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Simple Summary: The objective of this study was to determine how environmental complexity and
stocking density impacted immunoglobulin-A (IgA) concentrations in fast-growing broiler chickens.
We found that birds housed in complex environments had increased plasma IgA concentrations,
suggesting that these birds experienced less chronic stress than birds in simple environments. Addi-
tionally, we found that birds raised in low-density environments showed increased concentrations of
secretory IgA, suggesting that these birds experienced less chronic stress than birds in high-density
environments. This indicates that plasma and secretory IgA concentrations in broiler chickens do
respond to housing conditions. These measures of chronic stress show appropriate contrast when
the statistical power is high. However, additional work needs to replicate outcomes under similar
and different conditions before these measures can be routinely used to quantify chronic stress in
broiler chickens.

Abstract: Commercial housing conditions may contribute to chronic negative stress in broiler chick-
ens, reducing their animal welfare. The objective of this study was to determine how secretory
(fecal) and plasma immunoglobulin-A (IgA) levels in fast-growing broilers respond to positive and
negative housing conditions. In three replicated experiments, male Ross 708 broilers (n = 1650/ex-
periment) were housed in a 2 × 2 factorial study of high or low environmental complexity and high
or low stocking density. In experiments 1 and 3 but not in experiment 2, high complexity tended
to positively impact day 48 plasma IgA concentrations. When three experiments were combined,
high complexity positively impacted day 48 plasma IgA concentrations. Stocking density and the
complexity × density interaction did not impact day 48 plasma IgA concentrations. Environmental
complexity and the complexity × density interaction did not impact day 48 secretory IgA concen-
trations. A high stocking density negatively impacted day 48 secretory IgA concentrations overall
but not in individual experiments. These results suggest that environmental complexity decreased
chronic stress, while a high stocking density increased chronic stress. Thus, plasma IgA levels in-
creased under high-complexity housing conditions (at day 48), and secretory IgA levels (at day 48)
decreased under high-density conditions, suggesting that chronic stress differed among treatments.
Therefore, these measures may be useful for quantifying chronic stress but only if the statistical
power is high. Future research should replicate these findings under similar and different housing
conditions to confirm the suitability of IgA as a measure of chronic stress in broiler chickens.

Keywords: animal welfare; IgA; broiler chicken; environmental enrichment; stocking density

1. Introduction

The World Health Organization defines stress as any change that causes physical, emo-
tional, or physiological strain to an animal [1]. Stress activates the hypothalamus–pituitary–
adrenal (HPA) axis, which initiates a chain of signaling that culminates in the release of
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glucocorticoids [2]. Stress can be positive (eustress) or negative (distress) and short-term
(acute) or long-term (chronic). From an animal welfare perspective, it is desirable to avoid
acute and chronic distress and promote opportunities for acute and chronic eustress.

Associations between environmental factors and stress are well established in broiler
chickens, for whom barren housing conditions [3–8], high stocking densities [9–17] and
excessive heat [18] may cause acute and chronic physical or emotional distress. For exam-
ple, barren housing conditions can lead to negative affective states, reduced frequencies of
natural behaviors such as perching or dustbathing, and frustration and boredom [19–22].
High stocking density can lead to decreased foot and leg health [9,11,13,16,23,24], frus-
tration and boredom [19,20], and increased acute distress, which is reflected in increased
concentrations of circulating glucocorticoids and heat shock protein 70 [25,26].

In production animals, stress is often quantified using circulating glucocorticoids [25,26],
which are steroid hormones produced in the adrenal gland. Circulating glucocorticoids are
reflective of experienced acute stress and indicate arousal (intensity) rather than the valence
(positivity/negativity) associated with a stimulus [27,28]. Therefore, interpretations of
the impacts of housing conditions on circulating glucocorticoids are difficult as similar
increases in glucocorticoid concentrations could occur from both positive and negative
stimuli as long as their intensities were comparable. For example, pigs subjected to a
dominance intruder test showed nearly identical glucocorticoid responses between winners
and losers [29]. In this instance, the dominance test was a negative experience for the
losers and a positive experience for the winners; however, this difference is impossible
to evaluate from glucocorticoid concentrations alone. Therefore, it is not possible to
evaluate the valence of stimuli when only assessing the glucocorticoid response. This
limits the usefulness of glucocorticoid measures to only inherently negative stimuli, such
as catching and loading for transportation in broiler chickens, as the valence of the stimuli
is known, and glucocorticoids can be used to measure the intensity [30,31]. Additionally,
circulating glucocorticoids are only suitable as measures of acute rather than chronic
stress as concentrations of blood glucocorticoids can change within minutes [32]. Another
commonly used measure of stress in production animals is the H:L ratio [33]. However,
the interpretation of the H:L ratio faces many of the same issues as glucocorticoids [33].
Measurements of H:L ratios have been criticized as several system-specific factors can
impact H:L ratios regardless of stress levels [33,34]. Additionally, the sensitivity of the H:L
ratio to the valence of housing conditions is unclear. Therefore, there is a need for indicators
for chronic stress that can reflect the valence of stimuli.

Secretory and plasma immunoglobulin-A (IgA) concentrations show potential as
measures of chronic stress. IgA is the most common antibody found on mucosal surfaces
and functions as a first line of defense against inhaled and ingested pathogens [35–37].
While both secretory IgA (SIgA) and plasma IgA (PIgA) function primarily as parts of the
innate immune system, concentrations of SIgA and PIgA are independent due to differences
in their structures and production. SIgA is dimeric and is produced by resident mature
B-cells at mucosal surfaces, while PIgA is monomeric and produced by B-cells in bone
marrow [38]. Additionally, SIgA contains the polymeric immunoglobulin receptor (PIgR)
as a secretory component that could control the production of SIgA [35,37,39].

Concentrations of both SIgA and PIgA are downregulated in response to physiological
or physical stress and upregulated in situations of positive experiences [37,40–45]. In rats
and pigs, transferring animals to metabolic housing systems decreased SIgA concentrations
compared to animals in non-metabolic housing systems [46–48]. In rats [39,49], mice [50],
and horses [51], forced intense exercise decreased SIgA and serum IgA concentrations,
while voluntary exercise had the opposite effect. When a male rat is paired with a female,
the male’s SIgA concentrations initially decrease before steadily increasing, indicating that
male/female pairing is a positive stimulus [43]. The opposite occurred when male rats were
grouped with five other males, with SIgA concentrations steadily decreasing, indicating
that male-only group housing is a negative stimulus [43].
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Few studies have investigated the response of SIgA concentrations in chickens to
environmental stimuli. Chronic heat stress decreased SIgA concentrations in Cobb and
Qing Yuan Ma broilers and Hy-line Brown laying hens [18,52]. Additionally, Bovan Brown
laying hens housed in enriched floor pens showed increased SIgA concentrations compared
to hens raised in conventional battery caging [41]. The impact of chronic housing stressors
other than heat stress on broiler chickens’ IgA concentrations is unclear.

Environmental complexity can improve broiler chicken welfare outcomes, such as
improving affective states [22], health [20,53,54], and the occurrences of species-specific
behaviors [20]. Environmental complexity decreased anxiety and fear and increased op-
timism in Ross 708 broiler chickens compared to birds raised in more barren housing
conditions [21,22]. Environmental complexity benefitted leg and bone health, decreasing
lameness as broilers aged [53,54]. In Japanese quail, environmental enrichments decreased
the negative impacts of a chronic stressor (repeated restraint stress) on the immune sys-
tem [55]. While most studies report a positive impact of environmental complexity on
broiler chicken welfare outcomes, some studies report no impact [56–59].

High stocking density is a well-studied housing condition for broiler chickens that
can negatively impact welfare outcomes including behavior, performance, and leg and
foot health [9–17]. High densities (40 kg/m2) increased gait scores (more severe lameness)
compared to birds raised at lower densities (34 kg/m2) [23]. Additionally, the severity of
contact dermatitis increased at high densities (34–36 kg/m2) compared to lower densities
(32 kg/m2) [60]. High densities can cause the disturbance of rest [14,16,23], injuries [15],
pain [15], distress [61], mortality [15], and carcass damage [15].

The sensitivities and responses of SIgA and PIgA concentrations to positive and
negative stimuli in chickens and other species indicate their potential applications as
measures of chronic stress in broiler chickens. However, the impacts of housing conditions
other than heat stress, such as complexity and stocking density, have not yet been examined.
Additionally, the potential combined impacts of environmental complexity and stocking
density on PIgA and SIgA are unknown. Therefore, the objective of this study was to
determine how environmental complexity and stocking density impacted SIgA and PIgA
concentrations in fast-growing broiler chickens. We hypothesized that birds housed in
high-complexity environments would have increased IgA concentrations, and birds housed
in high-density environments would have decreased IgA concentrations. We hypothesized
that the broilers housed in highly complex, low-density environments would show higher
IgA concentrations, indicating lower levels of chronic distress, compared to broilers from
low-complexity, high-density environments.

2. Materials and Methods
2.1. Animals and Housing

This experiment was approved by the Virginia Tech Institutional Animal Care and
Use Committee (IACUC protocol 19–175). In three separate replicated experiments, day-
old Ross 708 male broilers (n = 1650 birds/experiment) were sourced from a commercial
hatchery (Elizabethtown, PA, USA). The birds were vaccinated for Marek’s disease at the
hatchery. The experiments consisted of a 2 × 2 factorial design comparing environmental
complexity (high complexity vs. low complexity) and stocking density (high density
vs. low density) as factors. The birds were raised from d1 to d50 to match the normal
production period in the United States broiler chicken industry [62,63]. At d1 of age, the
birds were randomly allocated to 12 pens, each containing one of four treatments (high
complexity/high density, high complexity/low density, low complexity/high density,
and low complexity/low density), with three replicates per treatment in a randomized
block design.

Each pen (14.5 m2) contained clean pine wood shavings (~10 cm depth), 4 steel
galvanized feeders, and 3 nipple water lines. The birds were phase-fed a commercial
corn–soy broiler diet which was formulated to meet their nutritional requirements and
included a starter phase, a grower phase, and a finisher phase. The birds had ad libitum



Animals 2023, 13, 2058 4 of 14

access to feed and water. During the first week, the pens contained 3 heat lamps and were
under continuous lighting. Due to a technical problem in experiment 1, the birds received
24 h light for an additional week from d7 to 14. Thereafter, the lighting schedule was
18L:6D, with a light intensity of ~15 lux during light hours. The temperature was 35 ◦C
on d1, gradually reduced to 21 ◦C on d24, and maintained until d50. Due to infectious
bronchitis in experiment 1, the birds were given a therapeutic dose of antibiotics from d33
to d40 of age via the water lines (morbidity approximated at ~100%; the mortality due to
the pathogen was 3.6%).

2.2. Environmental Complexity

The high-complexity pens contained four functional spaces with a “feeding” area,
a “comfort” area, a “resting” area (all ~3.2 m2), and an “exploration” area (~4.3 m2).
The feeding area contained all feeders and one-third of a mineral pecking stone broken
into smaller pieces (Proteka, Inc., Lucknow, ON, Canada). The comfort area contained
a wooden dust bath (~2 m2) with ~68 kg of playground sand (QUIKRETE, Atlanta, GA,
USA), which was raked and partially replaced during rearing. The resting area contained
three perching structures [22]. In experiment 1, perches (183 cm L × 31 cm W × 9 cm H)
were built out of 1.9 cm diameter PVC pipe and were treated with textured black spray
paint (Rust-Oleum, Vernon Hills, IL, USA). After anecdotal observations of limited perch
use in experiment 1, we adjusted the perch design for experiments 2 and 3. Perching
platforms (122 cm L × 46 cm W × 8 cm H) were constructed from 10 cm wide wooden
boards. In experiment 1, the linear perching space per bird was 15.2 cm in the low-density
pens and 7.6 cm in the high-density pens. In experiments 2 and 3, the perching space
per bird was 76 cm2 in the low-density pens and 39 cm2 in the high-density pens. In
the exploration area, six temporary enrichments were paired and rotated on a three-day
schedule. These enrichments included four colored plastic balls (Clink N’ Play, Bellevue,
WA, USA), four yellow treat dispenser balls with oats (Lixit Corp., Napa, CA, USA),
four polyethylene string bundles suspended at bird level, iceberg lettuce (experiment 1:
chopped and placed in a red rubber Kong toy (KONG, Golden, CO, USA) on litter) or
cabbage (experiments 2 and 3: half a head suspended at bird level), four metal wire balls
filled with alfalfa hay (Darice, Strongsville, OH, USA), and laser lights manually projected
in the pens two times a day for 5 min. The enrichments were paired so that each set
contained a nutritional and occupational enrichment: hay balls/hanging strings, yellow
oat balls/plastic balls, and lettuce or cabbage/laser lights.

The low-complexity pens were also divided into four functional areas but contained
no enrichments. Four galvanized steel feeders were dispersed throughout the pen. Detailed
pen design illustrations and photos can be found in [22].

2.3. Stocking Density

The high-density pens contained 180 birds and the low-density pens contained 90 birds
per pen for final targeted stocking densities of 40–42 kg/m2 and 20–22 kg/m2, respectively.
The final stocking densities at d50 are presented in Table 1.

Table 1. Raw means of day 50 pen stocking densities in experiment 1, experiment 2, and experiment
3 for both stocking density treatments.

Experiment
Day 50 Stocking Density (kg/m2)

High-Density Pens Low-Density Pens

1 42.1 23.8
2 42.6 23.3
3 42.1 22.1

2.4. Measurements

Blood samples were collected at d28 and d48 of age in all three experiments. Blood was
collected from five birds per pen (15 samples/treatment/experiment) via the brachial vein
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and transferred into glass collection tubes coated with 0.5% EDTA solution, gently inverted
a few times, placed on ice, and then transported to the laboratory for further processing.
Following transport, the blood samples were centrifuged at 10,000× g for 5 min. Plasma
was separated from red blood cells before storage at −20 ◦C. During blood collection, the
sample times were recorded from the initiation of handling to the removal of the needle
from the bird to ensure that all samples were collected in under two minutes.

Fresh fecal samples were collected from the pen floors on d48 of age in all three
experiments following observations of defecation. The samples were stored in microcen-
trifuge tubes, placed on ice, and then transported to the lab for storage at −80 ◦C until
further processing. In the first two experiments, the fecal samples were pooled at the
pen level following collection, resulting in 12 samples collected per experiment (3 sam-
ples/treatment/experiment). In experiment 3, individual fecal samples were collected
(n = 5/pen) from arbitrary individuals following visual confirmations of defecation to
increase the sample size.

For the quantification of SIgA, the total protein content of the fecal samples was
extracted via a saline extraction method [41,47,64,65]. In short, the samples were weighed
and suspended in an extraction buffer of 0.01 phosphate buffered saline, 0.5% tween (Sigma-
Aldritch, St. Louis, MO, USA), and 0.05% sodium azide at a ratio of 10 mL of buffer to 1 g of
sample. Following suspension, the samples were centrifuged at 1500× g for 20 min at 5 ◦C.
The sample supernatant was then separated from solids, transferred into a microcentrifuge
tube with 20 µL of a protease inhibitor cocktail (Sigma Aldrich., St. Louis, MO, USA), and
homogenized before storage at −20 ◦C.

The concentrations of SIgA and PIgA (µg/µL) were determined using a commercial
enzyme-linked immunosorbent assay (ELISA; Abcam, Cambridge, MA, USA), following
the manufacturer’s instructions. Intra-assay CV% values were below 2% for all samples
(min 0.2%; max 2%). During sampling, it was not feasible to blind the sample collectors for
treatment as the samples were collected in the poultry facility. However, during sample
analysis, laboratory technicians were blinded for treatments.

2.5. Statistical Analysis

All statistical analyses were performed in JMP Pro 16 (SAS Institute Inc., Cary, NC,
USA). The pen was considered the experimental unit and the bird the observational unit for
the PIgA analysis. In experiments 1 and 2, the pen was the experimental and observational
unit for SIgA analysis, while in experiment, the 3 pen was the experimental unit and
the sample (n = 5) was the observational unit. Data residuals for all response variables
were normally distributed based on a visual inspection of the normal quantile plots. Data
from each experiment were analyzed per experiment using linear mixed models with
environmental complexity, stocking density, and their interactions as fixed factors. The
pen number was included as a random factor. In addition, data from all three experiments
were combined and analyzed using linear mixed models with environmental complexity,
stocking density, and their interactions as fixed factors. The pen numbers and the experi-
ment number were included as random factors. A post-hoc analysis was performed with
Tukey HSD corrections. Associations were considered significant at p ≤ 0.05 and trends
were identified at p ≤ 0.1. All data are presented as LSmeans ± SEM.

3. Results
3.1. Day 28 Plasma IgA Concentrations

The d28 PIgA concentrations were impacted by a complexity × density interaction
(F1,59 = 6.20; p = 0.037) in experiment 2 and tended to be impacted by the interaction
when all three trials were combined (F1,179 = 1.93; p = 0.055; Table 2), but this was not the
case in experiments 1 (F1,59 = 0.02; p = 0.894) or 3 (F1,59 = 0.549; p = 0.479). The pairwise
comparisons in experiment 2 and overall were not significant (p > 0.1). The complexity
or stocking density treatments did not impact d28 PIgA concentrations in experiment 1
(complexity: F1,59 = 0.87, p = 0.378; stocking density: F1,59 = 0.59, p = 0.465), experiment 2
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(complexity: F1,59 = 1.33; p = 0.276; stocking density: F1,59 = 0.08; p = 0.789), or experiment
3 (complexity: F1,59 = 0.04, p = 0.845; stocking density: F1,59 = 0.234, p = 0.642; Table 2).
Overall, the d28 PIgA did not differ due to the complexity (F1,179 = 0.41; p = 0.525) or
stocking density treatments (F1,179 = 0.289; p = 0.591; Table 2).

Table 2. LSmean ± SEM estimates of day 28 plasma immunoglobulin-A (µg/µL plasma) concentra-
tions in experiment 1 (n = 60), experiment 2 (n = 60), experiment 3 (n = 60), and overall (n = 180).

Plasma Immunoglobulin-A (µg/µL) on Day 28 of Age
Treatment Experiment 1 Experiment 2 Experiment 3 Overall

High complexity (HC) 139 ± 12 265 ± 31 213 ± 19 208 ± 29
Low complexity (LC) 156 ± 12 215 ± 31 219 ± 19 196 ± 29

High density (HD) 155 ± 12 246 ± 31 223 ± 19 207 ± 29
Low density (LD) 141 ± 12 234 ± 31 209 ± 19 197 ± 29

HC/HD 145 ± 18 327 ± 44 210 ± 28 231 ± 22
HC/LD 134 ± 18 204 ± 44 217 ± 28 184 ± 21
LC/HD 164 ± 18 165 ± 44 236 ± 28 176 ± 21
LC/LD 148 ± 18 264 ± 44 202 ± 28 208 ± 22

3.2. Day 48 Plasma IgA Concentrations

The d48 PIgA concentrations were not impacted by the complexity × density inter-
action during experiment 1 (F1,59 = 1.00; p = 0.347), experiment 2 (F1,59 = 0.17; p = 0.695),
experiment 3 (F1,59 = 0.234; p = 0.6414), or overall (F1,179 < 0.1; p = 0.997). The d48 PIgA
concentrations tended to be increased in the high-complexity treatment during experiment
1 (F1,59 = 4.49; p = 0.068) and experiment 3 (F1,59 = 3.52; p = 0.098) but not experiment 2
(F1,59 = 0.74; p = 0.420; Figure 1). Across the three experiments, d48 PIgA concentrations
were increased in the high-complexity treatment compared to the low-complexity treat-
ment (F1,179 = 6.87; p = 0.011; Figure 2). The stocking density did not impact the d48 PIgA
concentrations in individual experiments (1: F1,59 < 0.01, p = 0.991; 2: F1,59 = 0.34, p = 0.579;
3: F1,59 = 0.22, p = 0.646; Figure 1) or overall (F1,179 = 0.19; p = 0.664; Figure 2).
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Figure 1. Least square mean estimates (±SEMs) of plasma immunoglobulin-A concentrations in
broilers at 48 days of age housed at high or low complexity and at high or low stocking density in
experiment 1 (n = 60), experiment 2 (n = 60), and experiment 3 (n = 60).
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Figure 2. Least squared mean estimates (±SEMs) of plasma immunoglobulin-A concentrations in
broilers at 48 days of age housed at high or low complexity and at high or low stocking density across
all three experiments (n = 180).

3.3. Day 48 Fecal IgA Concentrations

No impact of the complexity × density interaction on d48 SIgA was observed in
experiment 1 (F1,11 = 0.40; p = 0.544), experiment 2 (F1,11 = 0.056; p = 0.819), experiment 3
(F1,59 = 0.96; p = 0.357), or overall (F1,59 = 0.01; p = 0.947). D48 SIgA concentrations were not
impacted by the environmental complexity or stocking density treatments in experiment
1 (complexity: F1,8 = 0.17, p = 0.694; stocking density: F1,8 = 1.59, p = 0.247), experiment 2
(complexity: F1,8 = 2.29, p = 0.168; stocking density: F1,8 = 2.08, p = 0.187), or experiment 3
(complexity: F1,59 = 0.03, p = 0.872: stocking density: F1,59 = 0.90, p = 0.371). Environmental
complexity did not impact d48 SIgA concentrations across all three experiments (F1,59 = 0.15;
p = 0.699; Figure 3). Overall, d48 SIgA concentrations were decreased in the high-density
treatment compared to the low-density treatment (F1,83 = 4.69; p = 0.033; Figure 3).
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Figure 3. Least squared mean estimates (±SEMs) of secretory (fecal) immunoglobulin-A concen-
trations in broilers at 48 days of age housed at high or low complexity and at high or low stocking
density across all three experiments (n = 90).
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4. Discussion

This study investigated the impacts of positive (environmental complexity) and nega-
tive (stocking density) housing conditions on broiler chicken PIgA and SIgA concentrations
in three replicated experiments. We did not confirm the hypothesis that broilers housed in
highly complex, low-density environments would show higher IgA concentrations indica-
tive of lower levels of chronic stress compared to broilers in low-complexity, high-density
environments. We were able to confirm our hypothesis that IgA concentrations increased
in response to high-complexity environments and decreased in response to high-density
environments as the PIgA and SIgA concentrations on day 48 differed in response to en-
vironmental complexity and stocking density, respectively. This is in line with previous
studies in which IgA concentrations responded to positive and negative experiences in
mice, rats, dogs, horses, and laying hens [39,41,43,45–51,66,67]. The current study is the
first to detect an impact of environmental complexity on PIgA concentrations and an impact
of stocking density on SIgA concentrations in broiler chickens.

At 28 days of age, an interaction effect between complexity and stocking density on
PIgA concentrations was found in experiment 2 and across all experiments; however, no
pairwise differences were found, making the interpretation of this interaction difficult. The
sample sizes for this experiment were relatively low (n = 15 samples/treatment/experiment;
n = 45 samples/treatment total). It is possible that this interaction would have resulted in
interpretable results with a greater sample size and thus with a higher statistical power.

Neither environmental complexity nor stocking density impacted the d28 PIgA con-
centrations in any of the three experiments or overall, which was unexpected. A high
stocking density is considered a negative stimulus for broiler chickens [9–17]. The neg-
ative impacts of high stocking density generally do not occur until densities reach over
30 kg/m2 [10,24]. This higher density is reached when the birds reach a certain weight (as
the birds grow and the space availability remains the same), which in our study, was at
33 days of age in the high-density pens. This means that the high-density birds in our study
were exposed to high densities and the associated potential distress for approximately
two weeks of life (day 33-day 48). At 28 days of age, the actual stocking density was still
relatively low (~22–24 kg/m2 in the high-density pens), so it may not be experienced as a
negative stressor in young broilers under our experimental conditions. In line, the birds
were less fearful when raised in high-density pens when compared to the birds raised in
low-density pens at 26 days of age [22]. While stocking density is generally considered a
negative stimulus [9–17], other studies do not report a negative impact of stocking density
on broiler affective state and acute distress [21,22,68]. Future studies should investigate the
impacts of stocking density on birds at different ages to determine if the length of exposure
to high density impacts welfare outcomes and IgA concentrations.

We observed a positive impact of a complex environment on the d48 PIgA concentra-
tions in experiments 1 (trend), 3 (trend), and overall, although no association was found
in experiment 2. The tendencies observed in experiments 1 and 3 may be due to a rel-
atively small sample size, which is supported by the statistical association found when
combining the three experiments, and the numerical (non-significant) differences observed
in experiment 2. Repeatability is important for potential measures of chronic stress as
measures must first be consistent between flocks under similar housing conditions before
they can be used to compare flocks in different housing systems. The inclusion of mul-
tiple replicated experiments within this study allowed for the comparison of the impact
of similar housing conditions across three flocks. While statistical differences between
treatments were not observed in every experiment, the overall positive numerical effects of
a complex environment on d48 PIgA concentrations were replicable across experiments.
Future experiments investigating PIgA concentrations in relation to housing conditions
should ensure a higher statistical power than the current study to confirm this finding.
Additionally, our results are consistent with findings in other species [39,50,66,69,70]. A
complex environment allows broilers to express species-specific behaviors, which can
induce a positive affective state compared to broilers raised in low-complexity environ-
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ments [20–22,56,71]. A low-complexity environment can result in chronic and acute distress
due to the inability to display these natural behaviors. This distress could increase circu-
lating glucocorticoid concentrations and HPA axis activity. Physiological stress responses
can impact IgA concentrations via glucocorticoid signaling [37,72,73]. Glucocorticoids
bind to IgA-secreting B-cells and reduce the expression of IgA-encoding mRNA [37,74–76].
A decreased expression of IgA-encoding mRNA could decrease the transcription of IgA
proteins. The reduced transcription of IgA proteins leads to decreased concentrations of
functional IgA. Low-complexity and barren environments can cause distress [20,56,77–79];
thus, birds raised in these environments could have higher concentrations of circulating
glucocorticoids in comparison to high-complexity environments. Increased glucocorti-
coid concentrations in birds housed in low-complexity environmetns results in increased
interactions between glucocorticoids and IgA-secreting B-cells, thereby decreasing the
expression of IgA-encoding mRNA and the transcription of IgA proteins in low-complexity
birds, resulting in lower PIgA concentrations. Our results indicate that the d48 PIgA is
responsive to positive housing conditions (environmental complexity) and could be useful
as a measure of chronic stress in broilers, yet it is still not fully understood what role gluco-
corticoids play in the production of PIgA, especially when broilers are kept in positively
valenced conditions.

Environmental complexity did not impact d48 SIgA concentrations. The lack of impact
may indicate that environmental complexity was not a positive housing stimulus for broiler
chickens. However, this is contradictory to our d48 PIgA results and previous studies,
which indicated that environmental complexity reduced distress and improved affect in
broilers [20–22,54,56,80]. For example, broilers housed in high-complexity environments
were less fearful, less anxious, and less fearful following acute stressors than broilers housed
in low-complexity environments [22,80]. Additionally, this is contradictory to previous
studies which show that SIgA responds to positive experiences in other species [39,50]. In
broiler chickens, SIgA may be insensitive to positive experience, which cannot be confirmed
by previous research. It is also possible that we did not detect an impact of environmental
complexity due to a measurement error. Fecal IgA can be difficult to quantify as fecal
proteases can break down SIgA quickly following defecation [41,47,64,65]. We ensured
sample freshness via visually confirming defecation and freezing the samples quickly after
collection. Currently, we have no evidence supporting that d48 SIgA is a useful indicator of
positive experience in broilers.

A high stocking density resulted in low d48 SIgA concentrations when all experiments
were combined. A high stocking density can negatively impact broiler health [11,81], behav-
ior [13,23], and can cause distress [68,82,83]. In this context, decreased SIgA concentrations
indicate increased chronic stress in broilers housed in high-density pens compared to
the broilers in low-density pens. One proposed mechanism for this is that high levels of
circulating glucocorticoids in distressed animals interact with PIgR-secreting epithelial cells
at mucosal surfaces and decrease PIgR concentrations in the mucus [44,50,72,73,76,84,85].
PIgR is the secretory component of SIgA and is required for SIgA to cross epithelial barriers
and enter the mucosal lumen [37,86]. If PIgR concentrations are decreased in distressed
animals, SIgA concentrations are also decreased as less SIgA can be released into mucosal
lumens. The d48 SIgA concentrations responded to high stocking density as hypothesized;
therefore, they can be a viable measure of chronic negative stress (high stocking density)
in broiler chickens. We recommend replication under similar and different conditions to
confirm the viability of this chronic distress measure in broilers.

The negative impact of high density was not reflected in the d48 PIgA concentrations,
in which no impact of high density was observed. This result may be due to the different
production mechanisms for PIgA and SIgA [86]. Circulating PIgA is monomeric and does
not bind with PIgR to enter circulation, so glucocorticoids can only reduce PIgA production
via direct interactions with IgA-secreting B-cells in bone marrow [86], limiting the impact
of these hormones on PIgA. However, SIgA is dimeric and requires the inclusion of PIgR
to enter the mucosal lumen [37,86]. PIgR-secreting epithelial cells can also interact with
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glucocorticoids under chronic stress, decreasing PIgR production and indirectly decreasing
SIgA concentrations. Therefore, glucocorticoids can interact with two mechanisms to
decrease SIgA concentrations (direct interactions with IgA secreting B-cells and PIgR
secreting epithelial cells) while only being able to impact PIgA via direct interactions with
IgA-secreting B-cells. These mechanisms suggest that SIgA concentrations may decrease
more quickly in response to increased HPA axis activity than PIgA concentrations, which
are less accessible to circulating glucocorticoids. This explains why SIgA concentrations
were lowered in response to the high-density treatment but PigA concentrations were not,
as the birds may have only experienced the high-density treatment as negative for the last
few weeks of life. Overall, these results indicate that d48 SIgA is sensitive to chronic stress
caused by high stocking density while PIgA concentrations are not.

A limitation to the interpretation of the results from experiment 1 is that the birds
experienced a period of continuous lightning during their second week of life and had
an infectious bronchitis exposure which required treatment with antibiotics from d33-
d40. Continuous light exposure [87] and pathogen exposure [88] could have impacted
plasma and secretory IgA concentrations. Treatment with antibiotics can decrease IgA
concentrations and lead to IgA deficiency with long-term broad spectrum antibiotic use [89]
but not with the short-term use of antibiotics similar to the treatment applied in this
study [90,91]. In line, the d48 PIgA concentrations in experiment 1 and 2 were very similar
(Figure 1), suggesting that these two factors might not have impacted PIgA concentrations
at time of sampling.

To our knowledge, no studies have compared how PIgA and SIgA respond to cir-
culating glucocorticoid concentrations in poultry. This is the first study to assess both
PIgA and SIgA in response to housing conditions in non-human animals, which makes it
difficult to confirm our proposed theories. Therefore, we recommend further investiga-
tion into the differences in production mechanisms between PIgA and SIgA to determine
how they respond to circulating glucocorticoid concentrations under similar and different
housing conditions.

The d48 PIgA concentrations varied largely between experiments, which suggests that
PIgA concentrations may not be consistent between flocks. Concentrations of physiological
measures of chronic stress should ideally be consistent between flocks so that the welfare
measure allows for direct comparisons between flocks and studies. The variation in d48
PIgA concentrations suggests it may not be possible to determine “normal” PIgA concen-
trations. Instead, PIgA may be more appropriate for use as a relative comparative indicator
between treatments in a single experiment or between similar husbandry conditions in
non-experimental contexts.

This is the first study to investigate the impacts of housing conditions on PIgA and
SIgA concentrations in broiler chickens. While the sample sizes were relatively low, espe-
cially for SIgA during experiments 1 and 2 (n = 12/experiment), we were able to detect
differences between complexity treatments for PIgA and between stocking density treat-
ments for SIgA. This indicates that plasma IgA concentrations on day 48 show promise as a
biomarker for positive experiences in broiler chickens, and secretory (fecal) IgA concentra-
tions show promise as a biomarker for negative experiences in broiler chickens.

5. Conclusions

Environmental complexity positively impacted plasma immunoglobulin-A concen-
trations in broiler chickens at 48 days of age, suggesting that levels of chronic stress were
reduced when the chickens were housed in highly complex environments compared to
simple environments. This difference was not observed in plasma immunoglobulin-A
concentrations at 28 days of age or secretory (fecal) immunoglobulin-A concentrations at
day 48. High stocking density negatively impacted secretory (fecal) immunoglobulin-A
concentrations in broiler chickens at 48 days of age across all three experiments, sug-
gesting the chickens experienced increased levels of chronic stress when housed under
high-density conditions compared to low-density conditions. This difference was not ob-



Animals 2023, 13, 2058 11 of 14

served for plasma immunoglobulin-A concentrations at day 28 or day 48. Our results show
the potential of the day 48 plasma immunoglobulin-A concentration as an indicator of
chronic eustress as it increased in response to complexity, which is considered a positively
valenced stimulus. Furthermore, our results show the potential of the day 48 secretory
(fecal) immunoglobulin-A concentration as an indicator for chronic distress as it decreased
in response to a high stocking density, which is considered a negatively valenced stimulus.
Future research should attempt to replicate these outcomes under similar and different
conditions to confirm these factors as measures of animal welfare for broiler chickens.

Author Contributions: Conceptualization, A.M.C., M.G.A. and L.J.; Methodology, A.M.C., M.G.A.
and L.J.; Formal analysis, A.M.C. and M.G.A.; Investigation, A.M.C. and M.G.A.; Resources, L.J.;
Writing—original draft, A.M.C.; Writing—review & editing, A.M.C. and L.J.; Supervision, L.J.; Project
administration, L.J.; Funding acquisition, L.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Poultry Science Association Arthur W. Perdue Fellowship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available from the corresponding author upon reasonable request.

Acknowledgments: We would like to thank Alexa Johnson, Shawna Nastasi, Alexandra Ulans, Bidur
Paneru, and the VT farm staff for their valuable assistance during the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Stress. Available online: https://www.who.int/news-room/questions-and-answers/item/stress (accessed on 11 December 2022).
2. Stress Effects on the Body. Available online: https://www.apa.org/topics/stress/body (accessed on 11 December 2022).
3. Dixon, L.M.; Brocklehurst, S.; Sandilands, V.; Bateson, M.; Tolkamp, B.J.; D’Eath, R.B. Measuring Motivation for Appetitive

Behaviour: Food-Restricted Broiler Breeder Chickens Cross a Water Barrier to Forage in an Area of Wood Shavings without Food.
PLoS ONE 2014, 9, e102322. [CrossRef] [PubMed]

4. Monckton, V.; van Staaveren, N.; Harlander-Matauschek, A. Broiler Chicks’ Motivation for Different Wood Beddings and
Amounts of Soiling. Animals 2020, 10, 1039. [CrossRef] [PubMed]

5. Pokharel, B.B.; Boecker, I.; Kwon, I.Y.; Jeyachanthiran, L.; McBride, P.; Harlander-Matauschek, A. How Does the Presence of
Excreta Affect the Behavior of Laying Hens on Scratch Pads? Poult. Sci. 2018, 97, 743–748. [CrossRef] [PubMed]

6. Shields, S.J.; Garner, J.P.; Mench, J.A. Dustbathing by Broiler Chickens: A Comparison of Preference for Four Different Substrates.
Appl. Anim. Behav. Sci. 2004, 87, 69–82. [CrossRef]

7. Vestergaard, K. Dust-Bathing in the Domestic Fowl—Diurnal Rhythm and Dust Deprivation. Appl. Anim. Ethol. 1982, 8, 487–495.
[CrossRef]

8. Newberry, R.C.; Estevez, I.; Keeling, L.J. Group Size and Perching Behaviour in Young Domestic Fowl. Appl. Anim. Behav. Sci.
2001, 73, 117–129. [CrossRef]

9. Arnould, C.; Faure, J.M. Use of Pen Space and Activity of Broiler Chickens Reared at Two Different Densities. Appl. Anim. Behav.
Sci. 2004, 87, 155–170. [CrossRef]

10. Dozier, W.A.; Thaxton, J.P.; Branton, S.L.; Morgan, G.W.; Miles, D.M.; Roush, W.B.; Lott, B.D.; Vizzier-Thaxton, Y. Stocking Density
Effects on Growth Performance and Processing Yields of Heavy Broilers. Poult. Sci. 2005, 84, 1332–1338. [CrossRef]

11. Sørensen, P.; Su, G.; Kestin, S.C. Effects of Age and Stocking Density on Leg Weakness in Broiler Chickens. Poult. Sci. 2000, 79,
864–870. [CrossRef]

12. Blokhuis, H.J. Rest in Poultry. Appl. Anim. Behav. Sci. 1984, 12, 289–303. [CrossRef]
13. Buijs, S.; Keeling, L.; Vangestel, C.; Baert, J.; Vangeyte, J.; Tuyttens, F. Resting or Hiding? Why Broiler Chickens Stay near Walls

and How Density Affects This. Appl. Anim. Behav. Sci. 2010, 124, 97–103. [CrossRef]
14. Cornetto, T.; Estevez, I.; Douglass, L.W. Using Artificial Cover to Reduce Aggression and Disturbances in Domestic Fowl. Appl.

Anim. Behav. Sci. 2002, 75, 325–336. [CrossRef]
15. Estevez, I. Density Allowances for Broilers: Where to Set the Limits? Poult. Sci. 2007, 86, 1265–1272. [CrossRef] [PubMed]
16. Febrer, K.; Jones, T.A.; Donnelly, C.A.; Dawkins, M.S. Forced to Crowd or Choosing to Cluster? Spatial Distribution Indicates

Social Attraction in Broiler Chickens. Anim. Behav. 2006, 72, 1291–1300. [CrossRef]
17. Thomas, D.G.; Son, J.-H.; Ravindran, V.; Thomas, D.V. The Effect of Stocking Density on the Behaviour of Broiler Chickens. Korean

J. Poult. Sci. 2011, 38, 1–4. [CrossRef]

https://www.who.int/news-room/questions-and-answers/item/stress
https://www.apa.org/topics/stress/body
https://doi.org/10.1371/journal.pone.0102322
https://www.ncbi.nlm.nih.gov/pubmed/25068283
https://doi.org/10.3390/ani10061039
https://www.ncbi.nlm.nih.gov/pubmed/32560113
https://doi.org/10.3382/ps/pex375
https://www.ncbi.nlm.nih.gov/pubmed/29272459
https://doi.org/10.1016/j.applanim.2004.01.003
https://doi.org/10.1016/0304-3762(82)90061-X
https://doi.org/10.1016/S0168-1591(01)00135-6
https://doi.org/10.1016/j.applanim.2004.01.001
https://doi.org/10.1093/ps/84.8.1332
https://doi.org/10.1093/ps/79.6.864
https://doi.org/10.1016/0168-1591(84)90121-7
https://doi.org/10.1016/j.applanim.2010.02.007
https://doi.org/10.1016/S0168-1591(01)00195-2
https://doi.org/10.1093/ps/86.6.1265
https://www.ncbi.nlm.nih.gov/pubmed/17495104
https://doi.org/10.1016/j.anbehav.2006.03.019
https://doi.org/10.5536/KJPS.2011.38.1.001


Animals 2023, 13, 2058 12 of 14

18. Quinteiro-Filho, W.M.; Calefi, A.S.; Cruz, D.S.G.; Aloia, T.P.A.; Zager, A.; Astolfi-Ferreira, C.S.; Piantino Ferreira, J.A.; Sharif, S.;
Palermo-Neto, J. Heat Stress Decreases Expression of the Cytokines, Avian β-Defensins 4 and 6 and Toll-like Receptor 2 in Broiler
Chickens Infected with Salmonella Enteritidis. Vet. Immunol. Immunopathol. 2017, 186, 19–28. [CrossRef] [PubMed]

19. Bracke, M.B.M.; Hopster, H. Assessing the Importance of Natural Behavior for Animal Welfare. J. Agric. Environ. Ethics 2006, 19,
77–89. [CrossRef]

20. Riber, A.B.; van de Weerd, H.A.; de Jong, I.C.; Steenfeldt, S. Review of Environmental Enrichment for Broiler Chickens. Poult. Sci.
2018, 97, 378–396. [CrossRef]

21. Anderson, M.G.; Campbell, A.M.; Crump, A.; Arnott, G.; Jacobs, L. Environmental Complexity Positively Impacts Affective
States of Broiler Chickens. Sci. Rep. 2021, 11, 16966. [CrossRef]

22. Anderson, M.G.; Campbell, A.M.; Crump, A.; Arnott, G.; Newberry, R.C.; Jacobs, L. Effect of Environmental Complexity and
Stocking Density on Fear and Anxiety in Broiler Chickens. Animals 2021, 11, 2383. [CrossRef]

23. Hall, A. The Effect of Stocking Density on the Welfare and Behavior of Broiler Chickens Reared Commercially. Animal Welfare
2001, 10, 23–40. [CrossRef]

24. Dozier, W.A.; Thaxton, J.P.; Purswell, J.L.; Olanrewaju, H.A.; Branton, S.L.; Roush, W. Stocking Density Effects on Male Broilers
Grown to 1.8 Kilograms of Body Weight. Poult. Sci. 2006, 85, 344–351. [CrossRef] [PubMed]

25. Najafi, P.; Zulkifli, I.; Amat Jajuli, N.; Farjam, A.S.; Ramiah, S.K.; Amir, A.A.; O’Reily, E.; Eckersall, D. Environmental Temperature
and Stocking Density Effects on Acute Phase Proteins, Heat Shock Protein 70, Circulating Corticosterone and Performance in
Broiler Chickens. Int. J. Biometeorol. 2015, 59, 1577–1583. [CrossRef]

26. Skomorucha, I.; Muchacka, R.; Sosnówka-Czajka, E.; Herbut, E. Response of Broiler Chickens from Three Genetic Groups to
Different Stocking Densities. Ann. Anim. Sci. 2009, 9, 175–184.

27. Moberg, G.; Mench, J. The Biology of Animal Stress: Basic Principles and Implications for Animal Welfare; CABI Publishing: Wallingford,
UK, 2000.

28. Mendl, M.; Burman, O.H.P.; Paul, E.S. An Integrative and Functional Framework for the Study of Animal Emotion and Mood.
Proc. R. Soc. B Biol. Sci. 2010, 277, 2895–2904. [CrossRef] [PubMed]

29. Otten, W.; Puppe, B.; Kanitz, E.; Schön, P.C.; Stabenow, B. Physiological and Behavioral Effects of Different Success during Social
Confrontation in Pigs with Prior Dominance Experience. Physiol. Behav. 2002, 75, 127–133. [CrossRef] [PubMed]

30. Kannan, G.; Mench, J.A. Influence of Different Handling Methods and Crating Periods on Plasma Corticosterone Concentrations
in Broilers. Br. Poult. Sci. 1996, 37, 21–31. [CrossRef]

31. Vosmerova, P.; Chloupek, J.; Bedanova, I.; Chloupek, P.; Kruzikova, K.; Blahova, J.; Vecerek, V. Changes in Selected Biochemical
Indices Related to Transport of Broilers to Slaughterhouse under Different Ambient Temperatures. Poult. Sci. 2010, 89, 2719–2725.
[CrossRef]

32. Romero, L.M.; Reed, J.M. Collecting Baseline Corticosterone Samples in the Field: Is under 3 Min Good Enough? Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 2005, 140, 73–79. [CrossRef]

33. Lentfer, T.L.; Pendl, H.; Gebhardt-Henrich, S.G.; Fröhlich, E.K.F.; Von Borell, E. H/L Ratio as a Measurement of Stress in Laying
Hens—Methodology and Reliability. Br. Poult. Sci. 2015, 56, 157–163. [CrossRef]

34. Skwarska, J. Variation of Heterophil-to-Lymphocyte Ratio in the Great Tit Parus Major—A Review. Acta Ornithol. 2019, 53, 103.
[CrossRef]

35. Corthésy, B. Multi-Faceted Functions of Secretory IgA at Mucosal Surfaces. Front. Immunol. 2013, 4, 185. [CrossRef] [PubMed]
36. Mantis, N.J.; Rol, N.; Corthésy, B. Secretory IgA’s Complex Roles in Immunity and Mucosal Homeostasis in the Gut. Mucosal

Immunol. 2011, 4, 603. [CrossRef]
37. Staley, M.; Conners, M.G.; Hall, K.; Miller, L.J. Linking Stress and Immunity: Immunoglobulin A as a Non-Invasive Physiological

Biomarker in Animal Welfare Studies. Horm. Behav. 2018, 102, 55–68. [CrossRef] [PubMed]
38. Leong, K.W.; Ding, J.L. The Unexplored Roles of Human Serum IgA. DNA Cell Biol. 2014, 33, 823–829. [CrossRef]
39. Kurimoto, Y.; Saruta, J.; To, M.; Yamamoto, Y.; Kimura, K.; Tsukinoki, K. Voluntary Exercise Increases IgA Concentration and

Polymeric Ig Receptor Expression in the Rat Submandibular Gland. Biosci. Biotechnol. Biochem. 2016, 80, 2490–2496. [CrossRef]
[PubMed]

40. Monk, J.E.; Belson, S.; Lee, C. Pharmacologically-Induced Stress Has Minimal Impact on Judgement and Attention Biases in
Sheep. Sci. Rep. 2019, 9, 11446. [CrossRef] [PubMed]

41. Campbell, A.M.; Johnson, A.M.; Persia, M.E.; Jacobs, L. Effects of Housing System on Anxiety, Chronic Stress, Fear, and Immune
Function in Bovan Brown Laying Hens. Animals 2022, 12, 1803. [CrossRef]

42. Ablimit, A.; Kühnel, H.; Strasser, A.; Upur, H. Abnormal Savda Syndrome: Long-Term Consequences of Emotional and Physical
Stress on Endocrine and Immune Activities in an Animal Model. Chin. J. Integr. Med. 2013, 19, 603–609. [CrossRef]

43. Guhad, F.A.; Hau, J. Salivary IgA as a Marker of Social Stress in Rats. Neurosci. Lett. 1996, 216, 137–140. [CrossRef]
44. Jarillo-Luna, A.; Rivera-Aguilar, V.; Garfias, H.R.; Lara-Padilla, E.; Kormanovsky, A.; Campos-Rodríguez, R. Effect of Repeated

Restraint Stress on the Levels of Intestinal IgA in Mice. Psychoneuroendocrinology 2007, 32, 681–692. [CrossRef]
45. Rammal, H.; Bouayed, J.; Falla, J.; Boujedaini, N.; Soulimani, R. The Impact of High Anxiety Level on Cellular and Humoral

Immunity in Mice. Neuroimmunomodulation 2009, 17, 1–8. [CrossRef]
46. Eriksson, E.; Royo, F.; Lyberg, K.; Carlsson, H.E.; Hau, J. Effect of Metabolic Cage Housing on Immunoglobulin A and Corticos-

terone Excretion in Faeces and Urine of Young Male Rats. Exp. Physiol. 2004, 89, 427–433. [CrossRef]

https://doi.org/10.1016/j.vetimm.2017.02.006
https://www.ncbi.nlm.nih.gov/pubmed/28413046
https://doi.org/10.1007/s10806-005-4493-7
https://doi.org/10.3382/ps/pex344
https://doi.org/10.1038/s41598-021-95280-4
https://doi.org/10.3390/ani11082383
https://doi.org/10.1017/S096272860002323X
https://doi.org/10.1093/ps/85.2.344
https://www.ncbi.nlm.nih.gov/pubmed/16523637
https://doi.org/10.1007/s00484-015-0964-3
https://doi.org/10.1098/rspb.2010.0303
https://www.ncbi.nlm.nih.gov/pubmed/20685706
https://doi.org/10.1016/S0031-9384(01)00630-8
https://www.ncbi.nlm.nih.gov/pubmed/11890961
https://doi.org/10.1080/00071669608417833
https://doi.org/10.3382/ps.2010-00709
https://doi.org/10.1016/j.cbpb.2004.11.004
https://doi.org/10.1080/00071668.2015.1008993
https://doi.org/10.3161/00016454AO2018.53.2.001
https://doi.org/10.3389/fimmu.2013.00185
https://www.ncbi.nlm.nih.gov/pubmed/23874333
https://doi.org/10.1038/mi.2011.41
https://doi.org/10.1016/j.yhbeh.2018.04.011
https://www.ncbi.nlm.nih.gov/pubmed/29705025
https://doi.org/10.1089/dna.2014.2639
https://doi.org/10.1080/09168451.2016.1217145
https://www.ncbi.nlm.nih.gov/pubmed/27499238
https://doi.org/10.1038/s41598-019-47691-7
https://www.ncbi.nlm.nih.gov/pubmed/31391491
https://doi.org/10.3390/ani12141803
https://doi.org/10.1007/s11655-012-1094-y
https://doi.org/10.1016/0304-3940(96)13037-8
https://doi.org/10.1016/j.psyneuen.2007.04.009
https://doi.org/10.1159/000243079
https://doi.org/10.1113/expphysiol.2004.027656


Animals 2023, 13, 2058 13 of 14

47. Royo, F.; Lyberg, K.; Abelson, K.; Carlsson, H.E.; Hau, J. Effect of Repeated Confined Single Housing of Young Pigs on Faecal
Excretion of Cortisol and IgA. Scandanavian J. Lab. Anim. Sci. 2005, 31, 33–37.

48. Bundgaard, C.; Kalliokoski, O.; Abelson, K.; Hau, J. Acclimatization of Mice to Different Cage Types and Social Groupings with
Respect to Fecal Secretion of IgA and Corticosterone Metabolites. In Vivo 2012, 26, 883–888. [PubMed]

49. Kimura, F.; Aizawa, K.; Tanabe, K.; Shimizu, K.; Kon, M.; Lee, H.; Akimoto, T.; Akama, T.; Kono, I.; Kono, I. A Rat Model of Saliva
Secretory Immunoglobulin: A Suppression Caused by Intense Exercise. Scand. J. Med. Sci. Sport. 2007, 18, 367–372. [CrossRef]
[PubMed]

50. Godínez-Victoria, M.; Drago-Serrano, M.E.; Reyna-Garfias, H.; Viloria, M.; Lara-Padilla, E.; Resendiz-Albor, A.A.; Sánchez-Torres, L.E.;
Cruz-Hernández, T.R.; Campos-Rodriguez, R. Effects on Secretory IgA Levels in Small Intestine of Mice That Underwent Moderate
Exercise Training Followed by a Bout of Strenuous Swimming Exercise. Brain Behav. Immun. 2012, 26, 1300–1309. [CrossRef]

51. Souza, C.M.; Miotto, B.A.; Bonin, C.P.; Camargo, M.M. Lower Serum IgA Levels in Horses Kept under Intensive Sanitary
Management and Physical Training. Animal 2010, 4, 2080–2083. [CrossRef]

52. Li, D.; Tong, Q.; Shi, Z.; Li, H.; Wang, Y.; Li, B.; Yan, G.; Chen, H.; Zheng, W. Effects of Chronic Heat Stress and Ammonia
Concentration on Blood Parameters of Laying Hens. Poult. Sci. 2020, 99, 3784–3792. [CrossRef]

53. Reiter, K.; Bessei, W. Effect of Locomotor Activity on Bone Development and Leg Disorders in Broilers. Arch. Fuer Gefluegelkunde
2000, 64, 204–206.

54. Bizeray, D.; Estevez, I.; Leterrier, C.; Faure, J.M. Effects of Increasing Environmental Complexity on the Physical Activity of Broiler
Chickens. Appl. Anim. Behav. Sci. 2002, 79, 27–41. [CrossRef]

55. Nazar, F.N.; Marin, R.H. Chronic Stress and Environmental Enrichment as Opposite Factors Affecting the Immune Response in
Japanese Quail (Coturnix Coturnix Japonica). Stress 2011, 14, 166–173. [CrossRef] [PubMed]

56. Perea, A.T.; Galindo Maldonado, F.; Antonio, J.; López, Q. Effect of Environmental Enrichment on the Behavior, Production
Parameters and Immune Response in Broilers. Vet. México 2002, 33, 89–100.

57. Bailie, C.L.; Ijichi, C.; O’Connell, N.E. Effects of Stocking Density and String Provision on Welfare-Related Measures in Commercial
Broiler Chickens in Windowed Houses. Poult. Sci. 2018, 97, 1503–1510. [CrossRef] [PubMed]

58. Ventura, B.A.; Siewerdt, F.; Estevez, I. Effects of Barrier Perches and Density on Broiler Leg Health, Fear, and Performance. Poult.
Sci. 2010, 89, 1574–1583. [CrossRef]

59. Sanotra, G.S.; Lund, J.D.; Vestergaard, K.S. Influence of Light-Dark Schedules and Stocking Density on Behaviour, Risk of Leg
Problems and Occurrence of Chronic Fear in Broilers. Br. Poult. Sci. 2002, 43, 344–354. [CrossRef]

60. Jones, T.A.; Donnelly, C.A.; Stamp Dawkins, M. Environmental and Management Factors Affecting the Welfare of Chickens on
Commercial Farms in the United Kingdom and Denmark Stocked at Five Densities. Poult. Sci. 2005, 84, 1155–1165. [CrossRef]

61. Malleau, A.E.; Duncan, I.J.H.; Widowski, T.M.; Atkinson, J.L. The Importance of Rest in Young Domestic Fowl. Appl. Anim. Behav.
Sci. 2007, 106, 52–69. [CrossRef]

62. USDA. Petition-NCC-Spreadsheet Showing Average Slaughter Age for Chickens. Available online: https://www.fsis.usda.gov/
sites/default/files/media_file/2020-07/Petition-NCC-Slaughter-Age-Chickens.pdf (accessed on 1 June 2023).

63. USDA. Poultry 2010: Structure of the U.S. Poultry Industry. Available online: https://www.aphis.usda.gov/animal_health/
nahms/poultry/downloads/poultry10/Poultry10_dr_Structure_1.pdf (accessed on 1 June 2023).

64. Peters, I.R.; Calvert, E.L.; Hall, E.J.; Day, M.J. Measurement of Immunoglobulin Concentrations in the Feces of Healthy Dogs. Clin.
Vaccine Immunol. 2004, 11, 841. [CrossRef]

65. Ricci, F.G.; Terkelli, L.R.; Venancio, E.J.; Justino, L.; dos Santos, B.Q.; Baptista, A.A.S.; Oba, A.; de Oliveira Souza, B.D.;
Bracarense, A.P.F.R.L.; Hirooka, E.Y.; et al. Tryptophan Attenuates the Effects of OTA on Intestinal Morphology and Local
IgA/IgY Production in Broiler Chicks. Toxins 2020, 13, 5. [CrossRef]

66. Walker, J.; Waran, N.; Phillips, C. The Effect of Conspecific Removal on the Behavior and Physiology of Pair-Housed Shelter Dogs.
Appl. Anim. Behav. Sci. 2014, 158, 46–56. [CrossRef]

67. Kikkawa, A.; Uchida, Y.; Suwa, Y.; Taguchi, K. A Novel Method for Estimating the Adaptive Ability of Guide Dogs Using Salivary
SIgA. J. Vet. Med. Sci. 2005, 67, 707–712. [CrossRef] [PubMed]

68. Cengiz, Ö.; Köksal, B.H.; Tatlı, O.; Sevim, Ö.; Ahsan, U.; Üner, A.G.; Ulutaş, P.A.; Beyaz, D.; Büyükyörük, S.; Yakan, A.; et al.
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