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Simple Summary: Thermal stress is a significant issue in the poultry industry. It is associated
with health and welfare concerns, physiological and behavioral responses, and production and
economic losses. Thermal stress includes both heat and cold stress and affects all poultry species.
Core body temperature changes during thermal stress can be assessed with conventional methods,
such as a cloacal thermometer. However, this method is invasive and time-consuming, while infrared
thermography (IRT) is a non-invasive method capable of capturing the thermal radiation emitted by
the skin’s surface. This work aimed to perform a systematic review and meta-analysis concerning
different IRT applications in poultry undergoing thermal stress. Overall, four body areas (parts of the
head, body, face, and leg) were identified as common areas of interest for body surface temperature
measurement with IRT in laying hens, broilers, and turkeys. Featherless body areas were valuable for
thermoregulation. However, the findings demonstrated a degree of thermal response that depends
on the age, species, thermal treatment, and body area.

Abstract: Thermal stress is a health and welfare concern in the poultry industry. Poultry have
specific thermoregulation strategies for heat stress (i.e., vasodilatation) or cold stress (i.e., vasocon-
striction). Infrared thermal (IRT) analysis is a non-invasive temperature assessment technology
with significant benefits compared to conventional temperature measurements, which are invasive
and time-consuming. However, a wide range of IRT methodologies and equipment are used for
temperature assessment in poultry. The aim of this study was to perform a systematic review and
meta-analysis of IRT applications in poultry undergoing thermal stress. The bibliographic search
yielded 17 records for qualitative synthesis and 10 for quantitative analysis. The results showed IRT
is more commonly studied during heat stress than cold stress, and more research is being conducted
on laying hens than other poultry species. Also, four body areas (parts of the head, body, face, and
leg) were identified as common areas of interest for body surface temperature measurement. There
is a clear thermoregulation response to thermal stress in poultry, with marked differences between
featherless and feather-covered areas. IRT in poultry undergoing thermal stress has a good diagnostic
value and represents an important welfare assessment tool for future research, particularly when
combined with other welfare assessment methods.

Keywords: animal welfare; cold stress; heat stress; infrared thermography; meta-analysis; poultry;
thermal stress; thermography
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1. Introduction

The poultry meat and egg industries are expected to continue growing worldwide. In
2032, the poultry meat industry is expected to represent 41% of the consumed meat sources;
similarly, egg consumption (kg/cap) is expected to increase from 10.9 to 11.6 between 2019
and 2031, respectively [1]. However, several environmental stressors, such as heat and cold
stress, affect meat and egg production and present poultry welfare challenges.

Poultry are homeothermic animals with a body temperature of approximately 4042 °C[2].
The optimum temperature for performance (thermal comfort zone) is 19-22 °C, and thermal
stress signs start to show when the environmental temperature rises above 25 °C (heat
stress) or decreases below 16 °C (cold stress) [3-5]. Environmental temperature and relative
humidity are the main climatic factors that affect poultry performance [6], but other animal-
based factors, including the phenotype and anatomic—-physiological qualities, could hamper
thermoregulation efficiency [7].

Poultry have unique physiological and anatomical traits (e.g., high metabolic activity,
plumage, lack of sweat glands, etc.) that may hamper their thermoregulation response if
there is an imbalance between the amount of heat energy produced by the animal and the
surrounding environmental temperature [8]. The thermoregulation response will depend
on the type of stressor. Under heat stress, poultry attempt to dissipate heat through cu-
taneous and evaporative loss via the respiratory route with panting [3,8]. This response
is also accompanied by other physiological (e.g., increase in plasma cortisol, changes in
heterophil-to-lymphocyte ratio) and behavioral responses (e.g., panting, changes in feed
and water intake and drinking) that eventually affect the animals’ welfare and egg and meat
quality [3,4]. Under cold stress, there is a vasoconstriction response to reduce heat loss on
the body’s surface, accompanied by other physiological and behavioral responses that may
include gluconeogenesis and lipolysis to increase glucose accessibility and increased feed
intake to sustain the energy demand [5,9]. These thermoregulation strategies occur across
the bird’s body surface and core body temperature but may be affected by the presence
or absence of feathers. Feathers have thermal insulation properties that prevent heat loss
during cold stress but may hinder heat dissipation during heat stress [8]. In addition,
there are superficial temperature differences between feather-covered vs. featherless areas.
Featherless areas such as the leg, comb, wattle, earlobe, and eye have a higher surface
temperature than feather-covered areas (wing, back, chest) during thermal comfort and
heat stress [2]. These featherless body areas are also called “biological, thermal windows”
and have poor insulation and, subsequently, higher vasoconstriction/vasodilation capac-
ity [10]. However, there is no standard image recording protocol for birds’ body parts, and
multiple body regions have been reported with no clear inclusion criteria. For example,
the mean head/face surface is a commonly examined area, but studies often also include
measurements of specific parts of the head like the beak, comb, eye, wattles, and earlobe.

The conventional method for body temperature assessment in poultry is cloacal
thermometry, but it is considered invasive, time-consuming, and likely stressful for the
animal [2,7]. Infrared thermal (IRT) imaging is a noninvasive technology based on in-
frared radiant emission from the bird’s surface. Several studies have detailed the effect
of experimentally induced thermal stress on poultry body parts and described specific
age and management practices [3,6,7,9,11-14]. However, a quantitative meta-analysis on
thermal stress’s effect on poultry body area temperature, species, and age has not been
conducted. A meta-analysis can objectively interpret contradictory results in the literature
and overcome small sample size limitations [15].

The objective of the present study was to synthesize and critically analyze the results
of different empirical studies on thermal stress on specific body areas and the effect on age
and species in laying hens, broiler chickens, and turkeys.

2. Materials and Methods

The development of the present work included a literature review of publications
related to applying thermographic analysis to thermal stress (i.e., heat stress and cold
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stress) in poultry research. The methodological procedure included an information search,
systematic review, quantitative analysis, analysis of categories, and statistical analysis.
Bioethics committee approval was not required for this study because no animals were used.

This systematic review and meta-analysis were performed according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) recommen-
dations [16]. Relevant studies concerning infrared thermography applications for poultry
flock health monitoring during thermal stress in laying hens, broiler chickens, and turkeys
were selected and assessed.

2.1. Information Sources

The bibliographic search used Google Scholar and Science Direct as reference sources.
The search included articles published between 1 January 2000 and 10 November 2023. The
keywords and keyword combinations used are described in Figure 1. The following key
terms for the literature search were used: thermography, thermal image, thermoregulation,
IRT, infrared thermography, laying hen, chicken, broiler chicken, and turkey.

« Broiler

Thermography « Laying hen
e Turkey

Broiler

Laying hen

Turkey

K EYWO RD e Broiler

« Broiler
e Laying hen

e Turkey
* Broiler

Infrared thermography [EEEEENIFLEY
Turkey

Figure 1. Keyword combination for article search.

2.2. Selection Criteria

The selection process is graphically illustrated in Figure 2. Two reviewers (EH and
RH) performed the review based on the selection and exclusion requirements below:

1. The studies had to include laying hens, broiler chickens, and turkeys as study subjects;

2. The studies had to contain a thermoneutral group and at least one group experiencing
thermal stress (i.e., control group compared to heat or cold stress-affected group);

3. The studies had to include a body temperature control to confirm the accuracy of
thermographic changes;

4. The studies had to contain results in at least two parts: the start and endpoints of
thermal stress;

5. The studies had to contain results of thermographic changes in different parts of
the body;

6. The studies had to include results presented as means with standard deviations (SDs)
and/or standard errors (SEs). Articles that reported nonparametric results and results
including ranges or subjective values were excluded.

7. The papers had to be written in English.
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8. Reviews and opinion papers were excluded.

g Records identified from: Records removed before screening:
= . Science Direct (n=990) Records marked ineligible as they were not
2 + Google Scholar (n=17,594) research studies conducted on poultry (n= 16,842)
S |
i) Exclusion based on title and field of study:
Records screened (n=1742) > thermography, broiler, laying hen, turkey
o (n=1633)
c
: |
c})’ Records screened (n=109) ——>| Exclusion due to abstract (n= 41)
< Exclusion because the topic was not related to
|Fu||-text manuscripts assessed for s'thermal stress research in poultry (n=41)
= eligibility (n=68) Exclusion by duplicated records (n=10)
3
2
i 3 Exclusion by non specific part of the body
Manuscripts included in ,| (n=1); exclusion by lack of control
qualitative synthesis (n=17) temperature (n=1), and exclusion by lack of
5 ! SE or SD (n=5)
3 Manuscripts included in
TCJ quantitative synthesis (n=10)

Figure 2. Literature funnel (PRISMA diagram).

2.3. Data Analysis

All data processing and analysis were performed using RStudio for R software V 4.3.2
(Vienna, Austria: R Foundation for Statistical Computing). The effect size (control -
treatment) and standard error of the effect size were analyzed with the “esc” package
(Version 0.5.1). The assessment of the effect size in conjunction with a Hartung-Knapp ran-
dom effects adjustment, confidence interval, estimation hypothesis testing, heterogeneity
test, and heterogeneity coefficient were performed with the “meta” package (Version 7.0-0).
The evaluation of the fixed effect was performed with the “dmetatools” package (Version
1.1.1), and the development of the forest graph was performed with the “tidyverse” package
(Version 2.0.0). Dispersion averages were estimated based on the mean, standard deviation,
and number of observations for each indicator under study. A random-effects model was
utilized to test the hypothesis of heterogeneity, the average standard difference in the
effect, and its confidence interval (« = 0.05); chi-square tests supported this decision [17].
Differences were considered significant at p < 0.05.

3. Results

A total of 18,584 articles were initially selected, but only 1742 were selected based on
the research criterion; 16,842 publications were excluded because they were not conducted
on poultry and because keyword combinations included homonyms (e.g., turkey for the
animal, Turkey for the country) (Figure 2). Based on title and abstract screening (for
mentions of IRT application in poultry), we further excluded 1633 and 41 publications,
respectively, that did not mention the IRT applications in poultry (Figure 2). Of the
remaining 68 publications, 41 were excluded due to not including either heat or cold stress
assessment, and 10 duplicates were removed. The information analysis was divided into
two stages: qualitative and quantitative syntheses (Figure 2).

3.1. Categories of Analysis

The qualitative synthesis included 17 records classified by poultry species: laying hens,
broiler chickens, and turkeys. A qualitative summary of the main findings was presented
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without attempting to quantify the effect sizes due to high between-study variation in
result outcomes and methodologies.

The quantitative analysis was performed for 10 of the 17 publications since not all
records included all the criteria for the meta-analysis process and were classified by thermal
stress (Table 1). The studies were characterized based on the nature and type of thermal
stress (i.e., cold or heat stress) and species or farm production type (laying hen, broiler
chicken, and turkey) (Table 1). Additionally, thermographic areas of interest on the bodies
of the birds were identified and classified for analysis (Table 2). Due to different thermal
sites of interest across studies, the body areas were grouped into four areas (head, face,
body, and leg) for further analysis (Table 2). The head part classification comprised records
that included the beak, comb, eye, earlobe, or wattles. However, some records made
specific distinctions between specific head parts and an overall head or face area analysis;
in addition, some compared the left and right sides of the face. Therefore, the general head
or face analysis was classified as an independent body area if the records made the above
distinctions. The body area consisted of measures of either the chest, back, wing, or overall
body. The chest area was not included in the cold stress meta-analysis because only one
study measured it [11]. The leg area included records that described either the shank or leg.

Table 1. Summary of studies used to assess thermal stress on body areas of poultry included in this
quantitative analysis.

Groups
Exposed
Age . Control
Thermal Species to Camera s - -~ Measurement .
References Stress (Days of o) Ggoup Heat/Cold Model Emissivity =~ FPA Size NEDT Uncertainty Distance
Age) (@) St
ress
Q)
Ramamneh Laying FLIR- 320 x 240 +/-2°C
et a[li221016 stress 189-191 hen 20.5-26.5 34.6 T62101 0.98 [18] - [18] Im
Cat S60
Kim et al. Heat Laying equipped o
2021 [3] stress 378-420 hen 22 32 with - 80 x 60 - +/-3°C 0.8m
FLIR Lepton
. ThermaCam
Candido .
etal. 2020 Heat 1119 having 20 35 b60 0.95 2048 x 1536 007 mK +/—2°C 13m
2] stress hen FLIR [19]
Systems
Kimetal.  Heat/Cold Laying CX320; COX 640 x 480 60 mK
2021[7] stress 175 hen 2 30/10 Co. - 120] 20] - 15m
Layou Featherless-
Heat Laying 0.98 320 x 240 50 mK -~ o
et a[l]. 5]016 stress 245-525 hen 18-20 28-30 FLIR B335 Feathered [21] [21] +/—0.05°C -
- 0.896
Andrade . ThermaCAM
etal.2017 Heat/Cold gy Laying 44 5 22-38/ b60 FLIR 0.95 180> 180 0.07mK—,, 5oc 13m
stress hen 17-28 [19] [19]
[22] Systems
Giloh et al. Heat Broiler PM545 o
2012 [6] stress 1-36 chicken 2167306 352381 prpp System B 320 > 240 ) +/-0.1°C }
Nascimento . .
etal 2011 Heat/Cold 55 Broiler 25 32/18 TESTO 880 0.95 160 x 120 g p3  */705°C -
o] stress chicken [23] [23]
Fantin .
Cold Broiler Fluke —50 mK +/-2°C
et "‘[1]' f]OU stress 714 hicken 30 2427 Tsspro0/54/7 090 - [24] [24] -
Mayes Cold
etal. 2015 7-48 Turkey 19-29 15-25 FLIR S60 1 320 x 240 - +/-2°C 0.91-1.22 m
[1] stress

* FPA: focal plane array; ** NEDT: noise equivalent differential temperature.
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Table 2. Classification of body areas in all studies selected for this quantitative analysis.

Body Areas Components References

Head parts Wattle, eye, earlobe, beak, comb [3,6,7,11-13,22]
Body Chest, back, wing, overall body [2,3,6,9,11-14,22]
Face General head, left side of the face, right side of the face [2,3,6,7,11,22]
Leg Leg, shank [2,3,11-13,22]

3.2. Qualitative Synthesis

The topic with the highest number of publications on the application of thermal
imaging in poultry under thermal stress is represented by heat stress across poultry species,
while laying hens are the most commonly studied poultry type in thermal stress studies.
Brazil (47%) and the USA (23%) have the most publications on thermal stress. The included
articles cover various topics, including animal characteristics [2,3,6,7,13,14,25], climatic
factors [9,11,22,26-30], and management practices [12,31] associated with thermal stress
measured using IRT.

Several IRT methodologies are used in the reviewed records, including the distance
between the camera and the animal, selected thermal emissivity parameters for featherless
and feather-covered areas, and camera models that inherently involve different techni-
cal features such as the measurement uncertainty degree, noise equivalent differential
temperature (NEDT), and focal plane array (FPA) (Table 1).

3.2.1. Thermal Stress Assessment in Laying Hens Using IRT

All of the studies reviewed in this section were conducted in controlled experimental
facilities; the hens were housed in cages, usually individually [26] or in small groups
of 1 to 3 birds per cage [3,7,12,25,31]. Two studies focused on hens in group pens with
different group sizes: 8 [26] and 200 [13] hens per group. Birds were of various ages
and strains, but most studies included adult laying hens, while two included chicks and
pullets [2,22]. Nonetheless, the surface temperature measures were performed individually.
Thermal imaging acquisition was conducted with different equipment types, and the
experimental setup was not evident in all experiments (Table 1). Most of the studies
performed thermal imaging at a horizontal distance of about 0.8 to 1.5 m away from the
birds, and the camera parameters were set to 0.98 thermal emissivity [2,3,12,13,22,26,31].
Loyau and colleagues determined different thermal emissivity parameters for featherless
(0.98) and feather-covered (0.896) areas [13].

Overall, the reviewed articles described poorer welfare outcomes for birds experienc-
ing thermal stress treatments than the control groups. Some took repeated measures over
time, demonstrating how the birds” welfare level changed days [3] or weeks [2,13,22] after
the initial thermal stressor. In addition to surface temperatures, other animal-based welfare
indicators that were addressed include heterophil/lymphocyte ratio [3], corticosterone
blood level [3], feather quality [13], respiratory rate [25], and egg quality [13]. The main
resource-based indicators were air temperature, relative humidity, and air motion.

Heat stress was the most assessed thermal event and was evaluated using different
level exposures (mild vs. moderate vs. severe heat stress). Each study allocated the
temperature range differently based on its research objectives. Nonetheless, a universal
finding was that the welfare level decreased as the severity of the exposure increased. For
example, laying hens exposed to high temperatures in thermal environment-controlled
settings have higher rectal and body surface temperatures compared to medium-heat-
and low-heat-exposed hens. These findings are aligned with other physiological and
behavioral responses [3,25]. Similar findings in non-controlled environments were reported
by Souza et al. [26], who assessed a laying hen lineage (Naked Neck) in two climate types
(semi-arid and tropical). The laying hens in question in the tropical area presented higher
body surface temperatures. In addition, there were differences between feather-covered
and featherless areas.
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Most studies described the roles of feathers and of the body areas assessed by thermal
imaging; a detailed quantitative analysis can be found in Section 3.3. The most evaluated
body areas across the studies were the head, neck, chest, back, wings, and legs. Kim and
colleagues [7] identified five distinct regions of the head (eyes, earlobes, wattles, comb,
beak, and nose) for thermal analysis at different time points in the day in hens undergoing
cold and heat stress (10 & 4 °C and 30 + 2 °C, respectively) compared to hens housed
at optimal ambient temperature (22 & 2 °C). The authors reported the highest maximum
surface facial temperature at 12:00 h in heat-stressed hens, at 45.41 £ 0.96 °C, and the
wattle and comb were the facial regions contributing in high proportion (62.2% and 18.3%,
respectively) to the overall head temperature in heat-stressed hens. Similar findings were
described in laying pullets of 17 weeks of age undergoing mild and moderate heat stress
(ambient temperature: 25 °C and 30 °C, respectively) with high surface temperature values
in the comb, followed by eye and head temperatures. In the study, other head appendages
were not considered [2]. Mean head surface temperature values are described in other
studies but with no specific facial areas of interest [3,22]. The leg is another featherless area
in the laying hen with higher thermal surface temperatures when ambient temperatures are
above thermoneutral zones [2,3,13,22,26]. Souza et al. reported the highest values of surface
temperatures in the neck, followed by the face and legs, but this was due to the hen lineage
being characterized by a featherless neck, which allows for heat dissipation. Conversely,
feather-covered areas of the body, such as the chest, wings, and back, had a lower surface
temperature increase and tended to be closer to the air temperature [2,3,13,26].

Thermal mapping was also valuable in identifying thermal changes associated with
cold stress. Kim et al. [7] identified significant temperature changes compared to heat stress
and hens in control group. The lowest facial temperature was recorded at 5:00 h at the beak
region (23.22 °C) and the maximum facial surface temperature at 12:00 (41.01 & 0.96 °C).
The areas around the eyes and wattles comprised 77.8% of the maximum facial surface
temperature values. Similarly, Andrade et al. [22] described a decrease in head temperature
as the air temperature decreased in mild- and moderate-cold-exposed birds. In addition,
the mean surface temperatures with the lowest values were body surface temperature,
followed by shank and head temperature in pullets.

Some studies employed IRT to assess specific animal and management conditions and
their welfare outcomes. Souza et al. [26] studied a genetic trait that provides a phenotype
with a featherless neck, resulting in the highest mean body temperature compared to
other body areas, as described above. Meanwhile, Ramamneh et al. [12] assessed the
effects of partial comb and wattle removal at prolonged high environmental temperatures.
The study confirmed these body appendages were critical for thermoregulation during
high temperatures. Mortality and behavioral changes were observed more than in the
control groups (untrimmed hens). The body temperature was higher than that of control
hens at 48 h from the beginning of the heating episode in hens 191 days of age. Other
alternative management applications were explored by researchers trying to address the
welfare issues associated with heat stress. Chepete and colleagues [31] studied the efficacy
of partial body surface cooling by intermittent sprinkling. Their findings included reduced
mortality (40% vs. 100%) and body temperature increase (2.2 + 0.3 °C vs. 2.9 £ 0.1°C)
compared to the control group with no sprinklers. Acclimatization during the early stages
has been suggested to aid in coping with heat stress. Candido et al. [2] did not identify
an acclimatization effect between different rearing conditions for cloacal and body part
surface temperatures. Nonetheless, their study reported a positive linear relationship
between surface temperatures and cloacal temperature, highlighting thermal imaging as
an alternative to direct cloacal temperature measurement.

3.2.2. Thermal Stress Assessment in Broilers and Turkeys Using IRT

Most of the studies reviewed in this section were conducted in controlled experimental
facilities; only three were conducted in broiler chicken farms [6,27,29]. Similar strains and
age groups were assessed across all the studies. Most broiler chicken studies reported using
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COBB flocks [6,9,14,27], and two age groups were identified, including birds between 1
and 35 days of age [6,14,29] and from 36 to 61 days of age in broiler chickens [27,28]. Age
differences were also considered in the two studies that included turkeys [11,30].

Different IRT technologies and methodologies were employed; the most common
infrared cameras were FLIR Systems [6,11,28,30] and Testo [9,27,29] (Table 1). A few studies
described the experimental setup, which included thermal emissivity of 0.94 and 0.95 and
the distance between the camera and the animal [9,27,30]. Thermal imaging in broilers
mainly included mean surface temperature assessment [9,14,27-29] and only one study
aimed to evaluate body temperature compared to facial surface temperature [6]. Conversely,
other body areas like the head, chest, wing, and legs were included in the thermal imaging
of turkeys [11,30].

Overall, the studies revised in this section are grouped as either studies assessing
thermal stress (see Table 1) or studies assessing the practices of climatic factor management
and their effect on body surface temperature [27-30]. Similar to thermal imaging in laying
hens, the most studied thermal stress in broiler chickens was heat stress, resulting in
increased surface temperatures. Giloh et al. [6] reported a positive correlation between
body core and facial temperature. Similarly, Nascimento et al. [9] described increased
mean surface temperatures in birds housed at 32 °C air temperature compared with 25 °C
and 18 °C air temperatures. However, the authors described no age effect on the mean
surface temperature. The lowest mean surface temperature was identified in 35-day-old
birds and was associated with thick feather coverage at that age. In contrast, Fantin
et al. [14] analyzed the surface temperatures and heat dissipation of heat under cold stress.
The authors confirmed greater dissipation when the birds are housed in temperatures
below their thermal comfort zone. Likewise, Mayes et al. [11] reported decreases in
feather-covered surface temperatures in turkeys reared at 4 °C below the recommended
rearing temperatures compared to control turkeys from weeks 1 to 12 of age. The authors
also generally identified no significant differences in surface temperatures in featherless
areas (head and legs) compared to the control groups, with a few exceptions on specific
time points.

The other cohort of studies assessed cooling technologies, including fans, fogging
systems, and cooling pads. These studies used IRT to describe changes in mean body
surface associated with air velocity, air temperature, heat index, and broiler chickens’
age [27-29]. Uemura et al. [30] reported similar findings, where higher air ventilation rates
reduce the air temperature and hence the heat stress in 20-week tom turkeys. The authors
describe a significantly higher mean surface body temperature (31.6 & 0.9 °C) compared to
three ventilation rates (VR-50: 29.9 + 1.1 °C; VR-75: 29.0 + 1.0 °C; VR-100: 29.7 + 1.3 °C)
with a similar surface temperature change in the head, torso, and legs of turkeys.

3.3. Quantitative Synthesis

Ten studies were fully reviewed and selected for meta-analysis based on the research
objective (Table 1). Eight studies were included due to containing thermal change analyses
that compared heat stress and control groups across ages and species, while five studies
were assessed for cold thermal changes. Some studies discussed both cold and heat stress-
exposed groups; the information was extracted accordingly.

3.3.1. Analysis of Studies That Investigated Body Temperature Changes in Poultry During
Heat Stress

A total of eight studies reported thermal changes in all body areas (head parts, body,
face, and leg), with an overall negative effect size (—1.85, —3.65, —2.23, —1.97, respec-
tively) favoring exposure (Table 3). The surface temperature in all body areas undergoing
heat stress was significantly higher compared to the control temperature groups in the
experimental studies (Figures 3-6).
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All eligible studies that included leg surface temperature measurements were con-
ducted in laying hens; hence, no species effect was observed. However, an age effect was
identified in the leg surface temperature measurements, with a higher effect size in laying
hens over 399 days of age (Figure 6). There was a significant species size effect on the other
body areas (p < 0.05). The test for heterogeneity was significant for all parts of the body
(Table 3).

Table 3. Results of thermography meta-analysis according to body area in poultry under heat stress.

Variable Effect Size Fixed Effect
Effect Size Age Species Q Test 5
(95% Confidence Interval) p-Value p-Value p-Value p-Value I

Head parts —1.85[—2.56; —1.14] <0.0001 0.45 0.02 <0.0001 99%

Body —3.65[—5.21; —2.08] <0.0001 0.11 0.003 <0.0001 100%

Face —2.23[-3.30; —1.16] 0.0008 0.65 0.03 <0.0001 95%

Leg —1.97[-2.97; —0.97] 0.002 0.0005 0.20 0.0001 99%

Standardised Mean

Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Giloh et al , 2012 (B/15 d) [6] -11.0220 32849 i 1102 [-[1746;-458] 07%
Giloh et al, 2012 (B/ 8 d) [6] -48702 16258 — -487 [-806,-168] 20%
Giloh et al, 2012 (B/22 d) [6] 48702 16258 —&— 487 [-806;-168] 20%
Kimetal, 2021 (LH/ 175 d)[7] -3.5294 0.4129 -3.53 [-434,-272] 4.3%
Kim et al., 2021 (LH/ 406 d) [3] -3.1010  0.3318 _ -3.10 [-3.75;-245] 4.5%
Kimetal, 2021 (LH/ 175 d)[7] -29872  0.3755 | -299 [-372,-225] 44%
Kimetal, 2021 (LH/175d)[7] -29394 03724 ] 294 [-367;-221] 44%
Kim et al., 2021 (LH/ 175d)[7] -2.8437  0.3661 ] 284 [-356;-213] 44%
Kimet al , 2021 (LH/ 399 d) [3] 28416 03170 _ 284 [-346;-222] 45%
Kimetal, 2021 (LH/413 d) [3] 27523 03120 . 275 [-3.36;-214] 4.5%
Kimet al., 2021 (LH/ 175d)[7] -26949  0.3566 : 269 [-339;-200] 44%
Kimetal, 2021 (LH/ 175 d)[7] -26896  0.3563 . 269 [-339,-199] 44%
Loyau et al., 2016 (LH/ 245-525 d) [13] -2.6627  0.0357 : 266 [-273;-259] 47%
Kimetal, 2021 (LH/420d) [3] 24741 0.2971 : 247 [-306;-1.89] 45%
Kim et al, 2021 (LH/ 392 d) [3] -1.5941 0.2567 : -159 [-210;-109] 45%
Candido et al , 2020 (LH/ 119 d) [2] 07353 01426 Ha 074 [-101;-046] 46%
Candido et al., 2020 (LH/ 119 d) [2] 07182 0.1424 i 072 [-1.00;-044] 46%
Andrade etal., 2017 (LH/ 1-42 d) [22] -0.4964  0.0977 { -050 [-069,-030] 47%
Candido et al., 2020 (LH/ 119 d) [2] -0.4816  0.1400 i - -048 [-0.76;-021] 47%
Candido et al., 2020 (LH/ 119 d) [2] -04476  0.1397 3 045 [-0.72,-017] 47%
Ramamneh et al., 2016 (LH/ 189-191d)[12] 0.0000 0.1826 ] - 0.00 [-0.36; 0.36] 46%
Ramamneh et al, 2016/LH/ (189-191d)[12] 00000 0.1826 d - 000 [-036; 0.36] 46%
Ramamneh etal, 2016 (LH/ 189-191d)[12] 0.1290 0.1828 : 013 [-023; 049] 46%
Ramamneh et al., 2016 (LH/ 189-191d)[12] 06367 0.1871 064 [027, 1.000 46%
Random effects model (HK) & -1.85 [-2.56; -1.14] 100.0%

T ¢ it a4 d
15 10 =5 B 5 10 15

Figure 3. Mean difference in the parts of the head surface temperature of broiler chickens (B) and
laying hens (LH) of different days of age (d) under heat stress. Effect size (SMD, Standard medium
difference); SE (standard deviation of SMD) [2,3,6,7,12,13,22].
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Standardised Mean

Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Nascimiento, 2011 (B/ 35 d) [9] 133395 06818 & 1334 [-14.68;-1200] 50%
Nascimiento, 2011 (B/ 7 d) [9)] 95968  0.0500 : 960 [-969; -950] 52%
Giloh etal, 2012 (8/ 15 d) [6) 73422 227113 —%— 734 [11.79; 289 35%
Giloh et al, 2012 (8/ 8 d) [6] 58125 1.8660 - 581 [-947, -216) 39%
Loyau et al, 2016 (LH/ 245-525 d) [13] 57168 00514 572 [-582 -562) 52%
Nascimiento, 2011 (B/ 21 d) [9) 51926 02956 519 [-577.-461) 52%
Nascimiento, 2011 (B/ 28 d) [9] 47725 02774 477 [-532, -423] 52%
Giloh etal, 2012 (B/ 22 d) [6 42829 14817 - 428 [-719, -138] 43%
Kim etal,, 2021 (LH/ 413 d) [3] 24568 02962 246 [-304; -188] 52%
Kim etal, 2021 (LH/ 420 d) [3] 24209 02943 242 [-300, -184) 52%
Nascimiento, 2011 (B/ 14 d) [9] 23191 01829 232 [-268,-196] 52%
Kim etal, 2021 (LH/ 392 d) [3] 21194 02794 212 [-267, -157) 52%
Kim etal, 2021 (LH/ 399 d) [3] 18824 02686 : 188 [-241,-136] 52%
Candido et al, 2020 (LH/119 d)[2] 16498 0.1598 165 [-196; -134) 52%
Candido et al, 2020 (LH/119 d) [2] 16378  0.1595 164 [-195 -133] 52%
Candido et al,, 2020 (LH/119 d)[2] 13736 0.1534 137 [-167,-107) 52%
Candido et al,, 2020 (LH/119.d) [2) 13720 0.1534 137 [-167,-107) 52%
Kim et al, 2021 a (LH/ 406 d) [3] 13230  0.2469 132 [-181;-084) 52%
Andrade et al., 2017 (LH/ 1-42 d)[22) 04952  0.0977 i 050 [-069; -030) 52%
Ramamneh et al, 2016 (LH/ 189-191d)[12] -00146 0.1826 001 [-037, 034 52%

Random effects model (HK) : I<> — -3.65 [-5.21; -2.08) 100.0%

10 5 0 5 10

Figure 4. Mean difference in body surface temperature of broiler chickens (B) and laying hens (LH)
of different days of age (d) under heat stress. Effect size (SMD, Standard medium difference); SE
(standard deviation of SMD) [2,3,6,9,12,13,22].

Standardised Mean
Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Giloh etal, 2012 (B/ 15d)[6] -11.0220  3.2849 -11.02 [-[17.46;-458] 1.3%
Giloh etal, 2012 (B/ 8 d)[6] -48702 16258 —&— -487 [-8.06;-168] 39%
Giloh etal,, 2012 (B/ 22 d)[6] -48702 16258 —8— -487 [-8.06;-168] 39%
Kimet al, 2021 (LH/ 406 d) [3] -3.1010  0.3318 ; -3.10 [-3.75;-245] 99%
Kim et al, 2021 (LH/ 399 d) [3] -28416 03170 ; 284 [-346;-222] 99%
Kimetal, 2021 (LH/ 413 d) [3] 217523 03120 g 275 [-3.36;-214] 99%
Kimetal, 2021 (LH/ 175d) [7] -26896  0.3563 - 269 [-339;-199] 98%
Kim et al, 2021 (LH/ 420 d)[3] 24741 02971 : -247 [-3.06;-189] 10.0%
Kimetal,, 2021 (LH/ 392 d) [3] -1.5941  0.2567 ; -1.59 [-2.10;-1.09] 10.1%
Candido etal, 2020 (LH/ 119d)[2] -0.7353 0.1426 i -0.74 [-1.01;-046] 10.4%
Andrade etal,, 2017 (LH/ 1-42d)[22] -0.4964 0.0977 R -050 [-069;-0.30] 105%
Candido etal, 2020 (LH/ 119d)[2] -0.4816  0.1400 -048 [-0.76;-021] 10.4%
Random effects model (HK) < -2.23 [-3.31; -1.16] 100.0%

[ I I | I I 1
1510 5 0 5 10 15

Figure 5. Mean difference in face surface temperature of broiler chickens (B) and laying hens (LH)
of different days of age (d) under heat stress. Effect size (SMD, Standard medium difference); SE
(standard deviation of SMD) [2,3,6,7,22].
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Standardised Mean
Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Kimetal, 2021 (LH/413d)[3] -36028 03621 —=— -360 [431;-289] 10.7%
Kimetal, 2021 (LH/ 406 d)[3] 32034 03378 & -3.20 [[387;-254] 108%
Kimetal, 2021 (LH/ 420 d)[3] -3.0833 03308 | -3.08 [[3.73;-243] 108%
Kim et al, 2021 (LH/ 392 d) [3] 24317  0.2949 - 243 [-3.01;-185] 11.0%
Kim et al, 2021 (LH/ 399 d) [3] -2.3511  0.2908 - -2.35 [292;-1.78] 11.0%
Loyau et al., 2016 (LH/ 245-525 d) [13] -2.1925  0.0339 i 219 [2.26;-2.13] 11.5%
Candido et al_, 2020 (LH/ 119 d) [2] -0.4822 0.1400 -048 [[0.76;-021] 11.4%
Andrade et al., 2017 (LH/ 1-42 d) [22] -0.3934 0.0972 -0.39 [-058;-020] 115%
Ramamneh et al., 2016 (LH/ 189-191d)[12] -0.2581  0.1833  § -0.26 [-0.62; 0.10] 11.3%
Random effects model (HK) : ~<I:} ; | -1.97 [-2.97; -0.97] 100.0%

B & F 2 B

Figure 6. Mean difference in leg surface temperature of laying hens (LH) of different days of age
(d) under heat stress. Effect size (SMD, Standard medium difference); SE (standard deviation of
SMD) [2,3,12,13,22].

3.3.2. Analysis of Studies That Investigated Body Temperature Changes in Poultry During
Cold Stress

Overall, across five independent studies, there were thermal changes in all body areas
(head, body, face, and leg) (Figures 7-10) with a positive effect size (0.64, 3.5, 0.98, 1.29,
respectively) (Table 4). The head area was the only body area to present an age and species
effect secondary to cold stress exposure. The test for heterogeneity was significant for the
subset of studies that included cold stress experiments (Table 4).

Standardised Mean

Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Mayes et al, 2015 (T/28 d) [11] 07742 07331 ; 077 [-221; 066] 39%
Kimetal 2021 (LH/175d)[7] 06465 0.2649 | 065 1.17,-013] 70%
Kimetal 2021 (LH/175d)[7] -0.1597  0.2586 oy 0.16 [067; 035 7.1%
Kimetal 2021 (LH/175d)[7] 01285 0.2585 L 3 -0.13 [-064; 038] 7.1%
Kimet al ,2021 (LH/175d)[7] 01246 02584 '." 0.12 [-0.38; 063] 7.1%
Mayes et al_, 2015 (T/63 d) [11] 02214 0.7093 —E— 022 [-1.17; 161] 4.1%
Kimetal 2021 (LH/175d)[7] 02376 0.2591 . 024 [-0.27; 0.75] 7.1%
Andrade et al 2017 (LH/1-42d)[22] 04198 0.0973 = 042 [0.23; 061] 7.8%
Kimet al 2021 (LH/175d)[7] 04245 02611 - 042 [-0.09; 094] 7.0%
Mayes et al., 2015 (T/70 d) [11] 05000 0.7181 — 050 [-0.91; 191] 4.0%
Mayes et al., 2015 (T/48 d) [11] 08966 0.7418 TE— 090 [-0.56; 2.35] 3.9%
Mayes et al, 2015 (T/21 d) [11] 11250 07610 T 112 [[037; 262] 38%
Mayes et al_, 2015 (T/56 d) [11] 11818 0.7664 4 118 [[0.32; 268] 38%
Mayes et al., 2015 (T/84 d) [11] 12250 0.7706 T 123 [[029; 274 37%
Mayes et al, 2015 (T/7 d) [11] 12375 07718 THE— 124 [028; 275] 37%
Mayes et al_, 2015 (T/77 d) [11] 14722 07972 i 147 [0.09; 303] 36%
Andrade et al 2017 (LH/ 1-42d)[22] 15118 0.1091 151 [130; 173] 78%
Mayes et al_, 2015 (T/42 d) [11] 26500 09690 —— 265 [0.75; 455] 2.9%
Mayes et al., 2015 (T/14 d) [11] 28333 1.0009 —— 283 [087; 480) 27%
Mayes et al, 2015 (T/35d) [11] 40238 1.2300 Po—*—— 402 [161; 643] 20%
Random effects model (HK) : | : & : : ; 0.64 [0.18; 1.11] 100.0%

6 4 2 0 2 4 6

Figure 7. Mean difference in head parts surface temperature of turkeys (T) and laying hens (LH)
of different days of age (d) under cold stress. Effect size (SMD, Standard medium difference); SE
(standard deviation of SMD) [7,11,22].
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SMD SE(SMD)

Study

Andrade et al., 2017 (LH/ 1-42 d) [22] 0.4267
Andrade et al., 2017 (LH/ 1-42d) [22] 1.0829
Mayes et al, 2015 (T/63 d) [11] 1.2097
Mayes et al, 2015 (T/63 d) [11] 1.4083
Fantinet al, 2017 (B/ 14 d)[14] 1.4142
Mayes et al, 2015 (T/ 28 d) [11] 16184
Mayes et al., 2015 (T/ 21 d) [11] 1.6212
Mayes et al., 2015 (T/ 7 d) [11] 1.6279
Nascimento et al., 2011 (B/21d)[9] 16670
Fantinetal,, 2017 (B/14 d) [14] 1.7669
Mayes et al, 2015 (T/ 7 d) [11] 2.1250
Nascimento et al., 2011 (B/28d)[9] 24036
Mayes et al, 2015 (T/ 21 d) [11] 25192
Mayes et al, 2015 (T/ 28 d) [11] 25410
Mayes et al, 2015 (T/ 14 d) [11] 28571
Mayes et al, 2015 (T/42 d) [11] 3.1216
Mayes et al, 2015 (T/ 35d) [11] 33125
Mayes et al., 2015 (T/ 48d) [11] 3.3889
Mayes et al., 2015 (T/56 d) [11] 3.4000
Mayes et al., 2015 (T/56 d) [11] 3.6406
Mayes et al., 2015 (T/70 d) [11] 3.8214
Mayes et al, 2015 (T/70 d) [11] 39783
Mayes et al, 2015 (T/ 14 d) [11] 40577
Mayes et al 2015 (T/84 d) [11] 40833
Mayes et al, 2015 (T/ 77 d) [11] 41346
Mayes et al, 2015 (T/ 48d) [11] 45625
Mayes et al., 2015 (T/42 d) [11] 4.8000
Nascimento et al., 2011 (B/ 7 d) [9] 5.0932
Mayes et al 2015 (T/84 d) [11] 5.3500
Fantinetal., 2017 (B/ 7 d) [14] 6.3246
Nascimento et al., 2011 (B/35d)[9] 7.3454
Nascimento et al, 2011 (B/ 14 d)[9] 7.3989
Fantin et al, 2017 (B/ 7 d) [14] 8.2024
Mayes et al, 2015 (T/ 35d) [11] 8.8929
Mayes et al, 2015 (T/ 77 d) [11] 11.7000

Random effects model (HK)

0.0973
0.1030
0.7691
0.7899
0.4564
0.8147
0.8150
0.8159
0.1641
0.4814
0.8844
0.1856
0.9469
0.9505
1.0051
1.0531
1.0889
1.1035
1.1057
1.1526
1.1886
1.2203
1.2365
1.2418
1.2524
1.3420
1.3928
0.2913
1.5129
0.8944
0.3936
0.3610
1.1201
2.3330
3.0093

Standardised Mean
Difference

jum
|

it

=

&

—_—

I
-15

10 5 0 5 10

15

SMD

0.43
1.08
121
1.41
1.41
162
162
163
167
177
212
2.40
252
254
2.86
312
3.31
3.39
3.40
364
3.82
3.98
4.06
4.08
413
4.56
4.80
5.09
5.35
6.32

[0.24;
[0.88;
[-0.30;
[-0.14;
[0.52;
[0.02;
[0.02;
[0.03;
[1.35;
[0.82;
[0.39;
[2.04;
[0.66;
[0.68;
[0.89;
[ 1.06;
[1.18;
[1.23;
[1.23;
[1.38;
[1.49;
[1.59;
[1.63;
[1.65;
[1.68;
[1.93;
[207;
[4.52;
[2.38;
[4.57;
7.35 [657; 8.12]
740 [6.69; 8.11]
8.20 [6.01; 10.40]
8.89 [4.32; 13.47]

0.62]
1.28]
272]
2.96]
2.31]
3.22]
3.22]
3.23]
1.99]
271]
3.86]
277
4.38]
4.40]
483
5.19]
5.45]
5.55]
5.57]
5.90]
6.15]
6.37]
6.48]
6.52]
6.50]
7.19]
7.53]
5.66]
8.32]
8.08]

—&—— 11.70 [5.80; 17.60]

95%-Cl Weight

3.6%
3.6%
3.1%
3.1%
3.4%
3.0%
3.0%
3.0%
3.5%
3.4%
3.0%
3.5%
29%
29%
2.8%
2.8%
27%
27%
27%
27%
26%
2.6%
26%
26%
2.5%
2.4%
2.4%
3.5%
2.3%
3.0%
3.4%
3.4%
27%
1.5%
1.1%

3.50 [2.72; 4.28] 100.0%

Figure 8. Mean difference in body surface temperature of turkeys (T), broiler (B), and laying hens
(LH) of different days of age (d) under cold stress. Effect size (SMD, Standard medium difference); SE
(standard deviation of SMD) [9,11,14,22].

SMD SE(SMD)

Study

Mayes et al., 2015 (T/ 28 d) [11] -0.7742
Kimetal. 2021 (LH/ 175d)[7] -0.6465
Mayes et al., 2015 (T/63 d) [11] 02214
Andrade et al . 2017 (LH/ 1-42 d)[22] 0.4198
Mayes et al., 2015 (T/70 d) [11] 0.5000
Mayes et al., 2015 (T/ 48 d) [11] 0.8966
Mayes et al., 2015 (T/ 21 d) [11] 1.1250
Mayes et al., 2015 (T/56 d) [11] 1.1818
Mayes et al., 2015 (T/84 d) [11] 1.2250
Mayes et al, 2015 (T/ 7 d) [11] 12375
Mayes et al., 2015 (T/77 d) [11] 1.4722
Andrade et al 201 (/LH/ 1-42d)[22] 15118
Mayes et al., 2015 (T/ 42 d) [11] 26500
Mayes et al., 2015 (T/ 14 d) [11] 28333
Mayes et al.,, 2015 (T/ 35 d) [11] 40238

Random effects model (HK)

0.7331
0.2649
0.7093
0.0973
0.7181
0.7418
0.7610
0.7664
0.7706
0.7718
0.7972
0.1091
0.9690
1.0009
1.2300

Standardised Mean

Difference

—am

6 4 2 0 2 4

SMD

-0.77
-0.65
0.22
0.42
0.50
0.90
1.12
1.18
123
1.24
1.47
1.51
265
283
402

[-2.21; 0.66]
[-1.17;-0.13]
[1.17; 161]
[0.23; 0.61]
[0.91; 1.91]
[-0.56; 2.35]
[0.37; 262]
[0.32; 2.68]
[0.29; 2.74]
[0.28; 2.75]
[0.09; 3.03]
[1.30; 1.73]
[0.75; 4.55]
[0.87; 4.80]
[1.61; 6.43]

95%-Cl Weight

6.3%
9.9%
6.5%
10.7%
6.4%
6.3%
6.1%
6.1%
6.1%
6.0%
5.9%
10.6%
4.8%
47%
3.6%

0.98 [0.34; 1.61] 100.0%

Figure 9. Mean difference in face surface temperature of turkeys (T) and laying hens (LH) of different
days of age (d) under cold stress. Effect size (SMD, Standard medium difference); SE (standard error

of SMD) [7,11,22].
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Standardised Mean
Study SMD SE(SMD) Difference SMD 95%-Cl Weight
Mayes et al., 2015 (T/ 28 d) [11] -0.3026 0.7111 —’-— -0.30 [-1.70;1.09] 64%
Andrade etal 2017 (LH/ 1-42d)[22] 05706 0.0982 057 [0.38;0.76] 19.0%
Mayes et al., 2015 (T/ 21 d) [11] 08548 0.7387 T 085 [[(059;230] 61%
Mayes et al., 2015 (T/ 48d) [11] 1.0000 0.7500 - 100 [[047,247] 59%
Mayes et al., 2015 (T/70 d) [11] 12037 07685 T 120 [[030;271] 57%
Mayes et al., 2015 (T/63 d) [11] 13200 0.7803 T—F— 132 [[0.21;285] 56%
Mayes et al., 2015 (T/ 7 d) [11] 1.3934 0.7883 N 1.39 [[0.15;294] 55%
Andrade etal 2017 (LH/ 1-42d)[22] 1.3992 0.1074 : 140 [1.19;161] 18.9%
Mayes et al., 2015 (T/ 35 d) [11] 17167 08272 —H— 172 [010;334] 52%
Mayes et al., 2015 (T/ 77 d) [11] 18250 08415 — 182 [0.18;347] 50%
Mayes et al., 2015 (T/ 14 d) [11] 19426 08578 — 194 [026;362] 49%
Mayes et al., 2015 (T/42 d) [11] 24750 0.9396 —— 248 [063;432] 43%
Mayes et al., 2015 (T/84 d) [11] 2.7821 0.9918 ¥ TR 278 [0.84;473] 39%
Mayes et al., 2015 (T/56 d) [11] 3.1429  1.0570 ? 3.14 [1.07;521] 3.5%
Random effects model (HK) <> 1.29 [0.82; 1.75] 100.0%
[ T I |
-4 -2 0 2 4
Figure 10. Mean difference in leg surface temperature of turkeys (T) and laying hens (LH) of different
days of age (d) under cold stress. Effect size (SMD, Standard medium difference); SE (standard error
of SMD) [11,22].
Table 4. Results of thermography meta-analysis according to body area in poultry under cold stress.
Variable Effect Size Fixed Effect
Effect Size g Age Species Q Test 2
(95% Confidence Interval) p-Value p-Value p-Value p-Value I
Head parts 0.64 [0.175; 1.11] 0.01 0.004 0.03 <0.0001 87%
Body 3.50[2.72; 4.28] <0.0001 0.67 0.15 <0.0001 96%
Face 0.98 [0.34; 1.61] 0.005 0.05 0.24 <0.0001 87%
Leg 1.29 [0.82; 1.75] <0.0001 0.15 0.28 <0.0001 74%

4. Discussion

A number of published review articles addressed thermal stress-related physiolog-
ical responses [8,32], production performance [33], gut health [32], and egg and meat
quality [15,34]. However, to our knowledge, this is the first meta-analysis that investigates
the thermal changes using infrared thermography in different poultry species and body
areas during cold and heat stress. One of the aims of this review was to identify the most
common uses of IRT for thermal stress assessment. In the current meta-analysis, ten studies
were reviewed, and ten effect sizes were generated to assess the thermal changes in different
body areas of laying hens, broilers, and turkeys. Overall, the findings demonstrated that
the degree of thermal surface response depends on the body area of measurement, age,
treatment temperature, and species.

Surface thermal changes are cardiovascular responses that ensure thermoregulation.
The physiologic responses consist of elevating the heart rate to elevate the cardiac output
to increase blood circulation from the body core to the periphery areas (i.e., skin) in heat
stress [3]. Conversely, peripheral vasoconstriction prevents body surface heat loss during
cold stress, which is reported to be more evident in featherless areas (leg and head) [9].
The quantitative analysis revealed that feather-covered (body) and featherless areas (head,
face, and leg) had a significant size effect during thermal stress, suggesting there is a
thermoregulation response, regardless of the thermal stressor. In this study, the body was
the feathered-covered area of interest, and it was the most common area of interest across
studies. It was the only body area identified in all species and thermal stress conditions.
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Meanwhile, the head was the most frequently observed featherless area in the revised
articles. However, the quantitative analysis did not include an assessment of turkeys
undergoing heat stress.

Body surface thermal imaging was likely more commonly reported due to image-
capturing limitations and anatomic differences between species. Broiler chickens have a
higher body mass than laying hens and a center of gravity that moves laterally, supporting
the legs, compared to laying hens’ movements in a straight line because their legs are under
the center of gravity [35]. These anatomic traits make it easier to identify and track the
body surface in poultry. All the components in the body area are feather-covered and
had no age effect in the qualitative analysis. This is likely secondary to all birds having
good feather coverage in these areas across different time points. Several studies reported
feather-covered areas to have a minimal role in heat dissipation because they mainly reflect
the environmental temperature [3,11,13,26]. However, the species effects found in the
quantitative heat stress analysis could be associated with assessing young broilers and
laying hens, and its interpretation should be taken with caution. There are reports of
marked differences in feather development and growth rate between males and females
and between growing broiler chickens and laying hens [36-38]. In contrast, the age or
species of birds undergoing cold stress treatments did not affect the mean body surface
temperature. This is probably secondary to initial behavioral responses to cold stress,
consisting of ruffling feathers to increase isolation and crouching to reduce their body and
leg surface area and heat loss [8], regardless of age or species. Furthermore, this could be an
initial response, and more research is needed to understand a chronic cold stress response
and the potential to produce heat depending on the amount of muscle mass (meat poultry
vs. laying hen).

The head is a featherless area and presented a significant size effect in the heat and
cold stress analyses, highlighting its critical role in thermoregulation, as reported in the
literature [3,6,7,11-13]. The lack of an age effect of birds undergoing heat stress suggests
the parts of the head or more generally the face are involved when the environmental
temperature is above the thermoneutral zone, regardless of the age of the bird. Similar
findings were reported in laying hens [22]. However, the age effect during cold stress and
species-specific differences in the head parts and face surface temperatures could be associ-
ated with the variabilities between studies (I> > 50%) secondary to specific experimental
conditions assessed in the studies. The revised studies included several strains and species
kept in different housing conditions, stocking densities, ventilation systems, thermal stress
temperatures, study duration, etc. Another potential source of variability is the anatomic
feature of each head part, like the shape or size of the comb, wattle, and beak. The surface
and shape of some anatomic areas vary according to strains and species and are highly
variable between birds [13]. This may affect the bird’s ability to exchange heat with the
environment and could not be accounted for in specific anatomic body parts in this study.

Similarly, the leg had a significant effect size with no species-specific effect in the
qualitative analy