.07 −0.02 ± 0.28 −0.01 ± 0.08 0.14 ± 0.22
Shell breaking strength −0.13 ± 0.10 −0.82 ± 0.53 −0.12 ± 0.08 −0.17 ± 0.25 0.04 ± 0.08 −0.26 ± 0.22
Static stiffness −0.23 ± 0.11* −0.59 ± 0.43 −0.22 ± 0.08* −0.15 ± 0.26 −0.17 ± 0.10* −0.16 ± 0.24
Meat and blood spots −0.03 ± 0.14 0.69 ± 1.00 −0.06 ± 0.10 0.68 ± 0.37* −0.12 ± 0.11 0.08 ± 0.73
Cracked vitelline membrane −0.29 ± 0.28 0.79 ± 0.81 0.18 ± 0.22 0.36 ± 0.43 −0.31 ± 0.24 0.70 ± 0.22*
Belly feathering score 0.44 ± 0.26 −0.18 ± 0.30 −0.73 ± 0.15* −0.16 ± 0.14 0.44 ± 0.26* −0.18 ± 0.30
Back feathering score −0.19 ± 0.14 0.19 ± 0.33 −0.48 ± 0.08* −0.03 ± 0.14 −0.58 ± 0.09* −0.07 ± 0.13
Neck feathering score 0.24 ± 0.08 −0.11 ± 0.24 −0.13 ± 0.18 −0.16 ± 0.14 −0.12 ± 0.17 −0.13 ± 0.14

*Values significantly different from 0 (P< 0.05).
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Egg quality traits. One interesting result of this study was
that heritability estimates for several egg quality traits were
not the same under different ambient temperatures, indi-
cating the existence of genotype–environmental interac-
tions. This could be expected in view of the polygenic nature
of the traits analysed that are affected by many genes with
small independent allelic contributions. This may lead to
different trait values when measured under different envir-
onmental conditions (Falconer and Mackay, 1996), as the
result of a change in the expression of genetic variance. The
low cross-environment genetic correlation values obtained
for shell weight and shell proportion may thus reflect the fact
that different genes control these characteristics in each
environment. This means that the same trait measured in
two different environments might correspond to two inde-
pendent traits for which the response to selection is not the
same. Low cross-environment genetic correlation values
were also obtained for feathering traits. The results for back
feathering damage were particularly surprising, with herit-
ability estimates greater than previously reported for feather
pecking in young adult laying hens (Rodenburg et al., 2003;
Bennewitz et al., 2014). However, our estimates were closer
to those obtained at older ages (Kjaer and Sørensen, 1997),
indicating that there is an age effect in the heritability esti-
mation for this trait. The negative genetic correlation
obtained for this trait is hard to understand, unless it is
assumed that there is a certain degree of antagonism
between traits for which we do not have a physiological or
behavioural explanation.

Plumage condition. The genetic correlation obtained for the
neck feathering scores between control and high tempera-
tures was not significantly different from zero, which could
suggest completely independent genetic control of neck
feathering at thermo-neutrality and at high temperatures.
We did not observe any difference between neck feathering
scores under heat stress and at thermo-neutrality. Our
hypothesis is that this absence of difference results from two
opposite processes. Heat stress is associated with poorer
plumage conditions, as shown by data on belly and back
zones. In contrast, the abrasion of neck feathers in individual
nest groups may have been due to friction with the edge of
the trap-nest lid, while trapped in the nest. De Haas et al.
(2014) showed that neck damage, which is common on
commercial farms, is often linked to abrasion. If we consider
that the laying rate was greatly reduced by heat stress (data
not shown) it might be assumed that the degree of abrasion
was less in stressed than in unstressed birds due to a reduced
number of nest visits by stressed hens. Moreover, a high
production rate has been shown to be associated to molting
of neck feathers (de Haas et al., 2014).

Genetic correlations between surface temperature and other
traits
Except for the correlation between belly feathering and comb
temperature at 18°C to 20°C, correlations between feather-
ing scores and shank or comb temperatures were negative,

which means that when the feather condition was poor
(higher value), with large featherless areas, surface tem-
peratures in the heat dissipation zones were lower. These
correlations were much higher at thermo-neutrality than
under heat stress, where they were not significantly different
from zero. Indeed, hens with a poor feather condition at
thermo-neutrality underwent intense heat loss through
featherless areas that determined a significant reduction in
body temperature. In contrast, under heat stress, the body
temperature of the animal was increased and all the
dissipation zones have to eliminate as much heat as possible
whatever the plumage condition, which would explain the
absence of correlation between plumage condition and
surface temperatures under heat stress.
At thermo-neutrality, no correlation was observed

between egg and shell weight on the one hand and shank
and comb temperatures on the other hand. They were
instead negatively correlated under heat stress. It has been
reported that heat stress generally leads to smaller eggs
due to a number of physiological processes including lower
blood flow through the ovarian follicles and shell glands
(Wolfenson et al., 1981). This effect on the egg shell could be
due to respiratory alkalosis, a decrease in total and ionized
blood calcium concentration and reduced activity of carbonic
anhydrase in the shell gland and kidney (Sauveur and Picard,
1987). Moreover, the negative correlation between lumi-
nance or yellowness of the yolk and shank temperature at
high temperature could be due to lower feed intake and thus
intake of carotenoids, which has been shown to be the first
trait affected by chronic heat stress in laying hens (Mignon-
Grasteau et al., 2015).
Based on these results one hypothesis could be that

higher shank temperature would be found in birds suffering
from more severely from heat stress and not in birds with a
better ability to dissipate heat. The lack of individual feed
consumption and laying rata data makes, however, this
affirmation difficult to prove and further studies will be
required.
Haugh units and albumen height were positively corre-

lated with shank and comb temperatures, especially under
heat stress. These results should, however, be taken with
caution as a recent meta-analysis of effects of chronic heat
stress in laying hens highlighted that the results in the lit-
erature for these traits were highly variable and that the
effects of temperature on Haugh units and on albumen
height were not significant (Mignon-Grasteau et al., 2015).

Conclusions

In birds under heat stress, heat dissipation through sensible
heat loss and respiratory–evaporative mechanisms are
enhanced in an effort to reduce internal body temperature.
Understanding how the capacity to dissipate heat varies
between birds and the relationship between body temperature
and production and quality traits is particularly important in
the light of genetic improvement of chickens for production in
high environmental rearing conditions. Non-invasive and
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automated, infrared thermography is becoming a routine
method of measurement of body temperature, especially in
mammals. It has been used in birds since the beginning of the
2000s but our study is the first to propose an estimation of
genetic parameters of surface temperature using infrared
thermography, and of its potential use in selection. Our results
show that body surface temperature recorded by thermo-
graphy is a reliable method to measure sensible heat loss, and
that this is partly under genetic control. According to its
heritability and its genetic correlations with egg quality and
feathering traits, the shank temperature is the most interesting
trait for selection. It is also the easiest measurement to
standardize and automate on the farm to obtain reliable
temperature recording in a large number of animals.

Acknowledgements
The authors are very grateful to Francis Minvielle for providing
comments on the manuscript.

Supplementary material

To view supplementary material for this article, please visit
http://dx.doi.org/10.1017/S1751731116000616

References
Anderson KE and Carter TA 1993. Hot weather management of poultry. Poultry
Science and Technology Guide No. 30. North Carolina State University, Raleigh,
NC, USA.

Bennewitz J, Bögelein S, Stratz P, Rodehutscord M, Piepho HP, Kjaer JB and
Bessei W 2014. Genetic parameters for feather pecking and aggressive behavior
in a large F2-cross of laying hens using generalized linear mixed models. Poultry
Science 93, 810–817.

COPA/COGECA 2004. Assessment of the impact of the heat wave and drought
of the summer 2003 on agriculture and forestry. Committee of professional
agricultural organisations in the European Union – General confederation for
agricultural cooperatives in the European Union, Brussels, Belgium.

De Haas EN, Bolhuis EN, de Jong JE, Kemp IC, Janczak AM and Rodenburg TB
2014. Predicting father damage in laying hens during the laying period. Is it the
past or the present? Applied Animal Behaviour Science 160, 75–85.

Etches RJ, John JM and Gibbins AMV 2008. Behavioural, physiological,
neuroendocrine and molecular responses to heat stress. In Poultry production in
hot climates (ed NJ Daghir), pp. 48–79. CABI, Cambridge, UK.

Falconer DS and Mackay TFC 1996. Introduction to quantitative genetics, (4th
edition). Longman Group Ltd, Harlow, UK.

Ferreira VMOS, Francisco NS, Belloni M, Aguirre GMZ, Caldara FR, Nääs IA,
Garcia RG, Almeida Paz ICL and Polycarpo GV 2011. Infrared thermography
applied to the evaluation of metabolic heat loss of chicks fed with different
energy densities. Revista Brasileira de Ciência Avícola 13, 113–118.

Franco-Jimenez DJ, Scheideler SE, Kittok RJ, Brown-Brandl TM, Robeson LR,
Taira H and Beck MK 2007. Differential effects of heat stress in three strains of
laying hens. Journal of Applied Poultry Research 16, 628–634.

Giloh M, Shinder D and Yahav S 2012. Skin surface temperature of broiler
chickens is correlated to body core temperature and is indicative of their
thermoregulatory status. Poultry Science 91, 175–188.

Groeneveld E, KovacM andMielenzM 2010. VCE user’s guide and referencemanual
version 6.0. Available at ftp://ftp.tzv.fal.de/pub/vce6/doc/vce6-manual-3.1-A4.pdf

IPCC 2014. Climate change 2014: impacts, adaptation, and vulnerability (Part A:
global and sectoral aspects. Contribution of working group II to the fifth
assessment report of the intergovernmental panel on climate change.
Cambridge University Press, Cambridge, UK.

Kadono HE, Besch L and Usami E 1981. Body temperature, oviposition and food
intake in the hen during continuous light. Journal of Applied Physiology 51,
1145–1149.

Kjaer JB and Sørensen P 1997. Feather pecking behaviour in white leghorns, a
genetic study. British Poultry Science 38, 333–341.

Klir JJ and Heath JE 1992. An infrared thermographic study of surface tem-
perature in relation to thermal stress in three species of foxes: the red fox (Vulpes
vulpes), arctic fox (Alopex lagopus), and kit fox (Vulpes macrotis). Physiological
Zoology 65, 1011–1021.

Kock JW 2006. Physical and mechanical properties of chicken feather materials.
MSc, Georgia Institute of Technology, Atlanta, GA, USA.

Loyau T, Berri C, Bedrani L, Métayer-Coustard S, Praud C, Duclos MJ, Tesseraud
S, Rideau N, Everaert N, Yahav S, Mignon-Grasteau S and Collin A 2013.
Thermal manipulation of the embryo modifies the physiology and body
composition of broiler chickens reared in floor pens without affecting breast
meat processing quality. Journal of Animal Science 91, 3674–3685.

Mac Cafferty DJ 2007. The value of infrared thermography for research on
mammals: previous applications and future directions. Mammal Review 37,
207–223.

Marder J and Arad Z 1989. Panting and acid-base regulation in heat
stressed birds. Comparative Biochemistry and Physiology Part A: Physiology 94,
395–400.

Mashaly M, Hendricks G, Kalama M, Gehad A, Abbas A and Patterson P 2004.
Effect of heat stress on production parameters and immune responses of com-
mercial laying hens. Poultry Science 83, 889–894.

Mignon-Grasteau S, Moreri U, Narcy A, Rousseau X, Rodenburg TB, Tixier-
Boichard M and Zerjal T 2015. Robustness to chronic heat stress in laying hens: a
meta-analysis. Poultry Science 94, 586–600.

Mount LE 1974. The concept of thermal neutrality. In Heat loss from animals and
man (ed. JL Monteith and LE Mount ), pp. 425–439. Butterworths, London, UK.

Nääs IA, Romanini CEB, Neves DP, Nascimento GR and Vercellino RA 2010.
Broiler surface temperature distribution of 42 day old chickens. Scientia Agricola
67, 497–502.

Neumaier A and Groeneveld E 1998. Restricted maximum likelihood estimation
of covariances in sparse linear models. Genetics Selection Evolution Journal 1,
3–26.

Richards SA 1971. The significance of changes in the temperature of the skin
and body core of the chicken in regulation of heat loss. Journal of Physiology
216, 1–10.

Rodenburg TB, Buitenhuis AJ, Ask B, Uitdehaag KA, Koene P, van der Poel JJ and
Bovenhuis H 2003. Heritability of feather pecking and open-field response of
laying hens at two different ages. Poultry Science 82, 861–867.

Saint-Pierre NR, Cobanov B and Schnitkey G 2003. Economic losses from heat
stress by US livestock industries. Journal of Dairy Science 86 (suppl.), E52–E77.

SAS 2012. Version 9.4. SAS Institute Inc., Cary, NC, USA.

Sauveur B and Picard M 1987. Environmental effects on egg quality. In Egg
quality – current problems and recent advances (ed. RG Wells and CG Belyavin),
pp. 219–234. Butterworths, London, UK.

Seymour RS 1972. Convective heat transfer in the respiratory systems of panting
animals. Journal of Theoretical Biology 35, 119–127.

Stewart M, Webster JR, Schaefer AL, Cook NJ and Scott SL 2005. Infrared
thermography as a non-invasive tool to study animal welfare. Animal Welfare
14, 319–325.

Tixier-Boichard M, Boichard D, Groeneveld E and Bordas A 1995. Restricted
maximum likelihood estimates of genetic parameters of adult male and female
Rhode Island Red chickens divergently selected for residual feed consumption.
Poultry Science 74, 1245–1252.

Welfare Quality® 2009. Welfare Quality® assessment protocol for poultry
(broilers, laying hens). Welfare Quality® Consortium, Lelystad, the Netherlands,
ISBN/EAN 978-90-78240-06-8.

Wolfenson D, Frei YF, Snapir N and Berman A 1981. Heat stress on capillary
blood flow and its redistribution in the laying hen. Pflügers Archiv 390, 86–93.

Yahav S 2009. Alleviating heat stress in domestic fowl – different strategies.
World Poultry Science Journal 65, 719–732.

Yahav S and Giloh M 2012. Infrared thermography – applications in poultry
biological research. In Infrared thermography (ed. RV Prakash), pp. 93–116.
InTech, doi:10.5772/27788.

Genetic parameters of surface temperature in hens

1601

ftp://ftp.tzv.fal.de/pub/vce6/doc/vce6-manual-3.1-A4.pdf

	Heritability of body surface temperature in hens estimated by infrared thermography at normal or hot temperatures and genetic correlations with egg and feather quality
	Implications
	Introduction
	Material and methods
	Animal and rearing conditions
	Measures
	Surface temperature
	Egg quality
	Feather quality

	Genetic analysis

	Figure 1Experimental design of the three cycles of environmental changes (control condition in grey, diet change (cross-hatched areas), high temperature (dotted areas), combined diet change and high temperature (diagonal hatched areas)).
	Results
	Elementary statistics
	Heritability estimates
	Genetic correlations between wing, shank and comb temperature
	Genetic correlations between thermo-neutral and hot conditions

	Table 1Elementary statistics on body surface temperature per temperature condition
	Genetic correlations between body temperature and egg quality traits and feathering

	Discussion
	Heritability estimates
	Body temperature


	Table 2Heritability estimates for body surface temperatures, egg quality and feathering and genetic correlations between traits measured at thermo-neutrality and during heat�stress
	Table 3Genetic correlations between surface temperatures and egg and feathering�traits
	Outline placeholder
	Egg quality traits
	Plumage condition

	Genetic correlations between surface temperature and other traits

	Conclusions
	Acknowledgements
	ACKNOWLEDGEMENTS
	Supplementary material
	References


