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Abstract: Outdoor access is essential for natural behaviors expression and supports animal
welfare. Previous studies detected variations in outdoor visits of chickens, but the factors
influencing this behavior remain unclear. This study explores behavioral patterns along with
phenotypic and genetic parameters of ranging in White Leghorn hens. Range use was recorded
in 397 hens using radio frequency identification (RFID) technology over a 26-day period between
18 and 22 weeks of age. All hens were vaccinated against four major poultry diseases, genotyped,
and assessed for immune and stress-related indicators, including vaccine antibody responses and
heterophil-to-lymphocyte (H/L) ratio. We explored associations between range use, weather
conditions, and immune traits, and estimated genetic parameters using heritability and genome-
wide association analyses. We found a consistent negative association of average visit duration
with frequency based ranging metrics, suggesting behavior as multidimensional. Temperature
has weak negative correlation (r = -0.1) while humidity, rainfall and wind force have positive
correlations (r = 0.2 — 0.35) with the number of hens outside. Weak and infrequent correlations
were observed between range use and immune response for Newcastle disease, while no
significant relationships for other vaccines. Moderate heritability estimates for all measured
ranging traits (h2 = 0.24 — 0.33), indicate genetic influence but no significant genetic variants
were identified through genome wide association study, confirming a polygenic effect. These
results suggest that range use in laying hens is partly influenced by weather and genetics, but
shows limited association with the immune traits considered. Further studies should explore
range use patterns in relation to vaccine response over longer periods and identify quantitative
trait loci in larger populations.
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Introduction
1.1. Animal behavior and welfare

Animal welfare is defined as the state of an animal, encompassing its ability to adapt to its
environment, its emotional experiences, and the expression of natural behaviors (Mellor et al.,
2009). Good welfare exists when the animal has positive experiences through its interactions with
the environment, without suffering. Welfare can be significantly compromised if the environment
prevents the expression of the animal’s natural behaviors (Rollin, 2006). Ensuring animal welfare
is a fundamental principle of organic agriculture practices (IFOAM, 2021) as better subjective
experiences of animals and natural life ensure better health and enhanced biological functioning
(Fraser et al., 1997). In recent years, there has been growing societal demand for higher animal
welfare standards, driven by increasing public awareness and reinforced by stricter regulations.
Behavior is considered as a promising tool to understand the animal’s health and state. Natural
behavior refers to the actions an animal exhibits under environmental conditions similar to its
natural habitat (Bracke & Hopster, 2006). It serves as a reliable indicator of bird welfare and
provides a non-invasive approach to assessing animal well-being (Maria et al., 2004). European
Union regulations underline several species-specific behavioral needs, including outdoor access
for animals (EC, 2008). Earlier research in ethology considered behavioral patterns regarding
feeding and reproduction as important as they are directly related to productivity (Gonyou, 1994).
However, natural behaviors, individual preferences, cognitive abilities, and emotional states are
also considered appealing now (Bhanja & Bhadauria, 2018). Animals employ a diverse range of
behavioral and physiological responses to regulate their lives. Aggression, boredom, stress, and
other abnormal behaviors are typically associated with negative welfare states (Fraser, 2008).
Selection of animals during domestication and breeding processes also altered their behavior.
Genetic predisposition and early rearing environment can also give rise to problematic behavior in
animals (Brantseeter et al., 2018).

1.2. Importance of studying poultry behavior

Poultry eggs and meat are one of the most common food sources worldwide, as well as a key to
nutrition. Poultry is also one of the most efficient categories of livestock, as it has expanded
enormously during the last few decades. According to FAOSTATS, there were 376 million laying
hens in the EU in 2021 which produced 6.5 million tons of eggs in the same year. Globally, egg
production has undergone remarkable growth in recent decades. According to estimates from
ITAVI (ITAVI, 2022), global egg production has more than doubled since 1990, reaching nearly
76 million tons in 2021. The traditional or conventional cage system for poultry negatively effects
animal health, welfare, and behavior (Hemsworth, 2021.). Egg industry is currently facing it as the
most challenging welfare issue (Maria et al., 2004). This rapid growth in poultry production brings
increased attention to the conditions under which birds are kept, and with it, a greater responsibility
to ensure their welfare. Understanding poultry behavior is central to this effort.

Common natural behaviors for laying hens are dust bathing, perching, foraging and nesting
(Appleby et al., 1993), comfort behaviors (e.g. wing flapping) (Nicol, 1989), aggressive behaviors
(e.g. cannibalism, feather pecking) (Rodenburg et al., 2008) and social behaviors (e.g. flock and



group formation, social hierarchy) (Carvalho et al., 2018). These are innate behaviors, often driven
by internal factors and regulated physiologically (Hemsworth & Edwards, 2020).

1.3. Ranging behavior in poultry

Ranging behavior, which refers to the tendency of chickens to explore and utilize outdoor areas,
is highly diverse and varied at the flock and individual level. It is considered a natural behavior,
allowing birds to perform species-specific activities such as foraging, dust bathing, pecking, and
exploring. It is dependent on the environment (season, weather, temperature, and humidity)
(Dawkins et al., 2003) . Chickens can access the outdoors either to have exploration opportunities
or to avoid uncomfortable stimuli inside the shed (Taylor et al., 2017). There is a variety among
studies showing either most laying hens like to visit the outdoors or not (Larsen et al., 2017)
(Taylor et al., 2017; Gilani et al., 2014) , and reluctance among animals to go too far from their
shed is also reported (Dawkins et al., 2003). This variation in ranging behavior has been linked to
individual differences in fearfulness, curiosity, and coping styles, which may influence how hens
interact with their environment (Campbell et al., 2016; Kolakshyapati et al., 2020). Encouraging
range use through good design of the outdoor area, shelter availability, and rearing practices can
contribute to improved welfare outcomes by allowing hens to express their behavioral needs more
fully.

1.4. Free range versus cage farming

Laying hen farming in Europe has undergone major transformations over the past sixty years. In
the 1960s, in response to increasing demand for poultry products, conventional cage farming
became widespread (Boyd, 2001), replacing smaller and more diverse traditional systems, such as
aviaries or floor-based farming (Le Bouquin et al., 2013). This transition led to a rapid increase in
the number of hens per farm, made possible by the mechanization of processes such as egg
collection and the distribution of food and water (Leenstra et al., 2016). Hen’s housing systems
can be divided into two categories: cage-based farming (Widowski et al., 2017) and cage-free
systems (also known as “alternative” systems), which include barn, free-range, and organic
farming (Bonnefous et al., 2022).

Conventional cage systems in which hens are kept in a mechanically operated restricted area are
easy to manage, economical, more hygienic and normally have a lower rate of infectious disease
outbreak (Rodenburg et al., 2005). However, the space provided is often not enough for animals
(Hartcher & Jones, 2017), due to which, restricted behavior and reduced physical activity can cause
metabolic disorders, disuse osteoporosis (Whitehead & Fleming, 2000; Widowski et al., 2017),
and the animals can go through severe frustration due to a lack of normal behaviors such as nesting
and foraging (Duncan, 2020). On the other hand, cage-free systems allow hens to express their full
natural behavior, however, this is also greatly dependent on their population density and
management of range (Campbell et al., 2017) . Outdoor exposure of chickens benefits them in
many ways as compared to staying inside (Sherwin et al., 2013). It is also vital to furnish the range
area with essential resources like nesting sites and abundant perching space. It is important to
consider that the activities like foraging, ground-scratching and dustbathing are impossible in
conventional cages and are limited in the furnished cages (Hartcher & Jones, 2017).



Globally, cage farming remains predominant, however consumer preferences are rapidly shifting
towards free range hens. This transition demands for more environmentally responsible and
animal-friendly food production, particularly emphasizing outdoor access.

1.5. Ranging behavior tracking through radio frequency identification

Studying individual hen behavior in large commercial flocks exhibits significant constraints.
Conventional methods like human observation are labor-intensive and often impractical for large-
scale studies (Rozempolska-Rucinska et al., 2017; Siegford et al., 2016). Various technologies are
used in precision livestock farming to monitor poultry behavior, like image processing, for flock
activity analysis, sound analysis for growth, and other biological conditions, and radio frequency
identification for tracking location and locomotion of animals (Li et al., 2020). Radio frequency
identification technology (RFID) is a method of wireless transmission which uses radio wave
frequency to track and tag items. It consists of three components, i.e. a tag, an antenna and a reader.
A normal RFID tag has a chip, a circuit to harvest energy and memory (Feiyang et al., 2016). RFID
tags could be passive, semi-passive or active depending upon their reliance upon reader power
source and communication system. There are RFID tags of low frequency (120-134 kHz) which
read in the 10 cm range and have slower speed and that of high frequency around 13 MHz
(Finkenzeller, 2010). RFID tags can be banded on chicken’s leg back or wings band. Leg tagging
is commonly practiced because of minimal interference with animals' natural activities (Siegford
etal., 2016). These tags are detected by RFID antennas that are commonly placed at critical points
in range, like pop holes or designated entry or exit areas. Recording of each tag by a unique signal
generated by RFID chip by antennae allows monitoring of duration and timing of visit (Stadig et
al., 2018). However, limitations exist, including interference from environmental factors such as
metal structures, which can disrupt signal transmission (Catarinucci et al., 2013). Additionally, tag
loss or damage due to pecking or wear over time can reduce data reliability. Moreover, semi-
passive or active tags may require battery replacements, adding maintenance costs in large-scale
commercial systems (Larsen et al., 2017). RFID offers several advantages over traditional
methods, such as visual observation and manual data collection (llie-Zudor et al., 2011). Various
studies have used RFID-based monitoring for individual hen behavior such as assessing their
activity and location (Siegford et al., 2016) finding ranging behavior patterns (Larsen et al., 2017)
and other behaviors like perching (Cauchoix et al., 2022). A key advantage is its non-invasive
nature, which minimizes stress and discomfort for the animals during the monitoring process.
Technological limitations like signal obstruction, high-speed movement causing missed readings,
and tag collisions in dense flocks built challenges to the reliability of data. These factors can
confound behavior classification and increase the risk of bias in results (Iserbyt et al., 2018).
Therefore, while RFID technology enables detailed behavioral tracking, careful experimental
design, statistical handling of time-series data, and validation procedures are essential to account
for the complexity and variability inherent in large-group poultry systems (Siegford et al., 2016)

1.6. Genetic determinism of ranging behavior

Ranging behavior is a complex trait influenced by both genetic and environmental factors
(Pettersson et al., 2016; Buitenhuis et al., 2005). Genotype plays a significant role in determining
range use frequency in chickens, as certain breeds exhibit a greater tendency to explore outdoor
areas than others.” (Ferreira et al., 2024). In identical farming conditions, traditional or heritage
chicken breeds tend to explore the outdoor range more than commercial laying hens, which are
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primarily selected for productivity (Sokotowicz et al., 2020). White Lohmann Selected Leghorn
(LSL) hens moved outdoors more frequently and spent more time in outdoor compared to brown
Lohmann Traditional (LT) hens, which preferred the grassland area (Mahboub et al., 2004).
Ranging behavior is also found to be associated with certain other behavioral traits, such as
adaptability and reduced aggression, are known to improve the animals' compatibility with free-
range systems (Ferreira et al., 2020). Hens with lesser outdoor preference have elevated fear levels
(Campbell et al., 2016) which indicates a high level of stress and secretion of corticosterone and
are negatively correlated with performance traits (egg size, quality, sexual maturity, etc.).
Eliminating such birds from breeding programs and using fearfulness indicators as selection
criteria can improve welfare and productivity (Rozempolska-Rucinska et al.,, 2017).
Understanding the genetic mechanisms underlying this behavior might allow the development of
innovative strategies such as selective breeding for enhanced outdoor use or adapting rearing
conditions to better match the behavioral tendencies of specific genetic lines. It can help to improve
poultry welfare and optimize free-range systems.

1.7. Vaccine response in outdoor hens

Vaccination is the foremost strategy in veterinary medicine to protect against pathogens. Animals
are vaccinated to prevent infectious diseases, but individual vaccine responses are highly varied
across different chicken lines, highlighting the role of host genetics on vaccine response variability
(Simon et al., 2016; Arango et al., 2024; Luo et al., 2013). Genetic variations have been shown to
lead to a variability in individual vaccine responses in hens (Pinard van der Laan et al.). In addition
to the role of host genetics, previous studies showed that the gut microbiota composition can
impact vaccine response levels in chicken (Yitbarek et al., 2019). Since hens raised outdoor harbor
a distinct microbiota (Schreuder et al., 2020), it can hypothesize that this different microbiota
composition has an effect on the vaccine response.

As outdoor access influences exploration of animals for diet and its microbiota composition (Kers
et al., 2018), it can be a factor for differential vaccine response in groups of animals according to
their behavior. Beside the differential microbiota, another hypothesis is about greater energy
expenditure of highly active hens (possibly accessing more outdoors) which can increase their
metabolic demand. This might come at a trade-off with other biological functions like immune
responsiveness . However, Hofmann et al., 2020 reviewed that though housing conditions might
impact immune system and vaccination response in hens, the results are not simple and unanimous
enough to draw the conclusion and more investigation is needed to be done. Humoral response in
free-range hens is reported to be lower than caged ones against Newcastle’s virus by Arbona et al.,
2011 while another study found higher antibody production against Newcastle and infectious
bronchitis virus disease viruses in Asil chicken breed (Rehman et al., 2017). Since vaccine
response is crucial for managing animal health, understanding its relationship with outdoor access
can help inform better housing or vaccination strategies that support both health and welfare.

1.8. Physiological stress in outdoor hens

Stress occurs when an animal detect changes in environment and get stimulated to regulate it by
homeostasis (Odihambo Mumma et al., 2006). One widely used biomarker for assessing
physiological stress in poultry is the heterophil-to-lymphocyte (H/L) ratio. Heterophils are a type
of white blood cell involved in the bird’s innate immune response and are typically elevated in
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response to stress, inflammation, or infection (Harmon, 1998). Lymphocytes, on the other hand,
are responsible for adaptive immunity and tend to decrease under prolonged stress (Clark, 2015).
An elevated H/L ratio is commonly associated with increased stress levels, whereas a lower ratio
indicates better coping ability and welfare status (Gross & Siegel, 1983). In the context of ranging
behavior, the H/L ratio is used to assess whether hens that use the outdoor area more frequently
experience lower chronic stress levels. There is no clear relationship established between outdoor
access and H/L ratio because of several cofounding factors present in previous studies like aviary
system, pen size, age (Lentfer et al., 2015), weather conditions (Kim et al., 2022) or tonic
immobility (Mahboub et al., 2004). However, increased H/L ratio are reported in cage systems
specially in poor conditions (Moe et al., 2010). Comparing stress levels in hens across different
durations of outdoor access can provide a clearer understanding of their overall welfare

1.9. Objectives of study

The demand for outdoor-reared chickens is rising, driven by societal expectations for improved
animal welfare. However, little is known about its real impact on animal health and welfare. The
aim of this study is to explore the impact of host genetic variations on animal behavior. Another
objective is to establish how behavior and various health-related parameters are associated. The
answers to these questions will enable us to identify innovative ways to control free-range chicken
farming by measuring behavior.

The main objectives of this study are to:

e Obtain individual data from raw identification data, evaluate the behavior of going outside,
which will be used to determine variations in parameters in the population.

e Look for phenotypic correlations with other traits, e.g., vaccine response and heterophil/
lymphocyte ratio as stress indicator

e Link the variations with individual genotypes to measure their heritability and, if
distribution in population allows, to search for genetic regions controlling variations by
genome-wide association studies.



Materials and methods
2.1. Animals and husbandry

A total of 570 White Leghorn laying hens were raised at the INRAE Nouzilly site (PEAT
Experimental Unit, Val de Loire, France, in collaboration with Novogen). Following week 5,
animals were selected to reduce the population to 410. This selection was carried out based on
their pedigree determined by genotyping to optimize family composition by equilibrating the
number of sibs per family, resulting in the selection of animals from 294 hens bred with 56 cocks
(with only 27 real sisters). This step was necessary because the eggs furnished by Novogen were
not identified individually and 410 was the maximum number of hens that could be handled for
this experimentation during 22 weeks. The hens were given outdoor access starting at 10 weeks of
age and were monitored until 22 weeks of age. Feed and water were provided ad libitum inside the
shed. Daily outdoor access was granted from 8.30 a.m. to 10.30 p.m. The experimental period
extended from April 4, 2023, to September 4, 2023. To assess vaccine response, blood samples
were collected at multiple time points. At the end of the experiment, spleen samples were collected
to evaluate cell-mediated immune responses.

2.2. Genotyping

All animals were genotyped using a 57K SNP chip. DNA extractions and genotyping were done
at Labogena (Labogena, Palaiseau, France). The initial dataset consisted of 571 samples with
55,189 variants. The genotype data were provided in PLINK format (.bim, .bed, and .fam) (Purcell
et al., 2007). The first step of data processing involved the removal of samples with sex
discrepancies, reducing the number of animals to 557. Subsequently, quality control was
performed using PLINK (Purcell et al., 2007) with the following parameters: minor allele
frequency (MAF) > 0.05, call rate < 5% missing genotypes (--geno 0.05), and individual call rate
< 5% missing genotypes (--mind 0.05), alongside a Hardy-Weinberg equilibrium test (HWE)
threshold of 10*e-6. Samples deviating by more than three standard deviations from the expected
heterozygosity were also excluded. After these steps, 552 samples remained for further analysis,
with 34,348 variants passing the quality control filters.

2.3. Sample collection

Vaccination and sample collection were performed as part of a previously conducted experiment.
The hens were vaccinated against Infectious Bronchitis Virus (IBV), Avian Encephalomyelitis
Virus (AEV), Avian Polyomavirus Vaccine (APV) , and Newcastle Disease Virus (NDV) at
various time points up to 22 weeks of age. For vaccine responses to NDV, IBV, AEV, and APV
vaccinations, blood samples were taken at weeks 5, 8, 10, 12, 14, 16, 18, and 22 from venous
occipital sinus and processed for humoral immune response analysis using commercial ELISA kits
(Innovative Diagnostics (ID Screen® Newcastle Disease Indirect Conventional Vaccines, 1D
Screen® Infectious Bronchitis Indirect 2.0, ID Screen® AEV Indirect, and ID Screen® Avian
Metapneumovirus Indirect),. A cellular immune response to NDV was also assessed at week 22
using an ELISpot (enzyme-linked immunospot ) assay. Hematological parameters, including the
heterophil-to-lymphocyte (H/L) ratio, were determined by blood cell counting by flow cytome
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entries without any exit detection means that an exit is missing; (C) if first detection in the day
was an exit or last detection was an entry



2.4. RFID antennas and tracking

Two tunnel-like hatches were constructed at the shed's openings to allow outdoor access. Each
tunnel was equipped with two RFID antennas, as illustrated in Figure 1. A visit to the outdoor area
was defined when a hen passed both antennas in the outbound direction (entry into the range area),
and the visit ended when the hen crossed both antennas again in the inbound direction (returning
to the shed). The entry and exit times were recorded for each visit and each individual hen.

To minimize signal loss due to dirt accumulation on the detectors during the day, personnel cleaned
the antennas several times daily. To ensure proper tracking, the tunnels were designed to require
hens to follow a zigzag path. Additionally, the ceiling of the tunnel was lowered to encourage hens
to walk directly over the detectors, and not to fly, ensuring accurate signal detection. To avoid
these physical modifications from discouraging the hens or limiting their willingness to exit the
shed, all obstacles were created with wire mesh structures. This allowed hens to maintain visual
contact with the outdoor area, encouraging natural movement toward the range

2.5. Data collection

RFID detection was started on July 25, 2023 (Week 17), but due to an interruption in the data
recording process, we considered the data from August 7, 2023, to September 4, 2023. 20, 21, and
31 of August were also skipped from the analysis due to an interruption in recording and an
incomplete dataset. For each detection at an antenna, the animal's unique RFID identifier, time of
detection, antenna number, and date were recorded. When a hen entered or exited the tunnel, it
was detected by two antennas, one after the other. For calculating the visit duration, we took the
time from the first antenna when entering and the time from the second antenna when exiting.
Entry and exit pathways are clearly illustrated in Figure 1. Wrong detections were marked as flags
and removed from the data. Wrong entries included: (i) if a hen has first detection in one tunnel
and very next detection in second tunnel, which is physically not possible; (ii) if there were two
consecutive entries or two consecutive exits; or (iii) if the first detection of the day was an exit or
last detection was an entry. The errors detected are graphically presented in Figure 2. All of these
detections were removed from the data. Hence were generated the daily visit files consisting of
date, animal ID, entry and exit time, and visit duration. All daily visit files were merged to a single
file for data analysis.

2.6. Statistical analysis

All statistical analysis detailed below was done in R studio V. 4.4.1 (R core team, 2024). The daily
visit file initially contained 46,738 observations. After removing erroneous detections which are
described in section 2.5, 18,899 valid observations remained. These were used for subsequent
analysis and the generation of individual-level data. Normality of data was checked using Shapiro-
wilk (Shapiro & Wilk, 1965) and Anderson darling test (Anderson & Darling, 1954) and plotting
histograms.



2.6.1. Correlation between daily hen visits and weather parameters

Meteorological data for Tours was sourced from the French public data platform
https://www.data.gouv.fr/. As hens visits did not meet the assumptions of normality, non-
parametric Spearman’s rank correlation coefficients (Spearman, 1961) were computed to evaluate
the strength and direction of monotonic associations between climatic factors and the number of
outdoor visits by hens.

2.6.2. Individual hen profiling and clustering based on ranging variables

Six ranging behavior traits for each individual hen were derived from daily visit files. These traits
were: the number of days spent outside, the total number of visits, the total duration outside, the
average duration outside per day, the average number of visits per day, and the average duration
per visit. A Principal component analysis (PCA) was performed using the FactoMineR package
(Husson et al., 2020) to identify the main axes of variation in ranging behavior among hens.

Hens were grouped based on the total number of days they were detected outside and the time of
day of their activity. For the first grouping that was based on ranging frequency, hens were
categorized into three groups—Ilow, moderate, and high visitors—based on the first and third
quartiles of the number of days spent outside. For the second grouping based on chronotype, a
morning-to-evening visit ratio was calculated by dividing the total number of morning visits
(04:00-13:59) by the total number of evening visits (14:00-23:59) for each hen. Hens with a ratio
> 1.5 were classified as morning hens, those with a ratio < 0.5 as evening hens, and those with
ratios between 0.5 and 1.5 as neutral. A Kruskal-Wallis test (Kruskal & and Wallis, 1952) was
conducted to assess significant differences among the three groups for the six behavioral variables.

2.6.3. Association analysis of ranging behavior with vaccine response and physiological stress

For the NDV, IBV, and APV vaccines, the correlation between humoral vaccine response and six
behavioral variables was assessed for each week (5, 8, 10, 12, 14, 18, and 22) using Spearman
correlation. For AEV, the vaccine response at week 22 was evaluated in relation to behavioral
traits. A chi-square test of independence was conducted to assess the association between vaccine
response status (positive or negative) and the different hen group categories. Additionally, the
correlation between NDV specific cell-mediated immune response at week 22 and behavioral traits
was also examined. Phenotyping of chicken blood cells was done by flow cytometry. Associations
between heterophil-to-lymphocyte (H/L) ratio and ranging variables were calculated by the
Spearman correlation method (Spearman, 1961). A chi-square test of independence
(Pearson,1900) was conducted to assess the association between high or low H/L ratio (categorized
based on median value) and the different hen group categories.

2.6.4. Genetic determinism of ranging traits

To assess the genetic contribution to variation in these traits, heritability analyses were conducted
using the BGLR (Bayesian Generalized Linear Regression) package in R (Paulino & Campos,
2014). We first computed the genomic relationship matrix (GRM) using SNP genotype data. The
model applied was mixed linear model to estimate the additive genetic variance and residual
variance for each phenotype:


https://www.data.gouv.fr/

Y=u+Xb+Za+e

Where Y represents the vector of phenotypic observations (including both behavioral and immune
response traits), u is the overall mean, X is the incidence matrix for fixed effects, and b is the
vector of fixed effects such as batch or environmental factors. The matrix Z relates observations
to the random additive genetic effects denoted by a, while e represents the vector of residual errors.

The random effects were assumed to follow a normal distribution such that
a~N(0,G d?)
e~ N(0,102)

G is the genomic relationship matrix, o2 is additive genetic variance, | is identity matrix, o2 is
residual variance.

BGLR package fits a genomic prediction model with a reproducing kernel Hilbert space (RKHS)
approach. Markov Chain Monte Carlo (MCMC) sampling was run for 700,000 iterations. After
discarding 140,000 iterations as burn-in and posterior estimates were calculated as the mean of the
remaining samples. The results of the analysis were reported as posterior means and standard
deviations for each parameter of interest. Similar analyses were done in the case of categorical
traits by changing response_type to “ordinal” instead or “gaussian”. The heritability was computed
using additive genetic variance and residual variance based on using the following formula.
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Genetic correlations between traits were estimated by pairwise comparison between two traits.
between two traits, divided by the square root of the product of their respective genetic variances,
thereby quantifying the extent to which genetic effects are shared between traits. Genetic
correlations between ranging variables and vaccine response and inter-correlation between ranging
variables were also calculated using BGLR.

Genome-wide association studies (GWAS) were conducted using the GCTA software (version
1.94.1) (Yang et al., 2011) to investigate genetic associations with behavioral traits. Among the
continuous traits evaluated, only the average duration outside per day exhibited a normal
distribution consistent with a bell-shaped curve. Therefore, this trait was analyzed using the
GCTA-mIma (mixed linear model-based association) method, as well as the GCTA-loco (leave-
one-chromosome-out) approach. For binary traits, GWAS was performed using the fastGWA-
GLMM module within GCTA, which implements a generalized linear mixed model (GLMM).
Significance thresholds for SNP associations were adjusted using the False Discovery Rate (FDR)
approach based on the Benjamini-Hochberg procedure (Benjamini, & Hochberg, 1995) . To ensure
a balance between statistical rigor and the ability to detect potential signals, FDR-adjusted p-values
at both 0.05 and 0.10 significance levels were evaluated.



320

ra
2

®
g

Number of Hens Visited

~
g

160

Aug 07 Aug 14

Table 2: Grouping of hens on the basis of
ranging intensity

Number | Number of | Visiting
of days hens group
<12 88 Less

12 -22 203 Moderate
>22 106 High

Table 3: Grouping of hens on the basis of

Sep04

Aug 21 Aug 28

Date

Figure 3: Graphical representation of the number

chronotype

Duration Number of hens
Morning 96

Evening 66

Neutral 235

of hens visiting outdoor each day from 07-08-2023
to 04-09-2023. 20, 21 and 31 august are removed
due to interruptions in data recording.

Table 1: Description and statistics of all ranging variables measured from daily visit files

Quantitative ranging Definition Mean Standard Unit
variables deviation
Total duration outside Total duration spent 2880.71 | 1482.392 Minutes
outside by hen in total 26
days
Average duration per day | Total duration outside 172.71 | 55.04043 Minutes
divided by number of days
outside for a hen
Total visits Total number of visits done | 48 33.32496 Number of
by hen in total 26 days visits
Average visits per day Total visits divided by days | 3 1.144536 Number of
outside visits
Average visit duration Total duration outside 71.790 | 34.74113 Minutes
divided by total visits for a
hen
Days outside Total days in which hen 16 6.459026 Number of
was detected outside at days
least once.




Results

3.1. Correlation Between Ranging Behavior and Weather Conditions

Average temperature outside was 20.99°C (minimum: 5°C; maximum: 40.99°C). Weather indexes
and number of visiting hens per day are shown in figure 4. Weather indexes show diverse
associations with the number of visiting hens per day (figure 5). All correlations were statistically
significant. Temperature has a weak negative correlation, while rainfall, humidity, and wind force
have weak to moderate positive correlation with the number of visiting hens. Cloud cover did not
have any correlation.

3.2. Descriptive Statistics of Ranging Variables.

Daily visits of hens from 07-08-2023 to 04-09-2023 are shown in figure 3. The daily number of
hens ranges from the highest, 318 on 07-08-2023, to the lowest, 133 on 09-08-2023. There are
unusually fewer hens on the 9th and 31st of August and the 4th of September.

Descriptive statistics for quantitative ranging variables are presented in the table 1. The statistics
are averaged for 397 hens over period of 26 days. Over the observation period, hens spent an
average of 2880.71 minutes (SD = 1482.39) outside, with a daily average duration of 172.71
minutes (SD = 55.04). The total number of visits averaged 47.6 (SD = 33.32), corresponding to
approximately 2.69 visits per day (SD = 1.14). The average duration per visit was 71.79 minutes
(SD = 34.74). Hens spent outside an average of 16.32 days (SD = 6.46) during the study period.

3.3. Individual Profiling and Behavioral Typologies

For grouping based on ranging frequency, hens with fewer than 12 days were classified as the low
visit group (n = 88), those with 12 to 22 days formed the moderate group (n = 203), and those with
more than 22 days constituted the high visit group (n = 106). Second, hens were classified by their
temporal preference of outdoor activity, reflecting their chronotype. Based on peak activity times,
96 hens were most active in the morning, 66 preferred the evening, and the remaining 235 showed
no clear preference, labeled as neutral. Number of hens in each group are represented in table 2 &
3. These groupings were later used to explore associations with immune traits and behavioral
phenotypes.

3.4. Principal Component Analysis

Principal component analysis revealed the first two components accounted for 59 % and 27.5 %
of total variance. Together they account for 86.5% of the cumulative variance, which is a
substantial proportion of total variance. This indicates that significant variability of data can be
represented in a two-dimensional space. PCA- variable plot (figure 6-A) shows all six ranging
variables are well represented on either dimension 1 or 2. Total visits, average visits per day and
total days outside are well represented and oriented towards dimension 1, while being closely
aligned to each other. Average visit duration and average duration outside are more oriented
towards dimension 2 than
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Figure 5: Correlation between number of
visiting hens and weather metrics.

Nurmber of hens 02 -015 035 -0.04 022

visited each day

Variables - PCA Individuals - PCA
! iz 247 13-93
1258 z50

05

Avg Visits Per

Dim2 (27.6%)
Dim2 (27.5%)

Avi; Duration Outside per Day
Y Avg Visit Durati : 1054

(A) 10 05 00 05 10 (B) 5

Dim1 (58.9%) Dim1 (59%)

Figure 6: PCA presenting the orientation and representation of (a) ranging variables
and (b) individuals along axis 1 and 2.



Dim 1. Total Minutes Outside shares a similar directional alignment with Average Minutes
Outside, although with a slightly stronger association with Dim1 than Dim2. Individual PCA plot
presented as figure 6-B, shows that majority of hens are located within a dense central region,
forming a main cluster that reflects broadly similar behavioral profiles.

However, within this main cluster, there is a noticeable scattered pattern of individuals indicating
subtle variability among hens. Additionally, a Few hens, such as individuals 1054 and 1319, are
clearly separated from the central cloud, representing behavioral outliers with markedly distinct
profiles.

3.5. Inter-correlation of ranging variables

All correlation coefficients are presented in Figure 7(A&B). Total duration outside, total number
of visits, average visits per day, and number of days spent outside exhibit strong positive
correlations with one another, with correlation coefficients ranging from 0.63 to 0.92. In contrast,
average duration outside per day shows weak to moderate correlations with the other variables,
with coefficients ranging from 0.19 to 0.62. Average visit duration demonstrates a moderate
positive correlation (r = 0.46) with average duration outside per day, and moderate negative
correlations with average visits per day, number of days outside, and total visits, with coefficients
ranging from -0.37 to -0.59.

3.6. Immunological Response and Behavior

3.6.1. Association Between Vaccine Antibody Titers and Ranging

All correlation results between vaccine responses and ranging behavior traits are presented in
Figure 8 & 9-A. For Newcastle Disease Virus (NDV), weak correlations were found for days spent
outside and total number of visits at weeks 14, 16, and 22, and for average visits per day at weeks
16 and 18. Average visit duration exhibited weak negative correlations with NDV response at
weeks 10, 14, 16, and 22. No significant associations were identified between Infectious Bronchitis
Virus (IBV) vaccine response levels and ranging behavior traits, except for weak correlations with
average visit duration and average visits per day at week 8, and with total visits at week 22. A
weak positive correlation was observed between Avian Encephalomyelitis Virus (AEV) vaccine
response at week 22 and average visits per day. For Avian Pneumovirus (APV), a few weak
positive correlations were detected during the earlier weeks (12 and 14), but correlations were
negligible or absent in the later weeks. Regarding NDV-specific cell-mediated immune responses,
weak positive correlations were observed between days outside, total duration outside, and total
visits with both net activity and spot-forming unit (SFU) levels. In contrast, average visit duration
showed weak negative correlations with these immune parameters. Average visits per day
exhibited a positive correlation with net activity only.

Chi square test of independence did not show any significant association of vaccine response status
(positive / negative) with ranging frequency categories (low/moderate/high) as well as with Hen
chronotypes (morning/evening/neutral).
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3.6.2. Association Between Heterophil/Lymphocyte Ratio and Ranging Traits

Among the ranging traits, days outside and total number of visits outside demonstrated statistically
significant positive correlations with the H/L ratio. Specifically, the number of days a hen spent
outside showed a weak positive correlation (r = 0.117, p = 0.034). Likewise, total visits outside
exhibited a weak positive correlation (r = 0.133, p = 0.016), while other ranging behavior
measures, including total minutes outside, average minutes outside per day, average visit duration,
and average visits per day, did not show statistically significant associations with the H/L ratio (all
p > 0.05). Correlation between heterophil lymphocytes ratio and ranging variable is presented in
figure 9-B. Chi square test of independence did not show any significant association of vaccine
response status (positive/negative) with ranging frequency categories (low/moderate/high) as well
as with hen chronotypes (morning/evening/neutral). However, figure 10 indicate that high visiting
hens have high H/L ratio as compared to low visiting hens.

3.7. Heritability of ranging behavior

Heritability for quantitative ranging traits came out in the moderate range (0.24-0.32) with a
statistically significant p-value. Total duration outside (h? = 0.30; SD = 0.06), Average duration
outside (h? = 0.27; SD=0.06), Days outside (h?= 0.32; SD = 0.07), total visits (h?> = 0.26; SD =
0.05), average visits duration (h? = 0.32; SD = 0.07) and average visits per day (h? = 0.24; SD =
0.05). For categorical traits, ranging frequency (h? = 0.33; SD = 0.07) and chronotype (h? =0.27 ;
SD = 0.06) have moderate range or heritability value. All these statistics are significant.
Heritability statistics along with genetic and residual variance and p-value are presented in Table
4 &5.

3.8. Genetic Correlations

3.8.1. Intercorrelation of ranging variables.

Genetic inter-correlation results of ranging variables strongly align with their phenotypic
correlations mentioned before. Total duration outside, total number of visits, average visits per
day, and number of days spent outside exhibit moderate to strong positive correlations with one
another, with correlation coefficients ranging from 0.54 to 0.88. In contrast, average duration
outside per day shows weak to moderate correlations with the other variables, with coefficients
ranging from 0.13 to 0.56. Average visit duration demonstrates a weak positive correlation (r =
0.23) with average duration outside per day, and moderate negative correlations with average visits
per day, number of days outside, and total visits, with coefficients ranging from -0.14 to -0.55. All
correlation coefficients are presented in Figure 6-b.

No significant genetic correlation was found between ranging behavior traits and vaccine response
for IBV, APV and AEV vaccine. Only for NDV week-22, average visit duration shows negative
correlation (-0.33; p = 0.02). Overall results show that vaccine response does not have any
significant genetic correlation with ranging behavior.
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Table 4: Heritability of quantitative ranging variables

Traits Genetic Residual | Heritability | Standard p-value
variance variance deviation
Total duration 712574.7 1605270 0.307 0.069 4.88e-06
outside
Average duration 875.4276 2342.491 0.272 0.062 6.00e-06
outside per day
Days outside 14.22389 29.31563 0.326 0.070 1.92e-06
Total visits 305.2102 868.5301 0.260 0.057 3.51e-06
Average visit 408.943 845.8281 0.325 0.071 2.92e-06
duration
Average Visits per 0.3395536 | 1.046924 0.244 0.055 4.70e-06
day
Table 5: Heritability of categorical ranging variables
Traits Genetic Residual | Heritability | Standard p-value
variance variance deviation
Ranging frequency 0.508 1 0.337 0.076 5.448e-06
Chronotype 0.379 1 0.274 0.062 5.591e-06




3.9. Genome wide association studies

Genome-wide association studies (GWAS) were conducted using the GCTA software for two
binary traits and one continuous trait. No genetic variants reached genome-wide significance for
any of the three traits. For the continuous trait, average duration spent outdoors per day, a peak of
variant association was observed on chromosome 1; however, it did not surpass the significance
threshold. A similar pattern was noted for the binary trait chronotype, with a peak on chromosome
4 also falling below the threshold. For the trait ranging frequency, no distinct peaks were observed,
even below the threshold level. Manhattan plots illustrating the GWAS results for all three traits
are presented in Figure 11 (A-C).
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*Red line shows threshold of significance calculated by Benjamini-Hochberg procedure



Discussion

Despite increasing interest in the welfare and productivity of free-range poultry systems, the
drivers of individual ranging behavior remain largely unexplored. This study explored the ranging
behavior of white Leghorn hens and investigated potential genetic influences on outdoor access,
alongside determining immune parameter correlations with individual behavior. We found
significant variability in the ranging behavior in the population of 397 hens over 26 days and
moderate genetic influence on it; however, association with immune response is found to be
minimal.

The experimental setup, which included the tunnel-like hatches with RFID antennas and physical
modifications such as the zigzag path, lowered ceiling, and regular cleaning of antennas was
crucial in directing hens to pass accurately over the detectors, minimizing missed or false
detections. However, interruptions in data recording on specific days, as well as the exclusion of
erroneous detections led to a significant reduction in the number of valid observations. It certainly
enhanced data accuracy and reliability; it may have left some behaviors unobserved, potentially
biasing activity patterns. Moreover, the physical design of the tunnels, while necessary for
detection accuracy, could have influenced natural hen behavior by slightly constraining their
movement or altering their willingness to use the outdoor area. These factors must be considered
during interpretation of results.

4.1 Ranging behavior patterns

Hens exhibited substantial individual variations in accessing the outdoors, as reflected by wide
standard deviations of almost all quantitative ranging variables presented in table 1. This
behavioral distinction is also evident from 106 hens having a very high number of days (>22)
outside (table 2), making them 27 % of the population. It indicates that certain hens are consistently
better adapted or motivated to outdoor environments. Campbell et al., (2016) also categorize
ranging hens in three groups based on low, moderate, and high range-preferring hens and show
that fear and copying styles affects their range-accessing ability. Fear, as an internal emotional
state, promotes behaviors like avoidance or hesitation, while coping style reflects the tendency to
adapt to stress. Similarly, 162 out of 397 hens (40.8%) are marking most of their visits at a specific
time duration of the day. This could indicate the specificity of circadian rhythms at the individual
level as it is demonstrated previously in case of feather pecking (Bessei et al., 2023) and egg laying
behavior (Becot et al., 2021). Figure 3 illustrates a gradual increase in the number of hens visiting
the range each day over time, indicating their habituation and growing familiarity with the outdoor
environment. Similarly, Gilani et al., (2014) observed a rising percentage of hens utilizing the
range as time progressed. It was estimated that on average 62.7 % of hens (249/397) visit the
outdoors, which is highly related to the finding of Larsen et al., (2017) in which over 60% of hens
in two different flocks are ranging outside on all days.
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Principal Component Analysis (PCA) revealed that ranging behavior can be structured into two
dimensions : (i) a frequency-based dimension (Dimension 1), characterized by strong and positive
correlations between frequency-based metrics (total visits, average visits per day, and days
outside); and (ii) a duration-based dimension (Dimension 2), comprising average visit duration
and average minutes outside. Average visit duration is negatively correlated with all frequency-
based metrics (figure 7) which shows that hens tend to adopt either being frequent visitors or long
stayers. This inverse relationship also reflects their difference in exploration and energy
expenditures. Long-staying hens may have less sensitivity to environmental changes, while
frequent visitors might be highly responsive to external stimuli or have lower confidence.
(Newberry et al., 2001) talk about difference in perching behavior of domestic fowl and relates it
with balance between predation risk and energy expenditure for an animal. These insights can be
helpful in defining management strategies in personalized welfare in free-range systems. By
recognizing ranging patterns of hens, long-staying hens may benefit from enriched outer space
with more exploring sites, while frequent visitors can be provided with secure areas like shaded
verandas or visual barriers to lengthen their visits; however benefits of ranging behavior should by
explored by more studies to establish its relationship with animal welfare and health. However, as
these behavior measurements are solely based on quantitative measurements without observing
what activities hens actually performed during visits limits the interpretation. Moreover, a 26-day
observation period is moderate but not too long to conclude the stability of these patterns. (Larsen
etal., 2017) and (Rodriguez-Aurrekoetxea & Estevez, 2016) used several months time period and
found consistent ranging behavior over time with few hens change their range use in response to
familiarity to environment

4.2. Weather-ranging correlation

Weather appeared to have limited influence on visits, as shown in figure 5. Among the weather
metrics assessed, humidity shows the strongest association with visits (r = 0.35) followed by wind
force (r = 0.22) and rainfall (r = 0.20). Inversely, temperature has a weak negative correlation with
the number of visiting hens (r = -0.15). These findings suggest that high temperature can slightly
reduce ranging behavior. Figure 4 also supports this assumption, particularly as the temperature
decrease after August 21 coincides with an increase in the number of visiting hens. As we also
assumed before that hens are becoming more familiar with the outdoor area over time. It is
therefore likely that both habituation and favorable environmental conditions acted together to
promote higher range use during this period.” Reluctance of hens to range outdoors during higher
temperatures is also evident from studies (Bari et al., 2020; Lara & Rostagno, 2013). As
temperatures exceed 25°C, behaviors like panting and wing spreading are displayed frequently,
reducing ranging behavior (Wasti et al., 2020; Cartoni Mancinelli et al., 2023). However, as
weather data was analyzed on a daily level, short-term fluctuations like sudden rain or wind can
affect hen behavior more sharply. In addition, during this study, weather metrics are treated as
uniform across the area, but micro variations like the availability of shaded or exposed zones could
affect ranging decisions.
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4.3. Association of ranging behavior with immune and stress response

The correlation between outdoor access and vaccine response parameters shows a subtle
association between both type of traits. Out of all variables, the most consistent findings are the
weak positive correlation of average visits per day with NDV (week 16 & 18), APV (week 12 &
14), IBV (week 8), AEV (week 22) and NDV specific cell mediated response (week 22) as
illustrated in figure 8 & 9-a. However, it also evident that only NDV vaccine response is showing
modest correlations at week 14, 16, and 22 while response for other three vaccines, 1BV, APV and
AEV is showing very scattered and weak. The consistent negative correlation between average
visit duration and NDV immune responses across multiple time points indicates that hens which
spend longer time per visit outside may exhibit lower humoral and cell-mediated responses to
NDV. Interestingly, Arbona et al., (2011) found that caged hens have a better vaccine response
against Newcastle disease (NDV) than free-range hens and interpreted that free range hens might
experience significant environmental stressors that suppress their humoral response function.

The H/L ratio is a commonly used indicator of physiological stress in birds. It reflects the balance
between heterophils (involved in stress and inflammation) and lymphocytes (associated with
adapted immunity and recovery). A higher H/L ratio generally indicates a greater physiologically
stressed state of the bird (Lentfer et al., 2015). In this study, a weak positive association between
frequency-based ranging variables (days outside, total visits, and average visits per day) and H/L
ratio is found (0.11-0.14), as shown in figure 9-b, suggesting that frequency of going outside is
related to mild physiological stress or immune activation. This finding is completely aligned with
a previous study showing that heterophils are increased in the outdoors in summer, particularly
due to heat stress (Sanchez-Casanova et al., 2019; Arbona et al., 2011). However, it might be
related to being more active rather than being outside, as we don’t know if hens staying indoors
were in an active or resting state. Figure 10 also visually supports the above assumption, as it
shows that hens in the high visitor category have a higher H/L ratio than less visited hens; however,
the statistical difference was not significant between these categories.

4.4. Genetic determinism of ranging behavior

Another aim of the study was to assess the genetic basis of behavior variation in ranging behavior.
We found moderate heritability across quantitative and categorical traits. As shown in table 4,
heritability estimates for quantitative traits ranged from 0.244 to 0.326, with the highest values
seen for days outside (h? = 0.326) and average visit duration (h? = 0.325). These findings clearly
suggest that ranging behavior has a heritable component and is not completely dependent on
environmental factors. Previously, Rodenburg et al., (2003) estimated heritability for feather
pecking and open field response, which ranged from 0.01 to 0.12 and 0.20 to 0.49, respectively.
Farkas et al., (2022) studied nesting behavior in laying in a similar fashion, associating it with
genotypes and egg production while having significant differences between all genotypes and
laying of eggs and visiting behavior in nests at various locations. They explain that two different
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aspects of ranging, as explained by our variables, which are how often and how long hens will
range, are also genetically determined partially. Heritability of exploratory behavior was estimated
by Dingemanse et al., (2002) in wild tits in a moderate range (0.22). Categorical traits, ranging
from frequency and chronotype, are also showing moderate heritability, 0.33 and 0.24 respectively.
These estimates suggest that ranging behavior can be targeted in genetic selection programs as a
selectable trait however, careful consideration is needed to ensure that increased outdoor activity
truly reflects improved animal welfare, rather than being associated with unintended factors such
as heightened stress. Further investigation is required to confirm whether selecting for this
behavior genuinely benefits the animals’ welfare and health.

Genome-wide association study (GWAS) was conducted on two binary traits (outing frequency
and chronotype) as well as on one continuous trait (average time spent outdoors per day). They
revealed no genetic variants reaching the genomic significance threshold. This suggests that no
single polymorphism has a major effect on these behaviors, reinforcing a polygenic architecture
in which numerous loci of modest effect collectively contribute to the observed variability.
Johnsson et al., (2018) identified 24 QTLs affecting social behavior in chickens, highlighting the
polygenic nature of these traits. A genome-wide association study in F2-cross of laying hens
concludes that behavioral traits are found to be controlled by numerous genes, and no single SNP
showed sufficient association to be considered for selection (Lutz et al., 2017). Although our
variants remain below statistical significance, genomic regions of interest can be explored further
via larger populations. Overall, these results suggest that ranging behaviors in hens present a high
genetic complexity, requiring complementary approaches to identify mechanisms.

Conclusion

This study underscores the individual variability in outdoor access preferences among White
Leghorn hens and identifies moderate heritability for these traits, with minimal correlation to
immune response and physiological stress indicators. Traits related to outdoor access show subtle
associations with heterophil-to-lymphocyte (H/L) ratios and vaccine responses. Heritability
estimates confirm that both the frequency and duration of ranging behavior are partially genetically
determined, however, genome-wide association study (GWAS) findings did not reveal strong
individual genetic markers, instead suggesting a polygenic architecture and highlighting the need
for larger-scale studies to identify potential quantitative trait loci (QTLs) linked to ranging
behavior. Future research should further explore the relationship between outdoor access and
immune function in laying hens using larger cohorts.

Acknowledgements

I would like to express my deepest gratitude to Dr. Fanny Calenge, Dr. Marie-Héléne Pinard-Van
der Laan, and Alice Racanti for their continuous support, valuable guidance, and insightful
discussions throughout this study. My sincere thanks also go to Sophie Brard-Fudulea from Avenir
Elevage for her kind assistance and encouragement. | am truly grateful to the entire GEMS team

17


https://www.zotero.org/google-docs/?Ph6Bkb
https://www.zotero.org/google-docs/?OmwXVx
https://www.zotero.org/google-docs/?U6airX

at the GABI unit, INRAE, for their collaboration, technical support, and stimulating research
environment. Finally, I extend heartfelt appreciation to my PRIAM master’s coordinators and
colleagues for their constant motivation, thoughtful exchanges, and companionship during this
journey.

18



References

. Anderson, T. W., & Darling, D. A. (1954). A test of goodness of fit. Journal of the
American Statistical Association, 49(268), 765-769.
https://doi.org/10.1080/01621459.1954.10501232

. Appleby, M. C., Smith ,S. F., & and Hughes, B. O. (1993). Nesting, dust bathing and
perching by laying hens in cages: Effects of design on behaviour and welfare. British
Poultry Science, 34(5), 835-847. https://doi.org/10.1080/00071669308417644

. Arango, J., Wolc, A., Owen, J., Weston, K., & Fulton, J. E. (2024). Genetic Variation in
Natural and Induced Antibody Responses in Layer Chickens. Animals, 14(11), Article 11.
https://doi.org/10.3390/ani14111623

. Arbona, D. V., Anderson, K. E., & Hoffman, J. B. (2011). A Comparison of Humoral
Immune Function in Response to a Killed Newcastle’s Vaccine Challenge in Caged Vs.
Free-range Hy-line Brown Layers. International Journal of Poultry Science, 10(4), 315-
319. https://doi.org/10.3923/ijps.2011.315.319

Bari, M. S., Downing, J. A., Dyall, T. R., Lee, C., & Campbell, D. L. M. (2020).
Relationships Between Rearing Enrichments, Range Use, and an Environmental Stressor
for Free-Range Laying Hen Welfare. Frontiers in Veterinary Science, 7.
https://doi.org/10.3389/fvets.2020.00480

Becot, L., Bedere, N., Burlot, T., Coton, J., & Roy, P. L. (2021). Nest acceptance, clutch,
and oviposition traits are promising selection criteria to improve egg production in cage-
free system. PLOS ONE, 16(5), e0251037. https://doi.org/10.1371/journal.pone.0251037

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A practical
and powerful approach to multiple testing. Journal of the Royal Statistical Society: Series
B (Methodological), 57(1), 289-300.

Bessei, W., Tetens, J., Bennewitz, J., Falker-Gieske, C., Hofmann, T., & Piepho, H.-P.
(2023). Disturbed circadian rhythm of locomotor activity of pullets is related to feather
pecking in laying hens. Poultry Science, 102(5), 102548.
https://doi.org/10.1016/j.psj.2023.102548

. Bhanja, S. K., & Bhadauria, P. (2018). Behaviour and welfare concepts in laying hens and
their association with housing systems. 53(1), 1-10. https://doi.org/10.5958/0974-
8180.2018.00009.0

19


https://doi.org/10.1080/01621459.1954.10501232
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bonnefous, C., Collin, A., Guilloteau, L. A., Guesdon, V., Filliat, C., Réhault-Godbert, S.,
Rodenburg, T. B., Tuyttens, F. A. M., Warin, L., Steenfeldt, S., Baldinger, L., Re, M.,
Ponzio, R., Zuliani, A., Venezia, P., Vare, M., Parrott, P., Walley, K., Niemi, J. K., &
Leterrier, C. (2022). Welfare issues and potential solutions for laying hens in free range
and organic production systems: A review based on literature and interviews. Frontiers in
Veterinary Science, 9. https://doi.org/10.3389/fvets.2022.952922

Boyd, W. (2001). Making Meat: Science, Technology, and American Poultry Production.
Technology and Culture, 42(4), 631-664.

Bracke, M. B. M., & Hopster, H. (2006). Assessing the Importance of Natural Behavior
for Animal Welfare. Journal of Agricultural and Environmental Ethics, 19(1), 77-89.
https://doi.org/10.1007/s10806-005-4493-7

Brantseeter, M., Nordgreen, J., Hansen, T. B., Muri, K., Ngdtvedt, A., Moe, R. O., &
Janczak, A. M. (2018). Problem behaviors in adult laying hens — identifying risk factors
during rearing and egg production. Poultry  Science, 97(1), 2-16.
https://doi.org/10.3382/ps/pex276

Buitenhuis, A. J., Rodenburg, T. B., Siwek, M., Cornelissen, S. J. B., Nieuwland, M. G.
B., Crooijmans, R. P. M. A., Groenen, M. A. M., Koene, P., Bovenhuis, H., & van der
Poel, J. J. (2005). Quantitative trait loci for behavioural traits in chickens. Livestock
Production Science, 93(1), 95-103. https://doi.org/10.1016/j.livprodsci.2004.11.010

Campbell, D. L. M., Hinch, G. N., Downing, J. A., & Lee, C. (2016). Fear and coping
styles of outdoor-preferring, moderate-outdoor and indoor-preferring free-range laying
hens. Applied Animal Behaviour Science, 185, 73-77.
https://doi.org/10.1016/j.applanim.2016.09.004

Campbell, D. L. M., Lee, C., Hinch, G. N., & Roberts, J. R. (2017). Egg production and
egg quality in free-range laying hens housed at different outdoor stocking densitiesl.
Poultry Science, 96(9), 3128-3137. https://doi.org/10.3382/ps/pex107

Cartoni Mancinelli, A., Baldi, G., Soglia, F., Mattioli, S., Sirri, F., Petracci, M., Castellini,
C., & Zampiga, M. (2023). Impact of chronic heat stress on behavior, oxidative status and
meat quality traits of fast-growing broiler chickens. Frontiers in Physiology, 14.
https://doi.org/10.3389/fphys.2023.1242094

Carvalho, R. R., Palme, R., & da Silva Vasconcellos, A. (2018). An integrated analysis of
social stress in laying hens: The interaction between physiology, behaviour, and hierarchy.
Behavioural Processes, 149, 43-51. https://doi.org/10.1016/j.beproc.2018.01.016

20


https://doi.org/10.1016/j.applanim.2016.09.004
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d

19.

20.

21.

22

23.

24,

25.

26.

27.

Catarinucci, L., Colella, R., Mainetti, L., Mighali, V., Patrono, L., Sergi, I., & Tarricone,
L. (2013). Performance Evaluation of a Novel Animals Tracking System based on UHF
RFID Technology. Journal of Communications Software and Systems, 9(1), 4-13.
https://doi.org/10.24138/jcomss.v9i1.153

Cauchoix, M., Barragan Jason, G., Biganzoli, A., Briot, J., Guiraud, V., El Ksabi, N.,
Lieuré, D., Morand-Ferron, J., & Chaine, A. S. (2022). The OpenFeeder: A flexible
automated RFID feeder to measure interspecies and intraspecies differences in cognitive
and behavioural performance in wild birds. Methods in Ecology and Evolution, 13(9),
1955-1961. https://doi.org/10.1111/2041-210X.13931

Chang, S., Dunn, J. R., Heidari, M., Lee, L. F., Song, J., Ernst, C. W., Ding, Z., Bacon, L.
D., & Zhang, H. (2010). Genetics and vaccine efficacy: Host genetic variation affecting
Marek’s disease vaccine efficacy in White Leghorn chickens. Poultry Science, 89(10),
2083-2091. https://doi.org/10.3382/ps.2010-00740

. Clark, P. (2015). Observed variation in the heterophil to lymphocyte ratio values of birds

undergoing investigation of health status. Comparative Clinical Pathology, 24(5), 1151—
1157. https://doi.org/10.1007/s00580-014-2052-1

Dawkins, M. S., Cook, P. A., Whittingham, M. J., Mansell, K. A., & Harper, A. E. (2003).
What makes free-range broiler chickens range? In situ measurement of habitat preference.
Animal Behaviour, 66(1), 151-160. https://doi.org/10.1006/anbe.2003.2172

Dingemanse, N. J., Both, C., Drent, P. J., van Oers, K., & van Noordwijk, A. J. (2002).
Repeatability and heritability of exploratory behaviour in great tits from the wild. Animal
Behaviour, 64(6), 929-938. https://doi.org/10.1006/anbe.2002.2006

Duncan, 1. J. H. (2020). Understanding states of suffering with implications for improved
management of poultry. In Understanding the behaviour and improving the welfare of
chickens. Burleigh Dodds Science Publishing.

Farkas, T. P., Szasz, S., Orban, A., Mezdszentgyorgyi, D., Petd, L., & Siit6, Z. (2022).
Examination of Nesting Behavior of Laying Hens of Different Genotypes Housed in Indoor
Alternative Pens Using a Video System. Applied Sciences, 12(18), Article 18.
https://doi.org/10.3390/app12189093

Feiyang, Z., Yueming, H., Liancheng, C., Lihong, G., Wenjie, D., & Lu, W. (2016).
Monitoring behavior of poultry based on RFID radio frequency network. International
Journal of Agricultural and Biological Engineering, 9(6), Article 6.
https://doi.org/10.25165/ijabe.v9i6.1568

21


https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ferreira, V. H. B., Seressia, J., Méme, N., Bernard, J., Pinard-van der Laan, M.-H.,
Calenge, F., Lecoeur, A., Hedlund, L., Jensen, P., Guesdon, V., & Calandreau, L. (2024).
Early and late cognitive and behavioral aspects associated with range use in free-range
laying hens (Gallus gallus domesticus). Poultry Science, 103(7), 103813.
https://doi.org/10.1016/j.psj.2024.103813

Finkenzeller, K. (2010). RFID Handbook: Fundamentals and Applications in Contactless
Smart Cards, Radio Frequency Identification and Near-Field Communication. John Wiley
& Sons.

Fraser, D. (2008). Animal Welfare and the Intensification of Animal Production. In P. B.
Thompson (Ed.), The Ethics of Intensification: Agricultural Development and Cultural
Change (pp. 167-189). Springer Netherlands. https://doi.org/10.1007/978-1-4020-8722-
6 12

Fraser, D., Weary, D. M., Pajor, E. A., & Milligan, B. N. (1997). A Scientific Conception
of Animal Welfare that Reflects Ethical Concerns. Animal Welfare, 6(3), 187-205.
https://doi.org/10.1017/S0962728600019795

Gilani, A.-M., Knowles ,T. G., & and Nicol, C. J. (2014). Factors affecting ranging
behaviour in young and adult laying hens. British Poultry Science, 55(2), 127-135.
https://doi.org/10.1080/00071668.2014.889279

Gonyou, H. W. (1994). Why the study of animal behavior is associated with the animal
welfare issue. Journal of Animal Science, 72(8), 2171-2177.
https://doi.org/10.2527/1994.7282171x

Gross, W. B., & Siegel, H. S. (1983). Evaluation of the Heterophil/Lymphocyte Ratio as a
Measure of Stress in  Chickens. Avian Diseases, 27(4), 972-979.
https://doi.org/10.2307/1590198

Harmon, B. (1998). Avian heterophils in inflammation and disease resistance. Poultry
Science, 77(7), 972-977. https://doi.org/10.1093/ps/77.7.972

Hartcher, K. M., & Jones, B. (2017). The welfare of layer hens in cage and cage-free
housing  systems.  World’s  Poultry  Science  Journal, 73(4), 767-782.
https://doi.org/10.1017/S0043933917000812

Hemsworth, P. H. (2021). Cage production and laying hen welfare. Animal Production
Science, 61(10), 821-836.

22



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Hemsworth, P. H., & Edwards, L. E. (2020). Natural behaviours, their drivers and their
implications for laying hen welfare. Animal Production Science, 61(10), 915-930.
https://doi.org/10.1071/AN19630

Hofmann, T., Schmucker, S. S., Bessei, W., Grashorn, M., & Stefanski, V. (2020). Impact
of Housing Environment on the Immune System in Chickens: A Review. Animals, 10(7),
Article 7. https://doi.org/10.3390/ani10071138

Husson, F., Josse, J., Le, S., & Mazet, J. (2020). FactoMineR: Multivariate Exploratory
Data Analysis and Data Mining with R (Version 2.4) [R package]. Retrieved from
https://cran.r-project.org/package=FactoMineR

Ilie-Zudor, E., Kemény, Z., van Blommestein, F., Monostori, L., & van der Meulen, A.
(2011). A survey of applications and requirements of unique identification systems and
RFID techniques. Computers in Industry, 62(3), 227-252.
https://doi.org/10.1016/j.compind.2010.10.004

Iserbyt, A., Griffioen, M., Borremans, B., Eens, M., & Muller, W. (2018). How to quantify
animal activity from radio-frequency identification (RFID) recordings. Ecology and
Evolution, 8(20), 10166-10174. https://doi.org/10.1002/ece3.4491

Johnsson, M., Henriksen, R., Fogelholm, J., Hoglund, A., Jensen, P., & Wright, D. (2018).
Genetics and Genomics of Social Behavior in a Chicken Model. Genetics, 209(1), 209-
221. https://doi.org/10.1534/genetics.118.300810

Kers, J. G., Velkers, F. C., Fischer, E. A. J., Hermes, G. D. A., Stegeman, J. A., & Smidt,
H. (2018). Host and Environmental Factors Affecting the Intestinal Microbiota in
Chickens. Frontiers in Microbiology, 9. https://doi.org/10.3389/fmicb.2018.00235

Kim, D.-H., Lee, Y.-K,, Lee, S.-D., & Lee, K.-W. (2022). Impact of relative humidity on
the laying performance, egg quality, and physiological stress responses of laying hens
exposed to high ambient temperature. Journal of Thermal Biology, 103, 103167.
https://doi.org/10.1016/j.jtherbio.2021.103167

Kolakshyapati, M., Taylor, P. S., Hamlin, A., Sibanda, T. Z., Vilela, J. D. S., & Ruhnke, I.
(2020). Frequent Visits to an Outdoor Range and Lower Areas of an Aviary System Is
Related to Curiosity in Commercial Free-Range Laying Hens. Animals, 10(9), 1706.
https://doi.org/10.3390/ani10091706

Kruskal, W. H., & and Wallis, W. A. (1952). Use of Ranks in One-Criterion Variance
Analysis. Journal of the American Statistical Association, 47(260), 583-621.
https://doi.org/10.1080/01621459.1952.10483441

23


https://cran.r-project.org/package=FactoMineR
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d

48.

49,

50.

51.

52.

53.

54.

55.

56.

S7.

Lara, L. J., & Rostagno, M. H. (2013). Impact of Heat Stress on Poultry Production.
Animals, 3(2), Article 2. https://doi.org/10.3390/ani3020356

Larsen, H., Cronin, G., Gebhardt-Henrich, S., Smith, C., Hemsworth, P., & Rault, J.-L.
(2017). Individual Ranging Behaviour Patterns in Commercial Free-Range Layers as
Observed through RFID Tracking. Animals, 7(3), 21. https://doi.org/10.3390/ani7030021

Le Bouquin, S., Huneau-Salalin, A., Huonnic, D., Balaine, L., Martin, S., & Michel, V.
(2013). Aerial dust concentration in cage-housed, floor-housed, and aviary facilities for
laying hens. Poultry Science, 92(11), 2827-2833. https://doi.org/10.3382/ps.2013-03032

Lecoeur, A., Blanc, F., Gourichon, D., Bruneau, N., Burlot, T., Pinard-van der Laan, M.-
H., & Calenge, F. (2024). Host genetics drives differences in cecal microbiota composition
and immune traits of laying hens raised in the same environment. Poultry Science, 103(5),
103609. https://doi.org/10.1016/j.psj.2024.103609

Leenstra, F., Napel, J. T., Visscher, J., & Sambeek, F. V. (2016). Layer breeding
programmes in changing production environments: A historic perspective. World’s Poultry
Science Journal, 72(1), 21-36. https://doi.org/10.1017/S0043933915002743

Lentfer, T. L., Pendl ,H., Gebhardt-Henrich ,S. G., Frohlich ,E. K. F., & and VVon Borell,
E. (2015). H/L ratio as a measurement of stress in laying hens — methodology and
reliability. British Poultry Science, 56(2), 157-163.
https://doi.org/10.1080/00071668.2015.1008993

Li, N., Ren, Z., Li, D., & Zeng, L. (2020). Review: Automated techniques for monitoring
the behaviour and welfare of broilers and laying hens: towards the goal of precision
livestock farming. Animal, 14(3), 617-625. https://doi.org/10.1017/S1751731119002155

Luo, C., Qu, H., Ma, J., Wang, J., Li, C., Yang, C., Hu, X., Li, N., & Shu, D. (2013).
Genome-wide association study of antibody response to Newcastle disease virus in
chicken. BMC Genetics, 14, 42. https://doi.org/10.1186/1471-2156-14-42

Lutz, V., Stratz, P., PreuR3, S., Tetens, J., Grashorn, M. A., Bessei, W., & Bennewitz, J.
(2017). A genome-wide association study in a large F2-cross of laying hens reveals novel
genomic regions associated with feather pecking and aggressive pecking behavior.
Genetics Selection Evolution, 49(1), 18. https://doi.org/10.1186/s12711-017-0287-4

Mahboub, H. D. H., Muller J., & and Von Borell, E. (2004). Outdoor use, tonic
immobility, heterophil/lymphocyte ratio and feather condition in free-range laying hens of
different genotype. British Poultry Science, 45(6), 738-744.
https://doi.org/10.1080/00071660400014267

24


https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Maria, G. A., Escés, J., & Alados, C. L. (2004). Complexity of behavioural sequences and
their relation to stress conditions in chickens (Gallus gallus domesticus): A non-invasive
technique to evaluate animal welfare. Applied Animal Behaviour Science, 86(1), 93-104.
https://doi.org/10.1016/j.applanim.2003.11.012

Mellor, D., Patterson-Kane, E., & Stafford, K. J. (2009). The Sciences of Animal Welfare.
John Wiley & Sons.

Moe, R. O., Guémené, D., Bakken, M., Larsen, H. J. S., Shini, S., Lervik, S., Skjerve, E.,
Michel, V., & Tauson, R. (2010). Effects of housing conditions during the rearing and
laying period on adrenal reactivity, immune response and heterophil to lymphocyte (H/L)
ratios in laying hens. Animal, 4(10), 1709-1715.
https://doi.org/10.1017/S175173111000100X

Newberry, R. C., Estevez, I., & Keeling, L. J. (2001). Group size and perching behaviour
in young domestic fowl. Applied Animal Behaviour Science, 73(2), 117-129.
https://doi.org/10.1016/S0168-1591(01)00135-6

Nicol, C. J. (1989). Social influences on the comfort behaviour of laying hens. Applied
Animal Behaviour Science, 22(1), 75-81. https://doi.org/10.1016/0168-1591(89)90081-6

Odihambo Mumma, J., Thaxton, J. P., Vizzier-Thaxton, Y., & Dodson, W. L. (2006).
Physiological Stress in Laying Hensl. Poultry Science, 85(4), 761-769.
https://doi.org/10.1093/ps/85.4.761

Paulino, P., & Campos, G. de los. (2014). Genome-Wide Regression and Prediction with
the BGLR Statistical Package. Genetics, 198(2), 483-495.
https://doi.org/10.1534/genetics.114.164442

Pearson, K. (1900). On the criterion that a given system of deviations from the probable in
the case of a correlated system of variables is such that it can be reasonably supposed to
have arisen from random sampling. The London, Edinburgh, and Dublin Philosophical
Magazine and Journal of Science, 50(302), 157-175.
https://doi.org/10.1080/14786440009463897

Pettersson, I. C., Freire, R., & Nicol, C. J. (2016). Factors affecting ranging behaviour in
commercial free-range hens. World’s Poultry Science Journal, 72(1), 137-150.
https://doi.org/10.1017/S0043933915002664

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M. A. R., Bender, D., Maller,
J., Sklar, P., Bakker, P. I. W. de, Daly, M. J., & Sham, P. C. (2007). PLINK: A Tool Set
for Whole-Genome Association and Population-Based Linkage Analyses. The American
Journal of Human Genetics, 81(3), 559-575. https://doi.org/10.1086/519795

25


https://doi.org/10.1080/14786440009463897

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Rehman, M. S., Mahmud, A., Mehmood, S., Pasha, T. N., Hussain, J., & Khan, M. T.
(2017). Blood biochemistry and immune response in Aseel chicken under free range, semi-
intensive, and confinement rearing systems. Poultry Science, 96(1), 226-233.
https://doi.org/10.3382/ps/pew278

Rodenburg, T. B., Komen, H., Ellen, E. D., Uitdehaag, K. A., & Van Arendonk, J. A. M.
(2008). Selection method and early-life history affect behavioural development, feather
pecking and cannibalism in laying hens: A review. Applied Animal Behaviour Science,
110(3-4), 217-228. https://doi.org/10.1016/j.applanim.2007.09.009

Rodenburg, T. B., Tuyttens ,Frank A.M., Sonck ,Bart, De Reu ,Koen, Herman ,Lieve, &
and Zoons, J. (2005). Welfare, Health, and Hygiene of Laying Hens Housed in Furnished
Cages and in Alternative Housing Systems. Journal of Applied Animal Welfare Science,
8(3), 211-226. https://doi.org/10.1207/s15327604jaws0803 5

Rodenburg, T., Buitenhuis, A., Ask, B., Uitdehaag, K., Koene, P., van der Poel, J., &
Bovenhuis, H. (2003). Heritability of feather pecking and open-field response of laying
hens at two  different  ages. Poultry  Science,  82(6), 861-867.
https://doi.org/10.1093/ps/82.6.861

Rodriguez-Aurrekoetxea, A., & Estevez, I. (2016). Use of space and its impact on the
welfare of laying hens in a commercial free-range system. Poultry Science, 95(11), 2503—
2513. https://doi.org/10.3382/ps/pew238

Rollin, B. E. (Ed.). (2006). Animal Rights & Human Morality. Prometheus Books.

Rozempolska-Rucinska, 1., Zigba, G., Kibata, L., Prochniak, T., & fLukaszewicz, M.
(2017). Genetic correlations between behavioural responses and performance traits in
laying hens. Asian-Australasian Journal of Animal Sciences, 30(12), 1674-1678.
https://doi.org/10.5713/ajas.16.0436

Sanchez-Casanova, R., Sarmiento-Franco, L., Segura-Correa, J., & Phillips, C. J. C.
(2019). Effects of Outdoor Access and Indoor Stocking Density on Behaviour and Stress
in Broilers in  the  Subhumid  Tropics. Animals, 9(12), 1016.
https://doi.org/10.3390/ani9121016

Schreuder, J., Velkers, F. C., Bouwstra, R. J., Beerens, N., Stegeman, J. A., de Boer, W.
F., van Hooft, P., Elbers, A. R. W., Bossers, A., & Jurburg, S. D. (2020). An observational
field study of the cloacal microbiota in adult laying hens with and without access to an
outdoor range. Animal Microbiome, 2(1), 28. https://doi.org/10.1186/s42523-020-00044-6

Shapiro, S. S., & Wilk, M. B. (1965). An analysis of variance test for normality (complete
samples). Biometrika, 52(3/4), 591-611. https://doi.org/10.2307/2333709

26


https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://doi.org/10.2307/2333709

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sherwin, C. M., Nasr ,M.A.F., Gale ,E., Petek ,M., Stafford ,K., Turp ,M., & and Coles, G.
C. (2013). Prevalence of nematode infection and faecal egg counts in free-range laying
hens: Relations to housing and husbandry. British Poultry Science, 54(1), 12-23.
https://doi.org/10.1080/00071668.2012.757577

Siegford, J. M., Berezowski, J., Biswas, S. K., Daigle, C. L., Gebhardt-Henrich, S. G.,
Hernandez, C. E., Thurner, S., & Toscano, M. J. (2016). Assessing Activity and Location
of Individual Laying Hens in Large Groups Using Modern Technology. Animals, 6(2),
Article 2. https://doi.org/10.3390/ani6020010

Simon, K., Verwoolde, M. B., Zhang, J., Smidt, H., de Vries Reilingh, G., Kemp, B., &
Lammers, A. (2016). Long-term effects of early life microbiota disturbance on adaptive
immunity in laying hens. Poultry Science, 95(7), 1543-1554.
https://doi.org/10.3382/ps/pew088

Spearman, C. (1961). The Proof and Measurement of Association Between Two Things (p.
58). Appleton-Century-Crofts. https://doi.org/10.1037/11491-005

Stadig, L. M., Ampe, B., Rodenburg, T. B., Reubens, B., Maselyne, J., Zhuang, S., Criel,
J., & Tuyttens, F. A. M. (2018). An automated positioning system for monitoring chickens’
location: Accuracy and registration success in a free-range area. Applied Animal Behaviour
Science, 201, 31-39. https://doi.org/10.1016/j.applanim.2017.12.010

Taylor, P., Hemsworth, P., Groves, P., Gebhardt-Henrich, S., & Rault, J.-L. (2017).
Ranging Behaviour of Commercial Free-Range Broiler Chickens 2: Individual Variation.
Animals, 7(7), 55. https://doi.org/10.3390/ani7070055

Wasti, S., Sah, N., & Mishra, B. (2020). Impact of Heat Stress on Poultry Health and
Performances, and Potential Mitigation Strategies. Animals : An Open Access Journal from
MDPI, 10(8), 1266. https://doi.org/10.3390/ani10081266

Whitehead, C. C., & Fleming, R. H. (2000). Osteoporosis in Cage Layers. Poultry Science,
79(7), 1033-1041. https://doi.org/10.1093/ps/79.7.1033

Widowski, T., Casey-Trott, T., Hunniford, M., & Morrissey, K. (2017). Welfare of laying
hens: An overview University of Guelph, Canada. In Achieving sustainable production of
eggs Volume 2. Burleigh Dodds Science Publishing.

Yang, J., Lee, S. H., Goddard, M. E., & Visscher, P. M. (2011). GCTA: A tool for genome-
wide complex trait analysis. The American Journal of Human Genetics, 88(1), 76-82.
https://doi.org/10.1016/j.ajhg.2010.11.011

27


https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://www.zotero.org/google-docs/?wQR14d
https://doi.org/10.1016/j.ajhg.2010.11.011

88. Yitbarek, A., Astill, J., Hodgins, D. C., Parkinson, J., Nagy, E., & Sharif, S. (2019).
Commensal gut microbiota can modulate adaptive immune responses in chickens
vaccinated with whole inactivated avian influenza virus subtype HIN2. Vaccine, 37(44),
6640-6647. https://doi.org/10.1016/j.vaccine.2019.09.046

28



