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Abstract: The relentless drive to meet global demand for poultry products has pushed
for rapid intensification in chicken farming, dramatically boosting efficiency and yield.
Yet, these gains have exposed a host of complex welfare challenges that have prompted
scientific scrutiny and ethical reflection. In this review, I critically evaluate recent inno-
vations aimed at mitigating such concerns by drawing on advances in behavioral science
and digital monitoring and insights into biological adaptations. Specifically, I focus on
four interconnected themes: First, I spotlight the complexity of avian sensory perception—
encompassing vision, auditory capabilities, olfaction, and tactile faculties—to underscore
how lighting design, housing configurations, and enrichment strategies can better align
with birds” unique sensory worlds. Second, I explore novel tools for gauging emotional
states and cognition, ranging from cognitive bias tests to developing protocols for identi-
fying pain or distress based on facial cues. Third, I examine the transformative potential
of computer vision, bioacoustics, and sensor-based technologies for the continuous, au-
tomated tracking of behavior and physiological indicators in commercial flocks. Fourth,
I assess how data-driven management platforms, underpinned by precision livestock
farming, can deploy real-time insights to optimize welfare on a broad scale. Recognizing
that climate change and evolving production environments intensify these challenges, I
also investigate how breeds resilient to extreme conditions might open new avenues for
welfare-centered genetic and management approaches. While the adoption of cutting-edge
techniques has shown promise, significant hurdles persist regarding validation, standard-
ization, and commercial acceptance. I conclude that truly sustainable progress hinges on an
interdisciplinary convergence of ethology, neuroscience, engineering, data analytics, and
evolutionary biology—an integrative path that not only refines welfare assessment but also
reimagines poultry production in ethically and scientifically robust ways.

Keywords: poultry welfare; precision livestock farming (PLF); automated behavioral
monitoring; emotional states in poultry; climate resilience in poultry; sustainable poultry
production; multimodal animal welfare assessment

1. Introduction

The global poultry industry has undergone rapid intensification in recent decades,
dramatically improving efficiency and output. Between 1961 and 2022, poultry production
increased by an astounding 1456% [1], making it one of the fastest-growing sectors in animal
agriculture. While this growth has significantly contributed to meeting global nutritional
demands, it has also given rise to complex ethical concerns and welfare challenges that
demand urgent scientific scrutiny [2,3].
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Traditionally, welfare assessments in poultry production focused primarily on physical
health indicators such as mortality rates, disease incidence, and growth performance.
However, there is now a growing recognition that good welfare encompasses not only
physical well-being but also the mental states and behavioral needs of animals [4,5]. The
Five Freedoms framework—which includes freedom from hunger, discomfort, pain, fear,
and the freedom to express normal behavior—highlights the importance of addressing
both physical and psychological aspects of welfare [6-9].

Concurrently, the advent of digital technologies and precision livestock farming (PLF)
is transforming animal agriculture, offering unprecedented capabilities for monitoring
and managing animal welfare [10-12]. These technologies enable real-time data collection
and analysis, facilitating proactive interventions to improve welfare outcomes. Sensor
technologies can continuously monitor environmental conditions, behavioral patterns, and
physiological parameters, providing insights that were previously unattainable [13].

This critical review examines how integrating behavioral science, digital technologies,
and insights from biological adaptations can revolutionize approaches to poultry welfare
in modern production systems. The discussion centers on four interconnected themes that
represent the cutting edge of poultry welfare research:

Avian sensory perception: Recent discoveries in poultry visual, auditory, and olfactory
capabilities are highlighted, emphasizing how this knowledge can inform welfare-centric
housing design and management practices.

Emotional state assessment: Innovative tools for gauging affective states in poultry
are explored, including cognitive bias tests and protocols for identifying pain or distress
based on facial cues.

Digital monitoring technologies: The transformative potential of computer vision,
bioacoustics, and sensor-based systems is examined for the continuous, automated tracking
of behavior and physiological indicators in commercial flocks.

Data-driven welfare management: The role of PLF platforms is assessed, focusing on
how real-time insights can be leveraged to optimize welfare outcomes on a broad scale.

Additionally, recognizing that climate change intensifies welfare challenges, I inves-
tigate how studying breeds adapted to extreme environments can open new avenues for
welfare-centered genetic selection and management approaches. By synthesizing these
diverse yet interconnected research streams, this review aims to chart a path toward truly
sustainable progress in poultry welfare—one that hinges on the interdisciplinary conver-
gence of ethology, neuroscience, engineering, data analytics, and evolutionary biology.
This integrative approach not only refines welfare assessment but also reimagines poultry
production in ethically and scientifically robust ways.

2. Systematic Literature Search and Study Selection

This critical review synthesizes findings from the peer-reviewed literature published
between 2015 and 2024. To ensure rigor and comprehensiveness, we conducted a sys-
tematic literature search across three major scientific databases: Web of Science, Scopus,
and PubMed. The search employed targeted keyword combinations, including “poultry
welfare”, “precision livestock farming”, “automated behavioral monitoring”, “poultry
cognition”, and “digital poultry production”. Studies were carefully screened based on
explicit inclusion and exclusion criteria, prioritizing peer-reviewed research articles that
provided direct insights into recent advancements in poultry welfare science, particularly
those integrating behavioral, technological, and biological perspectives. We supplemented
our database search by reviewing reference lists of selected articles and incorporating ex-
pert recommendations to identify additional relevant sources. Furthermore, each selected
study underwent a quality assessment process, emphasizing empirical validation, robust
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methodology, sufficient sample sizes, and demonstrable replicability, thereby ensuring the
reliability and scientific rigor of the synthesis presented in this review.

3. Multifaceted Nature of Poultry Welfare

The multifaceted nature of poultry welfare encompasses a complex interplay of physi-
cal, psychological (affective states), and environmental factors that collectively shape the
overall well-being of birds in modern production systems. While Table 1 summarizes the
critical factors influencing poultry welfare, their impacts, and innovative approaches for
assessment and improvement, it is essential to recognize the dynamic and interconnected
nature of these elements.

Table 1. Multifaceted dimensions of poultry welfare: sensory aspects, welfare impacts, and techno-

logical approaches.

Welfare Aspect Sensory System Involved Welfare Impact Innovative Technological Approaches
. . . igati i -specifi ighting,
Visual perception Visual . Affec.ts navigation, soc1al' Spectrgn.l specific LE]? hghtm.g computer
interactions, feeding behavior vision for behavior monitoring
. e . Influences mate selection, food UV-enriched lighting systems,
Ultraviolet sensitivity Visual detection UV-reflective enrichment materials
N . Impacts feed preference, social Color-tunable LED systems, automated
Color discrimination Visual ) .
recognition color preference testing
Motion detection Visual Crucial for predator .avo1dance, social ~ High-speed cameras for motion analysis,
behavior dynamic visual enrichment
Light intensity perception Visual Affects activity levels, circadian .Adaptlv.e. 11%htm% systems with
rhythms bird-specific “clux” measurements
. . . Influences stress levels, social Bioacoustic analysis tools, noise reduction
Auditory perception Auditory L .
communication technologies
. . Indicates emotional states, flock Automated vocalization classification
Vocalization patterns Auditory
health systems
Infrasound detection Auditory May affect stress levels, behavior Low-frequency er;;/:;z;r:lental monitoring
Olfactory perception Olfactory Impacts feed sel'e.ctlon, social Electronic nose sensors for air quality
recognition monitoring
. Influences social behavior, stress Pheromone-based enrichment systems,
Pheromone detection Olfactory . -
responses stress-reducing scent diffusers
. . . . Pressure-sensitive flooring, automated
Tactile sensation Somatosensory Affects comfort, pain perception . .
texture analysis of litter
Beak sensitivity Somatosensory Critical for feeding, exploration ForF f.z-feedback Ny nnc.hment dev1c§s,
precision beak trimming technologies
Foot pad sensation Somatosensory Impacts mobility, perching behavior Smart perches with pressure mappmg,
automated gait analysis
Thermoregulation Thermoreceptors Influences metabolic rate, behavior Infrared imaging systems, smart cl}mate
control with individual monitoring
g . May affect spatial orientation, Electromagnetic field mapping,
Magnetic field perception Magnetoreceptors circadian rhythms orientation-based enrichment design
. . . . Impacts hormone production, Dynamic lighting systems mlmlcklng
Circadian rhythm regulation Neuroendocrine . natural cycles, melatonin-informed
behavior patterns
management
Pain perception Nociceptors Crucial for identifying health issues Automated gait analy51.s, facial expression
recognition for pain assessment
Hunger and satiety Interoceptors Affects feeding behavior, overall Precision feeding systems with individual

welfare

monitoring

Vestibular sense

Vestibular system

Influences balance, spatial
orientation

3D accelerometers for movement analysis,
enrichments promoting balance

Proprioception

Proprioceptors

Important for movement, posture

Kinematic analysis systems, smart flooring
for gait assessment




Poultry 2025, 4, 20

4 0f 38

Poultry welfare is not merely the absence of negative experiences but also the presence
of positive ones [14]. This holistic approach considers the birds” ability to express natural
behaviors, their cognitive and emotional experiences, and their capacity to cope with
environmental challenges [15]. For instance, the provision of environmental enrichment
not only addresses the birds’ need for exploration and foraging but also affects their stress
levels, immune function, and overall health [16,17]. The concept of “behavioral needs”
provides critical insights into poultry welfare, yet it represents only one component of the
broader, multifactorial landscape in which physical health, environmental management,
and social factors also play pivotal roles [18]. These are behaviors that birds are highly
motivated to perform, such as dustbathing, perching, and nesting. When birds are unable
to fulfill these needs because of environmental constraints, it can lead to frustration, stress,
and the development of abnormal behaviors. Therefore, welfare assessment must examine
not only physical health indicators but also the birds’ capacity to engage in species-specific
behaviors [19,20].

Social dynamics within poultry flocks significantly influence individual and group
welfare. Factors such as stocking density, group size, and social hierarchies can impact stress
levels, resource access, and the incidence of problematic behaviors like feather pecking [21].
Understanding and managing these social interactions is crucial for maintaining good
welfare in commercial settings. The temporal dimension of welfare is likewise critical.
Needs and challenges vary considerably across life stages, from incubation and hatching to
rearing and production. For example, early life experiences can have long-lasting effects
on stress resilience and behavioral development. This underscores the importance of
evaluating welfare throughout the entire production cycle, rather than focusing solely
on specific time points. Genetic factors also play a substantial role in shaping welfare
outcomes. Different breeds and genetic lines may exhibit varied susceptibility to welfare
challenges and distinct behavioral traits [22]. Breeding programs that balance production
traits with welfare-related characteristics, such as robustness and adaptability, are essential
for sustainably improving poultry welfare [23,24].

Environmental control and management practices are fundamental to welfare. Factors
like lighting, temperature, air quality, and litter conditions not only influence physical
health but also affect behavior and emotional states [17,25]. Advanced environmental
control systems, coupled with PLF technologies, present new possibilities for crafting and
maintaining optimal welfare conditions. Lastly, the human-animal relationship remains
a crucial yet frequently overlooked element of poultry welfare [26]. The quality of in-
teractions between caretakers and birds can substantially impact fear responses, stress
levels, and overall well-being. Training programs that strengthen stockmanship skills and
encourage positive human—-animal engagement are vital components of comprehensive
welfare management. By acknowledging and addressing these multifaceted aspects of
poultry welfare, producers and researchers can create more effective, holistic strategies to
improve birds’ lives in commercial settings.

3.1. Poultry Sensory Capabilities and Perception

Poultry species rely extensively on sophisticated sensory systems to navigate their
environment, communicate effectively, forage efficiently, and respond appropriately to
threats. Unlike human sensory perception, birds have evolved highly specialized and
nuanced sensory adaptations in vision, hearing, olfaction, tactile sensitivity, and ther-
moreception. Understanding the distinct sensory capacities of poultry is fundamen-
tal for creating optimized housing, management, and welfare strategies in commercial
production systems.
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3.1.1. Visual Perception

The avian visual system is exceptionally developed, presenting substantial dif-
ferences from human vision in both anatomical structure and functional capability
(Figure 1). Birds possess tetrachromatic color vision, which means that they have four dis-
tinct types of cone photoreceptors: violet-sensitive (VS), short-wavelength-sensitive (SWS),
medium-wavelength-sensitive (MWS), and long-wavelength-sensitive (LWS) cones [27-29].
Tetrachromatic vision allows poultry to perceive an expanded color spectrum, including
ultraviolet (UV) wavelengths invisible to humans. The detection of UV reflectance pat-
terns plays a critical role in avian behavioral ecology, particularly in food selection, mate
recognition, and social interactions [30,31]. For example, poultry species such as chickens
utilize UV sensitivity to distinguish between ripe and unripe feed materials, enhancing
their foraging efficiency and feed intake accuracy.

Visual System in Poultry

Poultry Visual System Human Visual System

Sclera

Sclera

Comea

Poultry have a tetrachromatic visual system,
meaning they have four types of cones (unlike
humans, who have only three types). These cones
are specialized for detecting different wavelengths.
Violet-sensitive cones detect light in the UV
spectrum (around 360 nm); this type of vision is
entirely absent in humans, limiting our ability to
perceive certain visual details that birds can see

N8|  violet-sensitive Cones !
SWS Short-wavelength-sensitive
S Long-wavelength-sensitive
MWS Medium-wavelength-sensitive
DC  Double Cones

BC  Bipolar cells

AC  Amacrine cells

MC  Miller support cells

GC  Ganglion cells

R Rodcell

0D Oil Droplet

PE  Pigmented Ephithelium

IS] short-wavelength-sensitive
Il Long-wavelength-sensitive
IMI Medium-wavelength-sensitive

BC  Bipolar cells

AC  Amacrine cells

MC  Miller support cells
GC  Ganglion cells

R Rodcell

PE  Pigmented Ephithelium

Double cones are also unique to birds; it's believed
that they are not specialized for color detection but

rather for detecting motion and contrast, especially Differences between poultry and Humans have a trichromatic visual system, with
useful for distinguishing shapes and identifying h isual syst three types of cones sensitive to primary colors
environmental changes. uman visual systems (red, green, and blue). However, we lack both

) UV itive cones and the specialized lipid
Lipid droplets modulate the entry of light and help Poultry Humans droplets present in bird cones, limiting our ability to
focus the absorption of specific wavelengths, which Number of Cone Types: 4 3 perceive certain color shades and contrasts that

h: color and poultry can detect.
Oil Droplets: Yes No

Given the complexity of poultry vision, light management in Ultraviolet Sensitivity: Yes No
farms has a significant impact on their welfare and
productivity. Control of Light Intensity and Spectrum: Using Double Cones: Yes No
LED lights with adj emission spectra ing some

UV light) can improve environmental perception for poultry and
reduce stress. For instance, including UV light in specific
cycles allows them to explore more naturally, improves feeding
behavior, and facili ition of other indivi

Figure 1. A comparative overview of poultry and human visual systems, highlighting differences in
cone types, ultraviolet sensitivity, and the presence of oil droplets.

Birds also have specialized double cones, representing approximately 40-50% of
their total cone photoreceptors. These double cones primarily enhance motion detection
and brightness perception (achromatic vision), and they are critical for rapid response to
predators and the accurate interpretation of social signals within flocks [32,33]. The retinal
distribution of double cones varies, with higher concentrations located strategically in
regions supporting forward and lateral visual fields [34]. This distribution allows poultry
to maintain vigilance against predators while simultaneously engaging in complex intra-
species interactions.
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Another unique avian retinal adaptation is the presence of oil droplets within cone
cells. These oil droplets act as selective spectral filters, significantly narrowing the spectral
sensitivity range of each cone type and thus enhancing color discrimination and contrast
detection [35,36]. Differences in oil droplet composition and density between poultry
breeds suggest breed-specific visual perception capabilities, potentially impacting breed
responses to various lighting conditions [37]. Additionally, oil droplets serve a protective
role, absorbing potentially damaging wavelengths and reducing photoreceptor damage
under extended artificial lighting conditions common in commercial poultry farming [38].

Poultry visual acuity is further enhanced by retinal specializations such as the area
centralis in chickens, a region of increased cone density, providing sharper visual resolution
compared to surrounding retinal regions [34]. In contrast, certain predatory bird species
have dual foveae, enabling simultaneous precise central and peripheral vision—an evo-
lutionary adaptation essential for accurate prey detection [39,40]. Although chickens do
not possess true dual foveae, their area centralis offers sufficiently precise visual acuity
necessary for identifying fine feed details, subtle social signals, and potential threats.

Advancements in poultry vision research are continuing to inform significant practical
applications in housing design and lighting management. Traditional human-based lighting
measurements such as lux fail to adequately reflect poultry visual sensitivities. Researchers
developed a specialized measurement called corrected lux (clux), accurately representing
avian visual perception under various lighting scenarios [25]. Implementing clux-based
lighting in poultry housing has demonstrated improvements in welfare, such as reduced
fearfulness, enhanced feeding behaviors, and better flock uniformity [41].

Additionally, poultry have non-visual photoreceptors located within the pineal gland
and hypothalamus, and they are capable of detecting ambient light levels through the
cranial bone. These receptors, sensitive primarily to blue wavelengths, profoundly in-
fluence avian circadian rhythms, reproductive cycles, and melatonin regulation [42-44].
Thus, exposure to blue-enriched lighting in commercial production systems has been asso-
ciated with improved egg production rates and reduced stress-induced behaviors in laying
hens [45-48].

Age-related visual decline represents another crucial factor in poultry welfare man-
agement. Older poultry exhibit diminished visual acuity, potentially affecting their ability
to forage, recognize flock mates, and navigate housing environments efficiently [49-51].
Therefore, adapting lighting and housing to accommodate age-specific visual needs is
increasingly recognized as necessary for sustaining welfare and productivity over the
flock’s lifespan.

Birds are highly adept at detecting complex shapes and distinguishing fine details,
particularly in contexts such as food recognition, where shape, color, and contrast play a
critical role in identifying edible particles [52,53]. This advanced visual processing abil-
ity allows poultry to assess feed granularity and distinguish nutrient-dense food items
from less desirable particles [54-56]. Understanding these species-specific visual adap-
tations is crucial for designing poultry housing, enrichment materials, and feeding sys-
tems that align with their perceptual abilities, ensuring optimal welfare and efficiency in
production environments.

The topography of photoreceptor distributions in various poultry species reveals
significant variations correlating with ecological niches and behavioral traits. For instance,
ground-foraging species like chickens show higher cone densities in the lower visual field,
while arboreal species have adaptations for enhanced upper-field vision [57,58]. These
findings highlight the importance of considering species-specific visual adaptations when
designing housing and enrichment strategies.
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Advancements in our understanding of avian visual perception have significant impli-
cations for poultry housing design and welfare assessment. Sophisticated models of avian
visual perception allow researchers to analyze how birds perceive their environments [59].
These models have revealed that seemingly minor changes in lighting or housing materials
may dramatically alter how poultry visualize their surroundings. For example, metal
perches or feeders that appear distinct to humans may be difficult for birds to differentiate
from backgrounds under certain lighting conditions. The spectral reflectance of metal
surfaces can make them blend into backgrounds when viewed through an avian visual
system, even though they appear clearly distinct to humans [60,61]. By employing these
visual models in the design of husbandry systems, researchers have realized increased
perch use and improved foot health in laying hens [62]. By selecting materials and colors
that provide better contrast from the birds’ perspective, they created perching options that
are more visually accessible and appealing.

The importance of light spectrum in poultry housing design was underscored by
Osadcha et al. [63], who examined how different monochromatic wavelengths affect var-
ious biochemical parameters in hens. They found that shorter wavelengths (460 nm)
significantly elevated glucose, creatinine, total protein, urea, total bilirubin, and phos-
phorus levels, often exceeding physiological norms, while also increasing the activities
of alkaline phosphatase, aspartate aminotransferase, lactate dehydrogenase, and gamma-
glutamyltransferase. These effects were less pronounced yet still notable under 600 nm
light; by contrast, 630 nm and 650 nm generally maintained parameters within normal
ranges. The study suggests that shorter wavelengths may induce greater metabolic or stress
responses in hens. Complementing these findings, Olanrewaju et al. [64] investigated how
high-frequency LED lighting influences biochemical, enzymatic, and electrolyte variables
in laying hens, revealing age-dependent variations in responses. Collectively, these results
emphasize the need to consider both light quality and the age of the flock in designing poul-
try lighting systems. Tailoring spectral composition to specific life stages can potentially
optimize welfare and productivity throughout the production cycle.

Research also suggests that different chicken breeds may exhibit variations in pho-
toreceptor density and spectral sensitivity, potentially leading to differences in how they
perceive their environments. Although direct evidence is limited, it is hypothesized that
brown and white chicken breeds might differ in photoreceptor density and wavelength
absorption characteristics. Such variations could influence behaviors related to mate se-
lection, aggression, and stress responses. Moreover, the visual systems of chickens can be
affected by environmental factors, and different breeds may show variations in sensory per-
ception and responses due to both genetic and environmental influences. Understanding
breed-specific visual capabilities is crucial for tailoring housing and management practices
to different genetic lines. Future research should focus on characterizing visual traits across
a wider range of commercial and heritage poultry breeds to inform breed-specific welfare
strategies.

Building on insights into avian visual perception, researchers have developed models
to analyze how birds perceive elements of their housing environment. These avian vision
models examine the chromatic (color) and achromatic (brightness) contrasts of objects and
surfaces in commercial layer housing. For instance, brown eggs on a litter floor exhibit low
chromatic contrast under most lighting conditions, suggesting that hens may struggle to
visually distinguish eggs from the litter background, potentially impacting nesting behavior
and egg collection efforts.

Prescott and Wathes [56] investigated the spectral sensitivity of domestic fowl (Gallus
gallus domesticus), providing valuable insights into their visual perception. Their study es-
tablished foundational knowledge on how chickens perceive different wavelengths of light,
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which is crucial for designing housing elements like perches and nesting areas. Seifert [65]
explored how chickens process chromatic and achromatic information at the level of retinal
ganglion cells, offering deeper insights into the neural mechanisms underlying avian visual
perception. Incorporating these neural processing insights can further refine visual models,
ensuring that they accurately reflect how chickens process visual information at both the
photoreceptor and neural levels.

These findings highlight the complexity of avian visual perception in production
environments and underscore the potential for the evidence-based design of housing
elements to optimize visibility and functionality for the birds. Future research should
continue to refine these models and validate their predictions through behavioral studies.

As our understanding of avian visual capabilities advances, several key areas warrant
further investigation:

e Developing species-appropriate lighting standards that account for avian spectral
sensitivities and non-visual photoreceptors.

e Investigating the effects of UV-enriched lighting on poultry behavior, welfare, and
production outcomes to optimize lighting conditions.

e  Exploring dynamic lighting systems that mimic natural daylight cycles, potentially
benefiting circadian rhythms and physiological processes.

e Validating visual perception models through behavioral studies to inform evidence-
based housing design.

o  Characterizing age-related changes in visual capabilities and developing compensatory
strategies for older birds to address welfare concerns in aging flocks.

e  Examining the interaction between visual perception and other sensory modalities in
shaping poultry behavior and welfare.

3.1.2. Auditory Perception

While vision is often considered the primary sensory modality in birds, auditory
perception plays an equally crucial role in their behavior and welfare. Birds, including
domestic chickens, perceive a wider range of frequencies than humans, extending into
infrasonic (<20 Hz) and ultrasonic (>20 kHz) ranges [66]. Chickens can hear frequencies
from about 2 Hz up to 9 kHz [67-69], enabling them to communicate and interpret a rich
tapestry of sounds within their environment.

Recent studies have highlighted the communicative complexity of chicken vocaliza-
tions. Multiple distinct call types have been identified in adult chickens, each associated
with specific contexts or emotional states [49,70-72]. These include alarm calls signaling
predators, food calls indicating discoveries, contact calls maintaining flock cohesion, and
distress calls expressing pain or discomfort.

Chicks begin vocalizing even before hatching, producing prenatal calls that influence
the incubation behavior of hens. Post-hatching, chicks utilize a variety of calls crucial
for survival and social development [73-75]. Advances in machine learning and natural
language processing have enabled the automatic classification of these vocalizations [76].
Changes in the acoustic characteristics of flock vocalizations can predict welfare issues,
such as feather pecking outbreaks, up to three days before visible signs appear, highlighting
the potential of acoustic monitoring as an early warning system. Understanding auditory
perception and communication is particularly relevant in the context of environmental
noise within commercial poultry facilities. Chronic exposure to mechanical noise impairs
production and elevates stress markers in laying hens [77,78]. For instance, constant expo-
sure to ventilation fan noise above 80 dB is associated with reduced egg production [79,80]
and increased plasma corticosterone levels, leading to immunosuppression and heightened
disease susceptibility.
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High noise levels during transportation induce acute stress responses in poultry,
affecting meat quality through physiological changes. Elevated transport noise correlates
with increased heterophil /lymphocyte ratios, a common stress indicator in birds [81,82].
While excessive noise is detrimental, appropriate auditory stimulation can positively
influence welfare. Studies demonstrate that playing classical music or natural sounds
reduces stress indicators and enhances welfare in broilers and laying hens [83,84]. Gao
etal. [85] found that exposure to classical music improved growth rates and feed conversion
efficiency in broiler chickens.

The playback of species-specific contact calls or maternal vocalizations exerts calming
effects, particularly in young birds. Peixoto et al. [86] and Semrov et al. [87] showed
that chicks exposed to hen vocalizations exhibited reduced fear responses and improved
cognitive performance. Additionally, constant low-level white noise can mask sudden,
startling sounds, potentially reducing stress responses [88]. The effectiveness of auditory
enrichment depends on acoustic features like tempo, frequency range, and rhythmic
patterns; slow-tempo music (60-80 beats per minute) is more effective at reducing stress
than fast-tempo music [89-93].

The impact of auditory enrichment may hinge on birds’ early auditory experiences.
Exposure to complex auditory stimuli during incubation and early life can have lasting
effects on behavior and cognition [94]. Chicks exposed to species-specific calls during the
last week of incubation show enhanced social recognition and reduced fearfulness post-
hatching [95,96]. Early auditory stimulation is associated with improved spatial learning
and memory in adult chickens [97-99]. Birds raised in acoustically enriched environments
demonstrate greater resilience to stressors, evidenced by lower corticosterone responses
to acute stress [100,101]. These findings suggest that appropriate auditory stimulation
throughout the production cycle could yield long-term welfare and productivity benefits,
though care must be taken to ensure enrichment is species-appropriate and not a source
of stress.

Advancements in bioacoustic technology have unlocked new possibilities for auto-
mated welfare assessment through vocalization analysis (Figure 2). Changes in the acoustic
properties of vocalizations can indicate stress or discomfort. Van den Heuvel et al. [102]
developed an automated system detecting stress-induced vocalizations in broiler chickens
with 85% accuracy.

Certain vocalizations may signal respiratory diseases or other health issues. Ginovart-
Panisello et al. [103] used vocal analysis to detect early signs of infectious bronchitis in
broilers. Moreover, the frequency and type of vocalizations can provide insights into
emotional states. McGrath et al. [104] and Papageorgiou et al. [19] found that the acoustic
features of “food calls” varied with the quality of the food reward, potentially indicating
levels of positive affect. Analyzing the overall acoustic environment can reveal valuable
information about flock welfare. Ginovart-Panisello et al. [105] and Coutant et al. [106]
developed systems using multiple microphones to characterize the soundscape and detect
anomalies indicating welfare issues.

Bioacoustic monitoring offers several advantages: It is non-invasive, provides continu-
ous real-time data, allows early problem detection, and is scalable to large commercial flocks.
However, challenges remain in commercial implementation, such as filtering environmen-
tal noise, isolating individual vocalizations, interpreting acoustic data into meaningful
welfare indicators, accounting for breed and age differences in vocalization patterns, and
integrating these systems with existing farm management infrastructures.

To advance our understanding of auditory perception and its welfare implications,
several key areas warrant further investigation. Characterizing breed-specific auditory
capabilities is crucial for tailored management strategies. Investigating how auditory
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sounds and vocalizations

Video cameras and motion
useful for behavior analysis,
helping to identify unusual

perception and vocal production evolve throughout poultry lifespans can inform welfare
assessments at different production stages. Longitudinal studies are essential to compre-
hend the long-term effects of various types and levels of environmental noise on health,
productivity, and welfare.

Automated Behavioral Monitoring Systems for Poultry Welfare

Data Collection Data Transmission

The data flow in PLF follows a complex yet
efficient structure: sensors continuously collect
i ion, which is then itted to a
central data management platform.

Ventilation, light and
@ temperature are
automatically

optimized to maintain an ideal
environment that minimizes
the risk of respiratory illnesses
and other health issues.

-
-

~?\.\x

"

(4]

w Automated Feeder

Precision Livestock Farming (PLF) is 7
transforming the approach to animal

welfare on farms, shifting from a reactive Ventilation or
model to a preventive and individualized
one. Thanks to technology, farmers can
respond quickly to the specific needs of
each anima:l..ensqring a healthier and . Welfare

Adjustments

Temperature Control

Data processing and analysis identify patterns and
trends, with some systems even using artificial

a production system that values both : G A
efficiency and animal welfare. Results are sent to farmers in real-time, allowing them to

and p

Management Actions intelligence to predict events or issues before they occur.

make informed and timely decisions.

Figure 2. Automated behavioral monitoring systems for poultry welfare, illustrating how microphone
arrays capture and analyze flock vocalizations within a broader precision livestock farming (PLF)
framework. In addition to highlighting computer vision, environmental sensors, and data analytics,
the figure underscores the critical role of bioacoustic monitoring for detecting early indicators of
stress, discomfort, or disease. By integrating vocal, visual, and environmental data, these systems
enable responsive interventions—such as adjustments to lighting, ventilation, or feeding routines—
ultimately promoting a healthier and more humane production environment.

Determining ideal acoustic environments for different production systems—considering
housing type, flock size, and production purpose—can guide welfare improvements. Devel-
oping and validating species-specific auditory enrichment protocols practical for commercial
settings is also vital. Exploring how auditory stimuli interact with other sensory modalities to
influence behavior and welfare can provide a more comprehensive understanding.

Enhancing bioacoustics monitoring requires the development of sophisticated machine
learning algorithms for the real-time analysis of vocalizations and acoustic environments in
commercial settings. Investigating designed soundscapes that mask aversive noises while
providing beneficial auditory stimulation can improve welfare. The further exploration
of prenatal auditory stimulation’s potential to enhance post-hatch welfare and cognitive
development is promising. Establishing industry-wide standards for using acoustic data
in welfare assessment and certification schemes can facilitate the widespread adoption of
these technologies.
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3.1.3. Other Sensory Modalities

Beyond vision and hearing, other sensory faculties substantially influence poultry
behavior and welfare. Understanding these modalities is vital for establishing genuinely
welfare-focused production environments.

Recent findings underscore how the olfactory system shapes poultry behavior, inform-
ing social recognition, environmental assessment, and feeding. Chickens possess around
229 functional olfactory receptor genes [107]. Odor cues guide feed choice, helping birds dis-
tinguish between different feeds and avoid harmful substances [108-111]. These cues also
factor in feeding neophobia, dietary preferences, and social hierarchies [112,113]. Chicks
can even detect and favor their mother hen’s odor, facilitating imprinting and social bond-
ing. Additionally, chickens display aversion to certain predator odors, highlighting a role
for olfaction in threat detection [114]. Olfactory perception lets them gauge environmental
safety, avoiding ammonia-rich areas [115,116]. The provision of varied, species-appropriate
odors can enhance environmental complexity and natural behaviors [117]. Managing
aversive odors like ammonia is likewise critical, and olfactory cues may serve as early
indicators of poor air quality.

Tactile inputs—particularly via the beak and feet—are central to poultry welfare
yet often overlooked in housing and management. The beak, densely innervated for
tactile exploration, thermoregulation, and precision handling [118,119], contains numerous
mechanoreceptors and thermoreceptors. Beak trimming, common for curbing feather
pecking and cannibalism, has profound welfare implications; it causes acute pain and
can lead to chronic pain via neuroma formation [120]. This procedure reduces the beak’s
sensory function, influencing feeding and environmental interactions [121], and may alter
feeding patterns alongside diminished preening [122]. Chickens’ feet likewise possess
mechanoreceptors that convey key substrate information. Foot pad dermatitis causes
pain and reduces normal behavior [123]. Perch texture affects foot health and roosting;
offering suitable perch surfaces is crucial [62,124]. Ensuring diverse substrate textures
can support dustbathing and foraging, benefiting foot health and overall welfare [125].
Tactile enrichment, such as objects with varied textures, promotes exploratory needs and
may mitigate harmful pecking [126,127]. A significant goal is to develop housing systems
that remove the necessity for beak trimming while preventing injurious pecking. In many
European countries, beak trimming is banned; Canada and the USA also regulate it.

Although less researched in domestic poultry, evidence shows that chickens possess
magnetoreception, allowing them to sense Earth’s magnetic field and possibly aiding
spatial navigation and orientation [128-130]. Cryptochrome proteins, linked to magnetore-
ception, have been identified in chicken retinas [131-133]. Artificial magnetic fields during
incubation can alter embryonic development and subsequent behavior [134]. Though the
welfare implications remain unclear, potential effects include shifts in spatial orientation,
circadian rhythms, and sensitivity to electromagnetic fields in housing.

3.2. Integrating Multiple Sensory Modalities

Poultry does not rely on individual sensory modalities in isolation but instead integrate
visual, auditory, olfactory, tactile, and thermoreceptive cues to navigate their environment,
assess threats, and make behavioral decisions. Sensory integration plays a crucial role in
shaping their perception, influencing everything from foraging and nesting behaviors to
social interactions and stress responses. As a result, cross-modal interactions—where multi-
ple sensory inputs are processed simultaneously—can significantly impact poultry welfare
and management strategies. Recent research in poultry sensory biology highlights the
importance of designing multi-sensory enrichment strategies that align with birds’ natural
perception, ensuring that environmental conditions optimize welfare and productivity.
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Chickens, like other birds, combine visual and auditory information to assess danger,
demonstrating how sensory integration amplifies behavioral responses. Studies indicate that
predator silhouettes paired with alarm calls elicit stronger avoidance responses than visual
cues alone, confirming that auditory warnings heighten the perception of danger [135,136].
Similarly, social cohesion within flocks relies on a combination of vocalizations and visual
recognition, where distress calls trigger increased vigilance and escape behaviors. This interplay
between sensory modalities suggests that managing auditory and visual stimuli in poultry
environments—such as reducing loud mechanical noise or optimizing lighting conditions—can
help reduce stress and support natural behaviors.

Olfactory cues also interact with visual and tactile inputs to influence poultry feeding
behavior. Bertin et al. [137] demonstrated that early exposure to specific odors fosters long-
term preferences for certain foods, suggesting that poultry form associative links between
smell, taste, and the visual presentation of feed. These findings have direct implications
for feed formulation and presentation in commercial systems, where odor-enhanced feeds
or specific visual contrasts could improve palatability and feed efficiency. Additionally,
poultry rely on tactile and visual cues when selecting foraging substrates, with birds
showing a preference for surfaces that mimic natural ground textures [138,139]. Integrating
these sensory elements into environmental enrichment strategies, such as providing varied
textures for pecking and scratching, can encourage natural foraging behaviors and reduce
feather pecking incidents.

Sensory integration is also evident in poultry nesting and perching behaviors. Stud-
ies show that nesting success improves when lighting, substrate texture, and olfactory
cues are adjusted in combination rather than in isolation. For instance, laying hens pre-
fer nesting materials with specific tactile properties, but these preferences are enhanced
when accompanied by appropriate light levels and familiar scents [110,140]. Furthermore,
perching behavior is influenced by a combination of visual contrast, stability, and tactile
feedback, with poorly designed perches leading to balance difficulties, reduced usage, and
increased stress levels [17,141]. By optimizing multiple sensory inputs, poultry housing can
be designed to enhance comfort and engagement, leading to improved welfare outcomes.

Research also suggests that cross-modal stimulation can modulate stress responses
in poultry. Neethirajan et al. [142] introduced a “sensory welfare index” that evaluates
multiple sensory domains to create a comprehensive welfare assessment framework. This
research revealed that poultry reacts less intensely to stressful stimuli when ambient
noise levels are reduced and lighting conditions are optimized, suggesting that combining
environmental modifications may mitigate negative stress responses more effectively than
single-factor interventions. Similarly, Rubene et al. [143] reported that individual birds have
varying sensory thresholds, meaning that a one-size-fits-all approach to environmental
management may not be effective. Instead, individualized welfare adjustments based on
specific sensory sensitivities could enhance stress resilience and behavioral engagement.

The rise of PLF technologies has enabled real-time multisensory monitoring and
adaptive management strategies. Intelligent control systems can now adjust multiple envi-
ronmental factors dynamically based on sensory data and behavioral patterns [144]. These
technologies integrate computer vision, bioacoustics analysis, and sensor-based monitor-
ing, offering a comprehensive assessment of poultry well-being. For example, multimodal
Al systems can analyze vocalizations, movement patterns, and environmental variables
simultaneously to detect early signs of distress, disease, or behavioral abnormalities. This
capability allows farm managers to implement targeted interventions, such as modifying
light intensity, adjusting ventilation, or playing calming auditory stimuli to reduce anxiety.

Understanding the neural mechanisms underlying sensory integration in poultry is
an area of ongoing research. Zidar et al. [145] emphasized the need for studies examining
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how environmental information is processed in the avian brain, particularly in relation
to decision-making, memory, and stress regulation. Research spanning embryonic de-
velopment to adulthood may identify critical windows where sensory experiences shape
long-term behavior and welfare [146]. Additionally, crossbreed comparisons could provide
insights into how genetic factors influence sensory integration, guiding breed-specific
management strategies [147]. Given that poultry sensitivity to sensory complexity varies,
further research could explore the development of virtual reality-based environments to
simulate different multisensory conditions and assess behavioral responses in controlled
experimental settings [3].

Another key aspect of multisensory integration in poultry welfare is preventing sen-
sory overload or deprivation. Birds exposed to excessive, unstructured stimuli may exhibit
heightened stress responses, reduced cognitive performance, and increased aggressive
behaviors [8]. Conversely, environments that lack sufficient sensory stimulation may lead
to behavioral stagnation and boredom-related welfare issues. Understanding the balance
between sensory engagement and overstimulation is essential for designing optimal rearing
conditions in poultry farming.

By developing welfare strategies that integrate multiple sensory modalities, poultry
environments can be designed to match birds’ innate perceptual needs, ensuring improved
health, stress resilience, and overall well-being. Advances in sensor technology, machine
learning, and environmental enrichment will continue to refine evidence-based manage-
ment practices, benefiting both poultry welfare and production efficiency. The integration
of sensory science into poultry welfare frameworks represents a promising avenue for
future research and industry application.

3.3. The Challenge of Measuring Affective States in Poultry

Recent trends in animal welfare research have shifted from simply preventing negative
experiences to actively promoting positive emotional states [2,148]. This new emphasis
aligns with a broader recognition that animals, including poultry, can experience a range
of affective states, from fear and frustration to curiosity and contentment. However, mea-
suring these emotional states reliably in commercial poultry settings remains a formidable
challenge. Many conventional methods were pioneered in controlled laboratory environ-
ments and have proven difficult to scale for large, diverse flocks. Here, I critically examine
current and emerging strategies for assessing poultry affective states, highlighting the need
to integrate automated behavioral monitoring technologies so as to avoid rehashing known
information and uncover new insights into how chickens experience their environments.

3.4. Cognitive Bias Testing: From Laboratory to Farm

Cognitive bias testing has grown into one of the key frameworks for measuring
affective states in animals, based on the notion that an individual’s emotional state can color
its interpretation of ambiguous stimuli [149]. In essence, animals in a positive affective state
interpret neutral or ambiguous cues more optimistically, while those experiencing negative
states respond more pessimistically. These tests have yielded revealing insights under
controlled research conditions, showcasing how the environment, stressors, and even group
size can shift interpretative biases. Despite their promise, traditional cognitive bias tests
are constrained by logistical difficulties when applied to large commercial flocks. Poultry
production sites often house thousands of birds, making repeated individual trials time-
consuming and resource intensive. Moreover, training animals to discriminate between
positive and negative reference cues can be impractical in large-scale farm environments.
Consequently, researchers have begun developing faster and more automated versions of
cognitive bias tests to reduce labor needs and minimize disturbances to the birds.
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Zidar et al. [145] provided an important breakthrough by devising a single-session
judgment bias test for broilers, revealing that even short-term stressors can skew birds
toward a more pessimistic interpretation of neutral cues. This underscores the sensitiv-
ity of cognitive bias tests to subtle welfare changes. Building on these advancements,
Neethirajan et al. [3] developed an Al-powered system that employs machine vision to
track individual birds during cognitive bias trials, thus eliminating the need for continual
human observation. The system relies on algorithms capable of distinguishing subtle varia-
tions in approach or avoidance behavior, enabling researchers to conduct high-throughput
assessments without interfering extensively in the birds” daily routines.

3.5. Attention Bias Testing

An additional technique related to cognitive bias is attention bias testing, which
evaluates how quickly an animal redirects its focus from a positive stimulus when a
perceived threat is introduced [150,151]. Animals that are more anxious are prone to switch
attention rapidly to possible dangers, whereas calmer individuals may be slower to abandon
a rewarding or neutral stimulus. Until recently, these tests also required meticulous
observation, limiting their scalability. Lourenco da Silva et al. [152] developed and validated
an attention bias test (ABT) for assessing anxiety-like states in broiler chickens. Their
experimental setup utilized two square testing arenas equipped with multiple cameras
to record behavioral responses. An overhead camera provided a top-down view for live
recording, while a side-view camera captured footage for later analysis. This dual-camera
system allowed for comprehensive behavioral observations without disturbing the birds.
The cameras were connected to an external network video recorder and monitors in a
separate room, enabling undisturbed live behavioral coding. The test involved exposing
groups of three birds to positive stimuli (feed and mealworms) and a negative stimulus
(conspecific alarm call). By measuring latencies to begin feeding, first vocalization, and first
step, as well as vigilance behaviors, the researchers were able to quantify anxiety levels in
the birds. This method offers a promising approach for assessing affective states in poultry,
with potential applications in commercial settings for welfare assessment and management.

Although promising, both cognitive and attention bias tests risk oversimplification
if not contextualized within each flock’s unique environment. Lighting regimes, feed
availability, stocking density, and a host of other factors might modify how ambiguous
cues are perceived. Consequently, these methods could best be employed within integrated
frameworks that also track behaviors like feather pecking or dustbathing, thereby capturing
a more comprehensive welfare profile.

3.6. Anticipatory Behavior: Leveraging Automated Monitoring

Anticipatory behavior—heightened activity, vocalization, or other behavioral changes
preceding a known reward or event—has emerged as a valuable indicator of emotional
valence and motivational states. For instance, Baciadonna et al. [153] demonstrated that
hens increase their activity and vocalizations in anticipation of highly valued rewards. The
intensity of these changes often correlates with how the bird perceives the forthcoming
event, offering a window into its internal emotional landscape.

Paradoxically, birds experiencing poorer welfare sometimes display heightened antici-
pation for rewards because their environments are relatively barren or stressful [154,155].
Under such conditions, even minor positive events can become disproportionately salient.
For example, broiler breeders on restricted feeding schedules often show conspicuous
excitement just before meals—an observation that might appear to represent positive antic-
ipation but could also signal frustration born of chronic hunger. This dual interpretation
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underscores the importance of situating behavioral data within the broader environmental
and physiological context.

To detect these anticipatory behaviors at scale, researchers like Neethirajan and
Kemp [12] have developed multi-sensor systems combining accelerometers, acoustic record-
ings, and machine vision. By continuously logging the movement speed, vocalization
frequency, and spatial distribution of birds in the hours prior to feeding or other scheduled
events, these platforms can flag anomalies or acute changes in anticipatory response. Ma-
chine learning algorithms analyze patterns in real time, allowing farm managers to assess
whether a sudden increase in anticipatory behavior reflects healthy excitement or signals a
potential welfare issue—such as feed restriction-induced stress.

3.7. Play Behavior: Automated Detection and Analysis

Although the notion of play in poultry remains relatively novel, growing evidence
suggests that chickens exhibit play-like behaviors indicative of positive welfare states. These
behaviors can include spontaneous running, “flapping runs”, object manipulation, and
social frolicking, especially among younger birds [19]. Unlike other behaviors with clearer
adaptive functions—such as foraging or predator evasion—playing lacks an immediate
survival benefit, implying that it could be an expression of surplus energy and psychological
well-being. Studies like Campbell et al. [156] highlight the value of monitoring play over
time. Early exposure to environmental enrichments—such as perches, dustbathing areas,
or novel objects—may not instantly change overt behaviors. However, these changes can
manifest in the long term as increased foraging, dustbathing, or reduced fear responses. By
combining automated play detection with other welfare indicators, researchers can better
understand how enrichment strategies impact positive welfare states over a bird’s lifespan.

3.8. Facial Expression and Body Language: Al-Powered Analysis

Recent advancements in poultry welfare assessment have focused on decoding subtle
visual cues in facial expressions and body language to gain insights into birds” emotional
states. This approach, inspired by mammalian studies, offers promising non-invasive meth-
ods for detecting pain, discomfort, and stress in chickens. Schlegel et al. [157] developed a
pioneering “chicken grimace scale” that reliably distinguishes birds experiencing pain from
those given analgesics by analyzing eye aperture, beak position, and head posture. Despite
the challenges posed by the unfamiliar appearance of avian faces, this work lays a crucial
foundation for more nuanced welfare assessment tools. Complementing these efforts,
Ma et al. [158] proposed a highly accurate and efficient chicken face detection network
using GAN-MAE-based data augmentation suitable for farm applications. Neethirajan [11]
further advanced this field with the ChickTrack model, employing deep learning to monitor
individual behaviors like perching and foraging.

Beyond welfare-related applications, recent research has illustrated how facial image
analysis can serve other practical needs in the poultry industry. Rodriguez et al. [159] intro-
duced a novel “facial chick sexing” system inspired by human facial gender classification
techniques. Their method avoids reliance on breed-specific traits and minimizes chick
manipulation, thereby improving animal welfare. By collecting and processing two sets
of facial images—Cropped Full Face and Cropped Middle Face—this system preserved
key visual features necessary for accurate classification, achieving an overall accuracy
of 81.89%. Such an approach not only holds potential for broader commercial adoption
but also underscores the versatility of Al-driven facial analysis for critical tasks like sex
determination in day-old chicks.

In welfare research, Pijpers et al. [160] made significant strides in understanding
stress responses in young chickens, finding that decreased eye temperatures and blinking
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rates (especially full blinks), coupled with increased temperatures in the head and beak
regions, reflect a sophisticated physiological stress response. This nuanced pattern—where
eye temperature drops may indicate peripheral vasoconstriction and heightened head
and beak temperatures could point to increased metabolic activity—suggests a complex
interplay of thermoregulation and vigilance. The reduction in blinking rate likely signifies
an adaptive strategy to maintain heightened awareness. Such age-sensitive variations
highlight the importance of calibrated protocols for welfare assessment across different
growth stages. Infrared thermography is proving to be invaluable in this regard (Figure 3),
as it enables the non-invasive measurement of surface temperatures in the eye, beak, head,
and comb regions. Decreases in eye temperature may hint at acute stress, while elevated
head or beak temperatures can flag underlying circulatory or emotional changes. The comb,
being highly vascularized, stands out as a particularly sensitive region for gauging overall

physiological arousal.

Figure 3. Infrared thermography of a chick’s head, featuring a regular photograph (left) and a
corresponding thermal image (right) with numbered regions, (1) comb, (2) beak, (3) head, and (4) eye,
identified for temperature measurement. Although these surface temperature readings can act as
proxies for assessing physiological state and potential stress, they do not directly equate to definitive
welfare indicators. Instead, they offer complementary data points that, in conjunction with behavioral
and environmental assessments, can help build a more comprehensive picture of a bird’s overall
well-being. Source: Pijpers et al. [160].

Taken together, these developments in facial and body language analysis—spanning
both welfare-focused assessments and emerging practical applications like chick sexing—
demonstrate the growing potential of computer vision and Al to revolutionize poultry
management. By refining facial expression scales, automating sexing protocols, and in-
corporating real-time thermal imaging, researchers and producers can gain deeper, more
precise insights into the well-being and needs of chickens in modern production systems.

3.9. Neuroendocrine Relationships with Affective States

Neuroendocrine research highlights the complex hormonal and neurological under-
pinnings that mold an animal’s emotional life. In birds, dopamine and serotonin pathways
govern motivation, reward, and stress responses, mirroring their roles in mammalian phys-
iology. These neurotransmitters dynamically interact with environmental factors, making
them pivotal in shaping welfare outcomes.

Avoiding Redundancy: Integrating Automated Measures for Fresh Perspectives.

While significant research has investigated each affective-state measure (cognitive
bias, anticipatory behavior, play, facial expressions, and neuroendocrine markers), these
strands risk reiterating existing findings without further advancing the field if they remain
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siloed. One solution is to merge these methodologies via automated, sensor-driven ecosys-
tems. For instance, a single farm-level platform might combine an Al-based “grimace
scale” for pain detection, an accelerometer-based system tracking play behaviors, and an
attention bias camera module. This holistic approach not only avoids duplication but
also captures interdependencies among various indicators, improving the reliability of
welfare judgments.

Moreover, many existing studies conduct short-term trials, assessing stress or positive
affect at isolated time points. However, welfare in commercial poultry often evolves over
weeks or months as birds pass through different growth or laying phases, face variable
housing conditions, or endure transport events. Longitudinal designs, potentially combined
with wearable sensors or frequent sensor-based “checkpoints”, could reveal how early-life
stressors reverberate into adult behavior and physiology or how repeated mild stressors
accumulate to degrade welfare.

Bridging contextual information with technical innovations is equally crucial. For
example, data gleaned from facial expression analysis should be correlated with details
about the flock’s stocking density, feeding regime, or recent human intrusions. In so carry-
ing this out, one can discriminate between ephemeral disturbances and deeper, systemic
welfare problems. In addition, applying advanced machine-learning models that account
for environmental confounders—like daily temperature fluctuations or automated light-
ing cycles—reduces the likelihood of misattributing changes in behavior to emotional
states alone.

Blending established welfare assessment techniques with advanced sensor technolo-
gies stands to revolutionize our understanding of poultry affective states. However, effec-
tively implementing these integrative approaches requires addressing several priorities:
High-throughput versions of these tests must be tested in real-world farm contexts, where
consistency in lighting, noise levels, and handling can be difficult to maintain. Multi-year
trials across different housing systems would determine their robustness.

Behavioral classification algorithms—especially for nuanced emotional cues—need
calibration and cross-validation across breeds, ages, and housing types. Ensuring that an
algorithm trained on one flock (e.g., a slow-growing genotype in a free-range environment)
performs reliably for a different flock (e.g., fast-growing broilers in a closed barn) remains
an ongoing challenge. Future innovations should strive toward real-time biosensing that
detects hormone or metabolite changes without invasive sampling. Wearable sensors or
contact-free imaging (e.g., thermal or spectral) might reveal short-term stress events that
more invasive methods cannot capture at scale. A truly holistic welfare model would
converge multiple forms of data: biometric signals, environmental readings (e.g., ammonia,
temperature), and behavioral markers (e.g., dustbathing frequency). Machine learning
techniques like data fusion or ensemble modeling could produce an overarching “welfare
index” that adapts to dynamic conditions.

Monitoring affective states from hatching through different growth or laying phases
would reveal how early interventions (e.g., enrichments, reduced stocking density, feed type
adjustments) shape long-term welfare. Researchers might discover critical developmental
windows during which targeted changes yield enduring welfare improvements. As these
methods become more sophisticated, it is essential to weigh associated costs, the required
expertise, and the potential for overreliance on technology at the expense of skilled human
observation. Additionally, ethical discussions must address data privacy, particularly if
such monitoring extends to tracking massive numbers of animals at the individual level.
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3.10. Dopamine and Serotonin Systems

The dopaminergic and serotonergic systems are central to regulating emotional states
across vertebrates, including birds. Recent studies have illuminated how these neurotrans-
mitter pathways influence both positive and negative affective states in poultry.

Kang et al. [161] explored the impact of environmental enrichment on welfare and
neurological responses in broiler chickens, focusing on dopamine-related pathways. They
discovered that broilers exhibited a preference for environmental huts (EHs) over other
enrichment types like boards and ramps. EHs provided areas of lower light intensity
conducive to resting, potentially enhancing feelings of safety and positive affective states.
The combination of variable light intensity (VL) and EHs led to improved emotional
states and neurological responses, making birds more responsive to environmental light
variations. Neurologically, the VL_Hut treatment reduced the expression of tyrosine hy-
droxylase (TH), a key enzyme in dopamine biosynthesis, indicating the modulation of
the dopaminergic system. Additionally, markers such as TPH2, GR, and BDNF were
expressed at lower levels, suggesting reduced stress and improved serotonergic balance,
which likely interacts with dopamine pathways. The study concluded that the synergistic
use of VL lighting and EHs not only promoted voluntary activity and enhanced positive
affective states but also altered dopamine signaling, contributing to improved welfare and
behavior in broiler chickens. These findings underscore the significance of thoughtfully de-
signed environmental enrichments in influencing neurotransmitter systems and enhancing
poultry welfare.

Chen et al. [162] explored how domestication level and feed restriction influence
organ indices, dopamine levels, and transcriptome profiles in slow- versus fast-growing
chicken breeds. Their findings revealed a robust dopamine surge in both breeds under
feed restriction compared to ad libitum feeding, underscoring a pronounced dopaminergic
response to nutritional limitation. However, gene expression patterns diverged markedly
between the two breed types. Slow-growing chickens showed minimal alterations under
feed restriction, with only 84 upregulated and 62 downregulated genes, and no signifi-
cantly enriched Gene Ontology (GO) terms or KEGG pathways. By contrast, fast-growing
chickens exhibited a much larger shift, with 701 upregulated and 521 downregulated genes.
GO enrichment revealed notable changes in mitochondrial function, respiratory electron
transport chains, and energy metabolism, while KEGG pathway analysis indicated the
upregulation of genes linked to cardiovascular and neurodegenerative diseases. Notably,
feed restriction also affected the brain organ index, with slow-growing chickens displaying
higher values than their fast-growing counterparts. Collectively, these results suggest that
slow-growing chickens possess greater resilience to feed limitation, manifesting fewer tran-
scriptomic disruptions and more stable physiological responses. In contrast, fast-growing
chickens undergo profound metabolic and cellular changes, reflecting their intensified
genetic background shaped by rigorous selection for rapid growth. This breed-specific
disparity underlines the importance of considering both genotype and environmental
stressors—such as feed restriction—when evaluating welfare outcomes in commercial
poultry. By highlighting distinct adaptive pathways in slow- versus fast-growing chickens,
Chen et al. [162] underscore how domestication and breeding practices continue to influ-
ence the capacity of birds to cope with management interventions, ultimately informing
strategies for more targeted, welfare-oriented practices.

Ahmed-Farid et al. [163] demonstrated that chronic thermal stress in broiler chickens
significantly reduced brain serotonin levels, leading to various physiological and metabolic
changes. Heat-stressed broilers exhibited reduced average daily feed intake, a higher feed
conversion ratio, and altered blood biochemistry, including increased serum cholesterol
and liver enzymes. Metabolically, thermal stress disrupted the antioxidant defense system,
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with lower superoxide dismutase and catalase levels in heart tissues and reduced ATP
levels in the liver. These changes culminated in poorer growth performance compared to
broilers maintained under thermoneutral conditions. Although the study did not focus on
fearfulness or cognitive performance, it clearly links reduced serotonin levels to altered
stress responses, emphasizing the necessity of considering both neurochemical and physio-
logical factors when evaluating the effects of environmental stressors on broiler welfare
and performance.

Dudde et al. [164] investigated the impact of serotonin transporter (5-HTT) polymor-
phism on cognitive performance and fearfulness in domestic hens. The study involved
52 adult laying hens with different 5-HTT genotypes (W/W, W/D, and D/D) tested in
an operant learning paradigm across initial learning, reversal learning, and extinction
phases. The key findings indicated that the 5-HTT polymorphism affected learning, with
homozygous wild-type (W /W) hens being the slowest learners, requiring significantly
more choices to complete the initial task. In terms of fearfulness, W/W hens also exhibited
the highest latencies in the tonic immobility test, indicating greater fearfulness. Interest-
ingly, the most fearful genotype (W/W) had the slowest learning performance, contrasting
with findings in human studies where more fearful individuals often perform better in
learning tasks. These results suggest that genetic variations in 5-HTT play a significant
role in both cognitive performance and fearfulness in chickens. The study highlights the
complex interaction between genetics, behavior, and cognition in poultry, suggesting that
the 5-HTT gene could be a target for future breeding strategies and research.

Collectively, these studies suggest that measuring neurotransmitter levels or receptor
expression could provide objective indicators of emotional states in poultry. However,
the invasive nature of such measurements currently limits their practical application in
commercial settings.

3.11. Stress Response Pathways

The hypothalamic—pituitary—adrenal (HPA) axis is a central component of the stress
response in birds, mirroring its role in mammals. Corticosterone, the primary glucocorticoid
in birds, is widely used as a physiological indicator of stress. Yet, recent research has
unveiled the complexity of interpreting corticosterone levels.

Austin et al. [165] conducted a groundbreaking study investigating the specific role of
corticosterone (CORT) in hypothalamic—pituitary-gonadal (HPG)-axis transcriptomic stress
responses using male and female rock doves (Columba livia). By administering exogenous
CORT to mimic stress-induced circulating levels, they compared transcriptional changes
across the HPG axis with those observed in restraint-stressed birds and vehicle-injected
controls. Their findings revealed the distinct and sex-specific effects of CORT on gene
expression. Notably, restraint stress induced differential expression in 1567 genes, while
elevated CORT alone affected 304 genes. The study identified five genes (KCN]J5, CISH,
PTGERS3, CEBPD, and ZBTB16) in the pituitary that were differentially expressed in both
sexes in response to elevated CORT and restraint stress, potentially influencing immune
function and prolactin synthesis. Interestingly, females exhibited a more pronounced
transcriptional response to elevated CORT than males. This pioneering research provides
valuable insights into the complex interplay between stress hormones and reproductive
physiology, offering a comprehensive view of CORT’s role in the HPG transcriptomic
stress response and potentially informing future therapeutic strategies for reproductive
dysregulation across vertebrate species.

Yang et al. [166] examined the effects of chronic corticosterone exposure on circadian
rhythms of corticotropin-releasing hormone (CRH) expression and N6-methyladenosine
(m6A) RNA methylation in the chicken hypothalamus. Their key findings showed that
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chronic corticosterone exposure eliminated the diurnal patterns of plasma corticosterone
and melatonin levels. This disruption extended to circadian rhythms of clock genes in
the hippocampus, hypothalamus, and pituitary. The normal diurnal fluctuation of CRH
mRNA in the hypothalamus was flattened, along with other feeding-related neuropeptides.
Interestingly, hypothalamic m6A levels oscillated inversely to CRH mRNA, with the
lowest m6A levels after midnight coinciding with peak CRH mRNA before dawn. Chronic
corticosterone treatment diminished the circadian rhythm of m6A methylation, significantly
increasing m6A levels at night. The site-specific analysis of the 3'UTR of CRH mRNA
revealed that higher m6A levels corresponded to lower CRH mRNA levels at night. This
study provides insights into how chronic stress disrupts circadian rhythms in chickens
and highlights the role of m6A RNA modification in regulating these rhythms under both
normal and stress conditions.

3.12. Neuroplasticity and Environmental Enrichment

Recent studies have delved into the intricate relationship between environmental
enrichment, neuroplasticity, and welfare in poultry, with a particular focus on laying hens.
Kliphuis et al. [167] conducted a comprehensive investigation into how lighted incubation
and foraging enrichment during rearing affect fear behavior, corticosterone levels, and
neuroplasticity in laying hen pullets.

The researchers examined neuroplasticity markers—including calbindin D28k (cal-
bindin1), doublecortin (DCX), and neuronal nuclein protein (NeuN)—which play crucial
roles in neuronal development, migration, and maturation. Although they found no signifi-
cant effects of light during incubation on these neuroplasticity markers, the study represents
a pivotal step toward understanding the neurobiological foundations of poultry welfare.

Intriguingly, pullets incubated under light conditions demonstrated reduced fearful-
ness toward humans in a voluntary approach test, suggesting that early-life environmental
conditions can have lasting impacts on behavioral outcomes. This finding aligns with the
principle that early sensory experiences shape neural circuits and influence subsequent
behavior—a fundamental aspect of neuroplasticity. By integrating neurobiological, physio-
logical, and behavioral measures, the study offers a holistic perspective on how environ-
mental factors may influence poultry welfare. Despite the minor effects observed—possibly
due to the generally enriched rearing conditions for all birds—the research underscores the
importance of considering multiple variables when assessing welfare outcomes.

Future research should continue exploring environmental enrichment strategies that
promote positive neuroplasticity and enhance poultry welfare. This includes investigating
various enrichment types, durations, and timings to assess their effects on neuroplastic-
ity markers and their correlation with long-term behavioral and physiological outcomes.
Additionally, examining the interplay between genetic factors and environmental enrich-
ment could provide valuable insights into individual differences in neuroplasticity and
stress responsiveness among poultry. Armstrong et al. [168] provided valuable insights
into the relationship between hippocampal neuroplasticity and individual behavioral dif-
ferences in laying hens. Their study revealed that cell proliferation in the adult chicken
hippocampus correlates with time spent in outdoor areas and tonic immobility responses.
Specifically, greater time spent outdoors was associated with higher proliferation in the
rostral hippocampal subregion, while longer durations of tonic immobility positively corre-
lated with proliferation across the entire hippocampal formation. Interestingly, neuronal
differentiation in the caudal hippocampus negatively covaried with time spent on the
grassy range, suggesting that outdoor access may be both stimulating and potentially
stressful for hens. These findings highlight the complex interplay between environmental
experiences, individual coping styles, and hippocampal plasticity, emphasizing the need to
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consider both beneficial and potentially stressful aspects of environmental enrichment in
welfare assessments.

Emerging research underscores the profound impact of early-life environmental en-
richment on brain development and adult behavior in poultry. Exposure to complex
environments during critical developmental periods has been shown to enhance neuroplas-
ticity, improve cognitive function, and reduce stress reactivity in adult birds. Lourenco-Silva
et al. [21] investigated the effects of environmental complexity on affective states in slow-
growing broiler chickens using a novel social-pair judgment bias test (JBT). They housed
Hubbard Redbro broilers in either low-complexity (commercial-like) or high-complexity
(with permanent and temporary enrichments) environments. Employing a multimodal
approach, chicken pairs were trained to discriminate between reward and neutral cues
and then tested with ambiguous cues. Surprisingly, chickens from low-complexity envi-
ronments approached the middle ambiguous cue faster than those from high-complexity
environments, suggesting a more positive affective state. This unexpected result challenges
the assumption that increased environmental complexity invariably leads to improved
welfare. The study also demonstrated the effectiveness of the social-pair JBT, with 83% of
chickens successfully trained in 13 days and no impact of personality or chronic stress on
test performance. These findings highlight the complexity of assessing affective states in
poultry and underscore the need for further research to understand the nuanced effects of
environmental enrichment on the welfare of slow-growing broilers.

3.13. Integrating Behavioral and Physiological Measures

While significant progress has been made in developing the behavioral and physio-
logical indicators of welfare, integrating these measures to provide a holistic assessment
remains challenging. Future research should focus on developing and validating mul-
timodal assessment techniques that combine behavioral, physiological, and cognitive
measures. I propose a welfare assessment protocol that integrates automated behavioral
analysis, thermal imaging, and cognitive bias testing. Such comprehensive approaches
could offer a more accurate and nuanced picture of overall welfare status.

3.14. Machine Learning for Data Integration and Transformative Insights

Integrating and interpreting multimodal datasets through advanced machine learning
(ML) represent pivotal steps toward truly comprehensive welfare assessment in poultry.
Far from being a mere incremental improvement, these methods have the potential to
revolutionize how farmers and researchers identify and address welfare issues. Deep learn-
ing algorithms, for example, can detect correlations across behavioral, vocalization, and
physiological data streams, enabling the earlier and more accurate detection of problems
such as feather pecking outbreaks. Moreover, this high-resolution approach offers critical
insights into the underlying interactions among multiple welfare indicators, illustrating
how environmental and biological factors converge to influence flock health.

Traditional animal science approaches often struggle to address the multifaceted
nature of livestock systems, where complex interactions between genetics, environment,
and management practices can yield unpredictable outcomes. Sundrum [169] argues
that truly effective animal health and welfare (AHW) solutions demand transdisciplinary
research that integrates diverse sources of knowledge, extends beyond purely internal
validations, and remains sensitive to local economic and ecological constraints. Machine
learning excels in this role by identifying nuanced patterns that may be overlooked in
reductionist methodologies, thus helping tailor farm-specific recommendations.

Importantly, ML'’s role in welfare assessment goes well beyond predictive modeling.
Ojo et al. [170] proposes a scalable framework fusing deep learning, digital twin technology,
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cloud-edge computing, and blockchain-based security to enable real-time PLF. Such an
integrated system could coordinate the autonomous monitoring of flock behavior, environ-
mental conditions, and biosecurity measures. However, achieving widespread adoption
requires robust external validation and a clear demonstration of economic benefits to ensure
feasibility in diverse farm contexts.

Emphasizing the transformative potential of ML, Merenda et al. [171] validated a
suite of machine learning models (YOLOVS5], osnet_x0_25_msmt17, and Gradient Boost-
ing) to monitor individual behaviors in group-housed broilers, achieving high accuracies
in detecting feeding (89.5%) and drinking (90%) behaviors. Although classifying active
(54.5%) and inactive (50.5%) states posed challenges—particularly in maintaining bird iden-
tities over time—this study illustrates the remarkable promise of advanced analytics for
automated poultry behavior tracking. Future directions should concentrate on improving
model robustness across varying environments, refining individual identification systems,
and expanding the scope of recognized behaviors (e.g., play, aggression). By combining
real-time data streams, advanced ML algorithms, and context-aware management interven-
tions, researchers and producers can move from incremental improvements to genuinely
transformative changes in poultry welfare science and practice.

3.15. Longitudinal Studies

Conducting long-term studies to understand how welfare indicators change over time
and across different production stages is essential for developing more nuanced assessment
protocols. Longitudinal studies can reveal temporal patterns and critical periods that
cross-sectional assessments might miss.

In the Mullan et al. [172] study, the authors found that a higher proportion of broiler
farms remained consistently in the best welfare quartile (16.4%) compared to the worst
welfare quartile (6.6%). This finding was not specific to a particular type of farm in terms
of welfare standards or management practices. Rather, it was based on analyzing data
from a large national dataset of 438,155 batches of chickens between 2010 and 2014 and
228,795 batches between 2016 and 2018, representing over 3.1 billion chickens from broiler
farms across England and Wales. The study looked at various welfare outcome measures
collected at slaughterhouses, such as mortality rates, footpad dermatitis scores, and other
health conditions. The consistency in performance was determined by tracking individual
farm performance over time across multiple batches. While the study did not specify
characteristics of the consistently better or worse performing farms, it suggests there are
inherent differences between farms that allow some to maintain higher welfare standards
more consistently than others regardless of specific management practices or welfare
scheme participation. This highlights the potential to identify and learn from consistently
high-performing farms to improve broiler welfare across the industry.

Longitudinal studies also provide valuable insights into the lasting impacts of early-life
experiences on animal welfare. Ross et al. [173] demonstrated that environmental enrich-
ment during the early weeks of life significantly influenced stress resilience and cognitive
performance in laying hens, with effects persisting even after the enrichment was removed.
Chickens housed in enriched environments for 5-6 weeks exhibited notably reduced stress
responses compared to controls in less stimulating conditions. Specifically, enriched hens
showed reduced startle reflex amplitudes, lowered autonomic stress responses—as evi-
denced by the decreased and faster recovery of comb temperature following stress—and
reduced baseline comb temperatures, indicating a less stressed physiological state. These
findings mirror the effects observed in laboratory rodents and suggest that environmental
enrichment enhances stress resilience across different species. The study highlights the
potential of using baseline comb temperature as a non-invasive welfare indicator and
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encourages further research into the mechanisms underlying enhanced stress resilience
and its broader application for assessing chronic stress in poultry.

By integrating machine learning techniques and longitudinal study designs, re-
searchers can gain a deeper understanding of welfare dynamics in poultry production.
These approaches enable the identification of critical welfare indicators and the develop-
ment of targeted interventions, ultimately contributing to improved animal well-being and
sustainable farming practices.

3.16. Individual Differences—Genetic Background, Management, and Welfare Implications

Recent research has highlighted the importance of considering individual variability
among birds when developing welfare management approaches in poultry production.
While traditionally focused on flock-level assessments, there is growing recognition that
individual differences significantly influence welfare outcomes. Studies underscore how
breed-specific traits, ethical considerations in breeding, and diverse production systems
jointly shape the welfare outcomes of individual hens. Underwood et al. [174] provided
a comprehensive overview of genetic advancements in commercial layer hen breeding,
tracing the evolution from ancient domestication to modern selection techniques. Hybrid
vigor, quantitative trait loci mapping, and single-nucleotide polymorphism assessments
have all improved production traits while allowing greater focus on behavioral characteris-
tics. These innovations have enabled layer strains to adapt to different housing systems,
climates, and feed types, thereby enhancing welfare. Additionally, the industry’s ability to
respond rapidly to changing welfare policies, such as those concerning stocking density or
beak trimming, highlights the interplay between targeted genetic selection and adaptive
management practices.

Fernyhough et al. [175] critically examined the ethical and practical dilemmas faced
by breeding companies, for which their decisions affect billions of hens worldwide. Issues
like injurious pecking, bone health, induced molting, and chick culling often intersect
with genetic selection goals. The authors stressed that moral responsibility extends be-
yond improving productivity to encompassing welfare. They argued for a more holistic
approach—one that balances efficiency with ethical and societal expectations—thus ac-
knowledging that differences in birds” welfare outcomes can be shaped by corporate
breeding objectives as much as by genetic lineage itself.

Bonnefous et al. [176] shifted the focus to free-range and organic production, where
variations in environment and management interact with genetic predispositions. While
these systems permit more natural behaviors (e.g., foraging, dust bathing, perching), they
also expose hens to pathogens, predators, and weather extremes. Proposed solutions
include biosecurity enhancements, insect-derived feeds, and strategic enrichments to
mitigate stress and disease risk. Bone health and feather pecking, for instance, hinge partly
on nutritional and activity considerations—again illustrating how management choices
and genetic factors converge to create individualized welfare outcomes.

To effectively improve poultry welfare, the industry must integrate genetic advance-
ments, ethical considerations, and targeted management practices. This approach allows
for the development of personalized strategies that address individual variability, en-
hancing both animal welfare and productivity while meeting societal expectations and
regulatory standards.

3.17. Microbiome—Gut—Brain Axis in Poultry Welfare

An intriguing frontier in poultry welfare research is the exploration of the gut mi-
crobiome’s role in modulating behavior and stress responses. The microbiome-gut-brain
axis constitutes a bidirectional communication network that profoundly influences both
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physical health and mental well-being in birds. Understanding this intricate system offers
promising avenues for enhancing welfare and productivity in poultry.

Caoetal. [177] provided a comprehensive review of the complex microbiota—gut-brain
axis in chickens under heat stress, a global challenge that triggers a cascade of physiological
and behavioral changes. Heat stress not only provokes hyperthermia and oxidative damage
in the gut epithelium—raising permeability and infection risk—but also alters gut micro-
biome composition and abundance. The authors underscored the bidirectional gut-brain
dialogue, wherein shifts in microbial communities can modify intestinal health and affect
central nervous system pathways. In proposing mitigation strategies, they highlighted the
utility of probiotics (e.g., Bacillus subtilis) and prebiotics, either separately or as synergistic
synbiotics, to stabilize the gut microbiota. Nutritional interventions, from targeted nutrient
supplementation to diet adjustments, and environmental enrichments—such as huts—can
lessen stress while improving welfare. Genetic selection for heat-tolerant traits emerged
as a promising long-term tactic, alongside practical housing modifications like optimized
ventilation, stocking density, and climate control. Taken together, these approaches under-
score the importance of supporting the microbiota—gut-brain axis to bolster chicken health,
welfare, and resilience in the face of rising temperatures.

Similarly, Beldowska et al. [178] delve into the gut-liver-brain axis in poultry, high-
lighting the intricate interrelationships among the intestines, microbiota, liver, and neuronal
system. They underscore the crucial role of gut microbiota in poultry performance, feed
utilization, and product quality. The correct composition of intestinal microbiota influences
essential metabolic pathways and biological processes, affecting internal organs like the
liver and brain. The authors explore the symbiotic relationship between the liver and gut
microbiota based on immune, metabolic, and neuroendocrine regulation. Additionally, they
examine the bidirectional interaction of the gut-brain axis, facilitating information transfer
between the gastrointestinal tract and the central nervous system. This comprehensive
review provides valuable insights into the current understanding of the gut-liver—brain
axis in poultry and discusses factors that may influence this complex relationship, laying a
foundation for future research in this emerging field.

Recent studies have demonstrated that stress-induced alterations in the gut micro-
biome can significantly affect immune function and behavior in chickens. Acute heat stress
has been shown to lead to substantial shifts in gut microbial composition, correlating with
increased inflammatory markers and altered feeding behavior. Probiotic supplementation
emerges as a promising strategy, and it is capable of modulating stress responses and
reducing fearfulness in broilers. Furthermore, early-life microbial colonization patterns
may have enduring effects on behavior and stress resilience. Manipulating the early-life
microbiome through targeted probiotic administration has been found to enhance social
behavior and reduce feather pecking in adult laying hens.

Jiang et al. [179] investigated the potential of the probiotic Bacillus subtilis in reduc-
ing injurious behavior in laying hens. Recognizing that social stress often triggers such
behaviors—leading to negative impacts on production, survivability, and gut microbiota
balance—the authors propose that probiotics may serve as therapeutic psychobiotics. Their
research suggests that Bacillus subtilis can regulate the microbiota—gut-brain axis, poten-
tially mitigating stress-induced injurious behaviors. This approach offers a promising
alternative to practices like beak trimming in poultry egg production, addressing both
welfare concerns and production challenges. The study underscores the interconnectedness
of gut microbiota, stress responses, and behavior in poultry, opening new avenues for
managing injurious behaviors through probiotic supplementation.

In a groundbreaking study, Fu et al. [180] explored the impact of early-life cecal
microbiota transplantation on social stress and injurious behaviors in egg-laying chickens.
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The researchers transplanted cecal bacterial profiles from two divergently selected inbred
genetic lines into newly hatched male chicks of a commercial layer strain. Their findings
demonstrate that modifying gut microbiota composition can reduce social stress and stress-
related injurious behaviors through alterations in brain serotonergic activities via the gut-
brain axis. This study provides the first evidence that such behavioral modifications can be
achieved through microbiota transplantation without donor—recipient genetic effects. The
research offers novel insights into the cellular mechanisms underlying the gut microbiota’s
role in regulating stress-induced abnormal behaviors and presents a new strategy for
improving health and welfare in laying hens. These findings have significant implications
for addressing critical issues in the egg industry, such as aggressive pecking, feather pecking,
and cannibalism, which are associated with increased social stress and economic losses.

Collectively, these studies suggest that the microbiome is a promising target for wel-
fare interventions in poultry. However, more research is needed to fully comprehend the
complex interactions between the gut microbiome, the immune system, and the brain.
Future research directions in this area should include characterizing the “healthy” mi-
crobiome across different poultry breeds and production systems to establish baselines
for comparison. Investigating the impact of common stressors—such as heat stress and
transportation—on the gut microbiome will help identify protective or resilience-promoting
microbial communities. Developing microbiome-based interventions to enhance welfare
and resilience, such as targeted probiotic formulations or prebiotic dietary supplements,
could be highly beneficial. Exploring the potential of the microbiome as a biomarker
for welfare assessment, possibly through non-invasive sampling methods like fecal
metabolomics, offers another promising avenue. Additionally, examining the interaction be-
tween the microbiome and other physiological systems, such as the hypothalamic—pituitary—
adrenal (HPA) axis, will contribute to a more integrated understanding of stress responses
in poultry.

Recent technological advances have revolutionized our ability to monitor and assess
poultry welfare in real time. Table 2 presents an overview of cutting-edge technologies being
applied in poultry welfare research and commercial settings, including computer vision
systems, bioacoustics analysis tools, and multimodal sensor networks. These innovations
enable the non-invasive, continuous monitoring of individual and flock-level welfare
indicators, facilitating early intervention and data-driven management decisions.

Table 2. Cutting-edge welfare assessment techniques: challenges and opportunities in commercial
poultry production.

Assessment Technique

Key Advantages Implementation Challenges Future Opportunities

Automated Vocalization
Analysis

- Integration with farm

- Real-time stress and -

health monitoring
Non-invasive,
continuous assessment
Potential for early
disease detection

Background noise
interference

Need for breed and
age-specific calibration
Complexity in interpreting
diverse vocalizations

management systems
Development of
stress-predictive
algorithms

Application in assessing
positive emotional states

Infrared Thermography

Non-contact
physiological
assessment

Applicable to large
flocks

Potential for automated,
continuous monitoring

Influenced by
environmental factors
Requires standardized
imaging protocols
Limited to surface
temperature measurement

Integration with other
health parameters
Development of
Al-driven image
analysis

Early detection of
subclinical infections
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Table 2. Cont.

Assessment Technique

Key Advantages

Implementation Challenges

Future Opportunities

Wearable Sensor Technology

Individual-level
physiological
monitoring

Continuous data
collection

Potential for early health
issue detection

Attachment methods may
affect behavior

Data overload and
interpretation challenges
Battery life and durability
concerns

Development of less
invasive, longer-lasting
sensors

Al-driven data
interpretation systems
Integration with
automated farm
management

Automated Gait Analysis

Objective lameness
assessment
High-throughput
capability

Early detection of
mobility issues

Requires sophisticated
image processing
Sensitive to environmental
variables

High initial investment
costs

Integration with weight
monitoring systems
Development of early
intervention protocols
Breed-specific gait
analysis algorithms

3D Cameras for Body
Condition Scoring

Objective assessment of
body condition
Automated and rapid
Non-invasive and
stress-free for birds

Requires advanced
software and calibration
Accuracy affected by
feather cover

High initial setup costs

Integration with feeding
systems

Predictive health
modeling

Development of
breed-specific body
condition algorithms

Facial Expression Analysis
for Pain Assessment

Non-invasive pain
evaluation

Potential for automated
monitoring

Applicable to various
welfare issues

Limited research base in
poultry

Requires high-resolution
imaging

Breed and individual
variations in expression

Development of
standardized “pain
scales” for poultry
Integration with
veterinary care systems
Application in assessing
positive emotional states

Automated Feather
Condition Scoring

Objective and consistent
assessment

Rapid processing of
entire flocks
Non-invasive welfare
indicator

Requires high-quality
imaging setup
Algorithm training for
different breeds/ages
Distinguishing between
causes of feather damage

Real-time monitoring
and alert systems
Integration with
environmental control
systems

Predictive modeling of
feather pecking
outbreaks

Heart Rate Variability (HRV)
Analysis

Non-invasive stress
assessment

Insights into autonomic
nervous system function
Potential for long-term
monitoring

Sensitive to movement
artifacts

Requires specialized
Sensors

Complex data
interpretation

Development of
poultry-specific HRV
metrics

Integration with other
physiological measures
Use in assessing positive
welfare states

Microbiome Analysis

Insights into gut health
and stress

Potential for early
disease detection
Holistic approach to
health assessment

Complex sample
processing requirements
Expensive analysis
procedures

Challenges in data
interpretation

Development of rapid,
on-farm testing methods
Integration with
nutrition management
systems

Personalized health
interventions based on
microbiome profiles

Environmental DNA
(eDNA) Analysis

Non-invasive pathogen
detection

Potential for early
disease warning
Simultaneous
monitoring of flock and
environment

Requires specialized
laboratory equipment
High risk of
contamination
Complex data
interpretation

Development of on-site
testing capabilities
Integration with
biosecurity protocols
Tracking of
antimicrobial resistance
patterns
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Table 2. Cont.

Assessment Technique

Key Advantages

Implementation Challenges

Future Opportunities

Automated Feed and Water
Intake Monitoring

Early detection of health
issues

Individual-level
consumption data
Optimization of
nutrition strategies

Requires specialized
feeding equipment

High initial
implementation costs
Data management and
interpretation challenges

Predictive health
modeling based on
intake patterns
Integration with
precision feeding
systems

Early detection of
flock-wide health issues

Optical Flow Analysis for

Non-invasive group
behavior assessment
Covers large areas
efficiently

Affected by lighting and
environmental conditions
Requires multiple camera

Integration with
automated climate
control systems
Development of

Flock Behavior . setups flock-wide welfare
Potential for early . Y
- . Complex algorithm indices
detection of distress or .
. development needs - Early warning system
disease spread .
for disease outbreaks
PR . - Integration with hen
Rapid, objective egg I;l;gt}; initial equipment health monitoring
quality measures Requires regular systems
Automated Egg Quality Detection of internal and quires reg - Predictive modeling of
calibration and .
Assessment external defects maintenance flock health issues
Insights into hen health - . - Development of
Limited to egg-laying
and welfare . egg-based welfare
productlon systems .99
indicators
. . . 1. - Development of
Non-invasive health Requires specialized .
) portable spectral devices
assessment spectral equipment - Inteeration with
Spectral Analysis of Potential for nutritional Affected by environmental &
. . automated health
Feathers and Skin status evaluation factors

Early detection of skin
conditions

Limited research in
commercial settings

monitoring systems
Assessment of feed
additive efficacy

Automated Assessment of
Dustbathing Behavior

Monitors important
natural behavior
Indicator of good
welfare

Non-invasive,
continuous monitoring

Requires specialized arena
design

Video processing
challenges in complex
environments

Limited to specific areas in
housing

Integration with litter
management systems
Development of welfare
scoring based on
dustbathing patterns
Automated provision of
suitable substrates

Feather Corticosterone
Analysis

Non-invasive stress
assessment

Provides long-term
stress information
Potential for automation
in large flocks

Requires specialized
laboratory analysis
Affected by molting cycles
Challenges in result
interpretation

Development of on-farm
testing methods
Integration with other
welfare measures
Assessment of long-term
management changes

Social Network Analysis via
RFID

Insights into flock social
dynamics
Individual-level
behavioral data
Detection of hierarchy
changes

Requires individual bird
tagging

Large data processing and
storage needs

Setup complexity and cost

Integration with other
behavioral measures
Development of social
welfare indicators

Use in breeding
programs for social
adaptability

Automated Mortality
Detection and Analysis

Rapid identification of
dead birds

Improved biosecurity
management

Data for health trend
analysis

Requires sophisticated
imaging systems
Challenges in complex
housing environments
Potential for false
positives

Integration with
predictive health models
Development of Al for
cause-of-death analysis
Real-time alerts for
unusual mortality
patterns
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Assessment Technique Key Advantages Implementation Challenges Future Opportunities
- Measures emotional - Time-consuming - Development of quick,
states implementation automated tests
o . . - Insights into subjective - Difficult to scale in - Standardization across
Cognitive Bias Testing . . .
experiences commercial settings breeds and age groups
- Assessment of positive - Potential subjectivity in - Integration with other
welfare interpretation welfare measures

4. Future Research Directions

The rapidly evolving field of poultry welfare science presents substantial opportunities
for impactful research that can significantly enhance our understanding and improve the
well-being of billions of birds. To achieve meaningful advancements, future investigations
should integrate cutting-edge technologies, genetic insights, and ethical frameworks in a
cohesive manner.

Building comprehensive welfare phenotypes that incorporate physical, behavioral,
and environmental indicators remains crucial. Existing sensor systems can collect data on
temperature, humidity, and flock movement in real time, while automated data collection
platforms (e.g., accelerometers, cameras, bioacoustics sensors) provide initial analytics.
Combining these methods offers a holistic view of positive affective states and resilience
to stressors, but current approaches often only scratch the surface of what is possible.
Within these existing applications, exploring the genetic basis of positive welfare can reveal
key genes linked to traits such as play behavior, stress resilience, and social adaptability.
Genome-wide association studies (GWASs) and functional genomics have begun pinpoint-
ing candidates for selective breeding, including robust bone health in broilers or lower
feather pecking in layers. Moreover, precision gene editing techniques, like CRISPR-Cas9,
offer a potentially powerful avenue to address specific welfare problems—provided that
rigorous ethical guidelines are enforced.

Emerging fields, such as multimodal data fusion, digital twin technologies, and
forecast modeling for predictive welfare management, showcase how machine learning
and computer vision can move beyond incremental gains. Rather than detecting lameness
or feather damage in isolation, integrated systems can leverage audio analysis, thermal
imaging, and environmental metrics to identify problems before they escalate. These
platforms promise real-time, individualized monitoring, which may radically reshape how
farmers manage feeding, housing, and environmental conditions.

Conducting longitudinal welfare assessments over multiple generations enables the
simultaneous optimization of productivity and welfare, shedding light on potential trade-
offs. Coupled with biodiversity-driven breeding strategies, which incorporate genetics
from heritage lines or wild relatives, producers can cultivate flocks with improved disease
resistance and adaptability under changing climates. This synergy of biology and tech-
driven monitoring holds the potential to make welfare a central, rather than secondary,
breeding goal.

Building on our growing comprehension of avian perception, sensory environment
design could utilize dynamic lighting, targeted olfactory stimuli, and acoustic modifica-
tions. This goes well beyond static enrichment strategies. As artificial intelligence for
welfare monitoring matures, automated systems may adapt to environmental conditions
like light intensity or airflow—instantaneously, minimizing stress and enhancing birds’
natural behaviors. The investigation of the microbiome—gut-brain axis offers an inno-
vative dimension for welfare improvements. Probiotics and prebiotic supplements may
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enhance immune function and stress resilience, but transdisciplinary research is necessary
to integrate microbiological, genetic, and ecological perspectives.

Global climate change intensifies the importance of heat tolerance and environmental
adaptability. Identifying genetic markers for thermal regulation and combining them with
Al-based early warning systems can help flocks cope with extreme conditions. Ethical
and economic considerations remain vital for large-scale adoption. While Al-driven dash-
boards and autonomous management systems can significantly reduce labor and improve
precision, they also raise concerns about data ownership, privacy, and the need for special-
ized training. Cost barriers and farmers” willingness to adapt may hinder the uptake of
new technologies, necessitating user-friendly designs, transparent governance, and clear
demonstrations of return on investment.

Despite promising results in research settings, translating Al-based digital technolo-
gies, such as automated pain recognition systems and real-time bioacoustics analysis, into
large-scale commercial poultry operations remains challenging. Key scalability considera-
tions include significant infrastructure and data-processing requirements, ongoing costs
for specialized hardware, and the critical need for extensive, accurately annotated datasets
to train reliable Al models. Economic feasibility studies and pilot programs indicate sub-
stantial potential benefits, such as the early detection of welfare issues, reduced labor costs,
and improved productivity, yet initial investment remains a barrier for many producers.
Successful adoption will likely require targeted training programs to enhance farmer readi-
ness, seamless integration with existing farm management systems, and the demonstration
of clear cost-benefit outcomes through industry-based pilot studies. Addressing these
practical barriers through interdisciplinary collaboration among researchers, technology
developers, and farmers is essential to realize the full welfare and productivity benefits
offered by digital innovations.

To illustrate truly transformative possibilities, researchers must delve further into
multimodal sensing and predictive modeling. Rather than stopping at single-dimensional
indicators—such as gait scoring or vocalization analysis, new projects should combine
voiceprints, real-time video feeds, and microclimate records. Such high-frequency data
streams can be aggregated into Al-driven platforms capable of making autonomous or
semi-autonomous management decisions. These near-term pilots, once validated, offer
a roadmap for broader adoption in the longer term. Bridging theoretical advances with
on-farm realities is vital. Ongoing pilot studies that integrate high-resolution sensors
and machine learning—capable of adjusting feeding regimes or ventilation in real time—
demonstrate how incremental steps can evolve into genuinely transformative solutions.
Moreover, longitudinal welfare assessments provide crucial insights into how early-life
stressors or enrichments impact birds’ later development, adding depth to both research
outcomes and commercial viability.

Finally, alongside technological innovation, frameworks that address concerns around
data governance and animal autonomy must be established. Transparent guidelines on
data privacy, system reliability, and social acceptance will be pivotal in ensuring that
transformative tools align with societal values. By actively engaging stakeholders—from
farmers and veterinarians to consumers and policymakers—researchers can build solu-
tions that balance productivity, sustainability, and the ethical imperative of improving
poultry welfare.

The future of poultry welfare science hinges on harmonizing advanced technologies
(e.g., integrated sensors, Al, genomic tools) with robust ethical safeguards and commercial
practicality. If effectively orchestrated, these approaches can shift welfare from a reactive,
problem-solving paradigm toward a proactive, evidence-driven strategy that maximizes
both bird well-being and industry viability.
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5. Conclusions

The integration of behavioral science, digital technologies, and biological adaptations
is continuing to advance poultry welfare research and management. However, this trans-
formation presents both unprecedented opportunities and complex challenges that require
careful scrutiny. While our understanding of avian sensory capabilities has expanded
significantly, we must critically assess whether current housing designs truly align with the
sensory world of poultry or merely represent incremental improvements to fundamentally
flawed systems. The gap between scientific knowledge and practical implementation
remains substantial, and it is often constrained by economic realities, producer needs, and
the logistical challenges of large-scale adoption.

The emerging field of poultry emotional state assessment raises profound ethical ques-
tions. As we develop more sophisticated tools to measure subjective experiences in birds,
we must confront the moral implications of continuing intensive production practices in
light of this knowledge. The potential for cognitive bias testing and anticipatory behavior
analysis to reveal negative emotional states on a large scale could force a fundamental
reassessment of current production models. Yet, ethical tensions in poultry production
extend beyond the welfare of individual birds—they also encompass balancing welfare
advancements with the economic sustainability of poultry farming. Welfare improvements
must be contextualized within real-world production challenges, recognizing that pro-
ducers operate within a competitive market shaped by consumer demand, regulatory
requirements, and financial constraints.

Digital livestock farming technologies offer exciting possibilities for real-time welfare
monitoring, but they also risk reducing animals to mere data points, potentially overlooking
crucial welfare aspects that resist quantification. Overreliance on technology may lead to
the erosion of human observation and empathy, shifting the focus from holistic animal well-
being to automated compliance metrics. Additionally, the vast amounts of data generated
by these systems present significant challenges in interpretation, integration, and practical
application, necessitating the careful consideration of how these insights translate into
tangible welfare improvements.

The exploration of the microbiome—gut-brain axis offers promising avenues for en-
hancing welfare, yet it also exposes the reductionist tendency in animal science—the
inclination to seek single-variable solutions to complex, multifaceted welfare issues. While
physiological indicators provide valuable insights, welfare must not be oversimplified into
a checklist of biological markers at the expense of broader behavioral and environmental
considerations. Similarly, as genetic selection continues to shape commercial poultry lines,
we face a critical ethical dilemma: How do we balance productivity traits with welfare-
related characteristics? While incorporating insights from heritage breeds is valuable, it
underscores how far modern breeds have diverged from their ancestors, raising deeper
questions about domestication and our responsibilities to the animals we have selectively
shaped for economic efficiency.

The development of comprehensive, multimodal welfare assessment protocols is cru-
cial, but even the most sophisticated tools have inherent limitations. Welfare is subjective,
dynamic, and context-dependent, making it impossible for any single metric—or combina-
tion of metrics—to fully capture the complexity of an animal’s lived experience. There is
an ongoing risk of conflating measurability with significance, potentially neglecting less
quantifiable yet equally crucial aspects of well-being, such as social interactions, cognitive
engagement, and emotional fulfillment.

While cognitive enrichment strategies hold promise, they also highlight the ethical
tensions embedded in poultry production. Providing mental stimulation to animals in
highly structured, intensive systems raises difficult questions about whether meaningful
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welfare improvements can ever be fully reconciled with large-scale, high-density produc-
tion. Additionally, the ethical implications of advanced digital welfare technologies extend
beyond immediate concerns for poultry well-being. Issues of data ownership, privacy, and
the potential for technology to further consolidate power within large agribusiness entities
warrant serious consideration, particularly as small and mid-sized producers may struggle
to afford or implement these innovations.

In conclusion, while significant strides have been made in poultry welfare, we must
remain vigilant against complacency and oversimplified solutions. The challenges ahead
demand not only technological innovation but also a fundamental reevaluation of our
relationship with food animals. As we work toward truly welfare-centric production
systems, we must be willing to challenge long-standing assumptions about efficiency,
economic viability, and ethical responsibilities in poultry farming. Only through this critical
self-examination and open dialogue between scientists, producers, and policymakers can
we hope to harmonize welfare, sustainability, and industry realities, ensuring a more
balanced and ethically sound future for poultry production.
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