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Preface to “Animal Welfare Assessment: Novel
Approaches and Technologies”

Over the last decade, public interest in how animals are raised and managed has grown
substantially, and, as a result, there is an increased need for valid and reliable methods of assessing
animal welfare. Welfare assessment is an important aspect in the continual improvement of
animal welfare, with effective assessment leading to better welfare outcomes. There are, however,
many challenges associated with animal welfare assessment, such as the validity and consistency
of measures over time and across individuals and the utilization of multiple welfare indicators
associated with different species and management styles. Research in this developing field is vital
for improving the lives of animals in natural or managed environments.

This Special Issue is focused on recent research and reviews that investigate many areas of
welfare assessment, such as novel approaches and technologies used to evaluate the welfare of
farmed, captive, or wild animals. Key approaches included welfare assessment, the use of sensors
or wearable technologies, non-invasive measures, novel biomarkers of stress, environmental effects
on welfare, and discussions of natural behaviour in farm animal welfare.

This Special Issue will be useful for scientists, researchers, animal managers, and policy makers.

Melissa Hempstead and Danila Marini
Editors
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Simple Summary: Cetacean strandings occur globally and can impact the welfare as well as the
survival of the animals involved. Understanding the welfare status of stranded cetaceans is important
to inform appropriate human intervention. However, there is a lack of knowledge on how to
assess animal welfare in this context. Here, we used video footage of live stranded animals of four
odontocete species to explore which proposed welfare indicators can be assessed at live stranding
events. We identified and evaluated potential indicators that could be non-invasively assessed,
including 10 non-behavioural and 2 composite behavioural indicators (category of many behaviours).
The first data on the fine-scale behaviour of stranded odontocetes and associated human intervention
during stranding responses are presented. Our findings suggest that remote assessments of stranded
cetacean’s welfare states are feasible. These data provide the foundation to develop a systematic,
structured welfare assessment framework specific to stranded cetaceans that can inform conservation
and management decisions.

Abstract: Despite the known benefit of considering welfare within wildlife conservation and man-
agement, there remains a lack of data to inform such evaluations. To assess animal welfare, relevant
information must be captured scientifically and systematically. A key first step is identifying po-
tential indicators of welfare and the practicality of their measurement. We assessed the feasibility
of evaluating potential welfare indicators from opportunistically gathered video footage of four
stranded odontocete species (1 = 53) at 14 stranding events around New Zealand. The first stranded
cetacean ethogram was compiled, including 30 different behaviours, 20 of which were observed
in all four species. Additionally, thirteen types of human intervention were classified. A subset of
49 live stranded long-finned pilot whales (Globicephala melas edwardii) were assessed to determine
indicator prevalence and to quantify behaviours. Four ‘welfare status” and six ‘welfare alerting’
non-behavioural indicators could be consistently evaluated from the footage. Additionally, two
composite behavioural indicators were feasible. Three human intervention types (present, water-
ing, and touching) and five animal behaviours (tail flutter, dorsal fin flutter, head lift, tail lift, and
head side-to-side) were prevalent (>40% of individuals). Our study highlights the potential for
non-invasive, remote assessments via video footage and represents an initial step towards developing
a systematic, holistic welfare assessment framework for stranded cetaceans.

Keywords: animal welfare assessment; behaviour; human intervention; marine mammal; cetacean;
management; stranding; wildlife
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1. Introduction

The welfare of free-ranging animals is increasingly recognised as important to conser-
vation [1-3]. In addition, there is a growing acknowledgment that human activities may
directly and indirectly compromise the welfare of wild animals [4]. However, the conser-
vation of wildlife populations is often a focus of government regulations, policies, and
biodiversity plans, and the welfare of the individual animals comprising such populations
is often overlooked. This is despite the fact that animal survival, and thus conservation
success, is inextricably linked to welfare [1,5].

Although the need to assess wild animal welfare has been highlighted [6-9], there are
limited systematic, scientific protocols for such assessments [10]. Furthermore, detailed
behavioural and physiological data from species in the wild are often lacking [11], hindering
the development of welfare assessments for wild populations [12]. Thus, a first step
to progressing systematic and holistic welfare assessment for free-living wild animals
is developing methods to capture relevant data. Such data need to be species/taxon-
and context-specific and should address known or suspected welfare concerns [12,13].
Furthermore, to provide information about the welfare state of the animal, science-based
indicators that can be observed and/or measured must be identified [12,14-16].

In the context of free-swimming cetaceans, data on stress hormones [17-19], body
condition [20-22], skin disease [23-25], and the impacts of anthropogenic activities on
behaviour [26-28] have been collected. However, few studies interpret their findings
in terms of welfare or discuss possible welfare implications [9]. During live strandings,
cetaceans are subject to both natural [29,30] and anthropogenic stressors [31] that may affect
their welfare and survival likelihood [32]. Unfortunately, thus far, such data concerning
behavioural and physiological indicators have not been gathered.

Major knowledge gaps concerning the welfare of stranded cetaceans were identified
by international experts to be interpreting behavioural and physiological parameters,
diagnosing internal injuries, and making end-of-life decisions [32]. Furthermore, these
experts stated that major barriers to assessing the welfare of stranded cetaceans related to
the limited relevant data collection at strandings and the lack of experts available onsite
to interpret parameters and assist in decision making [32]. Notably, the characterisation
of stranded cetacean welfare by those experts aligned with contemporary animal welfare
science, which interprets interrelated aspects of health, biological function, and behaviour
in terms of their impact on the animal’s mental state [33,34]. Welfare assessments guided by
such characterisations are often facilitated via the use of the Five Domains Model framework
for assessing animal welfare [35]. In such a framework, the indicators in domains 14 are
observed and/or measured, and their cumulative impacts are used to cautiously infer the
animal’s potential affective state (mental state) in the fifth domain [5,36,37].

Subsequently, these same experts proposed a range of potential welfare indicators
for stranded cetaceans [38]. The potential indicators could be grouped into three phys-
ical/functional (nutrition, physical environment, and health) and one situation-related
domain (behavioural interactions) of the Five Domains Model [35]. The proposed indica-
tors included animal-based parameters, reflecting some aspect of the physical (e.g., body
condition), physiological (e.g., respiration rate), or behavioural state of the animal (e.g.,
vocalisation). Other indicators were resource-/management-based parameters, reflecting
aspects of the stranded cetacean’s environment (e.g., substrate or duration stranded) or
management (e.g., human interaction) that may influence its welfare [39,40]. Resource-
/management-based indicators provide welfare-relevant information but do not provide
direct evidence of the welfare state and are thus characterised as ‘welfare alerting” [12].
Only animal-based indicators can provide direct information about the animal’s ‘welfare
status” and are often preferred in welfare assessments. However, some animal-based indi-
cators may only be ‘welfare alerting” in that they can indicate a predisposition for welfare
impacts that relate to the animal itself rather than its environment, for example, an animal
that is neonatal or unweaned. Welfare alerting indicators are generally more feasible and
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reliable to assess across time and different observers and are often non-invasive. They are
therefore commonly applied in welfare assessments.

To successfully apply indicators in a welfare assessment framework, the feasibility
of measuring the indicators, methods of measurement, and validity for inferring welfare
states (i.e., mental states) from observable indicators must be evaluated [10,41,42]. In this
study we examined the feasibility of assessing animal-based and resource-/management-
based indicators proposed by experts at live cetacean stranding events [38]. Furthermore,
since experts highlighted the need for assessments to be undertaken by remote, skilled
personnel [32], we evaluated which indicators can be observed and/or measured using
video footage gathered at live strandings.

Specifically, this study evaluates the use of video footage to (1) identify potential
animal and resource-/management-based welfare indicators that could be feasibly mea-
sured, (2) examine why certain proposed welfare indicators cannot be identified and/or
feasibly measured, and (3) assess whether indicators observed from pilot whales can be
quantitatively evaluated via video. There are currently no ethograms available for stranded
cetaceans, and there is limited detail on the types of human intervention employed at
stranding events. Therefore, we sought to identify and characterise all stranded cetacean
behaviours (animal-based indicators) displayed and to provide the first description of
the types of human intervention (resource-/management-based indicators) that occurred
at these same stranding events. Additionally, we examined whether the features of the
stranding circumstances affected the prevalence, frequency, or duration of behaviours
displayed by stranded pilot whales.

2. Materials and Methods
2.1. In-field Data Collection

Due to the stochastic nature of strandings, video footage was collected opportunis-
tically at 14 live stranding events between August 2010 and March 2022 around New
Zealand (Table S1). Filming occurred with 53 live stranded cetaceans involving four species
of odontocete: long-finned pilot whale (Globicephala melas edwardii), pygmy killer whale
(Feresa attenuata), Cuvier’s beaked whale (Ziphus cavirostris), and Gray’s beaked whale
(Mesoplodon grayi). Most stranding events (11 events, 49 individuals) involved long-finned
pilot whales, herein referred to as pilot whales. Accordingly, the analyses presented here
focus only on pilot whales. Additional data from the other examined species are included
in the initial ground-truthing only to identify and characterise all animal behavioural and
human intervention indicators.

The camera set-up varied based on the opportunistic nature of events and equipment
availability (Table S1). When the researchers could attend a stranding, two GoPro Hero 7
Black video cameras (GoPro Inc., San Mateo, CA, USA) were mounted on wooden stakes
anchored into the ground at 1-2 m from the focal animal. Each camera was mounted at a
height of 50-100 cm, positioned cranio-laterally, and angled caudally (0-45°) towards the
tail flukes for each focal individual. These recordings were made at 720 p and 60 fps with
a wide-angle view, allowing for the focal animal’s entire body to be observed bilaterally.
Where researchers were unable to access the animals prior to re-floatation, footage was
acquired from stranding personnel, including Department of Conservation (DOC) rangers
(the government agency responsible for the management of stranding events), marine
mammal medics, and the public using camera phones, GoPro cameras, or other similar
video cameras. In such circumstances, the videographer stood 1-2 m from the animal
and, when possible, positioned themselves cranio-laterally to the focal individual’s head,
angling the camera caudally towards the tail flukes. The videographer alternated positions
around the animal to enable the entire body to be observed bilaterally. In other cases,
individuals were filmed from a lateral position, capturing the entire body on one side. The
filming duration was dependent upon battery availability, time of day, and the stranding
response procedures in progress.
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2.2. Selection of Potential Welfare Indicators

Based on the opinions of an international panel of experts in cetacean biology, vet-
erinary medicine, and/or animal welfare [38], we developed a list of theoretically observ-
able/measurable parameters that could be used as potential welfare indicators for stranded
cetaceans. The list also included parameters that were deemed observable/measurable
from an initial viewing of the video footage collected during the stranding events (Ta-
ble 51). The indicators and composite behavioural parameters (category including many
different behaviours, each of which would be considered an indicator) were organised
into the three physical/functional domains (nutrition, physical environment, and health)
and the situation-related domain (behavioural interactions) of the Five Domains Model
for welfare assessment [35] (Table 1). Within each domain, indicators were further split
into animal-based indicators that may directly reflect animal state (‘welfare status’), and
‘welfare alerting’ indicators (both animal- and resource-/management-based), which pro-
vide relevant information about the animal or its environment that may affect its state [12]
(Table 1).

Table 1. Proposed animal welfare indicators, or composite indicators *, organised into the three
physical/functional domains and one situation-related domain of the Five Domains Model for welfare
assessment [35]. Within each domain, indicators are organised according to the type of information
they provide about the animal’s state. See text for details of each indicator and how it was measured

or scored.
Indicators
Domain !
Welfare Status Welfare Alerting
1: Nutrition Body condition Animal age class
Initial strand vs. re-strand
Dry strand vs. in-water strand
2: Physical environment Skin condition/blistering Availability of equipment

Substrate type
* Weather, sea, and tidal conditions

3: Health

Signs of trauma, injuries
Signs of skin illness and disease
Respiration rate and character/effort
Heart rate
Bleeding/fluids/mucus from orifices

4: Behavioural interactions

Body posture
* Movements and behaviours
Animal vocalisation

Presence and status of pod members
* Type and duration of human interaction

2.3. Data Scoring

Each video file, for all species, was examined manually at 0.8x speed by the lead
author (RMB) at least twice to identify all observable indicators for each focal individual.
A subset of videos was examined by two independent observers to ensure consistency in
indicator classification. For each animal, information was collated about which indicators
could be assessed (Table 1) and, for those indicators that can vary bilaterally, whether
they could only be assessed on the left, right, or both sides. The reasons that particular
indicators could not be observed and/or measured for each individual cetacean were also
noted. Since 92.5% (n = 49) of individual focal stranded cetaceans were pilot whales (Table
51), only data related to that species were subsequently analysed and are presented here.
To be considered feasible, an indicator had to be fully assessable (across the whole body)
and prevalent, being observed in at least 40% of the pilot whales.
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1 Emaciated \ .
Severe concavity of epaxial musculature \‘ / \
Visibility of ribs : '

Domain 1: Nutrition

Body condition was assessed visually based on the concavity of the epaxial muscula-
ture and nuchal crest following Joblon et al. [43]. The four-point body condition score was
assessed as (1) emaciated: severe concavity of the epaxial musculature, visibility of the ribs,
and deep depression of the nuchal crest; (2) thin: mild to moderate concavity of the epaxial
musculature, no visible ribs, and moderate depression of the nuchal crest; (3) normal: no
concavity of the epaxial musculature, no visible ribs, and mild to no depression of the
nuchal crest; and (4) robust: convexity of the epaxial musculature and a slight convexity of
the nuchal crest (Figure 1).

i P = " 7 g
Deep depression of nuchal crest ~ 9 p

2 Thin

Mild/moderate concavity of epaxial musculature
No visible ribs
Moderate depression of nuchal crest

vl
/
No concavity of epaxial musculature \ ’//;K\
/ -

3 Normal

No visible ribs
Mild to no depression of nuchal crest

e 'd N |\

4 Robust /= N\

Convexity of epaxial musculature © A S

Slight convexity of nuchal crest \ ‘\\\\ \,/\;/}17
% "

Figure 1. Four-point visual body condition scoring system developed for long-finned pilot whales
(Globicephala melas edwardii) in this study.

The age class of the animal was qualitatively assessed based on the approximate length
relative to the known adult length for the species [44]. Animals were assigned to one of
three categories: adult, juvenile, or calf. As the sex of all animals could not be assessed, we
assigned adults to be those animals of more than ~432 cm [44]. Juveniles were estimated to
be over one third of the length of an adult, while calves were determined to be less than
one third of the adult length and/or with foetal folds still visible.

Domain 2: Physical environment

The severity of any skin blistering was qualitatively scored following Groch et al. [45]
based on the presence of superficial dermal necrosis (level 1), developed cutaneous bullae
(level 2), or developed dermo-epidermal clefting with ulceration (level 3; Figure 2).
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Level 3

Figure 2. Level of skin blistering observed in individual focal animals. (1) Dermal necrosis and
(2) bullae development on two individuals (top), (2) bullae development and (3) recent dermo-
epidermal clefting with ulceration (middle), (3) dermo-epidermal clefting with ulceration two days
after initial stranding (bottom). Photos credits: Kyle Mulinder (top and middle) and Project Jonah
NZ (bottom).

When available, information was collected from stranding response forms about the
focal animal’s stranding circumstance, specifically, if this was an initial stranding or whether
the animal had previously been re-floated and then subsequently re-stranded. Whether
the animal was dry-stranded (i.e., on sand only, with no water around the whole body) or
in-water-stranded (i.e., whole body surrounded by shallow water but not floating) was
determined from the video footage. For animals that were filmed over a prolonged period,
the animals were classified as dry-stranded or in-water-stranded based on the conditions
present for the longest period during the filming.

The availability of basic stranding response equipment was assessed based on what
was in view on the video footage of the focal individual. This included sheets for covering



Animals 2022, 12, 1861

the animals, buckets for pouring water over the animal, spades for digging, and re-floatation
mats. The substrate type was assessed from the video footage based on whether the focal
animal was stranded on (1) mud flats, (2) sandy beach, (3) pebble beach, or (4) rocky shore.
The substrate information was used to provide additional context to potential welfare
concerns such as external injuries.

Weather and sea swell were assessed based on what could be viewed on the video.
Weather conditions were categorised as (1) sunny, (2) overcast, or (3) precipitation. For
animals filmed in prolonged stranding events, the weather conditions were classed as those
most prevalent during filming. Due to the potential impact of swell height on the ability to
attempt re-floatation, sea conditions were qualitatively assessed based on the approximate
swell height as (1) minimal to small swell, ankle- to waist-high waves; (2) medium swell,
waist- to shoulder-high waves, or (3) large swell, head-high and larger waves. The tidal
conditions were assessed based on whether the tide was low or high and flooding or ebbing,
based on tidal charts [46] for the specific stranding date, time, and location.

Domain 3: Health

Externally visible injuries were qualitatively assessed as being superficial or pene-
trating wounds and were classified by the location on the body. Skin illness/disease was
scored based on the perceived appearance of characterised cutaneous manifestations known
to occur due to specific infections/diseases [23,24,47-49], including “tattoo”, “rounded
cutaneous”, “whitish velvety”, and “whitish to slightly pink verrucous” skin lesions, fol-
lowing Van Bressem et al. [47]. Skin illness/disease lesions were assessed based on being
present/absent and the area of the body involved [47].

The respiration rate was assessed based on the visible opening and closing of the
blowhole and the audible sound of the focal animal exhaling. The respiration rate was
quantitatively assessed, with each audible and visible open/close of the blowhole con-
sidered to be a single respiration [50]. The respiration character/effort was qualitatively
assessed by examining whether the inhalation and closure of the blowhole occurred im-
mediately following exhalation or there was a period (measured in seconds) between
exhalation and inhalation [51,52]. Additionally, unusual respiration was noted through a
qualitative assessment of the blowhole opening and closing and audible exhalation, such
as whether the animal exhaled twice before inhaling or displayed chuffing [51,53].

The heart rate was quantified, when possible, as a recorded count of the rhythmic
movement of the skin [54] on the ventrum, medial to the left pectoral fin. However, the
heart rate was only observable in animals in lateral recumbency, as movement in the area
close to the ventral surface of the left pectoral fin must be visible. Each of the animal’s
observable orifices were examined throughout the video duration to assess for any blood,
mucus, or other fluids being expelled. Any such excretions were noted qualitatively based
on the frequency and the orifice of origin.

Domain 4: Behavioural interactions

Body posture was assessed based on the animal’s recumbency position: (1) ventral
(lying on the ventrum), (2) lateral (lying on one side of the body), or (3) dorsal (lying on
the dorsal surface of the body). Animals could be scored in multiple positions during
a video; for example, they may have been moved from a lateral to a ventral position as
part of the standard stranding response procedures [31]. Additionally, body posture was
assessed based on whether the animal exhibited spinal curvature, most often observed in
the peduncle. This feature was assessed based on continuous presence/absence throughout
the observation period and was categorised as (1) lateral curvature: body or peduncle is
curved laterally to the left or right (Figure 3), (2) dorsal curvature: peduncle is curved
dorsally, or (3) ventral curvature: peduncle is curved ventrally.
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Figure 3. Example of spinal curvature: left lateral curvature of the peduncle in a stranded long-finned
pilot whale. Photo credit: Kyle Mulinder.

Animal movements were assessed based on the type of behaviour and its prevalence,
frequency, and relative duration (see Section 2.3.1). Additionally, audible vocalisations were
assessed based on the presence/absence and duration as part of the behavioural analysis
(see Section 2.3.1). Since it was not possible to confirm whether audible vocalisations were
from the focal animal or another animal in the immediate vicinity during mass strandings,
the social circumstances of the focal animal was noted when vocalisations were recorded.

Some video footage provided observation of additional stranded animals, and further
information on the stranding event was gathered from DOC stranding reports. This
enabled the evaluation of whether the pod members of the focal stranded animal were
present/absent and, when present, whether pod members were (1) alive or dead and
(2) stranded or floating. Human intervention was considered to occur when a human
interacted with a focal animal (see Section 2.3.2). The intervention was assessed based on
the presence/absence and type of interaction occurring.

2.3.1. Development of Ethogram

Video footage was examined using the program BORIS v7.9.6 [55] to develop a compre-
hensive ethogram that represents all behaviours observed for the four species of stranded
cetaceans, including unusual and rare occurrences [56]. The preliminary ethogram was
based on five behaviours detailed in the literature relating to decision-making on the
re-floatation of stranded odontocetes: body posture, arching, thrashing, trembling, and
vocalisation [31,57-59]. However, these specific behaviours have not previously been de-
scribed in detail, and their occurrence was not quantified in those studies. Thus, to begin,
those behaviours were identified and defined for the two stranded pygmy killer whales
due to the length of the video footage available (5 h; Table S1). The footage was then
re-examined to characterise all other behaviours expressed by the pygmy killer whales
until no new behaviours were noted. This updated ethogram (n = 20 behaviours) was
then applied to the footage of the other species and stranding events, with new behaviours
identified and characterised if there was no prior observation. Additionally, two physiolog-
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ical parameters (respiratory rate and heart rate) were included in the ethogram, as their
frequency and duration could be calculated from video footage.

2.3.2. Human Intervention

Video footage was also examined to identify and characterise the types of human
intervention for inclusion in the ethogram. The footage for each focal cetacean was ex-
amined manually at 0.8 x speed by the lead author (RMB) at least twice to identify and
ensure intra-observer reliability of characterisation. Additionally, the same two indepen-
dent observers examined a subset of videos to ensure consistency in the characterisation of
intervention types.

Human intervention occurring at live stranding events includes up-righting animals,
covering them in wet sheets, and pouring water over the body to reduce the risk of
hyperthermia and sunburn [31]. However, previous studies have not provided a detailed
characterisation of the types of human intervention occurring with live stranded cetaceans.
In this study, a human intervention was considered to occur when a human was observed
on the video footage within 1-2 metres of the focal cetacean. Again, the video footage of the
pygmy killer whales was examined to characterise all types of human intervention until no
new interventions were observed. This ethogram of human intervention was then applied
to all other stranding events. New intervention types were identified and characterised if
there was no prior observation.

2.4. Analysis of Pilot Whale Data

All behavioural and physiological parameters and human interventions identified
in the ethogram for the 49 pilot whales were characterised and coded per second using
BORIS v7.9.6 [55]. The prevalence, frequency, and relative duration of the behavioural and
physiological parameters and human interventions were calculated from the quantitative
scores and standardised by each video’s duration to remove any time bias. The behavioural
parameters and human interventions were classified as point/event behaviours when they
had very short and non-variable durations or as behavioural states when their durations
varied. The prevalence of each behaviour and type of human intervention was determined
as the percentage of individual pilot whales displaying the parameter or being exposed to
the intervention at least once during the observation period. The frequency of point/event
behaviours was calculated as the mean rate per minute, including only the individuals
displaying that particular behaviour, and the variability was calculated as the standard
error of the mean (SEM). The average relative duration of each state behaviour or human
intervention was calculated as a percentage of the observation period, including only
those individuals that displayed the behaviour or were exposed to the intervention, with
variability presented as the range of relative durations.

We further examined whether the features of the stranding circumstances of the in-
dividual pilot whales affected the prevalence, frequency, or duration of expression of
prevalent behavioural and physiological indicators. We examined the effect of stranding
number (initial vs. re-strand) and circumstance (dry vs. in-water) on the prevalence of
behaviours and physiological parameters using a Z-test for proportions and on the fre-
quency of point/event behaviours and physiological parameters and the relative durations
of state behaviours using a Mann—-Whitney U test. To ensure valid statistical inferences,
only prevalent parameters (observed in >40% individuals) were included in the analyses.
The effects of these features on animals’ durations in different postural positions were
not evaluated, as they were likely affected by human intervention rather than varying
according to the focal animal’s state.

3. Results

A total of 427.2 min (7.1 h) of video footage was collected from 11 mass and 3 single
stranding events, with observations of 53 focal individuals of four species (Table S1). The
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duration of focal individual observations ranged from 10 s to 212.9 min (3.6 h) (mean: 483.6
s; 8.1 min).

3.1. Feasibility of Welfare Indicators for Stranded Pilot Whales

There were 49 video clips of individual pilot whales, for a total of 93.5 min (1.6 h),
with a mean length of 114.5 s (1.9 min). A total of 16 pilot whales (32.7%) were observable
on both sides of the body, while 16 (32.7%) were observable on the left side only, and 17
(34.7%) were observable on the right side only. Table 2 shows the associated results of the
17 non-behavioural welfare indicators that were assessed. Of these, four welfare status
indicators were feasible to assess from video footage of more than 40% of the stranded pilot
whales. The welfare status indicators that could not be consistently assessed were heart rate,
skin blistering, trauma/injuries, and skin disease. A further six welfare alerting indicators
were also feasible to assess in at least 40% of pilot whales via video footage, while the other
three indicators required data to be gathered from DOC stranding response forms.

Table 2. Non-behavioural welfare indicators assessed for 49 live stranded long-finned pilot whales
across 11 stranding events between August 2010 and March 2022 on the New Zealand coast. The
number of animals for which the indicator was feasible to assess across the whole body and the
percentage of animals for each parameter.

Domain Welfare Status Indicator Percentage of Welfare Alerting Indicator Percentage of
(no. Feasible) 49 Individuals (n) (no. Feasible) 49 Individuals (n)
1: Nutrition
Body condition (29) Animal age class (49)
Thin 14.3 (7) Adult 79.6 (39)
Normal 85.7 (42) Juvenile 10.2 (5)
Calf 10.2 (5)
2: Physical
environment
Skin blistering (8) Substrate type (49)
Superficial dermal necrosis 18.4 (9) Sand beach 100 (49)
Cutaneous bullae 18.4 (9) Stranding circumstance (49)
cheefiﬂg /elli’lli‘;;r;‘i 20.4 (10) Initial strand 40.8 (20)
Re-strand 59.2 (29)
Dry strand 63.3 (31)
In-water strand 36.7 (18)
Equipment (49)
Sheets covering animal 40.8 (20)
Buckets pouring water 65.3 (32)
Spades 20.4 (10)
Weather (49)
Sun 34.7 (17)
Overcast 65.3 (32)
Sea condition (24)
Minimal/small swell 449 (22)
Medium swell 2.0(1)
Tide (49)
High 20.4 (10)
Low 55 (27)
Incoming 224 (11)
Receding 2.0(1)

10
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Table 2. Cont.

Domain

Welfare Status Indicator
(no. Feasible)

Percentage of
49 Individuals (n)

Welfare Alerting Indicator
(no. Feasible)

Percentage of
49 Individuals (n)

3: Health

Trauma/injuries (8)

Superficial wounds 8.2 (4)
Penetrating wounds 2.0(1)
Skin illness/disease (8)
Present 2.0(1)
Respiration (33)
Unusual respiratory
character 82(4)
Heart rate (3)
Bleeding/fluid/mucus
from orifice (47)
Mucus from mouth 4.1(2)
Mucus from blowhole 4.1(2)
Dark-green fluid from anus 6.1 (3)
4: Behavioural
interactions
(itgl)rvature of peduncle Pod members (49)
Left 12.2 (6) Present 95.9 (47)
Right 8.2 (4) Status pod members (49)
All alive 4.1(2)
All dead 2.0(1)
Alive and dead 89.8 (44)
Stranded 93.9 (46)

Each indicator assessed per domain is boldened.

Domain 1: Nutrition

Body condition was feasible to fully assess in 29 (59.1%) stranded pilot whales. For
the remaining animals, sheets covered the epaxial musculature (n = 20). Thus, the main
visual assessment was based on the concavity of the nuchal crest. Most individuals (85.7%,
n = 42) were in normal body condition and were adults (79.6%, n = 39).

Domain 2: Physical environment

Due to animals being covered in sheets, just eight (16.3%) animals could be assessed
across all body regions bilaterally. A further 21 (42.9%) could be assessed across all body
regions on one side (10 on the left and 11 on the right). Of these, skin blistering was observed
in 72.4% (n = 21). Skin blistering around the cranial region (including the mandibles, melon,
and blowhole; see Figure 2) could be assessed in all animals—an additional seven animals
had blistering present in this cranial region. The level of blistering varied among the
28 affected pilot whales (Table 2).

The stranding circumstance of being in-water- or dry-stranded was feasible to assess
in 100% of cases (Table 2). Further information gathered from stranding reports indicated
that, at the time of filming, more than half the animals had re-stranded.

The availability of basic stranding response equipment could be assessed in all cases,
with variable equipment available (Table 2). The substrate at the stranding location was
identified to be sandy in 100% of cases, though in three cases shells were present.

The weather was feasible to assess in all videos. For most animals (65.3%, n = 32), the
weather was overcast, while for the remainder, it was sunny. Over half of the pilot whales
were observed at low tide, with the tidal conditions varying for the rest. The distant low
tide mark meant that the sea condition could not be assessed for 26 animals, while most of
the remainder were observed with minimal swell (Table 2).

11



Animals 2022, 12, 1861

Domain 3: Health

Injuries and wounds across the head and flukes were feasible to assess in all animals,
while eight (16.3%) could be assessed across all body regions bilaterally, and 21 (42.9%)
could be assessed on one side. Injuries and wounds were rare and mainly involved
superficial lacerations (Table 2); these injuries in two animals were likely related to the
substrate containing shells. Similarly, skin lesions indicative of illness/disease were not
feasible to assess for the 20 animals covered by sheets, and a further 21 could only be
assessed on one side. Of the 29 animals that were assessed, one was observed to have
tattoo-like lesions on the cranial region (Figure 4; Table 2).

Figure 4. (Left): Observation of mucus from the blowhole and mouth of two live stranded long-finned
pilot whales. Area considered the cranial region is defined within the white pentagon. (Right): Tattoo-
like lesions (within white oval) observed on the cranial region of one individual. Photo credits: Kyle
Mulinder (Left) and Project Jonah NZ (Right).

All respiratory events would have been observable via the video footage if they had
occurred. However, due to the short length of some videos, respiration was only observed
in 67.3% (n = 33) of the animals. In four of these animals, an unusual respiratory character
was noted; one animal displayed double chuffing, with short forceful exhalations occurring
twice prior to inhalation for almost every respiratory event. Three animals displayed an
extended time between exhalation and inhalation. Indeed, in one animal the blowhole
remained open for 6 s post-exhalation and prior to inhalation. The heart rate was only
feasible to assess in three animals since the other individuals in the necessary position
(lateral or dorsal recumbency) were in water (1 = 9) or were filmed at an angle not conducive
to observing the ventrum (n = 1).

Bleeding/fluid /mucus from orifices was readily assessable in the case of the blowhole
and mouth (95.9%, n = 47) of the animals. Mucus excretion was observed to occur in four
animals, two from the mouth and two from the blowhole (Figure 4). The genital and anal
orifices were less observable due to most animals being in ventral recumbency (71.4%,
n = 35). However, three animals were observed to defecate dark-green liquid (Figure S1).

Domain 4: Behavioural interactions

Body posture was feasible to assess in 100% of the pilot whales, with most animals
only in ventral or lateral recumbency throughout filming (Table 3). Nine (18.4%) were
observed in both ventral and lateral recumbency, with an additional animal observed in

12
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ventral, lateral, and dorsal recumbency over 1.5 min. Spinal curvature (Figure 3) was
feasible to assess in all cetaceans and was noted in ten individuals (20.4%; Table 2). Notably,
four pilot whales had their pectoral fins oriented laterally and superior to the dorsal plane
(Figure S2), and all were undergoing human intervention when filmed. Behavioural events
were observed in 100% of individuals; detailed results are presented in Section 3.2. Audible
vocalisations from animals were only detected at mass strandings; these were identified
from video of five focal animals (10.2%; Table 3), three of which were identified as calves
and two were adults in the presence of calves.

Nearly all (95.9%, n = 47) of the focal individuals formed part of mass strandings and,
therefore, stranded conspecifics were also present (Table 2). Human interactions with focal
animals were observed in 100% of events and included non-invasive (presence only) and
invasive interactions (e.g., up-righting animals). Detailed information on the observed
human interactions is provided in Section 3.3.

3.2. The Stranded Odontocete Ethogram

Thirty behaviours were identified and described for the four odontocete species when
stranded. These included 6 point and 24 state behaviours (Table S2). Aside from the
recumbency posture, behavioural parameters were not mutually exclusive in that multiple
behaviours could be displayed by an individual simultaneously.

3.2.1. Quantifying Behavioural Observations: Pilot Whales

Table 3 shows how feasible each of the behavioural indicators were and provides
the prevalence, frequency, and duration of the assessed behavioural and physiological
parameters. Notably, almost all the behavioural indicators (93.3%, n = 28) would have been
feasible to assess if they had occurred. Eye open left and right were not consistently feasible
due to light conditions and pec joint movement was not feasible in covered animals.

Most pilot whales (71.4%, n = 35) were observed in ventral recumbency throughout
filming. When this recumbency was noted, it lasted for an average of 88.5% of the obser-
vation period. A further 10 individuals were moved into ventral recumbency as part of
the human intervention during filming. The remaining individuals were filmed in lateral
recumbency (28.6%, n = 14), which on average, lasted for 60.7% of the observation.

Five behaviours were prevalent, being displayed by over 40% of the pilot whales: tail
flutter (69.4%, n = 34), dorsal fin flutter (55.1%, n = 27), head lift (51%, n = 25), tail lift (46.9%,
n =23), and head side-to-side (42.9%, n = 21). The only behaviour observed in other species
but not recorded in pilot whales was head arch. In contrast, nine behaviours were recorded
only in pilot whales (Table S2), all with low prevalence (Table 3).

When observed, individuals spent, on average, more than half the monitored time
displaying right pectoral fin flutter (57.7%) and tail flutter (54.6%). The mean percentage
of the observation period spent displaying dorsal fin flutter in those that did was 41.4%.
Although prevalent, head lifting occurred, on average, for only 12.3% of the observation
period, whereas tail lift and head side-to-side, also both prevalent, occurred for nearly a
quarter of the observation period. All point behaviours had low prevalence and rates of
occurrence.

Respiration was recorded at a mean rate of 4.4 breaths/min (SEM =+ 0.4). Notably,
inspiration occurred simultaneously with head lifting in nearly 45% of occurrences. The
mean recorded heart rate was 48.8 beats/min (SEM + 11.6).

13
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Table 3. Observed prevalence (% of individuals displaying or for which the indicator was feasible),
mean frequency (rate/minute), or mean relative duration (% of observation period and range) for
only long-finned pilot whales that displayed the behaviour, from a total of 49 individuals across
11 stranding events between August 2010 and March 2022. See Table S2 for descriptions of behaviours.

Behaviour Prevalence Frequency Relative Duration
State behaviours

Ventral recumbency 91.8 88.5 (7.7-100.0)
Lateral recumbency 28.6 60.7 (4.4-99.8)
Dorsal recumbency 2.0 3.4 (3.4-34)
Tail flutter 69.4 54.6 (4.6-99.9)
Dorsal fin flutter 55.1 41.4 (6.1-97.3)
Head lift 51.0 12.3 (2.3-32.6)
Tail lift 46.9 23.9 (0.6-72.9)
Head side-to-side 429 22.2(1.1-81.5)
Pec fin flutter R 245 57.7 (3.8-98.6)
Pec fin flutter L 224 34.8 (4.3-34.75)
Pec joint moves 20.4 22.5(0.5-78.3)
Tail hover 18.4 22.0 (0.2-55.2)
Tail side-to-side 16.3 15.8 (0.3-46.3)
Body tremble 12.2 24.3(0.2-84.2)
Vocalisation 10.2 20.7 (5.1-60.2)
Body rocking 10.2 10.4 (5.2-23.2)
Eye open L 10.2 35.4(2.4-73.7)
Eye open R 8.2 22.1(2.5-63.8)
Body tenses 6.1 11.2 (5.1-20)
Tail arch 4.1 15.8 (12.4-19.1)
Tail fluke slapping 4.1 28.3 (19.9-36.7)
Whole body arching/thrashing 41 5.4 (2.4-8.4)
Mouth open 2.0 17.2 (17.2-17.2)
Point behaviours

Blowhole twitch 224 47 +17

Nuchal pad twitch 10.2 62+29

Open and close blowhole 6.1 3016

Water from blowhole 4.1 21+14

Head—pec fin jerk/flinch 2.0 2.6 0.0

Movement in lower jaw 2.0 6.9+ 0.0

Physiological parameters

Respiration 67.3 44+04

Heartbeat 6.1 488 £11.6

Differences in Stranding Circumstances: Initial vs. Re-Strand

Of the 49 pilot whales observed, 29 (59.2%) were filmed during a re-stranding, while
the remainder (40.8%, n = 20) were filmed during their initial stranding event. Body tremble,
mouth open, and movement in the lower jaw were only displayed by animals that were
stranded for the first time, while the head—pec fin jerk was only observed in re-stranded
animals (Table 4).

One prevalent behaviour, dorsal fin flutter, was displayed by a significantly (z = 2.33,
p = 0.03) greater proportion of initially stranded animals than re-stranded animals (Table 4).
No evidence of differences in the duration of prevalent behaviours or the rate of respiration
was detected (z = —0.83, p = 0.41; Table 4).

14



Animals 2022, 12, 1861

Table 4. Observed prevalence (% of individuals displaying behaviour), mean frequency (rate/minute)
+ SEM of point behaviours, and mean relative duration (% of monitored time and range) of state
behaviours for only long-finned pilot whales that showed the behaviour, from a total of 20 initial-
stranded and 29 re-stranded individuals across 11 stranding events on the New Zealand coast
between 2010 and March 2022. t Only prevalent indicators could be tested for statistical differences;
* significant difference (« = 0.05) in prevalence between stranding circumstances.

Prevalence Frequency Relative Duration
Behaviour Initial Strand  Re-Strand  Initial Strand  Re-Strand Initial Strand Re-Strand
State behaviours
Ventral recumbency 90.0 93.1 (17.;3_51%0.0) 90.3 (7.7-99.9)
Lateral recumbency 40.0 20.7 54.9 (4.4-99.8) 68.4 (7.2-97.4)
Dorsal recumbency 0.0 34 0.0 (0.0-0.0) 3.4 (3.4-3.4)
Tail flutter t 75.0 65.5 49.3 (4.6-99.9) 58.8 (12.9-98.1)
Dorsal fin fluttert 75.0% 414* 38.0 (6.1-95.6) 45.6 (13.0-97.3)
Head lift t 65.0 414 12.2 (2.6-32.4) 12.4 (2.3-32.6)
Tail lift 45.0 48.3 27.4 (0.6-72.9) 21.6 (2.3-54.1)
Head side-to-side * 60.0 31.0 22.6 (5.5-81.5) 21.7 (1.1-47.4)
Pec fin flutter R 35.0 17.2 55.2 (3.8-98.6) 61.2 (30.0-93.7)
Pec fin flutter L 30.0 17.2 22.7 (4.3-69.2) 49.2 (12.2-87.0)
Pec joint moves 25.0 17.2 10.6 (0.5-30.0) 34.5(11.3-78.3)
Tail hover 20.0 17.2 20.0 (0.2-55.2) 23.6 (2.2-55.1)
Tail side-to-side 15.0 17.2 31.1 (11.7-46.3) 6.7 (0.3-11.8)
Body tremble 30.0 0.0 24.3(0.2-84.2) 0.0 (0.0-0.0)
Vocalisation 10.0 10.3 33.5 (6.7-60.2) 12.2 (5.1-24.4)
Body rocking 15.0 6.9 11.7 (5.2-23.2) 8.6 (5.9-11.3)
Eye open L 15.0 6.9 37.5(14.2-73.7) 32.2(2.4-61.9)
Eye open R 10.0 6.9 33.2 (2.5-63.8) 11.1 (2.9-19.3)
Body tenses 10.0 34 14.2 (8.4-20.0) 5.1(5.1-5.1)
Tail arch 5.0 34 19.1(19.1-19.1) 124 (12.4-12.4)
Tail fluke slapping 5.0 34 19.9 (19.9-19.9)  36.7 (36.7-36.7)
Whole body
arching /thrashing 5.0 34 8.4 (8.4-8.4) 2.4 (24-24)
Mouth open 5.0 0.0 17.2 (17.2-17.2) 0.0 (0.0-0.0)
Point behaviours
Blowhole twitch 25.0 20.7 6.2 +3.0 53+1.9
Nuchal pad twitch 10.0 10.3 1.9+0.7 9.6 £4.0
Open and close blowhole 10.0 3.4 28£12 59+00
Water from blowhole 5.0 34 3.6£0.0 0.7 £0.0
Head-pec fin jerk/flinch 0.0 34 0.0£0.0 2.6 £0.0
Movement in lower jaw 5.0 0.0 6.9 0.0 0.0+0.0
Physiological parameters
Respiration rate * 65.0 69.0 38+07 4.6+06
Heartbeat 10.0 34 33.8and 71.5 41.1

Differences in Circumstance: Dry vs. In-Water Strandings

Eighteen pilot whales (36.7%) were observed stranded in water, while 31 (63.3%) were
recorded as dry-stranded. Body rocking and tail fluke slapping were only observed in
individuals that were dry-stranded, while tail side-to-side, tail arch, whole body arch-
ing/thrashing, mouth open, head—pec fin jerk, and movement in the lower jaw were only
displayed by animals stranded in water (Table 5).

Four prevalent behaviours were displayed in a significantly greater proportion of
animals stranded in-water than dry-stranded animals: dorsal fin flutter (z = —3.03, p = 0.00),
head lift (z = —2.26, p = 0.03), tail lift (z = —3.29, p = 0.00), and head side-to-side (z = —2.57,
p = 0.02; Table 5). However, no evidence of differences was observed in the duration of
prevalent behaviours or in the rate of respiration (z = —0.97, p = 0.33; Table 5).
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Table 5. Observed prevalence (% of individuals displaying behaviour), mean frequency (rate/minute)
+ SEM of point behaviours, and mean relative duration (% of monitored time and range) of state
behaviours for only long-finned pilot whales that showed the behaviour, from a total of 31 dry- and
18 in-water-stranded individuals across 11 stranding events on the New Zealand coast between 2010
and March 2022. Only prevalent indicators could be tested for statistical differences; * significant

difference (¢ = 0.05) in prevalence between stranding circumstances.

Prevalence Frequency Relative Duration
Behaviour Dry In-Water Dry In-Water Dry In-Water
State behaviours
Ventral recumbency 90.3 94.4 (81.99—7i(7JO.0) 73.3 (7.7-99.9)
Lateral recumbency 16.1 50.0 63.7 (4.4-99.8) 59.1 (7.2-97.3)
Dorsal recumbency 0.0 5.6 0.0 (0.0-0.0) 3.4 (3.4-3.4)
Tail flutter t 67.7 72.2 58.1 (4.6-99.9) 49.0 (13.0-92.4)
Dorsal fin flutter * 38.7* 83.3* 36.6 (6.1-87.6) 45.2 (12.3-97.3)
Head lift t 38.7* 722% 12.7 (2.6-32.6) 11.9 (2.3-32.4)
Tail lift 29.0* 77.8 % 22.2 (0.6-60.3) 24.9 (2.3-72.9)
Head side-to-side * 29.0* 66.7 * 25.7 (5.5-81.5) 19.5 (1.1-47.4)
Pec fin flutter R 25.8 22.2 61.2 (3.8-98.6) 50.8 (30.0-93.7)
Pec fin flutter L 12.9 38.9 29.4 (4.3-69.2) 37.8 (7.0-87.0)
Pec joint moves 194 222 18.3 (1.2-46.2) 28.9 (0.5-78.3)
Tail hover 16.1 222 26.1 (2.2-55.2) 16.9 (0.2-38.7)
Tail side-to-side 0.0 444 0.0 (0.0-0.0) 15.8 (0.3-46.3)
Body tremble 9.7 16.7 28.3 (0.2-84.2) 20.3 (8.6-27.6)
Vocalisation 3.2 222 7.0 (7.0-7.0) 24.1 (5.1-60.2)
Body rocking 16.1 0.0 10.4 (5.2-23.2) 0.0 (0.0-0.0)
Eye open L 6.5 16.7 44.0 (14.2-73.7) 29.7 (2.4-61.9)
Eye open R 6.5 11.1 10.9 (2.5-19.3) 33.4 (2.9-63.8)
Body tenses 32 11.1 8.4 (8.4-84) 12.5 (5.1-20.0)
Tail arch 0.0 11.1 0.0 (0.0-0.0) 15.8 (12.4-19.1)
Tail fluke slapping 6.5 0.0 28.3 (19.9-36.7) 0.0 (0.0-0.0)
Whole body
arching /thrashing 0.0 11.1 0.0 (0.0-0.0) 54 (2.4-8.4)
Mouth open 0.0 5.6 0.0 (0.0-0.0) 17.2 (17.2-17.2)
Point behaviours
Blowhole twitch 16.1 38.9 56+29 6.1+23
Nuchal pad twitch 6.5 11.1 95+7.6 58 +21
Open and close blowhole 32 16.7 04 =£0.0 31£16
Water from blowhole 3.2 5.6 3.6£0.0 0.7 £0.0
Head-pec fin jerk/flinch 0.0 16.7 0.0£0.0 14+0.7
Movement in lower jaw 0.0 5.6 0.0+0.0 6.9 +0.0
Physiological parameters
Respiration rate t 67.7 61.1 41106 49 +0.8
Heartbeat 9.7 0.0 48.8 £ 11.6

3.3. Human Intervention with Stranded Odontocetes

From video footage of all stranded odontocetes, a total of 1061 events were coded
from 13 different human interventions (Table S3). The types of human intervention were
not mutually exclusive. Indeed, some types of human intervention always occurred
simultaneously (e.g., human rolling an individual also required direct contact with the
stranded animal).

Quantifying Human Intervention with Stranded Pilot Whales

All types of human intervention would have been feasible to assess if they occurred
with the stranded pilot whales. Humans were present at all pilot whale stranding events
that were observed, and on average, a human was within 2 metres of the focal animal
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(present) for 97% of the observed time (Table 6). Aside from human presence, the inter-
ventions that were most prevalent, occurring with over half of the stranded pilot whales,
were human watering (65%) and human touching (59%). The interactions with the longest
average duration per individual focal animal, aside from human presence, were human
places sand by sides (96.8%), human touching (61.1%), and human noise (61.2%; Table 6).

Table 6. Types of human intervention that occurred with individual focal stranded pilot whales.
Prevalence (% of individual focal stranded cetaceans that the intervention occurred with) and relative
duration (% and range) of human intervention with individual focal stranded pilot whales (1 = 49)
calculated for those individuals undergoing the intervention type across 11 stranding events between
2010 and March 2022. See Table S3 for descriptions of intervention types.

Intervention Prevalence Relative Duration of Individual Monitoring
Present 100.0 97.4 (35.5-100)

Watering 65.3 36.0 (0.5-86.8)

Touching 59.2 61.1 (3.3-100)

Digging 36.7 51.3 (4.6-99.8)

Rolling 24.5 33.8 (0.4-93.5)

Noise 8.2 61.2 (16.4-98.8)

Holds dorsal fin 6.1 35.0 (2.9-97.6)

Places sand by sides 2.0 96.8 (96.8-96.8)

Rubbing 2.0 21.6 (21.6-21.6)

4. Discussion

A range of potential animal- and resource-/ management-based welfare indicators
were able to be non-invasively observed and/or measured in stranded cetaceans. We
systematically characterised, for the first time, the ethology of stranded odontocetes with
30 different behaviours described. We quantitatively assessed these welfare indicators,
including fine-scale behaviour and human intervention, from 49 live stranded pilot whales.
Previous studies have highlighted the need for systematic assessment of wild cetacean
welfare but have also emphasised challenges due to limited behavioural and physiological
data [60,61]. Our study contributes pivotal baseline data that can be used to develop a
feasible welfare assessment framework specific to cetacean strandings.

4.1. Holistic Welfare Assessments Are Feasible at Cetacean Stranding Events

A range of indicators related to different aspects of welfare were feasibly evaluated
via video footage captured at cetacean strandings. Not only is this useful to enable re-
mote experts to undertake animal assessments [32,38] but the non-invasive measurability
of these indicators minimises further welfare compromise for cetaceans that are experi-
encing physiological stress [29,30]. Although invasive measures (e.g., blood sampling
to evaluate haematological parameters) are informative for assessing the health of wild
cetaceans [62-64], the use of non-invasive methods for welfare assessments is preferable.
Further focus should be to validate the scoring of these indicators from video against live
observations and among various indicators that reflect the health and welfare status as well
as with known survivorship data.

From the 18 proposed indicators and composite behavioural parameters (Table 1),
10 non-behavioural, 5 animal behaviour, and 3 human intervention indicators were preva-
lent and thus were feasible to assess from video footage. Importantly, the identified feasible
indicators were representative of three physical/functional domains (nutrition, physical
environment, and health) and one situation-related domain (behavioural interactions) of
the Five Domains Model [35], suggesting that holistic welfare assessments of stranded
cetaceans could be achievable using these indicators. Of these, nine welfare status indicators
represented three domains. The most feasible to assess were body condition (D1: nutrition),
respiration and bleeding/fluid /mucus from orifices (D3: health), and body posture and
composite behavioural indicators (D4: behavioural interactions). Potential welfare alerting
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indicators that could be consistently assessed were the age class (D1), substrate type (D2),
dry vs. in-water stranding (D2), the availability of equipment and weather conditions (D2),
the presence of other pod members (D4), and the composite behavioural indicator related
to the amount and type of human intervention (D4).

Some potential indicators could not be consistently assessed from the video footage.
Heart rate could not be evaluated in most animals, as this required a postural position of
lateral or dorsal recumbency. However, we do not recommend that stranded cetaceans
be placed into lateral recumbency to facilitate the assessment of heart rate, as this may
cause pulmonary compression [31]. Thus, heart rate is unlikely to be feasible as a remotely
assessed indicator of the welfare state of stranded cetaceans, though in-field assessments
via palpation may be possible with trained personnel.

Trauma/injuries, skin blistering, and skin disease could not be assessed across all
body regions bilaterally in about 40% of pilot whales, as they were covered to reduce
hyperthermia and sunburn risk [31]. Furthermore, in more than two thirds of cases,
bilateral observation of an animal’s body was not possible due to camera positioning.
These factors likely negatively biased the prevalence of observed blistering and injuries.
However, if systematic assessment frameworks were implemented to guide evaluations
at strandings, video and/or photographs of all body regions could be rapidly captured
before interventions occur, allowing for a subsequent assessment of these indicators. This
would require minimal time involvement and thus would be unlikely to cause additional
welfare compromise. The application of such a framework would ensure consideration of
all relevant welfare information and facilitate holistic, multidimensional assessments [5,65].

Additionally, although respiratory events were feasible to assess in all video footage if
they occurred, the short duration of some videos utilized in this study compromised our
ability to assess the respiratory rate for every individual. Importantly, cetacean species
have extended breath holds [66]. Thus, video footage should be collected for at least 5 min
to enable assessment of the respiratory rate.

Our results suggest a similar behavioural repertoire among stranded odontocete
species. Only one behaviour was not displayed by pilot whales (head arch), and this was
only exhibited by two animals, one pygmy killer whale and one Cuvier’s beaked whale,
possibly indicating severe physiological stress [57,67]. In contrast, nine behaviours were
only displayed by pilot whales, likely due to the small sample size of the other species (1 =
4). Therefore, our findings contribute valuable baseline ethological data from which other
studies can assess stranded odontocete behaviour, though future efforts should further
examine species-specific differences.

Information on environmental conditions is important to provide context when in-
terpreting welfare status indicators, such as behaviours, and can influence management
decisions [42]. In our study, the substrate, whether animals were dry- or in-water-stranded,
and the weather conditions could be easily assessed from video footage. However, other
alerting indicators required additional information, for example, determining whether
individuals were re-stranded required access to stranding reports. Multiple stranding
events can cause compounding damage and sustained stress [30], which likely compromise
both welfare and survival likelihood [30,32].

Interestingly, almost 60% of the pilot whales had stranded more than once when
observed, suggesting that re-floated animals often do not remain at sea, despite re-floatation
being considered a ‘success’ [68]. We examined whether stranding circumstances (re-
stranded vs. initially stranded and dry- vs. in-water-stranded) affected the prevalent
behaviours displayed by pilot whales, with some differences found (See Section 4.2 for
further discussion). However, further data collection is required to enable correlations
among resource-/management-based indicators and animal-based indicators to better
understand the welfare risk they reflect [69].

18



Animals 2022, 12, 1861

4.2. Preliminary Welfare Assessment of Stranded Pilot Whales

Most pilot whales observed were mass stranded and were assessed as adults in normal
body condition based on an external visual assessment of the epaxial musculature and the
concavity of the nuchal crest [43]. This outwardly healthy appearance has been reported
previously at mass strandings [70,71] and generally suggests that hunger or sickness likely
have minimal impacts upon these individuals. In contrast, two single stranded animals
were in poor (thin) body condition, suggesting they were likely experiencing welfare
compromise in the form of hunger and thirst prior to stranding. Indeed, one of these
individuals was a neonate that likely stranded due to maternal-filial separation [72,73],
suggesting that the welfare of this animal was significantly compromised at stranding.
Such animals are also suggested to have low survival likelihood, and end-of-life decisions
or long-term captivity are generally indicated [74,75].

Few injuries were observed, with those noted considered to be superficial. These may
have occurred due to the stranding event itself and were likely minimal due to the sandy
substrate. External injuries are less frequently observed in mass stranded animals, whereas
single strandings can be related to some form of trauma [72,76]. Likewise, fluid or mucus
discharge from the mouth or blowhole was rare and, when present, was mild. Additionally,
faeces were evident from only three animals involved in the same mass stranding. The
presence of vomiting and/or faecal discharges can be indicative of underlying health
conditions [77] as well as indicating that animals are stressed [57,58]. Prolonged vomiting
or diarrhoea can lead to dehydration and therefore should be considered welfare-relevant
and included in evaluations.

Notably, despite widespread human interventions, such as covering, and overcast
weather conditions, nearly 60% of animals had skin blistering, with serious blistering
developed on more than a third. Both the number of affected animals and the severity of
skin blistering were likely underestimated since most individuals were covered in sheets
and/or had only one side of the body visible in the videos. The common occurrence
corroborates the opinions of experts who indicated sunburn as a major welfare concern [32]
and suggested it as an indicator for assessing stranded cetacean welfare [38]. Severe forms
involving dermo-epidermal clefting with ulceration (observed in 20.4% of pilot whales) are
likely to cause pain [38] and critical fluid loss [78], leading to dehydration, hypovolemic
shock [45,79], and potential infection. Our results suggest there is considerable cause for
welfare concern for many ‘managed’ live stranded pilot whales based on this indicator
alone. Additional assessment of weather conditions will be useful to predict any further
skin damage that may occur. Future studies should assess the extent of fluid, protein,
and electrolyte loss that may occur when bullae ulcerate and rupture, as this will likely
impact both the welfare and survivorship of stranded cetaceans. We suggest that such
indicator data will also be important to inform decision making around re-floatation
versus euthanasia.

Lateral curvature of the caudal peduncle was noted in 20% of animals in all stranding
circumstances. This posture has been reported in stranded cetaceans during rehabilitation
and is proposed to predict reduced swimming ability and muscular myopathy [80,81].
Additionally, four animals were observed with their pectoral fins oriented laterally and
superior to the dorsal plane, which may indicate damage to joints, such as dislocations.
Such postural abnormalities and /or underlying muscle or joint damage are likely to cause
pain and, in the longer term, may detrimentally affect swimming and foraging ability [82].
Thus, such individuals may be deemed non-releasable [57,75,81,83]. Postural abnormalities
should be correlated with other behavioural, physiological, and/or pathological indicators
to better understand their welfare significance [42] and inform the use of this indicator in
welfare assessments [13].

Almost all animals were observed in ventral recumbency for most of the video footage.
This is likely due to the fact that human intervention occurred at all stranding events, and
righting stranded cetaceans onto their ventrum is part of standard stranding response
procedures [31,84]. This recumbency position is thought to reduce pulmonary compression
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compared to lateral recumbency [31] and should minimise the discomfort associated with
breathing. Therefore, recumbency position should be considered in welfare assessments.

Interestingly, vocalisation during filming was rare and was only heard where focal
animals were calves or adults in the presence of a calf, suggesting a possible maternal—filial
connection. Previous studies suggest vocalisations are linked to cetacean welfare state in
captive situations [85-87] and may affect epimeletic behaviour provided to wild distressed
conspecifics [88]. Accordingly, we recommend additional data collection at stranding
events to further assess the validity of vocalisations as a welfare indicator and to compile a
comprehensive vocal repertoire for strandings.

All point behaviours had low prevalence and low rates of occurrence, meaning they
will not be useful parameters for detecting any effects of environmental conditions or
human interventions on cetacean welfare. In contrast, five state behaviours were prevalent,
being displayed by more than 40% of the pilot whales (tail flutter, dorsal fin flutter, head
lift, tail lift, and head side-to-side). When expressed, tail flutter and dorsal fin flutter
were displayed, on average, for more than 40% of the observation time. Additionally,
though less prevalent, right pectoral fin flutter occurred for more than 50% of observation
time when expressed. Fin fluttering behaviours may be forms of muscle fasciculations or
tremors. These fasciculations have previously been suggested as clinical signs of capture
myopathy [30,81] and underlying health conditions [89]. Therefore, they are important to
consider in welfare assessments.

Notably, dorsal fin flutter was observed in a significantly higher proportion of initial-
stranded animals than re-stranded animals and in a greater proportion of in-water-strandings
than dry-strandings. In the case of initial versus re-stranded animals, it may be that re-
stranded animals become too fatigued to display dorsal fin fluttering. However, in the case
of in-water versus dry-stranding, the expression of the behaviour appears to be context-
specific and thus may represent the animal’s response to its situation. Therefore, the use of
such a behaviour as a welfare indicator must consider the animal’s conditions and must be
interpreted in the specific context of the stranding. Such behaviours may also be affected
by human interventions and thus could be used to evaluate the effects on potential welfare
state [90]. Future work should correlate these behaviours with physiological and/or patho-
logical indicators to validate their reflection of welfare states [13] and inform their use in
decision making.

Although prevalent within the study population, head and tail lift were displayed
on average for only 12% and 24% of the observation time, respectively. Notably, both
behaviours occurred in a significantly larger proportion of animals that were in-water-
stranded than dry-stranded, suggesting that their expression may be context-specific.
However, these behaviours may be precursors to arching, which was not observed in
pilot whales but is proposed to be a sign of severe physiological stress in cetaceans [57,67].
Further data collection on these behaviours and their correlations with the specific stranding
contexts should be undertaken to better understand the welfare state they may reflect and
inform their use in welfare assessments for decision-making.

Many of the head lifting events occurred simultaneously with respiration. This is
likely due to compression of the thoracic cavity when the animal is not supported by water
(the case for all pilot whales in this study), which can cause breathing difficulties [51,67].
Furthermore, three pilot whales from the same mass stranding displayed delayed inhalation
following exhalation for up to 6 seconds. Such respiratory delays are suggested to be
indicative of shock and typically imply an end-of-life decision [51]. Further observation of
head lifting during respiration events and delayed inhalation and the correlation of these
behaviours with pathology will be important to assess, as this could provide data to infer
the unpleasant experience of breathlessness [91,92]. These indicators should be considered
important aspects to include in welfare assessments [69,93] and to inform decision-making
around re-floatation versus euthanasia.

There were negligible differences in the frequency and duration of prevalent be-
haviours between initial-stranded animals and those observed during re-stranding and

20



Animals 2022, 12, 1861

between dry- and in-water-stranded animals. This may be due to the inherent physiologi-
cally stressful situation of stranding, whereby behavioural differences caused by stranding
circumstances are likely minimal. However, it is also possible that the lack of statistically
significant effects is due to the sample size being too small to detect biologically relevant
differences in behavioural expression. These common behaviours should be further corre-
lated with physiological and/or pathological indicators to better understand their welfare
significance [13]. They can then be considered for investigating the effects of various human
interventions or stranding situations on animal welfare [42,90,93].

Human presence occurred nearly constantly for almost all observed pilot whales.
Watering, touching, and digging out occurred with more than a third of the pilot whales and,
when occurring, lasted for more than a third of the observation period. These high levels of
interventions may negatively affect the welfare state of stranded cetaceans since humans
may be perceived as threatening [35], particularly when encountered in an inherently
physiologically stressful situation. However, appropriate, minimal intervention may also
reduce other welfare concerns. For example, the provision of sheets and cooling water over
the body should reduce the risk of hyperthermia and sunburn [31], which may otherwise
cause pain and discomfort [32,38]. Future research should examine differences in stranded
cetacean behavioural and physiological parameters with and without human intervention
to investigate the effects of differing interventions on animal welfare [13].

4.3. Study Considerations

Due to the stochastic nature of stranding events, opportunistic filming by the public
was an important data source in our study. Despite many videos being short in duration, we
were able to identify and evaluate physical and environmental indicators and characterise
behaviour. Similar video lengths have been used elsewhere [10,94]. However, these data
are unlikely to provide accurate estimates of the behavioural time budgets and respiratory
rates of stranded cetaceans. Furthermore, welfare compromise is expected to worsen
throughout a stranding [30,32], and time stranded is considered a major concern for survival
likelihood [32]. Accordingly, we recommend the application of standardized methods for
data collection as a routine part of cetacean stranding response. This should include
video recording from cameras mounted on poles and a longer filming duration, ideally
from the onset of stranding to re-floatation or euthanasia, in order to fully evaluate the
severity, duration, and progression of welfare impacts [95,96]. Standardized and continuous
automated data collection will facilitate further investigation of indicators and the effects
of human activities without hindering timely intervention to improve animal welfare and
survival likelihood.

The experts consulted in Boys et al. [38], considered animal responsiveness via reflex
testing to be a valuable and practical indicator. However, this was not tested at the strand-
ing events presented here, despite it featuring in the New Zealand Standard Operating
Procedures for cetacean strandings [75]. Nonetheless, it is likely that responsiveness could
be evaluated via video footage with correct camera positioning. Thus, its feasibility should
be assessed at future stranding events. Other valuable measures, such as body temperature,
may also be taken in-field to augment the remote evaluation from video, though this may
be limited by equipment and the availability of appropriately trained/skilled personnel.
Finally, future studies should aim to collect data from both single and mass strandings to
enable the statistical evaluation of the effects of stranding type on the presented indicators.
The evaluation of these additional data will ensure comprehensive welfare assessments at
future stranding events to inform decision making.

5. Conclusions

Video data provided valuable welfare-relevant information and highlighted the poten-
tial for experts to undertake assessments remotely. Importantly, our findings present an
initial proof of concept concerning the feasibility of non-invasive welfare indicators, includ-
ing behaviour, relevant to stranded odontocetes. However, additional data are required to
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explore the value of such indicators for predicting stranding outcomes, such as remaining
at sea following re-floatation and longer-term survival, and to understand the effects of
environmental conditions and human interventions on welfare and survivorship. Such
information will better support decision-making concerning re-floatation versus euthanasia.
Our study highlights the value of applying the Five Domains Model to facilitate holistic
welfare assessments, allowing for more rapid informed prognoses of individual cetaceans.
Including indicators that are practical to measure and validated in welfare assessment
protocols will allow for more holistic, transparent, and justifiable evaluations of stranded
cetacean welfare states. This will facilitate appropriate management interventions, leading
to the best animal welfare and conservation outcomes from stranding events.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani12141861/sl. Figure S1: Observation of dark green liquid
(within black ovals) defecated from live-stranded long-finned pilot whale. Photo credit: Rob Leenheer;
Figure S2: Observation of pectoral fin oriented laterally and superior to dorsal plane (within black
ovals) in live stranded long-finned pilot whale. Photo credit: Kyle Mulinder; Table S1: Stranding
events (1 = 14) and details of video footage collected of individual live cetaceans (n = 53) of four
odontocete species between August 2010 and March 2022, New Zealand. Only pilot whale data were
used in analyses, with data from other species providing ground-truthing to identified behavioural
indicators. In the case of mass strandings, footage may have included multiple individuals, however
the video length noted included only the focal animal. *Note three animals were filmed both
cranio-laterally and laterally; Table S2: Ethogram of stranded odontocete behaviour derived from
video observations of 53 focal individuals (4 species, 14 stranding events) on the New Zealand
coast between August 2010 and March 2022. Two physiological parameters are included. Note:
behaviours displayed only by pilot whales** vs those not displayed by pilot whales*; Table S3: Types
of human intervention that occurred with individual focal stranded cetaceans (1 = 53; 4 species across
14 stranding events) on the New Zealand coast between August 2010 and March 2022.
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Simple Summary: There appears to be a rapid expansion of dairy goat farming in the United States
and the information available to producers on health, welfare, and production applicable to those in
the Midwestern US is limited. This study intended to survey 30 dairy goat farms in the Midwestern
US to provide insight into husbandry practices pertaining to health, welfare, and production, and to
identify areas of future research. Pain relief for disbudding and castration, education and training
programs, early kid management, and hoof trimming were identified as potential areas of future
research. This study provided insight into the husbandry practices carried out on 30 dairy goat farms
in the Midwestern US and areas of research to improve health and welfare.

Abstract: Dairy goat production in the Midwestern United States is increasing at a rapid rate and
information on dairy goat husbandry practices applicable for producers in this region is limited.
The objective of this study was to survey 30 dairy goat farms in the Midwestern US to provide
insight into husbandry practices pertaining to health, welfare, and production, and to identify
areas of future research. A questionnaire was developed and comprised 163 questions that were
organized into categories including information on the producer (e.g., farming experience), staff,
and goats (e.g., herd size, breed), housing, feeding and nutrition, milking practices and production,
kid management, husbandry practices (e.g., disbudding, castration, hoof trimming), and health.
Areas of future research that can improve goat health, production and welfare include pain relief
for husbandry practices such as disbudding and castration, early kid management during birth to
prevent illness/disease or mortality (e.g., warm and dry areas for kid rearing), eradication programs
for common contagious diseases, training programs and education for claw trimming, disbudding,
and udder health. In conclusion, this study provided insight into the husbandry practices carried out
on 30 dairy goat farms in the Midwestern US and areas of research to improve health and welfare.

Keywords: animal welfare; animal husbandry; welfare assessment; wellbeing; goat; caprine; dairy

1. Introduction

In the United States (US) there are approximately 2.7 million goats, and of these,
440,000 are dairy goats [1]. The number of milking goats within the study population
comprising Minnesota, lowa, Wisconsin, and Illinois is 14,000, 29,000, 82,000 and 10,000,
respectively [1], which is representative of approximately 30% of the total population of
dairy goats in the US.

To date, information on dairy goat husbandry practices applicable for the Midwestern
US is limited, which may be due to them historically being regarded as a minor species in
comparison with dairy cattle [2]. However, demand for goat milk products, such as cheese
and yoghurt, is rising and likely related to changes in demographic composition, which
has driven the proliferation of dairy goat operations throughout the US [2].
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Welfare assessment of dairy goat farms is increasing, with research available in the
UK [3], Europe [4-7] and South America [8]. However, to our knowledge, there are few
studies of dairy goat welfare assessment in the US, with the exception of our own study [9].

The objective of this study was to survey 30 dairy goat farms in the Midwestern US
(enrolled in a welfare assessment study [9]) to provide insight into current husbandry prac-
tices pertaining to health, welfare, and production, and to identify potential areas of future
research. Based on our knowledge of the Midwestern US dairy industry, we hypothesized
that producers would have knowledge gaps in the areas of early kid management, and
routine husbandry procedures, such as disbudding and hoof trimming.

2. Materials and Methods

This study was part of a larger study that performed welfare assessment of lactating
dairy goats from 30 farms across the Midwestern US and identified the most prevalent
welfare issues [9]. The present study was conducted between January and December 2019
and surveyed human participants; therefore, the survey protocol was reviewed by the
Iowa State University Institutional Review Board (IRB; No. 18-497) prior to study com-
mencement. Our protocol was deemed exempt from IRB approval. However, we ensured
that the rights and privacy of the study participants were protected. After providing
informed consent to be involved in this study, participants were given an identification
number between 1 and 30, which was used to de-identify the collected data and distinguish
between individual responses. The first author had access to the personal details of the
participants, which were linked to their unique identification number on a computer that
was stored in a lockable filing unit when not in use.

2.1. Survey Development

The questionnaire used to survey producers was developed from a review of available
literature on existing surveys of goat producers, goat welfare assessment, producer attitude
to goat behavior and welfare, husbandry practices and farm management [5,6,10-14] and
the researchers’ own experiences with dairy goat farming. The questionnaire was designed
using a web-based data collection software (REDCap®, Vanderbilt University, Nashville,
TN, USA). Questions were entered into REDCap®, which generated the questionnaire.

The draft questionnaire was initially reviewed by a small committee of veterinary
practitioners and an animal scientist, and a social scientist in the Department of Sociology
of Iowa State University. The modified draft questionnaire was then reviewed by eight
members of the American Dairy Goat Association, a representative of a milk company
operating within the Midwestern US, and two commercial dairy goat producers. Based on
these reviews, a final version of the questionnaire was produced. The questionnaire com-
prised 163 questions that were organized into 11 major topics including producer-specific
information (e.g., farming experience), staffing, goat-specific information (e.g., herd size,
breed), housing and environment, goat behavior, feeding and nutrition, milking practices
and milk production, goat kid management, husbandry practices (e.g., disbudding, castra-
tion, hoof trimming, euthanasia), cleaning and sanitation, and health and veterinary care.
Information on participant demographics were also collected. The questionnaire included
a mixture of multiple choice, rating scale/slider, Likert scale, matrix, and open-ended
questions. The questionnaire took approximately 60 min to complete based on responses
from those that reviewed the questionnaire during the drafting phase.

A blank copy of the questionnaire is available in the Supplementary Materials (Table S1).

2.2. Study Participants

Producers were recruited by distribution of advertising material by a milk company
operating in the Midwestern region on our behalf, and visitation of the first author with
a feed representative to directly distribute the advertising material over a month-long
period. Participation was incentivized by receipt of compensation for the producers’
involvement in this study. Those that indicated their interest in this study were provided
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an introductory letter describing the study objectives and additional information to help
them decide whether to commit to enrolling in this study. Producers were enrolled in this
study over a 6-month period and the questionnaire was distributed once informed consent
was received. Participation was voluntarily and producers were self-selected. Further
details of farmer recruitment are described by Hempstead et al. [9].

2.3. Survey Delivery

Questionnaires were sent to producers between February and November and re-
sponses were received between February and December 2019. Producers were sent a link
to REDCap® (via email), which presented the questionnaire and collected their responses
(18 participants). However, not all producers had email capabilities or computer access;
therefore, a hardcopy version of the online questionnaire was mailed to these producers
(12 participants). When required, producers were sent a reminder until all questionnaires
had been received.

2.4. Data Management and Statistical Analysis

Data were exported from REDCap® as a comma-separated values file and used
with Excel (Microsoft Corporation, Redmond, WA, USA). The data were presented as (1)
percentages, with the actual number of farms in brackets and means with standard error,
or (2) mean values with standard deviation (SD) or interquartile range (where appropriate).
Due to the self-selected nature of the study participants, no formal hypothesis testing
was conducted.

3. Results
3.1. Response/Completion Rate

All 30 producers completed the questionnaire, which included one respondent who
completed the online questionnaire in part twice; these data were combined, and any
differences in reported values were averaged. No duplicate questionnaires were entered.
Eighteen questionnaires were completed online and 12 were completed on hardcopy. The
number of days for producers to return the questionnaire ranged from 0 to 175 days, with
a mean of 34 days (SD = 46).

3.2. Demographics

Producers had a mean age of 44 (SD = 11; range = 17-62 years old) and 64% (18/28)
of producers were male (36% were female [10/28]; age not disclosed for two partici-
pants). The mean number of years of experience farming goats was 14 years (SD = 14;
range = 3-52 years), and 73% (22/30) of producers had experience on a cow dairy; for
these respondents, the mean number of years of experience was 19 years (SD = 10;
range = 1-38 years).

3.3. Producer-Specific Information

Producers rated how they felt about animal welfare and whether it was a key priority
for how their farm was run along a rating/slider scale (where numbers 0 through 100
were presented along a scale; 0 = strongly disagree, 50 = neither agree nor disagree,
100 = strongly agree). The responses of 29/30 producers (one participant did not respond)
ranged from neither agree nor disagree to strongly agree (mean 4 SD = 90 £+ 11). In
addition, producers were asked to rate the level of importance they placed on staff training
along a rating/slider scale (where 0 = not at all important, 50 = important, 100 = very
important). The responses of 26/30 producers (four participants did not respond) ranged
from important to very important (mean & SD = 77 & 5). However, three of the producers
rated training between not at all important and important (<37 & 5). Producers were asked
what type of training was provided to staff; 13% (4/30) of producers responded they did
not provide any training. The types of training provided by the remaining participants
are presented in Table 1. Interestingly, producers that rated training as between not at all
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important and important reported they provided staff training. Those that provided no
staff training did not provide an explanation.

Table 1. Type of staff training provided by dairy goat producers.

Staff Training Percentage (Number) of Farms
Animal handling 81% (21/26)
Goat behavior 46% (12/26)
Kid rearing practices 88% (23/26)
Identifying sick/injured animals 85% (22/26)
Feeding /nutrition 65% (17/26)

Routine husbandry procedures

(e.g., ear tagging, disbudding) 77% (20/26)

Machinery/equipment operation 50% (13/26)
Milking routines 92% (24/26)
Housing 38% (10/26)
Transportation of goats 27% (7/26)
Record keeping 62% (16/26)
Other—genetics and breeding 4% (1/26)

3.4. Farm Characteristics

Based on producer responses to the questionnaire, the median number of lactating
does was 166 (IQR = 70), which ranged between 2 and 6500 does (mean =+ SD = 618 £ 1519).
The median herd size (i.e., number of lactating and non-lactating does) was 185 (IQR = 175),
which ranged from 55 and 9000 does (mean + SD = 788 £ 1964). The mean lactation
length was 314 days (SD = 66; range = 190-600 days), with a mean yearly production
of 7 pounds/doe/day (SD = 2; range = 5-11 pounds/doe/day). Ten percent (3/30) of
producers responded as being certified organic. Ninety three percent of producers (28/30)
farmed Saanen and Alpine breeds. American Lamancha, Anglo-Nubian, Toggenburg,
Oberhasli, Sable and Kiko were present on 60% (18/30), 37% (11/30), 33% (10/30), 20%
(6/30), 7% (2/30) and 3% (1/30) of farms, respectively.

3.5. Goat Husbandry
3.5.1. Resources

The most common diet included hay and grain/concentrate, which was approximately
four-times more popular than fermented forage or other feeds (Table 2). Access to outdoor
spaces were provided on 73% (22/30) of farms (Table 2), of which earthen and pasture
surface types were most common compared to concrete and rock piles (Table 3).

Table 2. Dairy goat producer responses relating to resource availability.

Resources Category Percentage (Number)

of Farms
Hay 90% (27/30)
Grain/concentrate 90% (27/30)
Fermented forage 23% (7/30)
Diet Total mixed ration (fermented and 10% (3/30)
fresh forage)
Fresh cut grass 7% (2/30)
Corn 3% (1/30)
Other—banana and watermelon peel 3% (1/30)
Outdoor pen surface Earthen 86% (19/22)
Pasture 59% (13/22)
Concrete 27% (6/22)
Rock piles 9% (2/22)
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Table 3. Dairy goat producer responses relating to claw trimming practices.

Percentage (Number)

Claw Trimming Practice Category of Farms
Operator Producer 87% (26/30)
Staff 20% (6/30)
Friends or family 40% (12/30)
Paid contractor(s) 27% (8/30)
None, self-taught 42% (11/26)
Trained by friends or family 46% (12/26)
Producer training Trained by a veterinarian 8% (2/26)
Trained by a paid contractor 4% (1/26)
Other—reading material 8% (2/26)
Tool used Grinder 10% (3/30)
Hand-powered trimmer or shears 83% (25/30)
Pneumatic hoof trimmer 13% (4/30)
Blade 7% (2/30)
Frequency Every 1-2 months 7% (2/30)
Every 3—4 months 43% (13/30)
Every 5-6 months 33% (10/30)
Every 7-12 months 10% (3/30)
When needed 7% (2/30)
Goat age at first claw trim <3 months 3% (1/30)
3-5 months 10% (3/30)
6-8 months 33% (10/30)
9-12 months 40% (12/30)
Over 12 months 13% (4/30)

3.5.2. Milking Procedures

Machine milking was used on 93% (28/30) of farms. Hand milking was used on 7%
(2/30) of farms. Udder preparation prior to milking was conducted on 90% (27/30) of
farms; this included cleaning the teats of debris on 89% (24/27) of farms, sanitizing the
teats on 44% (12/27) of farms and checking the fore milk on 30% (8/27) of farms. Ten
percent (3/30) of producers reported that no udder preparation was carried out. Udder
treatment following milking was carried out on 70% (21/30) of farms, and 100% (21/21) of
these farms used a teat dip or spray and 23% (5/21) of these farms used teat conditioner;
30% (9/30) of producers reported they did not use any post-milking treatment.

Eighty percent (24/30) of producers said that they actively check for evidence of
mastitis. Of these farms, 100% (24/24) assessed milk quality, 79% (19/24) assessed swelling,
75% (18/24) assessed heat and firmness to the touch and 58% assessed udder color (14/24).

3.5.3. Goat Husbandry Practices

All producers reported that claw trimming was carried out on the goats. Responses to
questions on corrective claw trimming practice including who performs claw trimming
and sources of training, the tool used, frequency and average age of goat at first claw trim
are presented in Table 3.

Producer responses relating to health including treatment for gastrointestinal and ex-
ternal parasites, pain relief usage, and veterinary experience with goats are presented
in Table 4. Producers rated how often veterinary treatment was sought along a rat-
ing/slider scale (where 0 = never, 50 = sometimes, 100 = always). The responses of
27/30 producers (three participants did not respond) ranged from never to sometimes
(mean + SD =49 + 22).
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Table 4. Dairy goat producer responses relating to routine health practices.

Percentage (Number)

Health Category of Farms
Every 3-5 months 14% (4/29)
Every 6-8 months 17% (5/29)
e e 3% 1/29
When needed 21% (6/29)
Not clarified 10% (3/29)
Every 3-5 months 17% (5/29)
Every 6-8 months 7% (2/29)
Frequency of treatment for Every 9-12 months 28% (8/29)
external parasites When needed 21% (6/29)
No treatment 7% (2/29)
Not clarified 21% (6/29)
Pain relief usage Yes 70% (21/30)
No 30% (9/30)
Pain relief used for Disbudding 29% (6/21)
Castration 5% (1/21)
Disease 67% (14/21)
Injury 100% (21/21)
Other—kidding 5% (1/21)
Cost 10% (2/21)
Factors that affe Cft use of Time taken to administer pain relief 14% (3/21)
pamn refie Use of a veterinarian 5% (1/21)
Benefits for the animal 90% (19/21)
Benefits for humans (e.g., ease o
of handling) 10% (2/21)
Veterinarian used has Yes 73% (22/30)
adequate goat experience No 27% (8/30)

Producer responses relating to diagnosis of diseases on their farms including caseous
lymphadenitis (CL), caprine arthritis encephalitis (CAE) and Johne’s disease are presented
in Table 5. Approximately two-thirds of producers reported having CL on their farms, with
just under half of participants having diagnosed CAE; Johne’s disease was less commonly
diagnosed on farms (Table 5).

Table 5. Dairy goat producer responses to the question: has caseous lymphadenitis, caprine arthritis
encephalitis or Johne’s disease ever been diagnosed on your farm?

Disease Yes No
Caseous lymphadenitis 64% (18/28) 36% (10/28)
Caprine arthritis encephalitis 48% (14/29) 52% (15/29)
Johne's disease 7% (2/30) 93% (28/30)

3.6. Goat Kid Husbandry

Producer responses relating to goat kid rearing practices including removal from
dam after birth (a practice common place in goat farming to reduce the risk of disease
transmission such as CAE), rearing method, colostrum management, navel disinfection,
housing strategies, and weaning age are presented in Table 6.
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Table 6. Dairy goat producer responses relating to common kid rearing practices.

Percentage (Number)

Goat Kid Rearing Practices Category of Farms
Rearing method Hand-rearing 97% (29/30)
Dam-rearing 3% (1/30)
Removal from dam after birth Immediately 76% (22/29)
<4 h of birth 17% (5/29)
5-12h 3% (1/29)
atleast48 h 3% (1/29)
<10 ounces 27% (8/30)
Amount of colostrum in24 h ;_;8 gﬁﬁizz 520;: giég?)
after birth >31 ounces 10% (3/30)
Free choice 10% (3/30)
Heat-treated goat colostrum 43% (13/30)
Colostrum type Raw goat colostrum 20% (6/30)
Powdered goat colostrum 33% (10/30)
Powered cow colostrum 20% (6/30)
Navel disinfection Yes 60% (18/30)
No 40% (12/30)
Electric/gas heating 50% (15/30)
Kid housing strategies (during Heat lamps 33% (10/30)
winter months) Insulated walls 40% (12/30)
High pen walls to prevent drafts 37% (11/30)
Hutches 7% (2/30)
Weaning age 5-6 weeks 10% (3/30)
7-8 weeks 63% (19/30)
9-10 weeks 23% (7/30)
11-12 weeks 3% (1/30)

Producer responses relating to disbudding including method, operator and training re-
ceived, goat kid age at disbudding, power source, iron application time, horn bud removal
and antiseptic application are presented in Table 7. Producers rated how confident they
felt in their practice to disbud kids effectively without complication along a rating/slider
scale (where 0 = not confident at all, 50 = confident, 100 = very confident). The responses of
all (26/26) of the producers that perform disbudding themselves ranged from confident to
very confident (mean + SD = 86 + 16). Producers were also asked to rate the likelihood
of changing their practice if there was a better option available (where 0 = not at all likely,
50 = likely, 100 = very likely). The responses of 25/26 producers (one participant did not
answer) ranged from likely to very likely (mean £ SD = 63 =+ 24). Although, 3/25 producers
rated the likelihood of changing their practice between not at all likely and likely (<24).
Additionally, producers rated how much pain they think disbudding causes (where 0 = no
pain, 50 = some pain, 100 = extreme pain). The responses of 24/26 producers (two partic-
ipants did not answer) ranged from some pain to extreme pain (mean + SD = 60 =+ 16),
but 3/25 producers rated the amount of pain caused as being between no pain and some
pain (<41).

Producer responses relating to castration including whether castration is performed
and what buck kids are kept for, the method used, goat kid age at castration, the operator
and training received are presented in Table 8. Producers rated how confident they felt in
their practice to castrate kids effectively without complication along a rating/slider scale
(where 0 = not confident at all, 50 = confident, 100 = very confident). The responses of
7/8 producers (one participant did not answer) that perform castration themselves ranged
from confident to very confident (mean & SD = 85 &£ 18). Producers were also asked to rate
the likelihood of changing their practice if there was a better option available (where 0 = not
at all likely, 50 = likely, 100 = very likely). The responses of all (8/8) producers ranged from
likely to very likely (mean £ SD = 62 £ 27). Although, 3/8 producers rated the likelihood of
changing their practice between not at all likely and likely (<32). Additionally, producers
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rated how much pain they think castration causes (where 0 = no pain, 50 = some pain,
100 = extreme pain). The responses of 6/8 producers (two participants did not answer)
ranged from no pain to some pain (mean 4 SD =49 + 23).

Table 7. Dairy goat producer responses relating to disbudding practices.

Percentage (Number)

Disbudding Practices

Category

of Farms
Method Cautery iron 97% (29/30)
Not clarified 3% (1/30)
Operator Producer 87% (26/30)
Staff 13% (4/30)
Friends or family 27% (8/30)
Veterinarian 7% (2/30)
None, self-taught 39% (10/26)
Training Friends/family 46% (12/26)
Veterinarian 23% (6/26)
Goat kid age at disbudding <7 days 33% (10/30)
8-14 days 43% (13/30)
15-21 days 13% (4/30)
22-28 days 3% (1/30)
>29 days 7% (2/30)
Iron power source Electric 66% (19/29)
Liquefied petroleum gas (LPG) 10% (3/29)
Gas canister (butane) 31% (9/29)
<4s 7% (2/29)
Total iron application time 5-7s 21% (6/29)
(per horn bud) 8-12s 55% (16/29)
>13s 17% (5/29)
Horn bud removal Yes 62% (18/29)
No 38% (11/29)
Antiseptic use Yes 20% (6/30)
No 80% (24/30)

Table 8. Dairy goat producer responses relating to castration practices.

Percentage (Number)

Castration Practice Category of Farms
Castration performed Yes 27% (8/30)
No 73% (22/30)

Buck kids kept for Showing 13% (1/8)

Meat 88% (7/8)

Pets 25% (2/8)

Other—supplying an antigen 13% (1/8)

laboratory

Method Rubber ring/band 100% (8/8)

Goat kid age at castration <1 week 13% (1/8)

1-3 weeks 25% (2/8)

4-6 weeks 13% (1/8)

7-9 weeks 13% (1/8)

10-12 weeks 38% (3/8)
Operator Producer 100% (8/8)

Staff 13% (1/8)

Friends/family 13% (1/8)

Training received No one, self-taught 38% (3/8)

Friends/family 50% (4/8)

Veterinarian 13% (1/8)

The key research areas that have be identified from this study are presented in Table 9.
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Table 9. Summary of the key areas of research for the Midwestern US dairy goat industry. The
summary is arranged based on the percentage of producers (highest to lowest) that responded as not

performing (major) or performing (minor) various husbandry practices.

Major Research Areas

Percentage (Number) of Farms

Effective and practical pain relief for castration

Effective and practical pain relief
for disbudding
Early kid management training and education
(e.g., exposure to cold temperatures)
Eradication or testing programs for common
diseases (e.g., caseous lymphadenitis (CL),
caprine arthritis encephalitis (CAE))
Claw trimming training and education
Standardized disbudding training
and education
Udder health
General training programs for Midwestern US

75% (6/8) thought castration did not
cause pain
71% (15/21) did not provide pain relief
for disbudding
50% (15/30) did not use heating in kid
rearing areas

64% (18/28) and 48% (14/29) diagnosed CL,
and CAE, respectively

40% (11/26) did not receive training

39% (10/26) did not receive training

20% (6/30) did not monitor mastitis
13% (4/30) did not provide staff training

dairy goat producers

Minor research areas

Effect of outdoor space on goat behavior, hoof
wear, parasite burden and productivity
Corrective claw trimming frequency and
claw growth
Parasite management training and education

73% (22/30) provided outdoor space

43% (13/30) trimmed claws every 3-4 months
38% (11/29) drenched every 9-12 months

4. Discussion

Our study has provided insight into the current husbandry practices of 30 dairy goat
producers in the Midwestern US and highlighted potential areas of future research to
improve dairy goat health, production, and welfare.

4.1. Producer-Specific Information

The producers involved in the present study largely agreed that good animal welfare
was a key priority for their farms; however, whether this correlates with actual positive
welfare on-farm is not yet understood [9]. Some research suggests that consumer preference
to buy products from animals that experience a high level of animal welfare does not
necessarily correlate with those products being purchased, and that consumers may select
products based on price and not ethical standards [15].

Training of staff responsible for animal care and management is crucial for providing a
high standard of animal health and welfare [16-18]. Handlers that received both hands-on
and online training on cornual nerve block application for cautery disbudding of calves had
a much higher success rate and better outcomes for the calves undergoing this procedure
than those operators that received online training only [18]. A large-scale study of dairy
cattle farms in southern and central Italy reported that levels of staff training were inversely
related to prevalence failures in almost all areas of welfare assessed; for example, farms
that had no parasite control, foot bathing, routine footcare, or vaccination programs also
failed to provide animal welfare training for stock people [17]. Combined, this research
demonstrates the importance of training specific for animal welfare in order to ensure good
welfare outcomes for livestock. Most producers in this study rated highly the importance
of staff training; however, a small number of those producers reported they did not provide
training (13%). These results may suggest that some producers responded as they thought
they should, rather than what they actually thought. Those that did not provide training
were generally small family-run farms and responded that they worked with goats from a
young age. A recent study from Turkey reported that 73% (67/92) of dairy goat producers
did not provide staff training for milking practices, which may not have been necessary as
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the producers stated that staff had many years of milking experience [19]. Additionally,
Gokdai, Sakarya, Contiero and Gottardo [19] reported that producers were aware that
training was a necessity, but that time constraints prevented them from providing adequate
training to their staff. Training programs specific to dairy goat producers in the Midwestern
US setting are required and should be actively encouraged to ensure stockperson uptake.

4.2. Goat Husbandry

Access to outdoor spaces was provided on approximately three-quarters of the farms
in this study, and over half provided the goats the opportunity to graze on pasture, with
more than one-quarter of producers providing access to concrete or rocks; this may reflect
producer preference for goats to have access to environments that encourage performance
of natural behaviors, or contain enrichment (e.g., climbing structures, pasture). A survey of
46 dairy goat farms in the UK reported that 17% of farms grazed goats outdoors, which the
authors postulated was associated with the difficulties maintaining a high-yielding herd
on pasture and the susceptibility of goats to parasitism with gastrointestinal nematodes
(GIN) [10]. Reducing parasite load was also cited as an explanation for 12/13 dairy goat
farms in New Zealand maintaining their does in intensive production (i.e., housed in barns
where forage and crops are transported and fed to goats) [20]. Differences in availability of
outdoor spaces between the Midwestern US and other nations may be due to variance in
climatic conditions that allow GIN to be problematic (e.g., decrease production). However,
these explanations require validation.

Sixty-nine percent of producers reported treating their does for GIN at least once a year.
The GIN eggs are passed in the feces, and onto the pasture where the larvae hatch and are
ingested during grazing [21]. As stated earlier, many producers in this study provided the
goats with access to pasture, justifying regular worming regimens. However, anthelmintic
resistance in nematode populations is a major issue in goats [22]; resistance to anthelmintics
is associated with multiple factors including the fast metabolism of goats of drugs leading
to shorter residence time facilitating nematode resistance and over use of anthelmintics
at incorrect dosage [23]. Targeted selective treatment of individuals with high fecal egg
counts has been suggested as a useful method of preserving anthelmintic efficacy by
ensuring a number of untreated GIN in refugia [24]. Only two producers from the present
study responded as using this technique. Another strategy involves the use of tannin-rich
plants, which have natural anthelmintic properties to control nematode populations in
goats [25]. Future research on tannin-rich plants that consistently show efficacy in vitro or
the supplementation of grazing sheep with products containing Duddingtonia fungi to
reduce pasture larvae [26] as well as better education programs for producers on careful
GIN management to reduce resistance to anthelmintic drugs are required.

More than one-quarter of producers provided concrete in the outdoor area. Hard
surfaces such as concrete may increase natural wear of the hooves. Additionally, goats
spent more time lying on rubber matting and plastic slats than wood shavings indicating
that goats may prefer solid surfaces to lie on than straw or wood chip [27]. Whether
concrete and other solid surfaces are preferable over soft bedding materials and natural
hoof wear is observed remains to be seen.

Ninety percent of producers reported that udder preparation was carried out prior to
milking with physical removal of debris on the teats being most common. However, less
than half of the farms sanitized the teats. A survey of 46 dairy goat farms in the UK, reported
that 83% of farms used some form of udder and teat preparation [10]. Teat sanitizing dairy
cattle prior to milking reduces the presence of Staphylococcus aureus (common mastitis
pathogen affecting cattle) in milk [28]. The difference in these practices may be associated
with the difference in acceptance of somatic cell count (SCC) levels by milk companies
(1.5 million somatic cells and 750,000 somatic cells for goats and cows, respectively);
therefore, cow dairies must reduce bacteria as much as possible. Multiple factors are
associated with increased SCC in goats (compared with dairy cattle), such as increased dry
matter intake, lactation number/parity, stage of lactation, and lower mature equivalent milk
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production [29]. Further, increased SCC is not necessarily correlated with intra-mammary
infections [29]. Results of the National Animal Health Monitoring Survey in 2009 reported
that 2.8% of lactating does in the US had clinical mastitis and 30.7% of operations had at
least one doe with clinical mastitis; the most common form of identification was visual
inspection [30]. Interestingly, 20% of producers we surveyed did not check for mastitis,
indicating that the previously reported prevalence rate may be underrepresented. More
education and training surrounding udder health for dairy goats in the Midwestern US
is required.

Corrective claw trimming to remove excess claw growth is an important husbandry
practice for goats’ claws that are not worn naturally. Severely overgrown claws (and
diseases such as laminitis and CAE) may be associated with lameness, which is a major
health issue in dairy goats [3,31,32]. Claw trimming was conducted on all farms and most
commonly by the producer. Although 51.4% of goats observed on these farms (2325/4520)
had overgrown claws [9]. A recent survey of goat producers in the UK reported that all
producers perform claw trimming [10] yet an earlier study from the same group identified
claw overgrowth as a major issue [3]. In the present study, claws were trimmed most
commonly every 3—4 months (43%) and 5-6 months (33%), which is similar to previous
surveys of dairy goat farmer in the UK [10] (36% and 33% for every 3—4 months and
5-6 months, respectively). There was, however, a higher percentage of producers that
trimmed every 1-2 months in UK [10] compared with the Midwestern US (16% vs. 7%).
Together, these results may indicate that more frequent hoof trimming is required to prevent
claw overgrowth. Future research should evaluate best practice recommendations for claw
trimming frequency to ensure minimal rates of claw overgrowth.

Pain relief was used on 70% of farms in the present study with the most common
reasons including injury and disease. Factors that affected the use of pain relief on farms
were the associated costs (including veterinary personnel), and time taken to administer,
but most producers used pain relief because of the benefits to the animal. The relatively
high number of producers that used pain relief on their farms may be associated with
the self-selected nature of this study in that producers who were interested in improving
animal welfare opted into this study.

Producers reported that they felt the veterinary practitioner they used had adequate
goat experience on 73% of farms. In comparison, 83% of 46 producers in the UK felt their
local veterinary practitioner had sufficient knowledge and experience with dairy goats [10].
Recent data from a USDA survey suggests that the number of goat producers (including
meat, fiber and dairy) in the US consulting with veterinarians has increased, rising from
39.5% in 2009 to 49.7% in 2019 [33].

More than half of the producers reported that CL was diagnosed on their farms, with
just under half reporting diagnosis of CAE on their farms. We are unaware of whether the
producers in the present study were part of a testing or eradication program or the financial
implications associated with these diseases, but this information would be useful to include
in future studies. In the UK, producers observed these diseases far less often (CL: 7%,
10/45 farms; CAE: 11%, 5/45 farms) [10]. The relatively high number of goats with these
diseases on farms in the present study may be associated with non-selective breeding for
animals that are susceptible to these conditions, or management practices that increase the
risk of transmission such as a failure to separate or cull infected animals. Johne’s disease
was the most commonly reported disease on UK dairy goat farms (49%; 22/45), whereas
producers in the present study responded as having this disease on their farms less often
(7%; 2/30 farms); this may be due farmers may not be actively checking for Johne’s disease.
With the apparent trend of dairy goat farming expansion in the US, sourcing goats from
multiple herds and comingling, likely increases the risk of disease transmission. Therefore,
careful checking or testing of new animals brought into the herd prior to comingling, can
reduce the risk of disease. A disease eradication program to control CAE, CL and Johne’s
diseases may be beneficial for the Midwestern US dairy goat industry as has been largely
successful on Norwegian dairy goat farms [34].
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4.3. Goat Kid Husbandry

Interestingly, only half of the producers used heating in the kid rearing areas, even
though the study area ambient air temperatures can reach —20 °C (or below) [35] in the
winter during kidding season. In our recent study, approximately 65% (17/30) of farms had
goats with frostbitten ears (i.e., any amount of pinna is missing; appears straight cut), which
was likely caused by extended time spent in extreme low temperatures at birth [9]. It is vital
that producers ensure better management of neonatal kids during extreme temperatures
by completely drying kids after birth and moving them to warm environments. Goat kids
that experience cold air temperatures (—3 to 10 °C) for at least 5 days after parturition
have lower survival rates compared to kids exposed to warmer temperatures [36,37].
However, an earlier study observed no mortalities in kids raised in non-insulated rooms
(=10 to —4 °C) compared to insulated rooms (9 to 14 °C) [38]. Adult goat behavior is
affected by temperature as lying time was reduced in goats experiencing low (—6 to —8 °C)
ambient air temperatures compared with moderate (10 to 12 °C) ambient temperatures [39].
Additionally, goats will spend reduced time in outdoor spaces (compared with indoors)
with decreasing temperatures (below —10 °C) [40]. More education and training programs
are required to increase the use of insulated or heated rooms for newborn kids.

The overwhelming majority of producers in this study used the cautery method to
disbud goat kids (only one producer did not state the method used). Cautery disbudding
(with the provision of pain relief) appears to be the best option to date for having hornless
goats [41-44]. In the present study, 29% (6/21) of producers used pain relief for disbudding,
which appears a relatively low number when compared to the UK of which all kids require
anesthesia and/or analgesia for disbudding [45]. To improve the welfare of goat kids
undergoing disbudding, it is important that some form of pain relief is used. Caustic paste
disbudding is the second most common method used in calves [14,46,47], but it can run into
the eyes or be rubbed onto other areas of the body or pen mates [48]. Additionally, caustic
paste causes more pain in goat kids than cautery disbudding and may not consistently
prevent scurs [41,42]. In a previous survey of goat producers and veterinarians in the US
and Canada, 97% (39/40) of veterinarians and 95% (218/229) of producers stated they used
a cautery iron to disbud their goat kids [49]. The authors stated that caustic paste was not
used, but provided no insight into what method was used instead [49].

Disbudding was predominantly carried out by producers in the present study, which
was likely to reduce costs associated with veterinary practitioners; only a small number of
producers employed veterinary practitioners to perform disbudding. In comparison with
the UK, only veterinary practitioners are permitted to disbud goat kids (with a cautery
iron and under anesthesia) under UK law [45,50]. Additionally, just over one-fifth of the
producers that disbudded kids themselves, were trained by a veterinary practitioner, which
is a smaller percentage than those that were trained by family and friends (12/26; 46%),
again likely due to reduced costs. Producers received cautery disbudding training for calves
in Canada and Czech Republic in 98% and 85% of producers surveyed, respectively [14,51];
however, we found that only 60% of producers received any cautery disbudding training,
highlighting the need for a standardized cautery disbudding protocol for goat kids and
training programs for producers in the Midwestern US.

It is typically considered good practice to disbud goat kids once the horn buds are
palpable and within a week of age [52]. In a recent review of comparisons of disbudding
practices between calves and kids, on average kids were disbudded at 10.6 days of age
(SD =5.7) (on average calves were 5.3 weeks of age at disbudding (SD = 2.0)) [53]. The
majority of producers (77%) in the present study disbudded kids less than 2 weeks of age,
although 23% of producers in the present study disbudded kids at an advanced age (i.e.,
more than 2 weeks of age). In the UK, kids are commonly disbudded at less than 2 weeks of
age (93%; 42/45) [10]. Disbudding goat kids beyond 2 weeks of age increases the difficulty
of completely removing the horn bud and may increase the incidence of scurs and prolong
healing [53], further highlighting the need for producer education and training in this area.
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Seventy percent of producers used the cautery iron for 8 s or more to disbud their
kids, which may increase the risk of thermal injury to the brain. In a recent pilot study by
our group on the effect of cautery iron application duration on brain injury in goat kids (by
a trained and experienced operator), we observed brain injury in at least some goat kids at
all duration applications (5, 10, 15, and 20 s); however, longer applications resulted in more
severe and consistent brain injury [54]. Application times of 15 and 20 s should be avoided
as these durations resulted in severe histopathological changes, including a branching
region of edema across multiple gyri, hemorrhage, and microscopic lesions consisting of
leptomeningeal and cerebrocortical necrosis [54]. Cautery disbudding training should be
included as part of routine training programs for farm staff by a veterinary practitioner or
an experienced operator.

In the present study, 27% of producers performed castration on their animals, and of
these producers, most buck kids were castrated for reducing odor in the meat or because
they were pets. The producers that did not perform castration tended to keep bucks for
breeding purposes. Castration was carried out almost exclusively by the producer and with
aring or band, most likely as the practice requires minimal training and is not as technical as
surgical castration. Ring castration does, however, cause acute and long-term pain in lambs
(reviewed by [55,56]). Use of the Burdizzo method appears to cause similar behavioral and
stress responses as ring castration in lambs, which can be reduced by local anesthesia and
non-steroidal anti-inflammatory drugs [57]. Producers rated themselves as confident to
very confident they could castrate their kids effectively without complication, although
they were open to changing their practice if there was a better method available. This may
be associated with using another method, which may be more time efficient. Producers
rated castration as causing no pain to some pain. Future studies should investigate pain or
distress associated with ring castration of goat kids.

This study was not without limitations. Ideally, we would have selected 30 farms
at random from the Midwestern region to be involved in this study, but we were unable
to access a database of producers in this region. Therefore, we must be cautious when
trying to extrapolate our findings and make statements about the wider Midwestern dairy
goat industry as there is likely to be some degree of self-selection bias, with consequent
overestimation (or under-representation) of certain themes. For example, farmers that
chose to be involved with this study likely already had an interest in improving animal
welfare, therefore we may not have captured the views of those that had no interest in
improving the welfare of their goats. In future, the survey should be made available to all
producers within the Midwestern US region as a standalone survey without requiring a
farm visit to perform welfare assessment. Further, it would have been useful to include a
greater number range within the rating/slider scale to increase the sensitivity about the
data collected.

5. Conclusions

In conclusion, this study has provided insight into the husbandry practices carried
out on 30 dairy goat farms in the Midwestern US, which can be used by the industry to
inform and improve routine husbandry practices.

Our study has highlighted many potential areas of future research to improve the wel-
fare of dairy goats. Major potential areas that showed the highest number of producers that
did not perform various husbandry procedures were the use of pain relief for husbandry
practices such as castration and disbudding, early kid management during birth to prevent
illness/ disease or mortality (e.g., warm and dry areas for kid rearing), eradication programs
for common contagious diseases such as CAE and CL, training programs and education for
claw trimming, disbudding, and udder health. Minor research areas included the highest
number of producers that performed various husbandry practices such as the effect of
outdoor space on goat behavior, hoof wear, parasite burden and productivity, corrective
claw trimming frequency and the effect on claw growth, and parasite management.
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Simple Summary: The amount of sleep acquired and changes to patterns of sleep could be a useful
tool to assess cow welfare, particularly in response to changes or stressors in their environment.
However, the current most accurate method to assess sleep, polysomnography (PSG), is difficult and
time consuming. In humans, heart rate (HR) and variability in time between heart beats (HRV) can
be used to identify sleep stages, and this could be a useful alternative to investigate sleep in cows. We
compared measures of HR and HRV with PSG in two groups of dairy cows in different environments
and investigated the effects of lying posture on these measures. We found that HR decreased with
deepening sleep stages in both groups of cows, that rapid eye movement sleep (REM) was associated
with higher HRV and that HR and HRV also changed with different lying postures. The patterns of
differences between sleep stages were similar between the two groups of cows. Our results suggest
that HR and HRV change with sleep stages in cows and that these measures could be a useful, and
more easily applied, method of assessing sleep stages in dairy cows.

Abstract: Changes to the amount and patterns of sleep stages could be a useful tool to assess the
effects of stress or changes to the environment in animal welfare research. However, the gold standard
method, polysomnography PSG, is difficult to use with large animals such as dairy cows. Heart rate
(HR) and heart rate variability (HRV) can be used to predict sleep stages in humans and could be
useful as an easier method to identify sleep stages in cows. We compared the mean HR and HRV
and lying posture of dairy cows at pasture and when housed, with sleep stages identified through
PSG. HR and HRV were higher when cows were moving their heads or when lying flat on their
side. Overall, mean HR decreased with depth of sleep. There was more variability in time between
successive heart beats during REM sleep, and more variability in time between heart beats when
cows were awake and in REM sleep. These shifts in HR measures between sleep stages followed
similar patterns despite differences in mean HR between the groups. Our results show that HR and
HRV measures could be a promising alternative method to PSG for assessing sleep in dairy cows.

Keywords: dairy cows; heart rate; sleep; heart rate variability; polysomnography

1. Introduction

Two main stages of sleep exhibited by animals are known as rapid eye movement
sleep (REM) and non-REM sleep. Non-REM sleep has been associated with restorative
functions in the body and brain, for example, the clearance of potentially harmful toxins
produced by normal cellular function [1]. REM sleep has been associated with memory,
learning and dreaming [2]. Changes to the amount and patterns of sleep stages could be
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used to assess animal welfare, as these aspects of sleep are known to be affected by factors
such as environmental conditions, stressful occurrences during the day, pain or illness [3].
For example, after moving into an unfamiliar environment, cows were found to spend
less time lying in postures associated with sleep than their baseline, which could be an
indication of stress [4]. However, in dairy cows, without using neuro-electrophysiological
methods, it is difficult to accurately identify sleep from wakefulness, let alone different
sleep stages.

As sleep is a homeostatic function originating in the brain, the most accurate way to
study it is through polysomnography (PSG), the study of multiple electrophysiological
signals, namely brain activity, eye movements and muscle activity [5]. PSG can be suc-
cessfully used to study sleep in calves [6] and in adult cows [7,8]; however, it is costly, the
equipment is fragile, and interpretation of the signals is time-consuming [7]. Being able to
identify sleep in dairy cows with other more easily applied or less invasive devices would
be beneficial not only for the cow’s comfort and welfare, but also for ease of application
by researchers, thus facilitating the study of the sleep of cows and opening several new
avenues for investigation of the effects of sleep loss or importance of sleep for cows.

During sleep and different sleep stages, changes occur in the regulation of the mam-
malian autonomic nervous system (ANS) and its subdivisions, the parasympathetic (PNS)
and sympathetic nervous systems (SNS), affecting many functions such as heart rate, respi-
ration rate and body temperature [9]. Specifically, during REM sleep, there is variability in
ANS activity, leading to more variability in the associated physiological functions, whereas
in non-REM sleep stages, there is more activity of the PNS while SNS activity is reduced [9].
Because the ANS affects the heart, measures of heart rate (HR) and heart rate variability
(HRV: the measurement of the variability in the time between successive heart beats) can
be used as a way to identify activation of the PNS and SNS [10]. In humans, changes
in HR and HRV have been used to accurately identify and differentiate between sleep
stages [11,12]. HRV can be quantified with different methods. Time domain indices of HRV
identify differences in the time between successive heart beats or inter-beat-interval (IBI)
while frequency domain indices classify the signal into frequency bands [13].

The study of HRV in cow welfare to date has focussed mainly on the application of
HR and HRYV to identify and assess stress. HR and HRV were found to be affected by
severe lameness which may cause chronic stress in cattle [14]. Calves being disbudded
without local anaesthetic showed an increase in frequency domain metrics of HRV [15].
HR and HRV has also been used to identify positive interactions in dairy cows, and social
licking between cows was found to reduce heart rate in receivers [16]. Body posture has
been found to affect HR and HRV measures. Heart rate was lower and variability in time
between heart beats was higher in cows lying down compared to when standing [17].
However, to our knowledge, investigations of HR and HRV during sleep in cows have not
been done. In previous work, we have found that sleep occurs when cows are lying down,
but specific lying postures could not be used reliably to identify sleep stages compared
to PSG in dairy cows. Furthermore, housing conditions have been shown to affect the
relationship between lying postures and sleep [18].

It is possible that HR and HRV could be used to identify sleep stages in cows. The
equipment required to assess HR and HRV is less invasive and more easily applied than
equipment used for PSG. Therefore, the objective of this study was to determine if HR
and HRV differ between sleep stages in dairy cows, and to determine if this is repeatable
between cows in different areas, housing conditions and lying postures.

2. Materials and Methods
2.1. Ethical Statement
The study was designed in accordance with the relevant guidelines and legislation

in both Scotland and New Zealand (NZ) where the studies took place. Ethical approval
was obtained from the UK Home Office (Project Licence P204B097E), SRUC Animal Ethics
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Committee (Ref. ED AE 03-2018) and Ruakura Animal Ethics committee (AE 14708) prior
to the start of animal manipulations.

2.2. Cows and Housing

Twelve cows were recruited for this study from two locations. Six non-lactating
and non-pregnant Holstein cows (age 3.9 &+ 0.7) from the Acrehead unit of SRUC’s Dairy
Research Centre (Dumfries, Scotland) and six, three-year-old, non-lactating, pregnant Kiwi-
cross (Friesian x Jersey) cows from the DairyNZ Lye Farm (Newstead, NZ) were used. The
small sample size was necessary due to the time-intensive methods required to habituate
the cows to the recording devices. Non-lactating cows were selected to avoid disruptions
to the cow’s sleep patterns due to fetching for milking and the risk of damage to recording
devices in the milking parlour. The Scottish cows, destined to be culled from the herd due
to reduced fertility, were healthy during the trial.

The cows were managed in a large group pen and moved into a smaller adjacent ‘test’
pen individually for recording sessions (Figure 1). The Scottish cows were held on deep-
bedded straw in a barn. The group pen measured 20 m x 5.2 m and test pen 5.2 m x 5.1 m.
The cows were fed silage and always had access to water. The NZ cows were managed
outdoors in a large paddock. They were able to graze and were provided with silage
ad libitum and always had access to water. The group pen measured 44 m x 29 m and
was created with live electric fencing. The 10 m x 10 m test pen was created with non-
live electric fencing tape, to prevent potential interference with the electrophysiological
recordings. The fencing set-up for both group and test pens could be moved around the
paddock when ground conditions became wet or muddy. In both locations, a 2 m buffer
zone was created between the test pen and group pen, to inhibit contact and reduce damage
to recording devices from social interactions.

A

Group Pen

Q0e,] paa]

-
Test Pen
I—

5.2m
Buffer Zone

5.05m 20m
B
44m
Group Pen ”

Buffer Zone

V4

c Test Pen = H
= 2m
<>

10m 15m

Figure 1. Diagrams of group and test pen design in the Scottish indoor-housed study (A) and in the
NZ outdoor pasture study (B). During recordings, the test cow was moved into the test pen. When
not recording, the cow was moved back into to the group pen.

The cows were fitted with the recording devices and moved into the test pens indi-
vidually for a maximum of 7 days. The devices and recording gear were downloaded,
re-charged and re-set twice daily. Devices were removed if the cow showed signs of skin
or behavioural irritation or in the case of forecasted heavy rain (NZ outdoor group).
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2.3. Heart Rate Recording

HR and HRV were measured using a polar RS800 CX watch and Polar equine moni-
toring belt (Polar Electro Oy, Kempele, Finland). Patches of hair at the electrode locations
were clipped and the electrodes were generously coated with ultrasound gel (Aquasonic
100 gel, Parker Laboratories, Fairfield, NJ, USA) to improve contact with the skin and
signal transmission. The belt and watch were checked frequently and adjusted as needed
throughout the recording. An elastic surcingle was attached over the belt to keep it tight to
the skin. The clasps of the Polar belt and surcingle were padded with felt and wrapped in
cohesive bandage to reduce the chance of irritation to the cows and also reduce the chance
of the surcingle loosening throughout the recording. The watch was synchronized to the
recording computer’s time and was programmed to record heart rate and R-R intervals
which are used for HRV calculations. R-R intervals are the time (in milliseconds) from the
R peak of one heartbeat to the R peak of the next heartbeat.

The data were downloaded and analysed using Polar Pro Trainer (v5.35.160) and
artefacts in the R-R data were filtered and corrected using moderate filter power. Only
traces containing less than 1% of identified errors were used in the analysis. Filtered data
were exported and HR and HRYV statistics were calculated in 30 s intervals (epochs) corre-
sponding to the scored PSG data. Only time domain features of the HRV were calculated
since frequency domain features of the HRV may not be an accurate representation of the
data in such small time periods [19]. Time domain features included mean HR (in beats
per minute—BPM), root mean square of successive differences of the R-R signal (RMSSD),
and standard deviation of the R-R signal (SDRR) in 30 s epochs.

2.4. PSG Recording and Sleep Scoring
2.4.1. PSG Recording Protocols

PSG were recorded as described by Hunter et al. (2021) [20]). Pre-gelled adhesive
snap ECG electrodes (Natus Neurology, Ottawa, ON, Canada) were used to record four
EEG, a reference (REF), patient grounding (PGND), and two EOG and two EMG channels
from the cows. Lead wires were snapped on, bundled down the neck and plugged into the
Embletta MPR PG + St proxy PSG recording device (Embla Systems, Ottawa, ON, Canada).
The device was placed in a padded plastic box within a pouch sewn to the elastic surcingle
covering the HR monitor belt. The device was programmed, data were downloaded, and
traces processed and scored using RemLogic 3.4.3 software (Embla Systems, Ottawa, ON,
Canada). Good quality recordings, which had a minimum of one complete EEG, EOG and
EMG trace each with good impedance (1-14kHz), minimal artefacts and with good quality
corresponding HR traces were used in the analysis. Recordings lasted a maximum of 10 h
due to device memory limitations.

2.4.2. Sleep Scoring

The good quality traces were scored according to criteria developed from a combina-
tion of previous cow sleep EEG studies [6,7,21] as well as human sleep scoring criteria [22].
Five stages of sleep and wakefulness were scored: Awake (W), REM (R) and Non-REM
(which was subdivided into 3 stages, light N1 and N2, and deep N3). Rumination was also
scored from the PSG as substantial artefacts due to jaw muscle movements when chewing
obscured the actual signals of the traces and it was impossible to tell what stage the cow
was in during that time. Intra-observer accuracy was calculated using “irr” package [23] in
R (v4.0.5) using Cohen’s Kappa with k = 0.83 and overall agreement of 89.4% indicating
good agreement [24].

2.4.3. Lying Postures

Lying postures were identified from video recordings made from four surveillance
cameras equipped with automatic infra-red night vision capability (Geovision monitoring
system, Viewlog, GeoVision Inc., Taiwan (Scottish Cows)) and Vivotek ND9541P H.265
NVR (Vivotek Inc., Taiwan) (NZ Cows)). Lying postures, with head held up above the point
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of the shoulder (UP), head held below the shoulder (HL), head resting on the ground to the
front (HF), neck turned with head resting on flank or “tucked” (T), lateral lying or “flat out”
(FO) and moving (MV) as well as not scored (NS) (Table 1), were scored instantaneously
every 30 s corresponding to the start of the PSG and HR epochs. Intra-observer reliability
was conducted in R (v4.0.5) [25] using the Cohen’s kappa in the ‘irr” package [23] and the
kappa statistic was k = 0.95 demonstrating a high level of agreement [24].

Table 1. Behavioural ethogram for scoring lying postures in dairy cows, including head positions
and photographs from surveillance videos.

Head Up (UP)
Lying sternally recumbent with head held up

Head Low (HL)
Lying sternally recumbent with head held low

Head Resting Front (HF)
Lying sternally recumbent with the head and or neck resting on
the ground

Tucked (T)
Lying sternally recumbent with head turned and resting on the flank

Flat-out (FO)
Lying laterally with legs extended and head and neck resting on
the ground

2.5. Data Analysis

Scored sleep stages, lying postures and heart rate data were aligned by time stamps.
In cows, sleep occurs when lying down [21], therefore only epochs identified as lying were
included in the analysis. Epochs with posture ‘not scored” (NS) due to observer inability
to accurately observe behaviour or other extraneous circumstances were also removed
from the dataset. As the stages of sleep or wakefulness could not be determined while
ruminating, these epochs were also removed.

We fitted a mixed-effects model to determine if the cow’s HR changed by sleep stage
using the ‘Ime4’ [26] and ‘lmertest’ [27] packages in R (v4.0.5) [25]. The fixed effects were
study (country), sleep stage and their interaction. We included recording day nested
within individual cow ID as random factors. We then used the same model with each
of the remaining variables, and RMSSD and SDRR as the response variables. Using the
‘predictmeans’ [28] package we calculated the predicted means, standard error of the means
(SEM) and least significant differences (LSD).
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We then re-ran the same models, now including the cow’s lying posture as a fixed
effect with interaction with study and calculated predicted means of cow’s HR and HRV
measures by lying posture and study.

3. Results

Overall, with rumination, standing, and unscored lying behaviour removed,
1968 epochs totaling 16.4 h of good quality data were obtained from 10 cows in 29 record-
ings days. Data from one Scottish and one NZ cow were removed as they each had only
one limited good quality recording that did not contain any lying periods. The data set was
skewed towards more time in the awake (W) state, as 629 epochs were scored as W, 315
epochs in N1, 593 epochs in N2, 197 epochs in N3 and finally 234 epochs in REM (Table 2).

Table 2. Count of the total number of epochs of data in each posture by sleep stage (tucked (T), head
resting front (HF), head low (HL), head up (UP), moving (MV) and flat out (FO)) and study country.

NZ Scot
T HF HL UP MV FO Total T HF HL UP MV FO Total

W 24 2 67 116 14 1 224 42 4 133 157 49 20 405

N1 4 2 34 58 3 0 100 20 1 103 52 13 25 214

N2 9 4 61 120 O 0 194 51 13 217 46 6 66 399

N3 8 2 21 47 0 0 78 17 1 72 15 3 11 119

R 9 0 0 1 0 0 91 114 1 4 3 1 20 143
Total by

135 10 183 342 17 1 688 244 20 529 273 72 142 1280
Posture

3.1. Lying Posture

The HR and HRV parameters changed with specific body posture while lying. In the
Scottish cows, moving and lying flat out postures resulted in significantly higher mean
heart rate (MV = 56.43 &+ 3.17 bpm, FO = 55.53 & 3.15 bpm) than all other postures (lying
with the head up, or low, or resting on the ground or with the head tucked) (Figure 2). Flat
out lying was rare in the NZ data, with only one epoch over all observations. Moving was
also associated with a higher mean HR in the NZ group (84.22 + 3.41 bpm). In the NZ
cows, tucked posture was also associated with significantly higher RMSSD values than the
head low, head up and moving postures, indicating more variability in the time between
successive heart beats. Similar results were found with RMSSD in the Scottish group, who
had higher RMSSD in T compared to HL (p = 0.007, df = 1936, t = 2.7), UP (p = 0.0017,
df = 1936, t = 3.15) and lower compared to FO (p = 0.0035, df = 1936, t = —2.92). We also
found a significant effect of sleep stage and its interaction with study location on the HR
and HRYV parameters. Table 2 shows the means for the different sleep stages.
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Figure 2. Plots of predicted means with error bars indicating standard error of the means for the mean heart rate in beats
per minute (bpm) (A), the RMSSD (B) and SDRR (C) by lying postures (Tucked (T), head resting front (HF), head low (HL),
head up (UP), moving (MV) and flat out (FO)) for the New Zealand group (NZ), Scottish group (Scot). Figure produced in R
v4.0.5 using ggplot2 package (https://cran.r-project.org/web/packages/ggplot2 /index.html, accessed on 3 May 2021).

3.2. Mean HR

After accounting for variation between cows and study days, we found a large effect
of study group on mean HR. Mean HR was around 20 BPM lower in the Scottish cows
than the NZ cows. After accounting for this variation, significant differences between
sleep stages were evident. In both the indoor-housed Scottish group and outdoor-managed
NZ cows, mean heart rate was significantly slower in the REM sleep stage compared to
awake (W) (NZ: p <0.001, df = 1934, t = 5.51) (Scottish: p < 0.001, df = 1934, t = 12.16). In
the Scottish group, N2 and N3 stages were not significantly different from one another
(p=0.09, df = 1934, t = 1.68), but all others (W, N1, R) were. In the NZ group, W and N1
were not different from each other (p = 0.46, df = 1934, t = —0.74), and neither were N3 and
REM (p = 0.89, df = 1934, t = 0.14). Overall, heart rate declined successively from W to N1
and then to N2, while N3 and REM were significantly lower than the other sleep stages.

3.3. RMSSD-Variability between Successive Heart Beats

As heart rates were significantly different between the study groups, it is unsurprising
that they also had a significant effect of study on the RMSSD (Figure 3). As the mean
heart rate was lower in the Scottish group, their RMSSD was 15-30 ms higher than the
NZ group, indicating longer inter-beat intervals (Table 3). Accounting for the random
effects, we found significantly higher RMSSD values during REM sleep epochs, indicating
more variability in the time between successive heart beats in this stage. In the NZ group,
the RMSSD during REM sleep was significantly higher than W (p = 0.0061, df = 1937,
t=—-2.74),N1 (p =0.01, df =1937, t = —2.57) and N2 (p = 0.0056, df = 1937, t = —2.78) but
not significantly different from N3 (p = 0.18). In the Scottish group, RMSSD during REM
sleep was highly significantly different from all other sleep stages, which did not differ
greatly from one another. However, N2 did differ significantly from W (p = 0.002, df = 1937,
t=—3.09) and N1 (p = 0.028, df = 1937, t = —1.554). Overall, the time between successive
heart beats during REM sleep was significantly more variable than the other stages. N3
was more variable than W but not compared to the other NREM stages (N1 & N2).
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Figure 3. Plots of predicted means with error bars indicating standard error of the mean in each sleep stage for the NZ
and Scotland groups for mean HR (A), RMSSD (B) and SDRR (C)). Figure produced in R v4.0.5 using ggplot2 package
(https:/ /cran.r-project.org/web/packages/ggplot2 /index.html, accessed on 3 May 2021).

Table 3. Table of predicted means + standard error of the HR mean, RMSSD and SDRR for each of
the stages, awake (W), Non-REM: N1-N3 and REM sleep overall data and by study group in NZ and

Scotland (SC).
Sleep Stage W N1 N2 N3 REM
HR Mean

A A B C C

) 56.77 D 53.56 E 52.20 F 51.14F 49.48 G
Predicted Mean SC +3.04 +3.05 +3.04 +3.08 +3.07

RMSSD

A A A AB BC
Predicted Mean N2 1£§597 1332012 Z';499 1124218 2i 14414
) 32.92CD 3341 DE 36.03 F 35.96 EF 50.96 G
Predicted Mean SC +3.82 + 3.88 + 3.83 +3.98 + 3.94

SDRR

AB ABC AC C ABD
Predicted Mean NZ 3i76422 304[92 60 2i360 27 2i3'2275 331?2 63
. 62.93 E 49.61P 46.69 BD 44.83 BD 60.71 E
Predicted Mean SC + 6.03 +6.19 + 6.04 + 6.42 + 6.34

A-G Means within each HR/HRV measure without a common superscripted letter are significantly different at

p <0.05.

3.4. SDRR-Total Variability of Time between Heart Beats

There were differences between the groups, but this was not as wide as for the other
variables. SDRR was higher for the awake and REM stages compared to the other stages,
indicating that there was higher variability in the overall time between heart beats for
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these stages. In the NZ cows, SDRR during REM sleep was significantly higher than N3
(p =0.0288, df = 1947, t = —2.1882), but not the other stages. N3 was significantly lower
than W (p = 0.0337, df = 1947, t = 2.1254), however N3 was not significantly different from
the other stages. In the Scottish group, SDRR was not significantly different between W
and REM (p = 0.4422, df = 1947, t = 0.7687), but these stages were significantly higher than
N1, N2 and N3 that were not significantly different from one another.

4. Discussion

Our results show that cardiac outputs could be useful in assessing sleep stages in
dairy cows. However, we found major differences in mean HR between the two groups
of cows, which may be due to different cow characteristics. Understandably, despite
replication in data collection methods, there were marked differences in the housing, breed,
size, physiological stage, and diet of the cows in each study location. The NZ cows were
all in late pregnancy, whereas the Scottish cows were non-pregnant and non-lactating.
Late pregnant heifers and cows have been found to have higher mean HR than earlier
on in pregnancy [29]. While there was not a particularly large difference in cow age,
there was a difference between cow size and breed. The Scottish cows were very large
Holstein cows, and the NZ cows were much smaller being Jersey-Holstein crosses (Kiwi-
cross). Other studies have found significant differences in HR and HRV measures between
different breeds (Brown Swiss and Simmental) when standing, lying and milking [30].
Body size is also known to affect HR and HRV, and a decrease in HR was found with
increasing weight in horses and ponies [31]. The Scottish recordings were made indoors in
spring/summer months with a daytime temperature average of 15.2 °C (range 8-22 °C)
and overnight temperature of 11.2 °C (range 5-22 °C). The NZ recordings were made
outdoors over winter with average an average daytime temperature of 10.2 °C (range
2-18 °C) and overnight average of 8.4 °C (range 2-14 °C). Seasonal thermal stress has
been found to affect behaviour, stress and immune response in dairy cows [32,33], and
increasing temperature humidity index has been associated with decreased HRV measures
in sheep and goats [34]. Although the cows in the winter conditions in NZ had higher HR
and lower HRV than cows in summer conditions in Scotland, the environmental conditions
could have affected the HR and HRV activity in this study.

Importantly, despite these group differences, we found that HR and HRV changes
with sleep stages in both groups and clearly, Figure 2 shows that the differences are in
the same direction. These results indicate that the patterns of the changes in HR and
HRV measures between the sleep stages are stable and as such these measures could be
used with all cows, although further research is needed to assess if these patterns are also
observed in lactating cows and cows in other stages of pregnancy.

Surprisingly, we found that mean HR during REM sleep was lower than when awake
and in the lighter NREM sleep stages (N1 and N2). This is different than results in humans,
where HR has been found to decrease with the progression of NREM sleep stages, and
speeds up again in REM sleep [35]. However, similar results with an overall lower heart
rate during REM sleep were also found in dogs [36]. Despite the lower mean HR, HRV
measures of RMSSD and SDRR were higher in REM sleep, indicating more variation
between heart beats. This observation is similar to that shown for HRV patterns during
human sleep, where HRV tends to be more variable when awake and in REM sleep than
during N3 and other NREM sleep stages [37]. Mean HR and RMSSD may be useful to
distinguish between awake (W) and REM stages; however, they are not particularly useful
to distinguish between NREM stages (N1, N2, N3). SSDRR was useful to identify N3 stages
in both groups as it was significantly lower. These patterns of differences in sleep stage
could be useful in future applications to predict sleep stage of dairy cows, particularly if
prior to recording, a lying awake baseline could be specified. Then sleep stages could be
identified or predicted from differences from that baseline.

A previous study has found that body position was associated with difference in
HR and HRV measures in cows [17]; however, they did not specify body posture while
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lying and were unable to identify awareness levels. We found that the specific posture
that cows adopted during lying affected their HR and HRV, and in particular that epochs
identified as being in the flat out (lateral lying) posture and epochs with the head moving
resulted in higher HR and more variability in the HRV. As moving is a physically active
behaviour, this activity may have had a carry-over effect on the heart rate for an extended
period. Therefore, an epoch in which the cow moved her head at the start may have higher
HR across that epoch and into the next. Flat out posture was rarely observed in the NZ
group, and only scored once, and even then, was only observed as a transition behaviour
between other postures. In the Scottish group, flat out postures were far more commonly
observed, and most often occurred while the cow was in N2 sleep as well as awake and in
N1. It is unclear if the increased HR in this posture was due to the position of the body
which could have facilitated a faster movement of blood, or because most epochs scored
as flat out happened to occur in sleep stages that had higher heart rates. In the NZ group
almost all REM sleep occurred in the tucked posture. The tucked posture was found to
have significantly higher RMSSD; however, since REM sleep was also found to have higher
RMSSD it is likely that the effect of the posture on the HRV measure was more likely due
to the sleep stage in this case.

The intra-observer reliability for sleep scoring was 89%, which according to inter-
scorer reliability in human sleep studies is very good [38,39]. However, there is still
some possibility that the 11% uncertainty in sleep scoring was a contributing factor to the
variability of the HR and HRV measures within sleep stages. Additionally, we analysed
the HR data in 30 s epochs, specifically to correspond to sleep scoring. The 30 s epoch is a
standard practice in scoring sleep stages from PSG, as it corresponds well to the structure
of human sleep, containing fewer stage shifts than longer epochs which would be more
likely to contain many stage shifts [40]. Despite shorter epoch length, some mid-epoch
stage shifts could still have occurred. In these instances, although the PSG was scored one
way, the HR measures could have reflected another stage, and this could also be another
source of variability in the HR and HRV measures within sleep stage.

Similarly, the HR and HRV data may have also been influenced by the short epoch
windows. Typically, human HRV measures are conducted in 5 min increments, although
ultra-short windows such as 30 s windows have been found to be acceptable for the
assessment of HRV at rest in humans [41]. Bouts of cow sleep stages can typically be quite
short [7,21] and thus multiple stage shifts would be captured in a longer epoch length of
5 min. This was a major reason for choosing to analyse the HR and HRV in ultra-short
windows. However, some have questioned the accuracy of windows shorter than 2-min
for the analysis of HRV in human athletes [19]. RMSSD measurements in even shorter 10 s
windows were also found to correspond well to standard longer intervals in humans, but
SDRR did not [42]. Therefore, the short time window selection could have affected the
accuracy of the cow HRV RMSSD and SDRR measurements. HR and HRV may be useful
for the assessment of sleep stages in dairy cows, however, further investigation into the
validity of ultra-short HRV measures in dairy cows and additional validation with PSG is
needed.

5. Conclusions

We have shown that sleep stage is associated with changes in HR and HRV in dairy
cows. Mean HR was significantly lower in the indoor-housed, non-pregnant, and non-
lactating cows compared to pregnant, dry, outdoor managed cows. We also found that
mean HR decreased with sleep depth, SDRR was more variable in awake and REM states,
and RMSSD was significantly higher in REM sleep than the other stages. These results
indicate that HR and HRV could be a useful measure for the future identification of sleep
stages in dairy cows using less invasive devices than PSG, making sleep research for animal
welfare more accessible.
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Simple Summary: The objectives of this study were to determine if housing Bovan brown laying
hens in conventional cages or enriched floor pens impacted novel physiological and behavioral
markers for animal welfare and whether we can use these markers to assess animal welfare. We
found that birds that were housed in conventional cages showed increased tonic immobility durations
(indication of fearfulness), decreased fecal Immunoglobulin A (indicator of immune function), and
increased feather corticosterone concentrations (indicator of chronic stress) compared to hens that
were housed in enriched pens. These results indicate that caged birds are more stressed, have reduced
immune function, and are more fearful than birds that are housed in pens. In contrast to expectations,
we found that caged hens showed a shorter latency to feed during attention bias testing, indicating
reduced anxiety compared to birds from pens. Overall, we found that conventional cages generally
impacted animal welfare negatively, with the exception of anxiety. In addition, the results suggest
that the chosen novel markers for animal welfare show appropriate contrast between long-term
housing systems for laying hens. Yet, additional work needs to be done before these measures can be
used more broadly.

Abstract: The scientific community needs objective measures to appropriately assess animal welfare.
The study objective was to assess the impact of housing system on novel physiological and behavioral
measurements of animal welfare for laying hens, including secretory and plasma Immunoglobulin
(IgA; immune function), feather corticosterone (chronic stress), and attention bias testing (ABT;
anxiety), in addition to the well-validated tonic immobility test (T1; fearfulness). To test this, 184 Bovan
brown hens were housed in 28 conventional cages (3 birds/cage) and 4 enriched pens (25 birds/pen).
Feces, blood, and feathers were collected 4 times between week 22 and 43 to quantify secretory and
plasma IgA and feather corticosterone concentrations. TI tests and ABT were performed once. Hens
that were from cages tended to show longer TI, had increased feather corticosterone, and decreased
secretory IgA at 22 weeks of age. The caged hens fed quicker, and more hens fed during the ABT
compared to the penned hens. Hens that were in conventional cages showed somewhat poorer
welfare outcomes than the hens in enriched pens, as indicated by increased chronic stress, decreased
immune function at 22 weeks of age but no other ages, somewhat increased fear, but reduced anxiety.
Overall, these novel markers show some appropriate contrast between housing treatments and may
be useful in an animal welfare assessment context for laying hens. More research is needed to confirm
these findings.

Keywords: attention bias; conventional cage; environmental complexity; enrichment; feather
corticosterone; IgA; laying hen

1. Introduction

Animal welfare is a multifaceted concept that involves an animal’s ability to interact
and cope with its environment. Good animal welfare would be achieved when an animal
is allowed to display natural behaviors (natural living), be healthy and function normally
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(basic health and functioning), and experience a generally positive emotional state (affective
state) [1]. For laying hens, commercial housing systems such as conventional cages can
negatively impact animal welfare by restricting natural behaviors, causing health and
functioning concerns such as cage layer fatigue, and likely results in worse affective states
(anxiety and fear) [2]. While aspects of natural living and basic health and functioning are
relatively easily measured and well-studied, few studies investigate the effects of housing
system on the affective states of laying hens. Additionally, as nearly all measures of affective
state rely on interpretations of animal behavior, there is need for additional physiological
measurements to allow for a more cumulative assessment of animal affective states.

With limited physiological measures of emotion and affective state available, most
insight comes from behavioral assessments of negative emotions such as fear. Fear is a
short-term emotional response to a current threat and elicits either a freeze, fight, or flight
response [3-5]. A common assessment of animal emotion is performed using fear tests, such
as a novel object test, human approach test, or tonic immobility (TI) test [6]. Measuring fear
using TI is well-documented in poultry and utilizes their natural prey-predator behavioral
response. Tl is a type of freezing behavior where birds will feign death and is used when
captured by a predator [7]. Previous investigations of TI in relation to housing systems
had variable results. For example, barren caging conditions have resulted in longer TI
durations, thus greater levels of fear, in Hyline Brown laying hens when compared to
more enriched conditions [8,9]. However, other studies have found no effect of housing
system on TI duration in laying hens [10,11]. These variable results highlight the need for
further investigations of TI and other measures to elucidate the effects of housing system
on emotion and affect.

Affective state is a long-term mood state which comes from the culmination of experi-
ences and emotional responses. An animal’s life experiences elicit short-term emotional
responses [12]. These responses culminate to form a mood, which can range from positive
to negative in valence, and shapes the animal’s affective state. Affective states influence
how animals make decisions and can bias their cognitive reasoning, which can then be used
to infer the affective state based on behaviors that indicate information-processing [12-14].
One cognitive bias test that was previously applied in chickens is the attention bias test
(ABT). The ABT is a validated and well-used method to measure affective states, more
specifically anxiety, in agricultural animals [13]. In an ABT, the level of vigilance or atten-
tion an animal allocates to a perceived threat is quantified [13]. This allocation of vigilance
is differential and affect-mediated, with more anxious affective states resulting in more
vigilance towards a threatening stimulus [3,13]. The ABT was validated in laying hens, with
birds that were given anxiogenic drugs displaying increased vigilance compared to control
birds [15]. Excess anxiety decreases the ability of commercial poultry to cope with changes
in their environment such as transport, handling, and loud noises. In laying hens, the ABT
reflected anxiety that was related to range usage [15,16]. Determining anxiety via the ABT
was also successful in broilers [3], sheep [17,18], and pigs [19]. However, ABT has not yet
been applied to assess the impact of housing system (cage vs. cage-free) environments on
laying hen anxiety.

Feather corticosterone (CORT) is a potential promising physiological biomarker for
chronic stress [20]. Concentrations of feather CORT can provide a retrospective view
on stressful experiences during feather growth [21]. The calamus of a feather is highly
vascularized which allows for the deposition of circulating CORT into the feather as it
grows, allowing for quantification of hypothalamic-pituitary-adrenal (HPA) axis activity
over a prolonged period of time [20]. The extraction and quantification of feather CORT has
been validated for use in layers, broilers, turkeys, and non-domesticated bird species and
requires no invasive sampling procedures [20-23]. Feather CORT could provide insight in
chronic stress that is caused by housing systems in laying hens.

Secretory Immunoglobulin-A (IgA) is the most abundant antibody on mucosal sur-
faces including the intestinal tract and has an important role in mediating the adaptive
humoral immune defense [24-26]. In addition, IgA circulates in the blood, yet the role is
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less understood and likely serves to help reduce inflammation [26]. Concentrations of IgA
also seem to reflect the valence (positivity or negativity) of environmental stimuli [18]. For
example, IgA concentrations are downregulated in response to physical or psychological
stress [27-30]. Broiler chickens and laying hens under prolonged periods of heat stress
(chronic negative stressor) showed decreased concentrations of plasma IgA when compared
to the control treatment [31,32]. Mice that were exposed to restraint stress over four days
(negative stressor) showed decreased concentrations of intestinal IgA compared to the
control [29]. Shelter cats with access to enrichment (positive stimuli) had higher levels of
secretory (fecal) IgA than cats without access to enrichments [33]. In mice, prolonged volun-
tary exercise (a high arousal-positive-valence activity) increased salivary IgA concentrations
after 3 weeks, indicating that IgA concentrations can increase in response to positive activi-
ties [34]. In addition, forced prolonged exercise (a high arousal-negative-valence activity)
had the opposite effect in horses, rats, and humans [26,35-37]. The valence-dependent
response of circulating and secretory IgA indicates the potential for use as a marker for the
affective state.

The combined use of novel and well-validated measures for emotion and affective
state could provide a better understanding of the impacts of different housing conditions on
laying hen welfare. In addition, it allows further confirmation of novel measures as we can
compare novel test outcomes with well-validated test responses, such as the TI test. There-
fore, the objectives of this study are to (1) determine if the housing system impacts laying
hen welfare outcomes that are related to the affective state and emotion and (2) determine
if these novel measures can be used to assess laying hen welfare. We hypothesized that
birds that were housed in enriched floor pens (pen) would show decreased fear and anxiety,
increased IgA concentrations, and decreased feather CORT concentrations than birds that
were housed in traditional conventional caging, indicating that these novel measures can be
used to assess laying hen welfare and that enriched housing systems contribute to positive
affective states in pen laying hens.

2. Materials and Methods
2.1. Birds and Housing Treatments

This experiment was approved by the Virginia Tech Institutional Animal Care and Use
Committee (IACUC protocol 18-205). Day-old Bovan Brown chicks (n = 184) were sourced
from a commercial hatchery (Blackstone, VA, USA) where they were beak trimmed after
hatch. The birds received a Salmonella vaccination at 16 weeks of age. From day one to
week six of age, 84 chicks were reared in conventional cages and 100 chicks in floor pens as
part of an unrelated study that was investigating the impact of dietary phosphorous on
egg production.

In week six, all the birds were wing banded for individual identification, relocated to
another facility, and regrouped, yet housing treatments (either cage or floor pen) remained
consistent. The chicks from floor pens were randomly distributed over four enriched floor
pens (pen of 16.7 m?), with 25 birds per pen. The chicks from cages were distributed over
14 conventional cages (cage) of 0.093 m?, with six birds per cage until week 12 of age.
At week 12, three birds from each cage were moved to 14 unoccupied cages to reduce
the stocking density, resulting in 28 cages total with three birds per cage. The penned
birds were not regrouped at 12 weeks of age. All the pens contained pine wood shavings
(7 cm depth), one trough feeder (92.7 cm? /bird) and bell drinker (Plasson, Ma’agan Michael,
Israel), 10 galvanized steel nest boxes that were arranged in two tiers of five boxes (30.5 cm
long x 30.5 cm wide x 35.6 cm high), one hay bale (replaced as needed), and a head of
cabbage that was provided twice per week, which was suspended from the ceiling at bird
level. The birds had access to perches (5.49 m or 0.22 m/bird perch space) consisting of
pressure-treated 5 cm x 10 cm boards for the frame and three 2.5 cm diameter PVC pipes
that were mounted at 45 cm, 60 cm, and 90 cm heights.

There were four rows of stacked conventional cages (38 cm wide x 38 cm long x 46 cm
high) with a sloped wire floor that were located in the same room as the pens, and contained
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two nipple drinkers per cage, a feed trough that was suspended outside the cage with a gap
in the wire for birds to access feed, and an egg collection trough on the opposite side. The
pen space allowance was 0.668 m?/bird, compared to 0.031 m?/bird in the cage housing
after week 12. The birds had ad libitum access to feed and water. From hatch to week six, the
pullets were fed an experimental diet as part of the phosphorous experiment. Following
week six, the birds were phase fed diets that were formulated to meet their nutritional
needs that were appropriate for their age and developmental status. Lighting included 12 h
light and 12 h dark, with windows allowing for natural light exposure during the daytime.
Daylight exposure was equal between the treatments. Temperatures within the house
were managed by assessing bird comfort based on behavioral responses (huddling when
cold/panting when warm), however, a cold period in the winter reduced the in-house
temperatures to a minimum of 5 °C when the birds were 33-37 weeks of age.

2.2. Behavioral Measurements

A TI test was performed to assess fearfulness on six arbitrarily selected hens per pen
(total of 24 birds) and on one hen per cage from 24 randomly selected cages (total of 24 hens)
at 23 weeks of age. The test was performed by a single researcher in the hallway of the
room in which the hens were housed as described in [3]. The hens were placed on their
backs in a V-shaped wooden cradle and restrained by the researcher by placing one hand
on the sternum and cupping the head with the other hand. After 15 s of restraint, the
researcher stepped away without making eye contact. Following the induction of T1, the
duration (s) was recorded to determine fearfulness. If the induction of TI was unsuccessful,
the researcher attempted to induce TI again for a maximum of three times. If TI was not
induced in three attempts, the latency to rightening was scored as 0 s. The maximum
duration of TI was 300 s.

An attention bias test (ABT) was performed by two observers to assess anxiety using
a modified method as described in [3] on nine hens per pen and three hens per cage for
12 arbitrarily selected cages at 30 weeks of age. One bird from each cage that was tested
during ABT was also tested for TI. The inter-observer agreement was tested for latency to
start feeding of 12 hens and was good among the two observers (Cronbach’s o of 0.841).
The test arena consisted of plastic paneling and rubber flooring (76.2 cm x 76.2 cm), and
contained a trough feeder with feed, mealworms, and oats. The arena was located in a
separate room near the hens’ room but far enough to block out the alarm call in the hens’
room. The birds were tested in familiar groups of three hens. After placement of three hens
in the arena, a conspecific ground predator alarm call was played for 8 s. Following the
alarm call, the number of birds and latencies to begin feeding (s) were recorded. Video
recordings (EOS Rebel T7 DSLR Camera, Canon, Tokyo, Japan) were used to determine
the occurrence (yes/no) of vigilant behaviors (freeze, neck stretches, looking around, and
erect posture) within the first 30 s of testing. Each of the four vigilance behaviors were
scored as a 1 (yes) or 0 (no) and combined to obtain a vigilance score from 0 to 4 [3,16]. The
alarm call was replayed for 8 s if one of four scenarios occurred (Table 1). Birds that did
not start feeding after the first alarm call received a maximum latency of 300 s. After the
second alarm call, the number of birds that were feeding and the latency to resume feeding
(s) were recorded.
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Table 1. Method that was used during attention bias (ABT) testing. The birds were tested in groups
of three and the testing procedure differed depending on the number of birds who began feeding
following the first alarm call.

Scenario Procedure Total Test Duration Data Recorded
Testing begins Play first alarm call 300s n/a
No. birds begin feeding Allow test to run 300 s 300s All'birds receive 300 s maximum

latency to begin feeding

Latency to begin feeding for bird

Play first alarm call and allow that began feeding. Other two

One bird begins feeding test to run for 300 s 300s birds receive maximum latency
of 300 s
Latencies to begin feeding for two
Play first alarm call and allow birds. Third bird receives
. . . test to run for 300 s. Play second maximum latency of 300 s.
Two birds begin feeding alarm call at 300 s and allow test 420 Latencies to resume feeding for
to run until 420 s. two birds that began feeding if

they feed before 420 s.

All three birds begin feeding
before 270 s

Play first alarm call and allow
test to run until the third bird Latencies to begin feeding.
begins feeding. Allow birds to 300's Latencies to resume feeding for all
feed for 5 s and play second three birds if they resume feeding
alarm call. Allow test to run prior to 300 s.
until 300 s

All three birds begin feeding
between 270-300 s

Play first alarm call and allow
test to run until the third bird
eats. Allow birds to feed for 5 s 420's
and play second alarm call.
Extend testing duration to 420 s.

Latencies to begin feeding.
Latencies to resume feeding for all
three birds if they resume feeding

before 420 s.

n/a: not applicable.

2.3. Molecular Measurements
Feces and Blood

A total of 4 fecal samples and 12 plasma samples per treatment per time point were
collected during weeks 22, 25, 29, and week 43 of age to determine the fecal and plasma IgA
concentrations. Fresh fecal samples were collected from the cage or pen floors and pooled
in microcentrifuge tubes. The birds were arbitrarily selected from floor pens (n = 3/pen) or
cages (n = 1 bird/cage) for blood sampling during each time point. Across ages, nine birds
were selected twice, and 30 birds were selected once.

For fecal samples, visual inspection and observation of defecation were used to ensure
the freshness of the samples and to prevent degradation of fecal IgA by fecal proteases.
Following collection, the fecal samples were placed on ice and then stored at —80 °C. Fecal
IgA was quantified using the total protein extraction with a saline extraction method that
was similar to that described in [38-40]. A total of 10 mL of a saline extraction buffer
(0.01 M phosphate-buffered saline, 0.5% Tween (Sigma-Aldrich, St. Louis, MO, USA), and
0.05% sodium azide) was added to each 1 g fecal sample, followed by homogenization.
Fecal suspensions were centrifuged at 1500x g for 20 min at 5 °C and the supernatant was
removed and placed in microcentrifuge tubes. Then, 20 uL of protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA) was added to the supernatant and homogenized
before storage at —20 °C until analysis.

Blood (1 mL) was drawn from the brachial vein and collected in glass tubes containing
0.05% EDTA for anticoagulation. The sample collection times (s) were recorded from start
of handling until the removal of the needle, to ensure that all the samplings occurred
in under two minutes to minimize the potential effects of sampling stress. Prolonged
handling can impact acute-stress-related blood parameters [41], although it is unknown
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whether this is the case for IgA. The mean sample collection time (£SD) was 77 & 30 s
and IgA concentrations showed no correlation with collection times (R% = 0.0007; p = 0.80).
The sample vials were then lightly mixed via inversion before storage on ice. Then, the
blood samples were centrifuged at 10,000 x g for 10 min at room temperature, after which
the plasma was removed and aliquoted into sterile microcentrifuge tubes and stored at
—20 °C until analysis. The plasma and fecal samples were analyzed for IgA concentrations
[ng/uL] via a commercial ELISA kit (Abcam, Cambridge, MA, USA) following the manu-
facturer instructions. The intra-assay CV% were below 2% for all the samples (min: 0.005;
max: 1.1%).

2.4. Feathers

Tail feathers (n = 6/treatment per timepoint; 48 samples total) were collected during
weeks 22, 25, 29, and 43 of age to determine the feather CORT concentrations. The tail
feather samples were collected by cutting the calamus as close to the skin as possible without
contacting or damaging the skin. At each sampling timepoint, different tail feathers were
collected, thus the same tail feather was never collected more than once. The birds were
arbitrarily selected from floor pens (3 birds/pen) and conventional cages (1 bird /cage) for
feather sampling at each timepoint. Across ages, six birds were selected twice, and 36 birds
were selected once. Following collection, the feathers were stored in Whirl Pac bags (Nasco,
Fort Atkinson, WI, USA) and stored at —20 °C until assay. Visual inspection ensured that
the least damaged feathers were selected for the assay. The feather CORT concentrations
were determined following an extraction procedure that was described in [20]. First, the
feathers were weighed (mg) to standardize the feather CORT concentrations by feather
weight. The feathers were finely minced (including vane and rachis) using surgical scissors
(<5 mm sections) into 20 mL scintillation vials. Following mincing, 1 mL of methanol
was added and the vials were placed in a sonicating water bath at room temperature for
30 min. The samples were then placed in a shaking hot water bath (Jouan Inc., Precision
Sci. Div. Chicago, IL, USA) at 56 °C overnight. The samples were filtered to remove feather
material and the filtrate was transferred to scintillation vials. The methanol was allowed
to evaporate completely under a fume hood and CORT was reconstituted in 1 mL ELISA
buffer. Reconstituted CORT concentrations were assayed using a commercial ELISA kit
(Abcam, Cambridge, MA, USA) following the manufacturers protocol. The intra-assay
CV% were below 13% for all the feather CORT samples (range: 0.15-12.50%).

2.5. Statistical Analysis

All statistical analyses were performed in JMP Pro 15 (SAS institute, Cary, NC, USA).
Pen or cage was considered the experimental unit for all the response variables. Bird
was considered the observational unit for all response variables besides fecal IgA where
pen or cage was the observational unit due to pooling of the samples. The distribution
of residuals of all the dependent variables were visually inspected using a normal quan-
tile plot to determine normalcy. Normally distributed dependent variables included TI
duration (s), ABT latency to begin feeding (s), latency to resume feeding (s), plasma and
fecal IgA concentrations (ng/mL), and feather CORT concentrations (ng/mg). Normally
distributed data were analyzed using general linear mixed models. Fixed effects were
housing system (pen or cage), age (weeks 22, 25, 29, 43) and their interaction. For all the
response variables besides fecal IgA, mixed models were used with pen or cage number
and bird ID as random effects so that the model identifies the unit (cage or pen) to which the
treatment was randomly assigned and independently applied. Non-significant interactions
(p > 0.1) were removed from the model. Post-hoc analysis was done using Tukey HSD
testing. Dependent variables without normally distributed residuals were tested using a
nonparametric Wilcoxon Rank sum test. These variables included ABT birds (%) which
began and resumed feeding, total vigilance scores (1-4), and birds (%) displaying vigilance
behaviors. Associations were deemed significant at p < 0.05 and trends at p < 0.1. The data
are presented as LS means £ SEM unless otherwise noted.
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3. Results
3.1. Behavioral Measures

TI duration (Figure 1) tended to be shorter for the pen hens (82.88 & 35.86 s) compared
to the caged hens (135.70 & 21.78 s; Fy 46 = 3.16; p = 0.080). During ABT, 92.1% of birds
(35/38) showed >1 vigilance behaviors. After the first alarm call, more cage hens tended to
begin feeding compared to the pen birds (x? = 3.55; p = 0.058; Table 2). Latencies to begin
feeding were shorter in the cage hens compared to the pen hens (F; 790 = —2.33; p = 0.022;
Table 2). Following the second alarm call, more cage birds resumed feeding compared to
the pen birds ()(2 =5.28; p = 0.020; Table 2). The latency to resume feeding did not differ
between the cage and pen hens (F; 59 = 1.20; p = 0.279; Table 2). The total vigilance behavior
scores (x> = 0.01; p = 0.967) and the frequency of observed vigilance behaviors (all p > 0.200)
did not differ between the treatments (Table 2).

180
160

_ =
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TI duration (s)
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(e}

Conventional cage Enriched floor pen

Treament

Figure 1. Least square mean estimates (:=SEM) of tonic immobility (TT) duration at week 23 of age
(n = 24 birds/treatment) for hens that were housed in conventional cages and hens that were housed
in enriched floor pens. Bars lacking a common superscript tend to differ at p < 0.1.

Table 2. Responses in the attention bias test at 30 weeks of age for laying hens that were housed in
conventional cages (1 = 36) or enriched floor pens (1 = 36).

Measure Conventional Cage Enriched Floor Pen
Latency to begin feeding (s) 99.17 £19.23 % 145.97 4+ 2452
Latency to resume feeding (s) 54.21 4+ 13.63 54.13 + 13.87
Birds begin feeding (%) 91.66 A 77.77 B
Birds resume feeding (%) 87.872 82.14b
Vigilance behavior score (0—4 score) E 2.35+0.26 2.33 +0.27

Freeze (% birds) 55 35
Erect (% birds) 55 44
Neck stretch (% birds) 65 55
Look (% birds) 80 72

1 Birds were scored either 0 (not observed) or 1 (observed) for each of four vigilance behavior characteristics
(erect posture, neck stretching, freezing, and looking around), resulting in a vigilance score between 0 (no vigilance
behavior observed) and 4 (all vigilance behaviors observed). The data are displayed as raw means + SEM. ? Row
values lacking a common superscript differ at p < 0.05. B Row values lacking a common superscript tend to
differ at p < 0.10.
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3.2. Molecular Measures

There was a treatment by age interaction effect on the fecal IgA concentrations
(F1,27 = 3.51; p = 0.035; Figure 2). The fecal IgA concentrations were lower in the cage hens
in week 22 (F1 o7 = —3.38; p = 0.049) compared to the pen hens in that week (Figure 2). The
fecal IgA concentrations did not differ between the treatments in weeks 25 (F; o7 = —1.94;
p = 0.540), 29 (F1 o7 = 0.23; p = 0.999), and 43 (F127 = —0.37; p = 0.999). The fecal IgA
concentrations in the pen layers were higher in weeks 22 compared to week 29 (F; 7 = 4.23;
p = 0.008) and week 43 (F; 27 = 6.06; p = 0.002). The fecal IgA concentrations were higher in
the pen hens in week 25 when compared to week 43 (F; o7 = 4.85; p = 0.002). No difference
in the fecal IgA concentrations were found in the cage hens over time (p > 0.1).

Conventional Cage O Enriched Floor Pen

——c

Q
—

abc
be abc

——&

i

Week 22 Week 25 Week 29 Week 43

Laying hen age

Figure 2. Least square mean estimates (=SEM) of fecal (secretory) immunoglobulin-A (IgA) concen-
trations in hens that were housed in conventional cages or enriched floor pens during weeks 22, 25,
29, and 43 of age. Bars lacking a common superscript differ at p < 0.05.

Plasma IgA concentrations were not impacted by treatment (F; gg = 0.66; p = 0.419) or
treatment by week interaction (Fj 48 = —1.63; p = 0.110). The plasma IgA concentrations
were lower in week 22 (87.25 £ 15.65 ug/mL) compared to week 29 (260.90 &+ 15.65 pg/mL;
F188 = —7.69; p < 0.001) and 43 (201.80 £ 14.45 ug/mL; F; gg = —5.36; p < 0.001), and lower
in week 25 (104.55 £ 16.45 pg/mL) compared to week 29 (F; gg = —7.00; p < 0.001) and
week 43 (F; gg = —4.44; p < 0.001). The plasma IgA concentrations in week 29 were higher
than in week 43 (F; gg = 2.82; p = 0.030).

The feather CORT concentrations by feather weight (ng/mg) were higher in the cage
hens compared to the pen hens (F; 43 = 2.18; p = 0.004; Figure 3). The feather CORT con-
centrations were higher in week 22 and 25 compared to week 29 (Fy 43 = 6.07; p = 0.015;
Figure 4), but lower in week 29 compared to week 43 (F; oo = —3.30; p = 0.012; Figure 4).
There was no treatment by week interaction effect on the feather CORT (F; 37 =1.43;
p = 0.251).
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Figure 3. Least square means estimates (:=SEM) of the total feather corticosterone (CORT) con-
centrations for laying hens that were housed in conventional cages or in enriched floor pens.
n =12 samples/timepoint (6 samples/treatment) from weeks 22, 25, 29, and 43 of age. Bars lacking a
common superscript differ at p < 0.05.
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Figure 4. Least square means estimates (=SEM) of the total feather corticosterone (CORT) concentra-
tions by age in weeks. Bars lacking a common superscript differ at p < 0.05.

4. Discussion

This study investigated the effects of housing system (enriched floor pens vs. con-
ventional caging) on behavioral and molecular markers for laying hen welfare including
TI, attention bias, fecal and plasma IgA concentrations, and feather CORT concentrations.
Birds in conventional cages tended to be more fearful based on TI responses, were less
anxious based on ABT responses, and experienced more chronic stress based on low IgA
levels and high feather CORT levels. Overall, these results suggest that the cage layers
experienced a decreased welfare status when compared to pen layers, except in terms of
anxiety. This is the first study to show a relationship between housing conditions and IgA
and feather CORT responses in laying hens.

63



Animals 2022, 12, 1803

4.1. Behavioral Measures

Cage housing tended to result in more fearful but less anxious birds compared to
pen housing, which is in line with earlier findings [42,43]. Fearfulness is considered a
negative emotion and frequent bouts of fear can be indicative of negative affective states
in animals [3,44,45]. Similar to our results, cage housing increased the TI duration in
18-week-old (cages: 519 s vs. pens: 471 s) and 1-year-old (cages: 443 s; pens: 189 s) white
leghorn hens when compared to floor pen housing [44]. However, these reported durations
were longer than those in the current study in Bovan brown laying hens (cages: 136 s
vs. pens: 88 s), potentially due to strain differences [46,47]. Although the difference in
the current study was only a tendency, we suspect this is due to limited statistical power
because of the relatively small sample size, as a large numerical difference in TI durations
was observed. Previous studies have found no difference in fear levels related to housing
system in commercial laying hens [11,48]. In ideal situations, fear-associated behavior
is adaptive and aids in helping animals prevent injury during threatening encounters.
However, fear-associated behavior in production housing systems is generally maladaptive,
with animals having no ability to escape or appropriately respond to fearful stimuli [49].
Over time, this excessive fear response could lead to frustration, learned helplessness, and
eventually negative affective states which can impact productivity. Increased fear can
lead to decreased egg production [50,51], increased feather pecking [52-55], and increased
injury rate [56]. In systems that have high fear levels, these impacts could erase, or reverse
production gains that are generally attributed to intensive housing systems. The increased
level of fear in cages compared to pens could have contributed to a negative affective state
in hens in cages.

Cage housing conditions reduced anxiety in laying hens compared to pen housing
conditions. Attention bias testing was validated for use in laying hens [15,16], and has
been applied to test the effect of environmental conditions on anxiety in starlings [57]
and broilers [3]. During the test, 92.1% of birds showed some form of vigilance behavior,
indicating that the ABT was sufficiently threatening to achieve anxiety. Contrary to ex-
pectations, cage housing decreased the latency to begin feeding and resulted in a higher
percentage of hens feeding after the first and second alarm call compared to pen housing.
These results indicate that hens that were housed in cages did not bias their attention
towards the threat, thus were less anxious than hens that were housed in pens, which is
somewhat contradictory to earlier studies [3,15]. Broilers from high-complexity pens were
quicker to begin feeding following an alarm call compared to broilers from low-complexity
pens (high complexity: 160 s vs. low complexity 214 s; [3]). Outside-ranging laying hens
showed shorter latencies to feed compared to hens that never went outside (outdoor: 86 s
vs. indoor: 170 s; [16]). Although the treatment conditions were different in both studies
compared to the current study, they both involve a level of environmental complexity. In
the current study, as in Anderson et al. 2021 [3], the test was performed in groups of three
birds, rather than testing birds individually (as in [15]). The cage hens were tested with
their cage conspecifics, and pen hens with 3 out of 25 pen conspecifics. It is possible that
pen hens experienced this temporary regrouping as more negative than the cage hens,
depending on the social hierarchy within the pen. Further testing is needed to confirm
the effect individual versus group testing of anxiety, and of these housing conditions on
anxiety in laying hens.

Our results support earlier findings that fear and anxiety can be opposing [5,58] al-
though some studies show they can be positively associated [59,60]. Fear is a generally
fast adaptive state of vigilance to a present, negatively valanced stimulus which activates
a defensive response such as fight, flight, or freeze [4]. Anxiety elicits vigilance and ap-
prehension to non-existing or ambiguous threats [4]. Although the symptoms of fear and
anxiety are similar [4], evidence suggests that they are distinct emotional experiences. Re-
search in rodents shows that three stages of defense exist, which include the pre-encounter
defense (apprehension to a place where a predator has been seen), a circa-strike defense
(physical contact with a predator), and a post-encounter defense (predator is identified
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at a distance) [4,61-63]. Anxiety has been associated with the pre- and post-encounter
stages, but not with the circa-strike phase [4]. As the TI test is performed, the researcher
acts as a predator coming in physical contact with the hen, inducing a catatonic state. If
similar stages of defense exist in chickens, the TI test most likely simulates the circa-strike
defense phase. This suggests that the emotional experiences that are tested in the ABT
and the TI test are associated with distinct phases of defense. Cage birds may be more
fearful in the circa-strike phase and less anxious in the pre- and post-encounter stages
compared to the pen birds. Thus, this could explain why the outcomes are opposing.
Although these defense phases have not been confirmed in chickens, it is possible that a
similar distinction exists. Therefore, it is possible that housing systems impact hen fear and
anxiety differently. Overall, the hens’ behavioral responses indicate that anxiety and fear
are affected by housing system, with pens tending to reduce fear but not anxiety compared
to cages.

4.2. Molecular Measures

The housing treatments impacted fecal IgA concentrations during week 22, result-
ing in decreased concentrations in the cage layers compared to the pen layers. Our re-
sults indicate that birds that are housed in complex, low density environments (enriched
floor pens) are under less chronic stress (reflected by immune status) than birds that are
housed in barren, highly confined environments (conventional cages) at 22 weeks of age.
Additionally, our results show that fecal IgA could be a potential physiological indica-
tor of animal welfare status. This is in line with past findings in swine, rodents, laying
hens, and broilers [26,31,32,40,64]. Prolonged heat stress decreased plasma IgA concentra-
tions in broilers and layers [31,32], which showed plasma IgA concentrations in similar
ranges as in the current study (previous study: 0.162-0.290 mg/mL vs. current study:
0.087-0.260 mg/mL).

Secretory and plasma IgA concentrations are promising valence-dependent indicators
of stress in certain mammals [28,29,40]. We did not find an impact of housing conditions
on plasma IgA concentrations, showing at least in similar contexts, this measure could be
less relevant for laying hen welfare assessments. However, to our knowledge this study
is the first to investigate secretory and plasma IgA in an animal welfare context in laying
hens. Access to litter, containing microorganisms and fecal material, could have impacted
the higher secretory IgA concentrations in pens compared to the cage hens at 22 weeks of
age. Alternative housing systems (aviary, pens) result in higher concentrations of bacteria
and fungi in the air than conventional cage housing [65,66]. Cages are considered more
hygienic than litter systems due to the separation of waste and animals [65,67]. However,
all the birds were housed in the same space, so airborne bacteria and fungi could reach
the cage hens too. Nevertheless, ingestion of litter and fecal material could have exposed
the hens’ intestinal tracts to pathogens and initiated an immune response. In turn, the pen
hens could have had increased fecal IgA concentrations to mediate an immune response
against those intestinal pathogens. Further research should determine the impact of litter
access on intestinal immune challenges and include a chronic stressor that is unrelated to
housing conditions. Then, the impact of litter access and chronic stress can be separated
and the use of secretory IgA as a biomarker for animal welfare confirmed.

Even though housing conditions impacted the fecal IgA concentrations at 22 weeks
of age, the plasma IgA concentrations did not differ. Secretory IgA may provide more
insight in stress-induced immune system disruptions because IgA are most prominently
active and present on mucosal surfaces including the intestinal tract [28]. IgA originating
from the intestinal tract will be deposited in fecal matter as it passes through. Negative
stressors, including heat stress [68-71] and stocking density [72-75] negatively impact the
intestinal tract via damaged intestinal morphology and decreased microbiota diversity
in commercial broilers and laying hens. These impacts on intestinal health could also
impact the immune system, and, therefore, intestinal IgA via a reduction in IgA-secreting
plasma cells (mature B-cells) or via direct interactions with intestinal glucocorticoids [26]
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indicating multiple possible mechanisms for the observed impacts of welfare status on
IgA concentrations. Our results are the first to suggest an association between housing
conditions and fecal IgA responses in laying hens, albeit only at 22 weeks of age. These
results are a first step towards using secretory IgA as an indicator of welfare status in laying
hens. Further research is needed to elucidate the impact of litter access and bird age on
IgA concentrations.

Feather CORT assays have been used in several species including wild birds, broilers,
and laying hens [20-23]. The feather CORT concentrations were higher in cage hens
compared to the pen hens overall, however, feather CORT concentrations did not differ
between the housing treatments at any individual timepoints. The latter is likely due to the
low sample volume at individual timepoints. Our CORT concentrations indicate that layers
from cages experienced more chronic stress than layers from pens. This difference possibly
occurred due to repeated bouts of frustration or negative stress contributing to negative
affective states. During these bouts of frustration or negative stress, the HPA axis releases
glucocorticoids into the bloodstream, which are partially deposited into the feathers as
they grow. The sum of these deposits is used to quantify stress over the whole feather
growth period. Brown Nick laying hens that were housed at high stocking density, which
is largely considered a chronic stressor in commercial poultry [75-79] had increased feather
CORT at 10 weeks of age, when compared to birds that were housed at a lower stocking
density [80]. In the current study, the stocking density differed considerably between
the treatments, which could have contributed to the low feather CORT concentrations
in pens compared to cage hens. While feather cover was not quantified as part of this
experiment, birds that were housed in cages showed poorer feather coverage than birds
that were housed in pen housing. It is possible that this poor feather coverage in cage
birds would have made them more susceptible to cold stress during the cold period in
the winter months (weeks 33-37) thereby increasing their feather CORT concentrations.
Additional research should be done to determine if cold stress will impact feather CORT
concentrations. Feather CORT concentrations also significantly decreased at week 29 of age
compared to week 25 regardless of treatment. This was unexpected as feather CORT should
increase continuously throughout life (as CORT keeps being deposited) unless the feather is
regrown or replaced. It is possible that this observed decrease is methodologically related,
however, all analyses were performed by the same researcher and the same protocol was
followed. Feather CORT concentrations do rebound and reach a peak in week 43, which
coincides with the cold spell that was observed from weeks 33 to 37 and likely reflects
chronic stress that was caused during this period to birds in both housing systems. Overall,
these results indicate that feather CORT shows promise as a viable physiological biomarker
for chronic stress in laying hens. However, additional research is needed to confirm these
results in commercial production systems and in other genetic strains.

5. Conclusions

The birds’ responses in the current study suggest that conventional cages may induce
negative affective states and emotions, reflected in somewhat increased fear and chronic
stress responses, compared to enriched floor pens. However, anxiety was reduced in hens
that were housed in conventional cages compared to the enriched pens. Simlar to previous
research, these results highlight the importance of including a range of measures when
assessing the impact of housing conditions on animal welfare. The novel measures of
animal welfare that were tested in this study (Immunoglobulin A and feather corticos-
terone) indicate a downregulated immune response at 22 weeks of age (decreased fecal
Immunoglobulin A) and increased chronic stress response (increased feather corticosterone)
in conventionally caged hens compared to hens that were housed in enriched floor pens.
However, fecal Immunoglobulin A concentrations require more research to confirm that
the difference was not because of a mounted immune response due to exposure to litter.
Overall, enriched pens resulted in improved laying hen immune responses at 22 weeks of
age, decreased chronic stress, somewhat decreased fear, but increased anxiety indicating

66



Animals 2022, 12, 1803

potential improvements in affective states (fear and chronic stress) in some aspects, but
worsening in others (anxiety), and an improvement in the basic health and functioning
(immune responses) when compared to conventionally-housed birds. Fecal (secretory)
Immunoglobulin A and feather corticosterone quantification show some contrasting re-
sponses in line with expectations and behavioral outcomes, yet need further confirmation
before application as a routine measure for emotion and affective state in laying hens.
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Simple Summary: Farm animal welfare is an important issue for both farmers and the general public.
In order to monitor animal welfare on a large population of finishing pig farms in the UK, the “Real
Welfare” project developed a methodology for on-farm assessment based on regular measurement
of some key animal-based measures, so-called welfare outcomes. This paper presents estimates of
the percentage of these different welfare outcomes over the years since the inception of the scheme.
Between 2016 and 2019, the mean percentage of pigs in the mainstream herd showing four mandatory
welfare outcomes (pigs requiring hospitalization, lame pigs, pigs with severe tail lesions, and pigs
with severe body marks) was very low and a decreasing trend was observed for all outcomes except
severe tail lesions. These data give good representation of the overall situation in the UK finishing
pig population.

Abstract: Farm animal welfare is an increasingly important issue, leading to the need for an efficient
methodology to deliver accurate benchmarking. The “Real Welfare” project developed a methodology
based on regular recording of a limited number of animal-based measures, so-called welfare outcomes,
which allows faster and easier on-farm assessment of finishing pig welfare. The objective of this
paper is to estimate, with sufficient robustness and confidence, the prevalence of different mandatory
and optional welfare outcomes in the mainstream herd of the finishing farms in the UK based on
the “Real Welfare” scheme data and to assess the changes in prevalence over time, inspection visits
and seasons. The mean overall prevalence of the four mandatory welfare outcomes (pigs requiring
hospitalization, lame pigs, pigs with severe body marks, and pigs with severe tail lesions) was very
low (<0.2%) and a significant decreasing trend was observed for the first three of these mandatory
welfare outcomes since the inception of the scheme. This result might reflect either a reduction
in factors giving rise to welfare problems in the mainstream herd or increasing awareness about
management of compromised pigs. Additional data are required to clarify these possibilities, but
both represent improved pig welfare.

Keywords: enrichment; hospitalization requirement; lameness; lesions; pigs; tail biting

1. Introduction

As a result of a growing body of scientific research and awareness-raising campaigns,
farm animal welfare has become an increasingly important issue for consumers, leading
to progressive developments in product marketing and in national and European legis-
lation [1,2]. These changes have highlighted the need for an efficient methodology to
accurately benchmark animal welfare. There has been a growing trend in the adoption
for this purpose of animal-based measures, sometimes called welfare outcomes (WO),
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which are now recognized as a better alternative to assess animal welfare compared to
the assessment of features in the environment [3,4]. The EU Welfare Quality® project
pioneered the development of a methodology for on-farm assessment of animal welfare
with animal-based measures [5]. However, the large set of measures and the time required
for completion of their comprehensive protocol made it impractical to utilize for a routine
assessment which could be applicable for repeated regular use on a large sample of farms.
The creation of simpler alternatives became possible thanks to the development of a lim-
ited number of “iceberg indicators”, which can be defined as single measures which are
reflective of several different aspects of animal welfare. These act as a signal of multiple
health or welfare issues and, therefore, allow faster and easier on-farm assessment [6].

Previous studies have indicated that the prevalence of such WO is often low [3,7,8].
Consequently, accurate estimation of the prevalence of different WO requires a very large
sample which is also representative of the population of interest [2]. Such large samples are
particularly difficult to obtain in scientific research based on primary data analysis, due to
the difficulty to enroll a large number of farms, the restricted time available and evident
cost limitations. Secondary analysis of the data arising from mandatory inspections or
schemes which encompass a large part the national herd (i.e., analysis of large datasets not
initially collected for the purpose of a study) might therefore represent a good alternative
to accurately estimate the current status and trends in health or welfare indicators with
low prevalence.

The “Real Welfare” scheme was developed in order to assess pig welfare on finishing
farms using animal-based measures [9]. These “iceberg indicators” were chosen after
stakeholder consultation to capture the most important welfare issues for the pigs and the
industry, using protocols developed and piloted in a previous research project [9]. The
“Real Welfare” scheme data represent a unique database which is representative of the
mainstream herd of finishing pig farms in the UK and now includes data collected on repeat
visits over many years. The results presented in this paper represent the third in a series of
publications based on a secondary analysis of the “Real Welfare” scheme data. The first
paper focused on the description of the methodology for collection of “Real Welfare” data
and the assessment of the initial trends in the prevalence of the welfare outcomes during the
period of introduction of the scheme [9]. The second paper described farm characteristics
and the associations between farm features and management and the prevalence of the
different welfare outcomes over this initial period [10]. The objective of this third paper
is to extend the analysis to the period after full stabilization of the scheme, estimating the
long-term trends in the prevalence of different WO and the extent to which they can be
considered as representative of the mainstream herd of finishing pigs in the UK. It includes
assessment of the trend over time and the changes over successive farm inspection visits
and seasons of the different WO for the whole six-year period (2013 to 2019) covered by the
scheme. To further extend the information presented in the previous papers, we combined
different methodologies to increase the robustness of our analysis and conducted a power
analysis to estimate the confidence in the trend of the prevalence of the different WO and
to assess to possibility to extend the results to the mainstream herd of all finishing farms in
the UK.

2. Materials and Methods

Based on the data described below, we made basic descriptive analyses of the number
of farms, pens and pigs assessed in this study and described the prevalence of different WO
which have been measured during the assessment. Moreover, we used specific statistical
analyses to measure the association between different WO and the changes of these WO
over time. Additional precision analysis was carried out to strengthen our analysis and
its interpretation.
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2.1. Data

The analyses in this report were carried out using all data collected from on-farm
assessments conducted in the context of the “Real Welfare” scheme between the 4 April 2013
and the 31 December 2019. This includes the data collected between 2013 and 2016 used for
the two previous publications [9,10] and additional data collected from 2017 to 2019. Some
farms were followed over the whole period covered by the scheme, whilst others were
present only during a part of this period. The farms assessed by the “Real Welfare” scheme
produce approximately 95% of all commercially raised pigs in the UK [11]. A random
sampling of pens and pigs was conducted during each visit by a trained vet, targeting to be
representative of the pig herd (Figure 1, Supplementary Material S1). An earlier publication,
based only on the farm visited between April 2013 and May 2016, described in detail
the training of veterinarians performing the assessment, the sampling methodology, the
standardized on-farm assessment protocol, and data collection, all of which are owned and
managed by the Agriculture and Horticulture Development Board [9]. Earlier publications
also described the farming systems (indoor pens exclusively, both indoor and outdoor pens,
outdoor exclusively), group size (small (<30pigs), medium (30-200 pigs), large (>200)) and
the percentage of tail-docked pigs for the farms of the “Real Welfare” scheme [9,10]. Two
databases were used to conduct our analysis. These comprised a database at the farm
level, with information from 2616 different farms, and a database at the pen level, with
information from 253,713 different pen inspections. In total, 182 pens were excluded from
the analysis because they lacked a unit code (farm identification). Data were collected only
from production pens, with hospital pens excluded, as was the case for the Welfare Quality®
scheme from which the protocol of the “Real Welfare” scheme was derived [5]. This was
because the focus was placed on the identification and appropriate treatment of welfare
problems in mainstream pens (excluding hospital pens). From the date of the assessment,
the calendar year and the season were extracted. Four seasons representing spring (March,
April, May), summer (June, July, August), autumn (September, October, November) and
winter (December, January, February) were identified from the date of assessment.

Pig farms sampled 1 to 6 times each year between 2013 and 2019

s 83881

‘ Sample of buildings* |

‘ Sample of pens in each ‘
selected building *

All Pigs of the pens Sample of Pigs*: Sample of Pigs*:
selected:
Assement of Assement of the
Assessment of Rl &
I N d i severe tail lesions enrichment use
ame plgs. a.n pigs and severe body ratio and mild
requiring ;
ety marks lesions
hospitalization
| oL ‘ ]
MANDATORY ASSESSMENT OPTIONAL ASSESSMENT

*To be representative of the farm structure and pigs presentin the farm

Figure 1. Flowchart of the yearly “Real Welfare” scheme assessment between 2013 and 2019.

In total, nine different WO were recorded for some period of time at the pen and
farm levels: pigs requiring hospitalization (pigs who are sick, injured or lame and are
unable to compete for resources, being bullied/tail bitten or would benefit from access to
bedding that is more comfortable than that available in the mainstream pen), lame pigs,
pigs with severe tail lesions, pigs with severe body marks, enrichment use ratio (number
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of pigs interacting with enrichment/number of pigs interacting with enrichment or other
pen features or pen mates), pigs with mild tail lesions, pigs with dirty tail, pigs with mild
body marks, and pigs with dirty body. The enrichment could be natural enrichment (straw,
wood) or objects [9,10]. The recording of tail lesions and body marks changed during the
implementation of the “Real Welfare” scheme. After an initial 8 months period, a review
of the scheme’s operation determined that recording the enrichment use ratio, minor tail
lesions (dirty tails and mild tail lesions), and minor body marks (dirty bodies and mild
body marks) should become optional to facilitate the implementation of the scheme and
focus on the most important WO to assess pig welfare. Minor lesions and enrichment
use were consequently recorded for only a subsample of farms between January 2014 and
December 2019. In total, 32,024,840 pigs were present on the farms visited between 2013
and 2019. In order to assess the percentage of pigs requiring hospitalization and lameness,
13,678,660 pigs were assessed individually, while 7,112,777 pigs were assessed individually
for tail lesions, and 7,110,608 for body marks. In total, 65,023 different pens grouped in
10,549 different buildings were assessed. However, as some pens were visited several times
and were considered different between the different visits, the actual number of pen visits
between 2013 and 2019 was 253,713.

For each type of lesion, the total number of pigs assessed consisted of the number of
pigs with a specific lesion and the number of pigs in the same pen without this lesion. This
allowed calculation of the percentage of assessed pigs exhibiting a given WO in each pen
and each farm. The enrichment use ratio records the proportion of actively investigating
pigs in the pen which are directing this behavior to the enrichment provided rather than to
other pigs or pen components and was expressed on a 0-100 scale.

2.2. Number of Pigs, Pens and Farms Visited

An initial description was made of the sample available for the analysis: number of
pigs, farms, buildings and pens, number of assessment visits, and average herd size for
the full period of the “Real Welfare” scheme. We also described the average percentage of
pigs assessed per visit (based on the number of pig places) and the average number of pens
and buildings assessed per visit. For 10 farms, the number of pigs sampled exceeded the
number of pigs reported as present in the farm, then the percentage of pigs assessed was
replaced by a missing value.

Given that farms and pens were visited several times, the total number of pens assessed
over the entire period may have included the same pen numbers and farm IDs multiple
times, but they were treated as different pens for the descriptive analysis because the pig
population would be different at each visit. Moreover, the farms were generally visited
several times, but the same pens were not always sampled.

2.3. Associations between the Different Welfare Outcomes and Prevalence

The sample size of “Real Welfare” scheme data, the population coverage and the
random sampling applied at the pen and pig levels allowed calculating estimates for the
mean percentage of the different WO of the mainstream herd of finishing pig farms in the
UK with 95% confidence interval. The mean percentage was estimated based on either the
proportion of pigs with lesions among all pigs in the pen (for lame pigs and pigs requiring
hospitalization at the pen level) or the proportion of pigs with lesions among a sample of
pigs present in the pen or the farm (Supplementary Material S1). The mean percentage,
standard deviation, median, minimum and maximum values, 10% and 90% percentiles at
the pen level, and the mean, minimum and maximum values for the annual rolling average
per pen are presented for each WO. The mean percentage, standard deviation, median,
minimum and maximum values, 10% and 90% percentiles were also calculated at the farm
level based on the annual rolling average of each farm. The number of pens assessed per
year for mandatory and optional WO were separately calculated.

In order to understand the associations between the different WO at the pen level,
the correlations between them were calculated using Spearman’s rank correlation. The
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correlation was considered significant if r > 0.3 and p < 0.05 [12]. For mandatory WO, the
correlations were calculated for the whole sample. The correlation between all WO were
calculated only for pens for which optional WO were recorded.

2.4. Assessment of the Changes over Time, Visits and Seasons of the Different Welfare Outcomes

Two complementary approaches were used to assess changes in the prevalence of the
different WO over time: time series analysis, and regression. Time series analyses were
conducted for the WO in order to identify an underlying trend in the data. We converted
the data at the pen level in monthly time series for all WO. The time series was decomposed
into three components, which were the underlying trend component, a seasonal component
(pattern that repeats with fixed period of time) and an irregular component (residuals after
allocation into trend and seasonal components). Visual interpretation of the plot was used
as well as the augmented Dickey-Fuller (ADF) test (unit root test) and autocorrelation
function (ACF) to assess, respectively, the stationarity and the autocorrelation of the time
series (Supplementary Methods S1).

Additional analyses were conducted to identify associations between specific years,
calendar seasons or visits and the prevalence of WO, taking into consideration the data
structure associated with the specific farm and assessor identity. The changes over calendar
years in the mean values of all the measures of welfare were assessed with generalized
linear mixed models (glmm) (one for each WO) in an analysis performed at the pen level.
The dependent variable was the proportion of pigs exhibiting each WO, or the enrichment
use ratio. The variable ‘year’ was considered as a fixed effect. The pen nested in the
farm unit was considered as a random effect as different pens could belong to the same
farm. The interaction between the farm unit and the vet practice that performed the
assessment was also used as a random effect in order to consider any potential inter-
observer variations. In order to make all the pair-wise comparisons between years, we
used Tukey’s Honest Significant Difference (Tukey’s HSD) method and the Compact Letter
Display (CLD) function was applied to the results from Tukey’s HSD method to identify
sets of years which were detectably different (Supplementary Methods S1). The same
analyses were performed with ‘calendar season’ as the fixed effect instead of year for the
mandatory WO and the enrichment use ratio.

Since farms entered and left the “Real Welfare” scheme at different points in time,
the changes over successive inspection visits for each individual farm were also assessed.
The mean percentage of pigs exhibiting each WO was calculated for each farm visit (from
the first to the last date of the visits). Based on this value, the changes over the visits
were assessed using Kendall’s tau b correlation between visits for each individual farm
and the mean percentage for all farms for each visit was plotted on a graph in order to
visualize the general trend of the changes that occurred with the progressive number of
assessment visits.

2.5. Precision of the Estimates and Trend over Time

Firstly, to calculate the precision of the estimates and trends over time, the sample size
was adjusted for each year in order to consider the design effect.

e  The intraclass correlation (ICC) for each welfare outcome was calculated with the R
package ICC.

e  The design effect (Deff) was calculated based on the ICC and the average number of
pens per farm (m) as follows:

Deff =1+ ICC(m — 1)

e  The estimated sample size (1), considering the design effect (Deff) and the actual
sample size (n’), was calculated as follows:

n=n'/Deff
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Secondly, the margin of error (e) for the various WO was calculated for each individual
year based on the following equation:

72 ((Za/2+ ZB)20?)

e2

where 7 is the sample size, o2 is the variance of the WO, and Z is the value from a standard
normal distribution, corresponding to the desired confidence level as the type I error Alpha
(Z =1.96 for 95 percent confidence interval (CI)), and Beta the power of the analysis set at
80%, which is considered acceptable. Finally, we assessed if the margins of error overlapped
between years in order to estimate the confidence in the trend identified over the years for
the different WO.

2.6. Software

Data processing and data analyses were carried out using Microsoft Excel Office
Professional Plus 2010 (Microsoft, Redmond, Washington, WA, USA) and RStudio (4.0.3
for Window 64 bit, Boston, MA, USA). The Ime4, mvtnorm and multcomp R Packages
were used for the glmm analysis, Tukey’s HSD and cld. The forecast, tseries and ggplot2 R
packages were used for the time series analyses.

3. Results
3.1. Number of Pigs, Pens and Farms Visited

The farm visits were repeated with a minimum of 1 visit per year and a maximum of
6 visits per year, dependent on scheme entry date and the presence of finishing pigs on
the farm, so these farms were visited between one and maximum 29 times since the “Real
Welfare” scheme was first implemented. In total, 7.8% of the farms had only one visit which
occurred between 4 April 2013 and 30 December 2019. Moreover, 5.0% of the farms had
only one visit which occurred at least one year ago (before 1 January 2019), suggesting that
these farms might no longer be part of the “Real Welfare” scheme. It is likely that many of
these were finishing pig sites temporarily contracted by integrators. The rest of the farms
with one visit might have joined the scheme recently and completed only one visit by the
end of 2019. In total, 20,240 farm visits have been conducted in 2616 different farms.

The average number of finishing pig places was 1583 pigs per farm and the average
number of finishing pigs present in the farm at the time of assessment was 1213 pigs per
farm. Ninety percent of the farms had 400 to 3060 pig places in the farm. Based on the
number of pig places, the average percentage of pigs assessed per visit was 23.0% for severe
lesions and 44.6% for hospitalization requirement or lameness. In total, 0.1% of the farms
had missing values for the percentage of pigs assessed. The number of pens selected largely
depended on the farming system and the herd size. The average number of pigs per pens
was 56. On average, 9.6 pens per farm were assessed per visit, with a minimum of one and
a maximum of 98 pens. On average, 2.2 buildings were visited per farm and per visit with
a minimum of 1 and a maximum of 13. The number of farms, pens and pigs assessed for
each lesion (including the mild lesions and enrichment use ratio) in each year of the “Real
Welfare” scheme is documented in Supplementary Table S1. Approximately 2,000,000 pigs
were assessed per year for mandatory WO.

3.2. Association between the Different Welfare Outcomes and Overall Prevalence

The mean percentage of each WO was calculated at the pig level (Table 1), the pen level
(Table 2) and the farm level (based on annual rolling average) (Table 3). While the number of
pens assessed per year increased in 2014 and remained stable in the subsequent years for the
mandatory WO, the number of pens assessed per year constantly decreased for the optional
WO (minor lesions and enrichment use ratio) (Figure 2). The only significant correlation
among the mandatory WO was between the percentage of pigs requiring hospitalization
and the percentage of pigs with lameness (p < 0.05, r = 0.34). When only the farms with
minor lesions recorded were considered, the correlation between the percentage of pigs
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requiring hospitalization and the percentage of pigs with lameness remained unchanged,
and the percentage of dirty tail was moderately correlated to the percentage of dirty body
(p < 0.05, r = 0.49). No significant correlations were identified between minor and severe
lesions (7 < 0.30).

Table 1. Description of the welfare outcomes at the pig level for all pigs assessed between 2013 and
2019: mean percentage and 95% confidence interval [CI].

Welfare Outcomes Mean [CI] 2
Pigs requiring hospitalization 0.04 [0.04-0.04]
Lameness 0.12 [0.12-0.12]
Severe tail lesions 0.15 [0.15-0.16]
Severe body marks 0.18 [0.17-0.18]
Mild tail lesions ! 1.07 [1.05-1.09]
Mild body marks ! 8.55 [8.49-8.60]
Dirty tail ! 5.82 [5.77-5.86]
Dirty body ! 3.96 [3.92-3.99]
Enrichment use ratio 54.4 [54.1-54.7]

! Includes only the pens where minor lesions were assessed;  the value is the percentage of pigs exhibiting each
outcome among the pigs sampled, or the percentage of pigs directing their exploratory behavior to the enrichment
item provided among pigs sampled directing their exploratory behavior toward enrichment item provided or
other pen features or pen mates.

Table 2. Description of the welfare outcomes at the pen level for all pens visited between 2013 and
2019: Mean percentage, standard deviation (SD), minimum (MIN) and maximum (MAX) values,
median, 10% percentile (P10), and 90% percentile (P90).

Pigs requiring
hospitalization
Lameness
Severe tail lesions
Mild tail lesions !
Dirty tail !
Severe body marks
Mild body marks !
Dirty body !

Welfare Outcomes Mean [CI] 3 SD Min P10 Median P90 Max Min 2 Median 2 Max 2

0.06 [0.06-0.06] 0.72 0 0 0 0 100 0 0 50

0.15[0.15-0.16] 1.11 0 0 0 0 100 0 0 66.7
0.17 [0.16-0.18] 1.67 0 0 0 0 100 0 0 100
1.25[1.12-1.29] 4.80 0 0 0 4 100 0 0 100
5.40 [5.35-5.56] 16.2 0 0 0 16.7 100 0 0 100
0.20 [0.19-0.21] 1.62 0 0 0 0 100 0 0 100
9.55 [9.41-9.69] 14.7 0 0 4 27.8 100 0 4 100
3.53 [3.39-3.66] 13.6 0 0 0 5 100 0 0 100
48.9 [48.2-49.5] 35.6 0 0 50 100 100 0 50 100

Enrichment use ratio

! Includes only the pens where mild lesions were assessed; 2 values based on annual rolling averages; 3 the
value is the percentage of pigs in the pen exhibiting each outcome among the pigs sampled, or the percentage of
pigs directing their exploratory behavior to the enrichment item provided among pigs sampled directing their
exploratory behavior toward enrichment item provided or other pen features or pen mates.

Table 3. Description of the welfare outcomes at the farm level (% of pigs or ratio) for all farms visited
between 2013 and 2019: mean percentage and 95% confidence interval [CI], standard deviation (SD),
minimum (MIN) and maximum (MAX) values, median, 10% percentile (P10), and 90% percentile (P90).

Welfare Outcomes 2

Pigs requiring hospitalization
Lameness
Severe tail lesions
Mild tail lesions !
Dirty tail !

Severe body marks
Mild body marks 1
Dirty body !
Enrichment use ratio

Mean [CI] 3 SD Min P10 Median P90 Max
0.05 [0.05-0.05] 0.18 0 0 0 0 5.11
0.15 [0.15-0.16] 0.47 0 0 0 0 18.7
0.15[0.14-0.16] 0.60 0 0 0 0 23.9
1.12 [1.03-1.22] 2.25 0 0 0.18 4 29.2
6.98 [6.32-7.64] 16.2 0 0 0 16.7 100
0.18 [0.17-0.20] 0.68 0 0 0 0 14.6
9.68 [9.20-10.2] 11.6 0 0 5.65 27.8 82.7
5.06 [4.47-5.64] 14.0 0 0 0 5 97.7
51.7 [51.2-52.2] 25.9 0 0 52.5 100 100

! Includes only the pens where mild lesions were assessed; 2 values based on annual rolling averages; 3 the
value is the percentage of pigs in the pen exhibiting each outcome among the pigs sampled, or the percentage of
pigs directing their exploratory behavior to the enrichment item provided among pigs sampled directing their
exploratory behavior toward enrichment item provided or other pen features or pen mates.
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Figure 2. Number of pens assessed per year for the mandatory welfare outcome (WO) (pigs requiring
hospitalization, lame pigs, severe tail lesions, severe body marks) and optional welfare outcomes (WO)
(minor: mild tail lesions and dirty tail, mild body marks and dirty body; enrichment: enrichment use
ratio) for the data collected between 4 April 2013 and 31 December 2019.

3.3. Assessment of the Changes over the Years, Visits and Seasons of the Different
Welfare Outcomes

3.3.1. Change over the Years

Following the time series analyses, “seasonal” patterns were identified for all WO
(Figure 3). For all WO, the p-value of the ADF test was greater than 0.05, indicating
non-stationary time series and inconsistent change over time. For the time series of pigs
requiring hospitalization, lame pigs and pigs with severe body marks, we could identify a
slow and irregular decrease in the ACF as the lags increased; this is due to the trend and
the seasonality observed in these time series (Supplementary Figure S1). We observed a
decreasing trend in the percentages of pigs requiring hospitalization, lame pigs, and severe
body marks, but not for the percentage with severe tail lesions and the enrichment use ratio
(Figure 3).

Firstly, using generalized linear mixed models, all subsequent years were compared
to 2013 (the first year of the “Real Welfare” scheme). Secondly, a pair-wise comparison
between years, based on Tukey’s HSD method and cld function, was used to identify sets
of years that were not detectably different from each other. Finally, the results were used to
conclude changes in prevalence over time of these WO.

The proportion of pigs requiring hospitalization was significantly lower in 2019 and
2018 compared to 2015, 2014 and 2013 (p < 0.001) (Table 4, Supplementary Tables S2 and S4).
The proportion of pigs requiring hospitalization was significantly lower in 2019 compared
to 2017 and 2016 (p < 0.005). This suggests a smaller mean prevalence in most recent years
compared to the first years of the period covered by the scheme.
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Figure 3. Decomposition of the time series of the percentage of pigs requiring hospitalization, lame
pigs, pigs with severe tail lesions, severe body marks and enrichment use ratio from April 2013 to
December 2019 (observed = gross pattern, trend = underlying trend, seasonal = seasonal component,
and random = residual variations).
Table 4. Mean percentage and 95% confidence interval [CI] for each year (without considering
random effect) and Compact Letter Display (cld) for mandatory welfare outcomes and enrichment
use ratio. Values with a different cld are significantly different (p < 0.05).
Pigs l‘lecl‘ulr{ng Lame Pigs Severe Tail Lesions Severe Body Marks Enrichment Use Ratio
Hospitalization
Year Mean [CI] cld Mean [CI] cld Mean [CI] cld Mean [CI] cld Mean [CI] cld
2013 0.14 [0.13-0.15] e 0.34 [0.32-0.37] e 0.16 [0.14-0.18] A 0.29 [0.26-0.32] e 47.1 [46.6-47.6] a
2014 0.10[0.09-0.11] d 0.22 [0.20-0.23] d  020[018-0.22] Bed 034[031-0.36] e  49.8[495-502] a
2015 0.06 [0.05-0.06] c 0.16 [0.15-0.17] c 0.16 [0.14-0.17] be 0.25[0.23-0.27] d 43.9 [43.6-44.3] b
2016 0.04[0.03-0.05] b 0.11 [0.10-0.12] b 015[0.13-0.17] ac  0.20[0.18-0.22] ¢ 50.3[499-506] b
2017 0.03 [0.03-0.04] b 0.10 [0.09-0.11] ab 0.14 [0.13-0.16] ab 0.13[0.12-0.14] a 39.4[39.1-39.7] ab
2018 0.03[0.03-0.04] ab 0.14 [0.12-0.15] be  0.15[0.13-0.17] ¢ 012[011-0.13] ab  641[63.8-644] ¢
2019 0.03 [0.02-0.03] a 0.09 [0.08-0.10] a 0.20 [0.19-0.22] d 0.11 [0.10-0.12] b 64.1 [63.8-64.4] c
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The proportion of lame pigs was significantly lower in 2019 compared to 2016 (p < 0.05),
2018, 2015, 2014 and 2013 (p < 0.001). The proportion of lame pigs was significantly lower in
2018 compared to 2015, 2014 and 2013 (p < 0.001) (Table 4, Supplementary Tables S2 and S4).
This suggests a smaller mean prevalence in most recent years compared to the first years of
the period covered by the scheme.

The proportion of pigs with severe tail lesions was significantly higher in 2019 com-
pared to 2013, 2015, 2016, 2017, and 2018 but was not significantly higher than 2014. The
proportion of pigs with severe tail lesions was significantly higher in 2018 compared to
2017 and 2013 but not the other years (Table 4, Supplementary Tables S2 and S4). This
suggests no significant differences in the mean prevalence between the first years and last
years of the period covered by the scheme.

The proportion of pigs with severe body marks was significantly higher in 2013, 2014,
2015, and 2016 compared to 2018 and 2019 and significantly higher in 2017 compared
to 2019 (p < 0.001) (Table 4, Supplementary Tables S2 and S4). This suggests a smaller
mean prevalence in most recent years compared to the first years of the period covered by
the scheme.

The enrichment use ratio was significantly lower in 2013, 2014, 2015, and 2016 com-
pared to 2018 and 2019 and significantly lower in 2013, 2014 compared to 2015, 2016, 2017,
2018, 2019 (p < 0.001) (Table 4, Supplementary Tables S2 and S4). This may suggest an
increasing trend which appears mainly over the two last years. However, the diminishing
sample size once this outcome became optional must be borne in mind.

For the WO with optional recording, the results are summarized in Table 5 and
Supplementary Tables S3 and S5 but would need to be confirmed by further analyses with
mandatory recording. The results suggest an initial decline of mild tail lesions between 2013
and 2014, which cannot be interpreted as the recording of mild lesion became optional in
2014. However, there is a further decline between 2014 and 2016 which tends to flatten out
in the subsequent years. The results also suggest a progressive increase in the proportion of
pigs with dirty tails between 2014 and 2019, a significant decline each year of the proportion
of pigs with mild body marks, and an increase between 2017 and 2019 of the proportion of
pigs with dirty bodies.

Table 5. Mean percentage and 95% confidence interval [CI] for each year (without considering
random effect) and Compact Letter Display (cld) for optional welfare outcomes. Values with a
different cld are significantly different (p < 0.05).

Mild Tail Lesions Dirty Tails Mild Body Marks Dirty Bodies
Year Mean [CI] cld Mean [CI] cld Mean [CI] cld Mean [CI] cld
2013 1.76 [1.68-1.83] e 5.77 [5.55-6.00] abc 13.1 [12.9-13.3] g 3.06 [2.88-3.23] abc
2014 0.98 [0.89-1.06] d 3.27 [2.99-3.55] a 5.36 [5.14-5.59] f 2.17 [1.93-2.40] ab
2015 0.68 [0.59-0.77] C 3.99 [3.61-4.37] a 5.35 [5.06-5.63] e 2.76 [2.42-3.10] a
2016 0.61 [0.48-0.74] ab 5.85 [5.27-6.44] b 5.74 [5.40-6.09] d 3.61[3.17-4.06] b
2017 0.87 [0.66-1.09] bed 8.31[7.48-9.14] b 5.19 [4.83-5.55] C 4.59 [4.03-5.16] c
2018 0.42 [0.32-0.53] a 4.68 [3.94-5.42] C 3.74 [3.41-4.06] b 4.68 [3.93-5.43] d
2019 0.56 [0.36-0.76] a 4.77 [3.88-5.65] c 1.74 [1.46-2.03] a 4.82[3.93-5.71] d

3.3.2. Change over Calendar Seasons

The results of the generalized linear models suggest differences between calendar
seasons in the pigs requiring hospitalization, lame pigs, pigs with severe tail lesions, pigs
with severe body marks and enrichment use ratio (Table 6, Supplementary Table S6).
The different outcomes did not show a similar seasonal pattern. The proportion of pigs
requiring hospitalization was significantly higher in autumn and winter compared to
spring (p < 0.001, p = 0.006). The proportion of lame pigs was significantly higher in winter
compared to summer. The proportion of pigs with severe tail lesions was significantly
higher in spring and autumn compared to summer and winter (p < 0.001). The proportion
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of pigs with severe body marks was significantly lower in autumn compared to spring
(p <0.001). The enrichment use ratio was significantly higher in winter compared to
summer, autumn and spring (p < 0.001). The enrichment use ratio was significantly higher
in autumn compared to spring (p < 0.001) (Supplementary Table S7).

Table 6. Mean percentage and 95% confidence interval [CI] for each calendar season (without
considering random effect) and Compact Letter Display (cld) for mandatory welfare outcomes and
enrichment use ratio. Values with a different cld are significantly different (p < 0.05).

Pigs l‘lecl‘ulr{ng Lame Pigs Severe Tail Lesions Severe Body Marks Enrichment Use Ratio
Hospitalization
Season Mean [CI] cd Mean [CI] cdd Mean [CI] cd Mean [CI] cd Mean [CI] cd
Spring 0.11 [0.09-0.13] a 0.38 [0.34-0.42] ab 0.20[0.16-0.25] b 0.23[0.18-0.27] a 41.6 [40.9-42.4] b
Summer 0.13[0.11-0.15] ab 0.30[0.28-0.33] a 0.15[0.13-0.17] a 0.19[0.16-0.22] ab 47.5 [46.9-48.1] bc
Autumn 0.12[0.10-0.13] b 0.36 [0.33-0.39] ab 0.16 [0.12-0.19] b 0.21 [0.19-0.24] b 49.3 [48.7-49.9] c
Winter 0.09 [0.07-0.11] b 0.30[0.25-0.34] b 0.16 [0.12-0.20] a 0.18 [0.13-0.22] ab 54.8 [54.1-55.6] a
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3.3.3. Changes over the Sequential Assessment Visits

The general trend within farm over successive visits is visualized in Figure 4. The
percentages for the last visits cannot be interpreted, as very few farms were included in the
sample. While a decreasing trend can be observed over the visits for the mean percentage
of pigs requiring hospitalization, lame pigs and pigs with severe body marks, the other
WO remained more stable.
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Figure 4. Mean percentage of the mandatory welfare outcomes (WO) (Pigs requiring hospitalization
(H), lame pigs (L), pigs with severe tail lesions (STL), pigs with severe body marks (SBM) and
enrichment use ratio (R) from the 1st to the 29th visit (21st visit for enrichment use ratio). The number
of farms included in the sample to calculate the mean for each visit is reported on the graph in red for
the mandatory welfare outcomes and in blue for the enrichment use ratio.

There was no Kendall tau-b correlation between the different visits for the percentage
of pigs requiring hospitalization, confirming changes over the visits for this WO with an
overall downward trend. Moderate correlations were identified for the percentage of lame
pigs, mainly between consecutive visits. The correlations were weaker for visits with wider
interval, suggesting that changes occurred but could be slower compared to the percentage
of pigs requiring hospitalization. Indeed, a downward trend over visits was also identified.
The Kendall’s tau-b correlation showed no correlation between the different visits for the
percentage of pigs with severe tail lesions confirming changes over the visits. However,
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looking at the graph summarizing the mean WO prevalence per visit, no trend could be
identified. Indeed, the mean percentage of pigs with severe tail lesions tend to go up and
down around a mean value, suggesting that some farms experienced an increase in this
WO while others experienced the opposite. Moderate correlations for the percentage of pigs
showing severe body marks, mainly between consecutive visits, indicated small changes
between these visits. Moreover, the lack of correlation between other visits with wider
intervals suggests that changes occurred but could be slower compared to the percentage
of pigs requiring hospitalization. Indeed, a downward trend over visits was also identified.
The correlation between several visits, even with a longer interval between visits, suggests
only moderate changes in the enrichment use ratio over the visits. No specific trend could
be observed in the graph summarizing the mean enrichment use ratio per visit (Figure 4)
(Supplementary Table S8).

3.4. Precision of the Estimates

Considering the sampling size, we can see that the margin of error is not always
overlapping for pigs requiring hospitalization, lameness, severe body marks, mild body
marks and enrichment use ratio (Figure 5) (Supplementary Table S9). This indicates that
the sampling size allows good confidence in the trend observed over the years, keeping in
mind that the recording of enrichment use ratio and mild body marks was not mandatory.
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Figure 5. Annual mean and margin of error considering the sampling size (accounting for the design
effect) and 80% power for all welfare outcomes (WO).

4. Discussion
4.1. Study Limitations

Despite a very low prevalence of some measures, the large amount of data available
from the “Real Welfare” scheme allows more accurate analysis compared to studies based
on primary data, where data are often collected on a restricted number of farms. However,
absence of data related to hospital pens makes it difficult to separate a real decrease in the
prevalence of the different WO over time from a better management of compromised pigs.
Since the WO were only recorded in the mainstream herd, the decreasing trend in several
WO could be explained by either a real reduction in these WO or better management of
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transfer to hospital pens or euthanasia of the most severely injured pigs, but both would
contribute to overall improvement in pig herd welfare. The possible change in management
of compromised pigs could be due to the impact of the vet assessor on farmer perception
of sick pigs, whereby regular visits of the vet operating welfare assessment might have
changed the perception of the farmer regarding sick pigs and hospital pen management [13].
Another bias, due to repeating assessments over time and the absence of “update training”
of the vets might have been an impact on inter- and intra-observer reliability. However,
several studies have shown good inter-observer reliability of similar WO data recorded by
trained assessors [14,15]. We also included the interaction of the vet with the farm in the
models that assessed the changes over time and season in order to reduce any information
bias in our analysis. Regarding the additional time series analysis, which confirms the
decreasing trend of some WO, the autoregressive model used in this analysis might appear
too simplistic. While this model considers its previous terms as the predictors, there is
likely more complexity than a simple linear model of past observation and a more complex
model should be used to create forecasts.

Using a large sample size and conducting an assessment of pigs randomly selected at
the pen level appear to be the best options to evaluate WO [16]. Indeed, high variability
can exist between pens of the same farm, which makes it difficult to accurately assess
farm prevalence with reduced sample size [17]. Moreover, assessing the prevalence of the
different WO at the pen level appeared to be more informative in another study [18]. The
sample of pig farms assessed across each year by the “Real Welfare” scheme produces
approximately 95% of all commercially raised pigs in the UK and, for each visit, the
assessment was conducted on a representative sample of pigs and pens selected by trained
vets [11]. This allowed us to conduct the analysis on a large sample representative of the
mainstream herd of finishing pigs in the UK. Following the analysis of the margin of error
for each individual year, considering 80% power, we could conclude that the sampling
allows accurate estimation of the prevalence of these different WO and allows accurate
assessment of the changes in prevalence over time. However, the recording of enrichment
use ratio and minor lesions was not mandatory after 2013 and this may have led to selection
bias and lower precision in the estimates. The results should therefore be interpreted with
caution because the number of pens which were recorded for these lesions drastically
dropped in recent years. For the same reason, the trend over visits (using visualization of
the graph in Figure 4 and Kendall’s tau-b correlation) was not interpreted beyond eight
visits because of the declining sample size. However, we decided to share the results on
enrichment use ratio and minor lesions because the sample remains exceptionally large
compared to most other studies. Moreover, highlighting the decreasing number of pens
assessed over time (when the measures became optional) in itself constitutes interesting
information for the pig sector and future projects. Pen selection, pen size and the variability
between pens will impact the precision of the estimate (margin of error) [19,20]. In the
“Real Welfare” scheme, only a subset of the pens and subset of the pigs according to farm
size were sampled in order to be representative of pigs present in the farm, but also to
reduce time and commitment required on the operational aspects [9]. To get exactly the
same level of precision in each farm, a specific sampling calculation which considers farm
design could be applied in each individual farm but, at a large scale, this calculation would
represent a constraint that could impair the simplicity of implementation of the assessment.

4.2. Prevalence of the Welfare Outcomes

The mean prevalence of the mandatory WO was very low at the pig, pen and farm
levels. Similar results regarding the prevalence of the different WO were obtained in
previous studies [21-23]. The standard deviation was higher than the mean for all WO,
indicating that the percentage of WO in the different pens and farms spreads out over
a wide range of values. The percentage of pigs with a welfare issue could be very high
in certain individual pens, but the mean percentage of pigs with these welfare issues at
the farm level was much lower. This confirms that these welfare issues remain rare and
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sporadic [18,22]. A previous paper, based on the data recorded between 2013 and 2016,
identified several risk factors associated to higher prevalence of the different WO [10].
However, more detailed analysis could be done on farms and pens with high prevalence of
WO to better understand the combination of factors that lead to welfare issues and identify
other risk factors. Furthermore, such high prevalence cases should be the subject of more
detailed investigation and remedial action by the farmer and veterinarian whenever they
are observed.

Based on the European Food Safety Authority (EFSA) [24] report, the prevalence of tail
lesions on farm may vary widely (of the order of 1-5%). In our study, the percentage of pigs
with severe tail lesions and severe body marks was 0.04% and 0.12%, respectively. Some
studies which evaluated the prevalence of tail damage reported a prevalence of severe
tail biting at the pig level of 1.3% in Finland [25] and 2.2% in France (0.9% for the most
severe lesions) [7]. The mean percentage at the batch level from farrow-to-finish herds
(representing 12% of the Irish herd) was 1.2% for severe tail lesions and 1.2% severe skin
lesions [8]. Comparisons are difficult to make because the precise definition of a lesion
differs between studies. A similar sampling methodology and classification should be
adopted to enable valid comparison between studies.

A higher percentage of pigs requiring hospitalization was associated with a higher
percentage of lame pigs. This may be due to similar risk factors within a pen for both
of these welfare issues, or to the fact that individual pigs may fall into both categories
(lameness could be a common reason for moving pigs in hospital pens). Some correlation
between these two WO was also identified in a previous study [26]. Different results were
found by Munsterhjelm et al. [27], who also excluded hospital pens from their analysis and
found a connection between wounds and lameness. However, both samples were much
smaller in these studies. The absence of other correlations between WO suggests that all
WO are specific and complementary in welfare assessment and, therefore, could reveal
different aspects of animal welfare. Indeed, it has been shown that pigs in hospital pens are
associated with both respiratory and locomotion problems [16], lame pigs are associated
with both flooring and the detection of Mycoplasma hyosynoviae [28], and body and tail
lesions are associated with various stressors and negative social behavior [29,30]; all acting
as signals of impaired animal well-being.

4.3. Changes over Time and Season of the Welfare Outcomes

Following our analysis, we could conclude that pigs requiring hospitalization, lame
pigs, severe body marks and mild body marks decreased over the years and enrichment
use ratio increased over time. No trend could be identified for severe tail lesions, as
similar prevalence was observed in 2014 and 2019. Dirty tails and dirty body tended to
increase in recent years covered by the “Real Welfare” scheme, though the sample size
became very small and the trend observed should be interpreted with care. Considering
the very low percentage prevalence of all WO in the most recent years, we could easily
expect a stabilization of the prevalence, as a complete absence of welfare issues seems to be
unrealistic. While the “Real Welfare” scheme might be considered to have provided good
support to decrease lameness, severe body marks or improve hospital pen management,
severe tail lesions may be greatly influenced by other less controllable factors, such as the
housing infrastructure of the farm, diet formulation or climatic variation, making changes
over time less visible. The identification by the farmer of the different farm-specific risk
factors is essential. Tools such as “WebHAT” or “SchwIP” have been created to raise
awareness amongst farmers about the risk factors and may offer a better help to reduce
tail biting [21,31]. It is known that benchmarking of health and welfare measures can lead
to greater awareness and motivation to improve [32] but our study suggests that this is
not uniformly successful for all WO, especially for severe tail lesions. While other welfare
assessment initiatives exist and measure similar WO, such a large-scale assessment as
reported here is not documented in the literature for other countries. The implementation
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of a similar scheme in other countries would allow comparisons of the prevalence and the
trend of the different WO between countries.

While a decline over repeated assessment visits to individual farms could be clearly
seen for the percentage of pigs requiring hospitalization, the percentage of lameness and
severe body marks, no trend over visits was identified for the percentage of pigs with severe
tail lesions and enrichment use ratio. Only the percentage of pigs requiring hospitalization
showed a decreasing trend with no correlation between years, suggesting quicker changes
compared to the percentage of lame pigs and the percentage of severe body marks, which
showed correlations between consecutive visits. No correlations between visits were
identified for severe tail lesions, suggesting both increases and decreases according to the
farm, without identifying a general trend. In contrast, the enrichment use ratio showed
significant correlations between visits, suggesting no particular changes over visits.

‘Seasonal’ changes identified in the time series analysis are difficult to interpret. Indeed,
seasonal changes probably act as a proxy for other factors related to environmental or
management differences or may be connected to other seasonal health issues. For example,
some health issues have been reported to be more common during winter [33,34]. Severe
tail lesions were more prevalent in autumn and spring, corresponding to times with greater
temperature fluctuations. Higher enrichment use ratio was observed in autumn and winter,
possibly associated with greater bedding supply at these times.

5. Conclusions

The estimate of the mean percentage of the different WO in the mainstream herd of the
UK finishing pig population was <0.2% when assessed at the pig, pen and farm levels, but
a high prevalence was detected sporadically. In the period since the implementation of the
“Real Welfare” scheme, our analysis indicates an improvement in welfare in the mainstream
herd of finishing pig farms in the UK, reflected in the reduction in the prevalence of the
main WO (except for severe tail lesions) over both calendar years and sequential assessment
visits at a given farm. The decreasing trend over both years and successive assessment
visits tended to flatten out, suggesting that further decline from the present low values
would be difficult to achieve. The “Real Welfare” scheme might have contributed to a
decrease in the prevalence of certain WO in the mainstream herd by stimulating a reduction
in causal factors for these welfare problems and/or an improvement in the management
of compromised pigs. The possible influence of the scheme should be confirmed by
further studies. Other initiatives, such as increasing farmer awareness, identification and
understanding of risk factors for tail biting and other outcomes, and support for changes in
farm management should also be considered.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12050607 /s1. Material S1; Methods S1; Figure S1: Autocorre-
lation function (ACF) (with lag= fixed amount of passing time) for the percentage of pigs requiring
hospitalization, lame pigs from, pigs with severe tail lesions, severe body marks and enrichment
use ratio April 2013 to December 2019; Table S1: The number of farms, pens, pen visits and pigs
assessed for each lesion (including the mild lesions and enrichment use ratio) in each year of the
scheme (For the calculations for each year, pens without a visit date have been excluded), Table S2:
Changes over years compared to 2013 for the different welfare outcomes: Odds ratio, confidence
intervals and P-value for all pens included in the study, Table S3: Changes over years compared to
2013 for the minor welfare outcomes: Odds ratio, confidence intervals and P-value for all pens with
minor lesions recorded (42,108 pens), Table S4: p-values for pair-wise comparison between years
with Tukey’s HSD for the proportion of pigs requiring hospitalization, lame pigs, pigs with severe
tail lesions, pigs with severe body marks and enrichment use ratio, Table S5: p-values for pair-wise
comparison between years with Tukey’s HSD for the proportion of pigs with mild tail lesions, dirty
tails, mild body marks, dirty bodies, Table S6: Changes over seasons compared to winter for the
mandatory welfare outcomes and enrichment use ratio: Odds ratio, confidence intervals and P-value
for all pens included in the study, Table S7: values for pair-wise comparison between seasons with
Tukey’s HSD for the proportion of pigs requiring hospitalization, lame pigs, pigs with severe tail
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lesions, pigs with severe body marks and enrichment use ratio, Table S8: Kendall’s tau-b correlation
coefficient between the average percentages of welfare outcomes (H: pigs requiring hospitalization,
L: lame pigs, STL: pigs with severe tail lesions, SBM; pigs with severe body marks, R: enrichment use
ratio) for individual farms in each visit (1st to 8th visits). (p < 0.05, Values > 0.3 represent a significant
correlation), Table S9: Annual mean and calculated margin of error considering the sampling size of
each year (accounting for the design effect) and 80% power for all welfare outcomes.
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Simple Summary: Environmental enrichment is an important part of animal welfare. In this study,
rare minnow in different rearing conditions underwent comprehensive evaluation regarding growth,
anxiety-like behavior, and physiology parameters. Results showed that there were no differences in
SGR, anxiety-like behavior, DA, DOPAC, and 5-HIAA levels between control and enriched groups.
However, the enriched group had higher cortisol and 5-HT levels. Therefore, researchers should
focus on the effect of environmental enrichment regarding the welfare of rare minnow and how it

effects the validity of data from laboratory studies.

Abstract: Environmental enrichment is a method to increase environmental heterogeneity, which
may reduce stress and improve animal welfare. Previous studies have shown that environmental
enrichment can increase the growth rate, decrease aggressive and anxiety-like behaviors, improve
learning ability and agility, and reduce cortisol levels in animals. These effects usually differ between
species. Unfortunately, habitat enrichment on laboratory fish is poorly studied and seldom adopted
in care guidance. Rare minnows (Gobiocypris rarus) have been cultured as a native laboratory fish in
China in barren banks without environmental enrichment since 1990; they have been widely used
in studies on ecotoxicology, environmental science, and other topics. The purpose of this study
was to investigate the effect of environment enrichment on the growth, physiological status, and
anxiety-like behavior of laboratory rare minnows. We observed and analyzed SGR, cortisol levels,
DA, DOPAC, 5-HT and 5-HIAA, and anxiety-like behavior indexes after one month of treatment
in barren (control) and enrichment tanks. We found that there were no significant differences in
SGR, anxiety-like behavior, DA, DOPAC, or 5-HIAA levels between the two treatments. However,
higher cortisol and 5-HT levels were observed in the enrichment tanks. This study suggests that rare
minnows might be influenced by their living environment, and future related studies should consider
their environmental enrichment.

Keywords: rare minnow; environmental enrichment; growth; physiology; anxiety-like behavior; welfare

1. Introduction

The physical and mental status of animals is often affected by the environment. In
fact, a lack of shelter in artificial environments may elicit a variety of stress responses in
fish, including physiological, psychological, and behavioral effects [1]. In addition, envi-
ronment homogeneity may decrease fishes’ learning opportunities and learning ability [1].
Enrichment is a method to increase environmental heterogeneity and provide shelter by
introducing plants, cobbles, and other physical structures into the rearing environment [1,2].
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As a result of simulating the natural habitat, enrichment usually has a positive impact
on fish because it provides the fish diverse physical or hydraulic environments and oppor-
tunities to choose its habitat. Many studies have shown that environmental enrichment can
enhance growth rate [3-7], decrease aggressive and anxiety-like behaviors [8-10], enhance
learning ability [11-13] and agility [14], and reduce cortisol (an indicator of stress) levels [8].
However, some studies have identified cases in which enrichment elicited negative or
neutral effects [15-21]. The differences in these results are not only related to differences in
species or life history stages, but also with the type and level of enrichment [2,22].

Owing to their small size, high fecundity, short generation, rapid sexual maturity, and
simple facility, laboratory fish are widely used in the life sciences [23]. The welfare of laboratory
fish is becoming a new and urgent topic and, as it is an important part of animal welfare,
environmental enrichment of laboratory fish should be given more attention. Unfortunately,
environmental enrichment is less adopted in care guidance instructions for laboratory fish [21].
For instance, studies have shown that environmental enrichment has certain benefits, such
as reducing zebrafish anxiety-like behavior and increasing proliferating cell nuclear antigen
positive nuclei and spatial learning ability [10,15,24], but most laboratories still use barren
tanks to raise zebrafish. Enriching laboratory fish not only improves the fish’s welfare [22] but
may also impact the validity of the data collected [25,26] and feeding management [27].

The rare minnow (Gobiocypris rarus) is a small cyprinid fish that is widely used as a
native laboratory fish for chemical testing and research on disease, toxicology, behavior,
and genetics [28-34]. For its use as a laboratory animal, serial standard drafts have been
established on topics including controls on pathogens, heredity, environment, and nutri-
tion. However, environmental enrichment is not considered essential for animal welfare,
although previous study showed rare minnow had a significant preference for an enriched
environment [35]. The aim of this study was to investigate the effect of environmental
enrichment on the growth, anxiety-like behavior, and physiological status of laboratory
rare minnows.

2. Material and Methods
2.1. Fish Culturing and Environmental Enrichment

Rare minnows (Gobiocypris rarus) were provided by the National Aquatic Biological
Resource Center (NABRC). The whole experiment was done in NABRC'’s laboratory. In order
to ensure animal welfare and meet the sampling requirements, 72 adult fish aged 6 months with
an average total length of 33.5 + 2.44 mm and body weight of 0.39 = 0.05 g were randomly,
equally placed into six plastic tanks (length: 40.0 cm, width: 25.0 cm, height: 20.0 cm), exhibiting
12 rare minnows per tank. All individuals were in the same recirculating aquatic housing
system equipped with multistage filtration including activated filter stone, filter sponge, and
UV sterilization. The tanks were arranged into two treatments: environmental enrichment
and control. In the three enriched replicate tanks, the whole bottom was covered with faint
yellow gravel, ~1 cm deep and ~0.4 cm in diameter, and plastic plants (three artificial plants
that mimic Potamogeton perfuliatus, signal leaf length: 2.2 cm, plant length: 16 cm, color:
green). Two artificial plants mimicking Hydrilla verticillata (signal leaf length: 1.5 cm, plant
length: 16 cm, color: green) were added to occupy approximately 40% of the surface area
(Figure 1). The other three barren replicate tanks without any enrichment were set as the
control group. Test fish were reared in the tanks for one month until they were sampled or
used for the behavior experiments.
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Figure 1. Photographs of the enrichment group.

During the rearing period, we maintained the water depth at 16 cm and the water
flow rate at 700 mL/min. The light/dark cycle was 12:12 h. Water temperature was
maintained at 25.6 £ 0.2 °C. The pH was 7.49-7.80. Fish were fed commercial dry pellets
(crude protein > 35%, crude fat > 3.0%, crude fiber < 8.0%, crude ash < 15%,
moisture < 10%, calcium > 12%, phosphorus > 0.6%, lysine > 1.5%) twice daily at 10:00 a.m.
and 4:00 p.m. No injuries or deaths were found during the experiment, and the remaining
individuals were transferred back to the NABRC after the experiment ended.

2.2. Sampling and Measuring of Physiological Parameters

At the end of the month, four fish from the same tanks (three replicates enriched and
control tanks) were euthanized in ice water [36]. Immediately after the total body length
and body weight were measured, each fish was dissected on ice. The body weight and
body length of the remaining fish were measured after the anxiety-like behavior test. All
the brain tissue was used to determine the levels of neurotransmitters, including Dopamine
(DA), Serotonin (5-HT), 3,4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic
acid (5-HIAA), and brain protein. The rest of the body was used to determine the cortisol
level. All procedures and the experimental protocols were approved by the Institutional
Animal Care and Use Committee of the Institute of Hydrobiology, Chinese Academic of
Sciences (IHB/LL/2020025).

Four fish brains from the same tank were mixed into one sample and two bodies from the
same tank were mixed into one sample. Samples of brain or body were homogenized in cold
PBS (9x weight, pH 7.4) and centrifuged at 3000 rpm for 20 min in a refrigerated centrifuge
(4 °C). The supernatants were collected and used for analysis. The cortisol, DA, DOPAC, 5-HT,
and 5-HIAA levels were measured using a fish-specific commercial ELISA Assay Kit (Jiangsu
Meimian Industrial Co., Ltd., Yancheng, China) according to the manufacturer’s guidelines.
Brain protein was measured using a commercial BCA Assay Kit (Jiangsu Meimian Industrial
Co., Ltd., Yancheng, China) according to the manufacturer’s guidelines.

2.3. Anxiety-like Behavioral Studies
2.3.1. Light-Dark Test

The light-dark test was used for the anxiety-like behavior test in fish [10,37]. The
light-dark experiment was designed based on a previous study [10], based on scototaxis.
Rare minnows prefer a dark environment and are suitable for this light-dark test. The
reduction in the number of entries to the light part and the time spent in the light part were
considered indicators of anxiety-like behavior [37]. A rectangular glass tank was divided
into two equal size parts, which were affixed with a white or black sticker separately
(Figure 2). The 12 enriched and 12 control fish (four from each replicate enriched and

91



Animals 2022, 12,514

control tank) were randomly selected and observed one by one, with one enriched and
one control fish observed simultaneously. Each fish was only observed once to prevent
any impacts from multiple measurements. Test fish were gently put into the dark part of
the light-dark tank. The fish were allowed to adapt to the tank for 2 min, then data were
collected with a camera (TTQ, China, Resolution: 1920 x 1080) for 8 min. The number of
entries to the light part and total time spent in the light part were counted manually by
playback video. In order to minimize human interference, we did not set up any partitions
during the adaptation period. Fresh system water was added after each trial.

16cm

18cm

24cm
Figure 2. Diagram of the light—dark test tank (24 cm x 16 cm X 18 cm high, water level is 10 cm).

2.3.2. Novel Tank Test

The novel tank test was used for anxiety-like behavior test in fish, and mainly utilized
their natural instinct to dive to the bottom of the tank and explore its environment [38,39].
The apparatus consisted of a trapezoidal glass tank (Figure 3). The tank was divided into
two parts of the same height: a bottom layer and an upper layer. Except for the front
camera (TTQ, China, Resolution:1920 x 1080), all parts of the test tank were covered with
white frosted stickers to prevent any external interference. All behavior parameters were
counted manually by playback video.

N\

28cm

-------- =1 10cm

10cm

23cm

Figure 3. Front view of the novel tank test. Water level is 10 cm.

The 12 enriched and 12 control naive fish (four from each replicate enriched and
control tanks) were randomly selected, and one fish was gently put into the tank for each
test at the same time. The fish were allowed to adapt to the tank for 2 min, then data were
collected with a camera for 8 min. Each fish was only observed once to prevent the impact
of multiple measurements. Different fish were used for the different behavioral tests. The
tank was filled with system water, which was replaced at the end of each trial. The behavior
parameters included the number of entries to the upper layer and total time spent in the
upper layer. The reduction in the number of entries to the upper layer and the time spent
in the upper layer are considered indicators of anxiety [39].
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2.4. Data Analysis

The specific growth rate (SGR) was used to evaluate growth. SGR% = 100 x (In (BWy)
— In (BW;))/T, where BW; represents initial body weight in mg, BW; represents final body
weight in mg; T(d) represents experimental period in days. DA, DOPAC, 5-HT, and 5-HIAA
levels were normalized to total brain protein weight (stated as ng/g of brain protein) and
cortisol levels were normalized to body weight (stated as ng/g body weight).

The Shapiro-Wilk Test was used to determine whether the data obey normal distribu-
tion. If the data met the assumption of normal distribution, then an independent samples
t test was used to analyze the differences between the two groups. If the data did not
meet the assumption of normal distribution, then a Mann-Whitney U test was used to
analyze the differentiation between the two groups. There were no data excluded. All
statistical analyses were performed using SPSS 25.0. Significance level was set at p < 0.05,
and extremely significant level set at p < 0.001.

3. Results
3.1. Growth

After one month of treatment in different environments, there was no significant
difference between the two treatments (t = —0.1, p = 0.924) (Figure 4 and Table 1).

1.5 A

SGR (%/d)

0.5

Control Enrichment

Figure 4. Special growth rate of body weight (SGR, mean £ S.D.) in different treatments (1 = 3).

Table 1. Growth and physiology parameters of different rearing conditions.

. DA (ng/g DOPAC (ng/g 5-HT (ng/g 5-HIAA (ng/g

0,

SGR (%/d) Cortisol (ng/g) Protein) Protein) Protein) Protein)
Control 1.13 £0.11 19.46 +0.11 794+ 057 10.53 + 0.62 15.03 + 0.93 11.01 &£ 0.62

Enrichment 1.25 +£0.12 22.07 £0.5 7.03+ 0.3 10.78 4+ 0.58 18.06 + 0.96 10.32 + 0.64

3.2. Physiological Parameters

Fish in the enriched treatment had significantly higher cortisol levels than fish in the
control treatment (t = —12.93; p < 0.001) (Figure 5). There were no significant differences
in DA (t=1.923, p = 0.127), DOPAC (t = —0.432, p = 0.694), or 5-HIAA (t=1.1, p = 0.335)
levels between the two treatments, except that fish in the enriched treatment had higher
5-HT levels (t = —3.22; p = 0.032) (Figure 6 and Table 1).
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Figure 5. Cortisol level (mean =+ S.D.) of the different environmental treatments (1 = 3, three pooled
samples of two fish each from each treatment). “***” represents extremely significant difference

(p <0.001).
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Figure 6. DA, DOPAC, 5-HT, and 5-HIAA levels (mean + S.D.) of the different environmental
treatments (n = 3, three pooled samples of four fish each from each treatment). (A) DA, (B) 5-HT,
(C) DOPAC, and (D) 5-HIAA concentrations of the two groups. “*” represents a significant difference
(p < 0.05).

3.3. Anxiety-like Behavior

No significant differences were found between the two treatments in terms of the time
distribution between the light and dark areas (Mann-Whitney U test, U = 67, N =12, p = 0.799)
or number of entries to the light areas. (Mann—Whitney U test, U = 68.5, N = 12, p = 0.843)
(Figure 7 and Table 2).
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Figure 7. Time distribution and number of entries to the light part (mean + S.E.) in the light-dark
test (n = 12). (A) Time spent in the light and dark parts. (B) Numbers of entries to the light part.

Table 2. Anxiety-like parameters of different rearing condition.

Light-Dark Test Novel Tank Test
Light Time (s) Dark Time (s) No. of Entries  Upper Time (s)  Bottom Time (s) No. of Entries
Control 74.17 £ 24.82 405.83 + 24.82 417 £2.29 65.17 £+ 40.43 414.83 +£40.43 16.5 +10.23
Enrichment 77.92 +43.21 402.08 +43.21 492 +0.92 41.08 +14.41 438.92 + 14.41 9.8 +2.45

4. Discussion

In the novel tank test, there were no significant differences between the two treatments
in the time distribution in the upper and lower layers of the tank (Mann—Whitney U test,
U =90, N =12, p = 0.932) or the number of entries to the upper layer. (Mann—Whitney
Utest, U =72, N =12, p =1) (Figure 8 and Table 2).

500 1 OUpper ®mBottom A 30 4 B
400 A

300 A

200 A

Control Enrichment Control Enrichment Control Enrichment

Time (s)
No. of Entries to the upper layer

Figure 8. Time distribution and number of entries to the upper layer (mean + S.E.) in the novel tank
test (n = 12). (A) Time spent in the upper and bottom layer. (B) Numbers of entries to the upper layer.

4.1. Effect of Enrichment on Growth

Growth is one of the most important physiological processes in the life history of
fish. Any factor that affects animal feeding, digestion, activity, metabolism, and other
physiological processes may affect animal growth. Growth is a simple index that reflects
the comprehensive performance of many eco-physiological processes. When considering
animal welfare, growth and survival are basic “natural demands”. If an animal’s growth
is significantly affected by adverse conditions, then its welfare could deteriorate signif-
icantly [40]. Previous studies have shown that the factors affecting the growth of rare
minnows include nutrients [41,42], water temperature [43] and other physical and chemical
characteristics of their water environment, feeding, and other culturing strategies [43—45].
Therefore, these impact factors are restricted or controlled in the standard drafts of rare
minnows to ensure their basic welfare. Although some studies revealed that environmental
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enrichment may help fish grow [3-7], our results showed no significant difference in SGR
between the environmental enrichment and control fish, indicating that the barren tank
(control) did not result in significant welfare deficiency. A small fish, the rare minnow
seems to be well adapted to aquarium breeding. Rare minnow growth was not affected by
complex environments; this may be one of the reasons why the species is used so widely as
a laboratory animal.

4.2. Effect of Enrichment on Physiological Parameters

Poor conditions are often accompanied by stress, so stress level is a common metric
for judging animal welfare. Stress, which usually refers to a change in one’s condition in
response to a changing environment, is a physiological process of adapting to and main-
taining homeostasis in the internal environment [46]. In the face of long-term stress, fish
feeding, growth, immunity, and other factors suffer, and thus so does the fish’s welfare [40].
When fish encounter stress, their hypothalamic-pituitary-renal tissue (HPI) axis and neuro-
transmitter activity are generally considered to be the primary neuroendocrine regulators,
and subsequent secondary reactions affect immune function, enzyme activity, blood param-
eters, etc., and finally lead to changes in behavior, reproductive ability, growth, and survival
throughout the organism [47-50]. Brain serotonergic system activity, dopaminergic system
activity, and cortisol levels are considered to be accurate and commonly used indicators
of stress and welfare in fish [22,51-54]. Previous studies have shown that environmental
enrichment may increase, decrease, or have no effect on fish cortisol levels [15,22,54-57]. In
the present study, cortisol level in the environmental enrichment treatment did not decrease
significantly. On the contrary, it was 22.07 (ng/g), 13% higher than in the control. This
result is somewhat unexpected. It may be that the disturbances that resulted from removing
artificial aquatic plants from the aquarium before euthanasia resulted in the higher cortisol
level in the enrichment fish. On the other hand, hormonal response to stressors in general
and chronic stressors in particular can be highly context dependent, and there is currently
a lack of consensus as to the direction and magnitude of this response [58]. The reasons for
the higher cortisol level in the enriched group need further investigation.

The dopaminergic system is usually correlated with reward and motor functions [59-62].
In the present study, there were no significant differences in DA and DOPAC levels between
the control and environmental enrichment, indicating that environmental enrichment has no
effect on the above-mentioned functions of rare minnows. This result is similar to that of the
black rockfish (Sebastes schlegelii) [22].

The serotonergic system is usually involved in the regulation of various physiological
functions in animals—such as aggressive behavior, anxiety, and depression—and plays
especially important roles in emotion regulation [63-66]. For instance, rodent studies
have demonstrated that serotonin depletion results in increased aggression, and serotonin
augmentation results in decreased aggression [67]. Environmental enrichment rescued the
depressive phenotype of female HD mice, corresponding with increased gene expression
of specific 5-HT receptors in the hippocampus and cortex [65]. In the present study, signifi-
cantly higher 5-HT levels were found in the environmental enrichment group, indicating
that the enriched environment benefits the rare minnow.

4.3. Effect of Enrichment on Anxiety-like Behavior

When fish face environmental stress, their intuitive response is reflected in behavior.
If the fish are unable to escape the threat, then their behavior may change. Enriched
environments create a complex habitat that allows animals to choose suitable hiding
places, thus protecting them from fear and stress. Studies have shown that environmental
enrichment can reduce anxiety-like behaviors and improve wellbeing [10,68,69]. However,
in the present study, there was no significant difference in the time distribution or the
numbers of entries between the two treatments in either the light-dark or novel tank
tests. In fact, rare minnows, which live in small water bodies gregariously in the wild, are
easily domesticated for aquariums. Rare minnows reared in barren tanks rarely display
panic behavior. For instance, when breeders step close to the aquarium, fish tend to
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approach—a sign that they are waiting to be fed—instead of hiding or escaping. Therefore,
environmental enrichment might have a limited effect on anxiety-like behavior.

5. Conclusions

The present study showed that environmental enrichment has no significant effect
on the growth, anxiety-like behavior, or dopamine level of rare minnow, but it does
significantly affect 5-HT level and cortisol levels. In the present study, we used stone
bedding and aquatic plants to simulate a natural environment. The bottom of the aquarium
box was fully covered with stone bedding, and the coverage of aquatic plants reached 40%;
these conditions were too inconvenient to use in daily cultures. In this study, whether the
environment is enriched or not probably had a limited effect on fish growth and anxiety-like
behaviors. However, higher 5-HT level might be benefiting the rare minnow. Therefore,
the barren tank may not meet some of the welfare demands of the laboratory rare minnow.
It is important to note that the type and level of environmental enrichment are diverse, and
there might be different results. More research is needed to meet the welfare demands of
the laboratory rare minnow; at the same time, it is also convenient for daily management.
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Simple Summary: Monitoring animal behavior provides an indicator of their health and welfare.
For this purpose, video surveillance is an important method to get an unbiased insight into behavior,
as animals often show different behavior in the presence of humans. However, manual analysis
of video data is costly and time-consuming. For this reason, we present a method for automated
analysis using computer vision—a method for teaching the computer to see like a human. In this
study, we use computer vision to detect red foxes and their body posture (lying, sitting, or standing).
With this data we are able to monitor the animals, determine their activity, and identify their behavior.

Abstract: The behavior of animals is related to their health and welfare status. The latter plays a
particular role in animal experiments, where continuous monitoring is essential for animal welfare.
In this study, we focus on red foxes in an experimental setting and study their behavior. Although
animal behavior is a complex concept, it can be described as a combination of body posture and
activity. To measure body posture and activity, video monitoring can be used as a non-invasive
and cost-efficient tool. While it is possible to analyze the video data resulting from the experiment
manually, this method is time consuming and costly. We therefore use computer vision to detect and
track the animals over several days. The detector is based on a neural network architecture. It is
trained to detect red foxes and their body postures, i.e., ‘lying’, ‘sitting’, and ‘standing’. The trained
algorithm has a mean average precision of 99.91%. The combination of activity and posture results in
nearly continuous monitoring of animal behavior. Furthermore, the detector is suitable for real-time
evaluation. In conclusion, evaluating the behavior of foxes in an experimental setting using computer
vision is a powerful tool for cost-efficient real-time monitoring.

Keywords: YOLOv4; computer vision; animal monitoring; animal behavior; animal activity; animal
welfare; body posture

1. Introduction

Animal welfare is becoming increasingly important in animal experimentation and
husbandry, and is often defined by the Five Freedoms concept [1], the Five Domains concept,
or the complementary use of both [2,3]. Thus, due to its multidimensional character, it is
influenced by many factors [4]. For its detection based on animal movements, different
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approaches have been applied in recent years. Séneque et al. [5] found that altered welfare
in horses was associated with their body postures. Besides active motion, sleeping behavior
can be used as one indicator of animal welfare [6]. Furthermore, the monitoring of animal
activities has been used to draw conclusions on animal welfare [7]. In particular, changes
of behavioral activity can provide information about the welfare or disease status of an
animal [8-10]. Observation, measurement, and evaluation of animal behavior provide
important indicators for the determination of animal welfare [11]. Furthermore, animal
behavior is often associated with certain postures and locomotion [12]. Fureix et al. [13]
used horse postures (analyzed by geometric morphometrics) to characterize behavioral
categories. Animal behavior is an important manifestation, which can be linked to the
health and welfare status of animals. Therefore, conclusions about animal health and
welfare can be drawn by tracking animals and detecting their posture and activity.

For monitoring, unbiased video observation of animal behavior is particularly suitable,
since the presence of humans may change or influence the behavior of animals [9,14-16].
Moreover, manual observation has a number of disadvantages. It is time consuming, costly,
and unsuitable for larger animal populations [17]. More importantly, the accuracy of the
manual observation depends on the observer’s experience and judgment [17], which may lead
to observer bias [18].

An automated system may help to overcome at least some of the above-mentioned
limitations and may be used to detect behavioral changes, e.g., unusual behavior caused by
disease. Moreover, such a system could automatically alert laboratory personnel in case of
unusual behavior and thus support animal welfare, health, and animal management [12].
Furthermore, automatic monitoring methods can be useful for continuous monitoring and
detection of events [19] such as an animal caretaker in the room.

The application of sensors such as accelerometers or RFID (radio-frequency iden-
tification) chips is one way of measuring activity or locomotion. Data obtained using
accelerometers, usually attached to the animals as leg sensors, have been used to classify
cattle activities (e.g., walking, lying, standing) [20]. Kaler et al. [21] used data from ac-
celerometer and gyroscope sensors to detect lameness in sheep. Furthermore, Diosdado
et al. [22] used the accelerometer data for the classification of behaviors in dairy cows,
i.e., feeding, standing, and lying. For the application of the RFID technology, chips can
be either implanted or attached to collars, ear tags, or anklets [23]. There have been at-
tempts for implementing automatic monitoring of animals using RFID technology [24,25].
However, the use of RFID is always associated with certain invasiveness of the animals,
since the sensors (RFID chips) must be attached to the animals or implanted. In particular,
the implantation may cause stress for the animals [26] and can thus affect their subsequent
behavior. The application of video surveillance has the advantage that no sensors or tags
need to be placed in or on animals, which avoids stress.

Computer vision based techniques are objective, contact-less, and low-cost methods.
They offer an important basic tool in the study and monitoring [27] of animal behavior.
Nasirahmadi et al. [28] tested three detector methods (region-based fully convolutional
network, single shot multibox detector, and faster regions with convolutional neural net-
work) for the detection of lying and not lying pigs. Yang et al. [29] applied an automatic
recognition framework based on a fully convolutional network to detect the daily behavior
of sows by analyzing motion (to detect movement, medium active, or inactive behavior)
and image analyses (to detect drinking, feeding, and nursing). Another effective real-time
object detection algorithm is YOLO (You Only Look Once) [30]. Wang et al. [31] used
YOLOV3 (You Only Look Once version 3) to detect six different categories of behavior (e.g.,
drink, feed, stand) in group-housed hens in a self-breeding system and used the frequency
of mating as a welfare indicator for the group. YOLOv4 was used by Jiang et al. [32] to
detect goats and to recognize the behavior of group-housed goats (eating and drinking by
position of the goats and active/inactive based on the movements). In addition, YOLOv4
has been applied to detect and monitor the motion and activity levels of red foxes [33],
but without identification of specific behaviors.
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The automated deduction of animal behavior patterns by a combined evaluation of
the detection of body postures and the determination of activity levels is missing so far. For
this purpose, we demonstrate the application of deep learning for the detection, tracking,
activity, and behavior determination of red foxes (Vulpes vulpes) during an experimental
study, which was being conducted to measure the long-time immunogenicity and efficacy of
an oral rabies vaccine in these animals [34]. To this end, we used video surveillance data of
the foxes generated as part of this experimental study. In particular, a convolutional neural
network (CNN) (YOLOv4) is trained for red fox body posture detection, e.g., ‘standing’,
‘lying’, and ‘sitting’. The results of this detection can be used to infer different activity
levels [33], which can then be used in combined evaluation with the detected posture to
determine different behavior. The presented technique can be applied to detect posture
patterns of animals, including behavior determination.

2. Materials and Methods
2.1. Experimental Setup

The animals considered here are red foxes (Vulpes vulpes) of the fur color variant
‘silver fox’ [35]. The experimental study with 23 foxes was conducted over 450 days at
the Friedrich-Loeffler-Institut (FLI), Greifswald, Insel Riems, Germany [34]. During that
time the foxes were separately kept in cages, sized 3.18 m x 1.4 m x 1.75 m (length X
width x height), equipped with a platform, 0.92 m x 1.4 m (length x width) at height of
0.8 m above the bottom of the cage. In addition, each cage was equipped with a hut. In
the study, a novel oral vaccination regime against rabies was tested. This required animal
blood to be sampled in regular intervals. To this end, the foxes were anesthetized [34]. All
invasive procedures, i.e., blood sampling, infection, transponder application, euthanasia,
were conducted under anesthesia by applying 0.5-1 mL of Zoletil (Virbac, France; 1 mL
contains 50 mg Tiletamin, and 50 mg Zolazepam). It takes 7 to 10 min before you can start
with the manipulations. Zoletil does not require an antidote, because it is a short time
anesthesia. The increased activity after anesthesia may be reflective of the recovery phase.
It is known that in canids, the half-life of tiletamine is 1.2 h and that of zolazepam is 1 h.
During the recovery phase of canids from anesthesia with Zoletil®, tiletamine therefore
has an even longer effect than zolazepam and excitation states and increased movement
can occur [36]. Housing and maintenance of the animals complied with national and
European legislation and guidelines for the veterinary care of laboratory animals [37]. Food
and water were provided according to the species-specific requirements and were also
individually adjusted. The foxes received enrichment (such as ball, kong) at irregular
intervals to improve animal welfare, which were not considered in our study. The animals
were visually inspected daily and the cages cleaned on a regular basis. The availability of
external monitoring, including recording by video cameras, was one of the requirements for
approval. Therefore, every fox was monitored via two cameras (ABUS IR HD TVIP61500,
ABUS, Wetter, Germany). Each cage was equipped with two cameras hung on the opposite
narrow sides of the cage. Together, 33 TB of video data was recorded discontinuously (due
to memory requirements), on 73 different days. We have used image data that was extracted
from video data of all foxes for training the algorithm. For the exemplary application shown
below, we restrict ourselves to analyzing video data of 1 single red fox on 6 different days,
spanning a period of 11 days. Table 1 shows the evaluated video data and the times of
events such as anesthesia or cage cleaning.

On day 3, anesthesia is administered at 09:56, the red fox shows normal behavior until
this time, then lies for about 1 h followed by a wake-up phase (approximately 11:00 to
11:30) in which the red fox repeatedly crawls a bit, then repeatedly starts to stand up, walks
a few steps and sat down or lies down again. Then there follows a phase in which the red
fox very excitedly walks around a lot in the cage; this lasts until about 14:15. From then on
the sitting and lying times between the walking become longer and longer until the red fox
lies down at 16:01 and sleeps until 17:08.
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Table 1. Subset of days evaluated and of external events (anesthesia, cleaning). Video data does not
exist for days not listed in the period and cannot be evaluated.

Day Time Event
1 11:30 to 11:55 Animal caretaker is in the room and cleans the cage
3 09:56 Anesthesia

13:59 to 14:09 Animal caretaker is in the room and cleans the cage
4 09:18 to 09:31 Animal caretaker is in the room and cleans the cage
5 08:22 to 08:34 Animal caretaker is in the room and cleans the cage
7 11:30 to 11:55 Animal caretaker is in the room and cleans the cage
11 11:18 to 11:34 Animal caretaker is in the room and cleans the cage

2.2. Ethical Approval

The animal experiment was authorized by the local authority in Mecklenburg-Western
Pomerania (Landesamt fiir Landwirtschaft, Lebensmittelsicherheit und Fischerei
Mecklenburg-Vorpommern, # FLI-7221.3-1-087/16) and conducted in accordance with
national and European legislation and guidelines for the veterinary care of laboratory
animals [37].

2.3. Image and Video Data

The resolution of the video data was 1280 pixels (horizontal) x 720 pixels (vertical)
and had a frame rate of 15 frames per second (fps). An image set was created by extracting
single frames from the video data. For the image set, videos of all 23 red foxes with different
body postures were used. No adjacent frames were extracted and frames with different
illumination conditions (night and day) were used. The image set consisted of 8913 images.
The red fox on each image of the image set was manually labeled using the software
Labellmg [38], and attributed to one of the three classes “sitting’, ‘standing’, and ‘lying’.
Lying was defined as lying prone, lying on the side, lying curled up, or lying on the back.
Standing was defined as a quadruped position. Sitting was regarded as an intermediate
posture, i.e., the two hind legs not righted and the two forelegs righted on the floor.

The image set was split into a training (80%—7129 frames) and a test set (20%—1784
frames) (Table 2), maintaining the relation of the three labeled classes. The training set was
used to train the YOLOV4 object detection algorithm and the test set to evaluate the trained
model for the red fox posture detection.

Table 2. Splitting of the image set (8913 frames) into a training and a test set in the ratio 80% to
20%. Shown also is the number of frames per subset for each behavioral postures ‘lying’, ‘sitting’,
and ‘standing’.

Total Lying Sitting Standing
Training set 7129 frames 775 frames 3688 frames 2370 frames
Test set 1784 frames 194 frames 922 frames 593 frames

2.4. Environment Configuration

The processor used in the study was an Intel Xeon E5-2667 v4 with 3.20 GHz, 377 GB Ram,
and NVIDIA K80 with 2 GPUs and 24 GB video RAM. The operating system was CentOS 7.
The algorithm was developed by using a Jupyter notebook [39] and Python 3.6.8 [40].

2.5. Automatic Evaluation: Red Fox Detection and Posture Classification

The detection of red fox postures was implemented by using the deep learning algo-
rithm YOLOvVA4. The algorithm YOLO is a one-stage object detection algorithm for real-time
object detection based on CNN [30,41]. In this study, we used version 4 of YOLO, which
consists of a ‘head’, a ‘neck’, and a ‘backbone’ [42]. The head is used to implement the object
detection [42], and is the YOLOV3 algorithm [41]. The neck is used to collect feature maps
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from different stages and is based on a path aggregation network (PAN) and SPP spatial
pyramid pooling (SPP) [42]. The backbone is used for training and feature extraction and it
is a CSPDarknet53, which is an open source neural network framework [41,42]. YOLOv4
is a state-of-the-art detector, which is faster and more accurate than other available detec-
tors [42]. The training of the red fox posture detector based on YOLOv4 was performed
with the parameters from Table 3 and the training set (Table 2).

In this study, we have limited the detectable classes for postures exclusively to three
different postures, i.e., ‘sitting’, ‘lying’, and ‘standing’. A detailed description of the training
procedure is given in the Appendix A.

Table 3. Parameters of the YOLOV4 red fox detection model.

Parameter Value
Input size 416 x 416
Classes 3
Maxbatches 6000
Filters 24

Steps 4800, 5400
Learning rate 0.001
Batch size 64

2.6. Evaluation of Model Performance

In order to verify the performance of the model, the following indicators were deter-
mined:

(i) Mean average precision (mAP) (Equation (2));
(if) Precision (Equation (3));

(iii) Recall (Equation (4));

(iv) Detection speed.

Intersection over Union (IoU) was used to determine if a detection was true positive
or false positive (see Equation (1)). When IoU > 0.5, it was true positive and false positive
if IoU < 0.5. If an image was labeled and the model does not detect anything, it was false
negative. The following values were computed:

area(BBy) Narea(BBy;)

foth= area(BBy) U area(BBy;)’ o

C
L AP(c)
.. TP
precision = 50 TFD’ 3)
TP
recall = TP L EN’ 4)

where [oU: Intersection over Union, BB): predicted bounding box (BB) from the model,
BBg: ground-truth bounding box (e.g., manually labeled), AP: average precision, C:
number of classes, TP: number of true positives, FP: number of false positives, FN:
number of false negatives. The AP is a measure for the detection accuracy of the model
(for more details see [33,43]). Here we used the 11-point interpolated AP [43]:

1
AP = 11 2 pinterp<r) ®)
re{0,0.1,...,1}
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with
Pinterp (r) = maX p(7), (6)
rit>r
where p(7) is the precision at recall 7. Equation (6) results in a smoothening of the precision-
recall curve.

For each image f, the trained object detection algorithm returns whether a red fox is
on the image, and if so, the class (‘lying’, ‘sitting, ‘standing’), the confidence of the detec-
tion, and the bounding box center position (x "y f), and width and height—standardized
between 0 and 1, respectively.

2.7. Automatic Evaluation: Activity Analysis

The bounding boxes were used to measure the activity level of the red fox [33]. To this
end, the movement of the center of the bounding box between two consecutive frames was
determined. This movement of the center of the BB corresponds to the distance covered by

the red fox between two consecutive frames. my ¢ = \/(fo —x¢)2 4 (Ype1 — yf)? with

(xf,yf): coordinates of the center of the BB in frame f and (xf,1,¥f41): coordinates of
the center of the BB in frame f + 1. For the calculation of the mean vector norm, a sliding

F-1
window of 5 s with a step size of 1 s was used. m; = 1/F ) my ry1 with mean vector norm
f=1

my, time period ¢, and number of frames F in . The maximum of the mean vector norm for
different periods and kinds of movement behavior can be used to determine thresholds for
different activity levels. Three activity levels were considered:

(i) Highly active: considerable movement of the bounding box (BB), i.e., the localization
of the red fox changes, e.g., walking or running;

(if) Active: slight movement of the BB, i.e., the localization of the red fox does not change,
but there is some movement inside the BB, e.g., rotation or minimal movements, such
as scratching or stretching;

(iii) Inactive: no movement of the BB, i.e., the red fox does not move, e.g., lying, sitting, or
standing still.

To distinguish between the activity levels, the thresholds from Schiitz et al. [33] were
used (mean norm > 0.0094: highly active; 0.0054 to 0.0094: active; 0 to 0.0054: inactive).

For all three postures (lying, sitting, standing), highly active, active, and inactive
variants are possible.

2.8. Automatic Evaluation: Behavior Analysis

For behavioral analysis the activity levels were considered along with body posture to
draw conclusions about the behavior of the respective red fox. Therefore, a behavior was
assigned to each possible combination of a body posture and activity level (see below).

2.9. Workflow for Automated Video Evaluation

For the evaluation of the videos we used the trained red fox detector as described
above. The video analysis was implemented as follows:

1.  Frame extraction (5 frames per second);

2. Red fox posture detection on each frame;

3. Activity analysis using the BB values for the activity level determination;

4. Behavior analysis using the posture and activity level for the behavior classification.

The evaluation workflow is depicted in Figure 1.
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Figure 1. Workflow: video data evaluation. White: raw video material. Gray: detection and analysis.
Yellow: results.

For the joint evaluation of both cameras of the same animal, each video was evaluated
separately for the same period. It is possible that the evaluation of both cameras differs,
e.g., if the fox is not completely visible for camera 1 because the legs are in the blind spot,
the fox is classified as lying for camera 1, while camera 2 (seeing the complete fox) classifies
it as standing. In case of mismatches between the cameras, the larger vector norm and
the body posture with the higher confidence was chosen. To avoid single individual false
classifications for the body posture, a sliding window of 5 s duration was used to select the
most frequently occurring body posture.

3. Results
3.1. Model Training and Evaluation

The performance of the model was evaluated by comparing the label of manually
labeled images (test set) with the results of the automated detection of the trained model.

The results for the three classes are shown in Table 4, and the overall performance is shown
in Table 5.

Table 4. Performance of the trained model for the classes ‘lying’, ‘sitting’, and ‘standing’.

Class Precision Recall Average IoU AP

Sitting 99.24% 99.57% 0.93 99.97%
Lying 96.95% 98.45% 0.90 99.79%
Standing 98.16% 99.16% 0.90 99.96%

Table 5. Overall performance of the trained model.

Precision Recall Average IoU mAP Detection Speed
98.61% 95.12% 0.91 99.91% 73.31 ms

The precision and recall of the model are 98.61% and 95.12%, respectively; the average
IoU is 0.91, the mAP is 99.91% and the detection speed reaches 73.31 ms per frame.

Figure 2 shows examples of red fox detection for each of the three postures ‘sitting’
(Figure 2a—d), ‘standing’ (Figure 2e-h), and ‘lying’ (Figure 2i-l) for day and night scenes.
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Figure 2. Detection of red foxes in single frames. (a-d) detection examples of sitting foxes; (e-h),

standing foxes; and (i-1) lying foxes. Two day scene images (left) and night scene images (right),
respectively.

3.1.1. Activity Detection

Figure 3 provides overviews of the activity level for the evaluated days during the
11-day observation period.
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Figure 3. Cont.
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Figure 3. Activity overview of six days from a time period of 11 days.

For example, day 1 represents the normal activity of the red fox. More active and
inactive phases alternate throughout the day. The period during which the animal care-
takers entered the room and cleaned the cages related with increased red fox activity. This
can be seen particularly well on day 1, from 11:30 to 12:00, where the largest amount of
‘highly active’ coincides with the presence of an animal caretaker in the room (11:30 to
11:55). The anesthetic phase, i.e., anesthesia and subsequent recovery phase, on day 3
relates with the active phase on that day. Activity increased suddenly with the beginning of
the wake-up phase at 11:00. From 11:00 to 14:00, the activity level was almost only ‘highly
active” and related with walking around in the cage after the wake-up phase. From 14:00
to 16:00, the proportion of ‘highly active” decreased and the red fox showed the activity
level ‘inactive’ for a longer time. This is followed by a complete hour (16:00 to 17:00) in the
activity level ‘inactive’, which coincided with the sleeping phase from 16:01 to 17:09.

3.1.2. Posture Detection

The trained model was used to classify the postures, ‘sitting’, ‘lying’, and ‘standing’.

Figure 4 shows the posture overviews for all recorded days during the observation period
of 11 days.
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Figure 4. Posture overview of 6 days from a period of 11 days.

In all plot, periods when an animal caretaker was in the room were very well recog-
nizable, e.g., from 11:30 to 11:55 on day 1, (Figure 4a), and also on day 7 (Figure 4e). The
red fox was only standing or sitting, but hardly lying. The anesthesia on day 3 with the
subsequent wake-up phase (described in Section 3.1.1) is also reflected in the classified
postures. On day 11, there was a phase in which the red fox almost exclusively showed
the postures “sitting” and ‘standing’, which lasted from about 10:00 to 12:00. The classified
postures agree with the manually analyzed video data for this period, i.e., the red fox
mostly sat or stood from 10:00 onwards, it laid down at 12:20. Another remarkable half
hour was on day 5 from 9:00 p.m. to 9:30 p.m. Here the body posture detection shows that
the red fox only used the body postures ‘sitting” and ‘standing’. The classified postures are
consistent with the video.

The classified postures were used to determine the numbers of body posture changes.
The numbers of changes for day 1, summed up per half hour, are shown in Figure 5.
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Figure 5. Number of changes on day 1 in half hour steps.

Randomly three arbitrarily selected half-hour videos were manually analyzed and
compared with the determined number of changes. For this purpose, one video with many
changes (11:00 to 11:30—98 changes), one with few changes (07:30 to 08:00—5 changes),
and one with no changes (17:00 to 17:30—zero changes) were randomly selected from
all the videos of day 1. In all three videos, the automatic detected numbers of changes
matched the numbers seen during manual inspection of the video and, in addition, the time
points of the changes matched. Figure 6 shows a timeline for each of the periods with
posture changes.
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Figure 6. Postures of the red fox over 30 min during two different periods. Each vertical line
represents a posture change. (a) Day 1—07:30 to 08:00; (b) Day 1—11:00 to 11:30.

The five changes during the period lasting from 07:30 to 08:00 period are illustrated in
Figure 6a, where each vertical line represents a posture change. A second period (Figure 6b)
depicts all 98 posture changes that were recorded between 11:00 and 11:30. Most of the
changes occurred between the postures ‘sitting” and ‘standing’.

3.1.3. Behavior Detection

To determine the behavior, all combinations of posture ('lying’, ‘sitting’, and ‘standing’)
and activity level (‘inactive’, ‘active’, and ‘highly active’) were considered and a behavior
assigned to each combination, i.e., ‘highly active standing’, ‘active standing’, ‘standing
still’, “active lying’, ‘lying motionless’, ‘active sitting’, and ‘sitting still’. This is shown as a
decision tree in Figure 7.

Behavior

Sitting

(o)

[ Hig_hly ] [ Active ] [ Inactive ] [_Hig_hly ] [ Active ] [ Inactive ] [ Hig_hly ] [ Active ] [ Inactive ]
active active active

| A A S S A

Highly Active

Lying

active standing Standin Active lying o . Active sitting Sittin
standing (e.g still 9 (e.g. scratching, © (e.g. scratching, stillg
(e.g scratching, stretching) slee.?ﬁ ) stretching)
walking) eating) ping

Figure 7. Decision tree: Determination of behavior (yellow) through a combined analysis of body
posture (blue) and activity level (gray). For example, if a fox is classified as ‘active” and ‘standing’, it
shows the behavior ‘active standing’. This refers to a standing fox with an activity level of ‘active’,
and this could be scratching, eating, etc.

With the decision tree (Figure 7) it is possible to generate a continuous behavior
overview with a resolution of one value per second (see Section 2.7). For example, if a red
fox is classified as ‘standing’ in an image, the combined view with the determined activity
level provides the behavior of the fox. If the activity level is ‘highly active’, the behavior of
‘highly active standing’ can be inferred. If the corresponding activity level is ‘active’, this
means that the fox is ‘standing active’. The last possible combination is the activity level
‘inactive’, which means that the behavior of the fox is ‘standing still’.

The determined behavior of the red fox is exemplarily represented by two timelines
over half an hour each in Figure 8.
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Figure 8. Overview of the exhibited behavior of the red fox in timelines of 30 min for two different
periods. (a) Day 1—09:00 to 09:30; (b) Day 1—11:00 to 11:30. Note: The fox does not show two
behaviors at the same time at any point, although it may appear like that in the figure due to the high
density of data points.

The first half hour (Figure 8a) shows the behavior of a sleeping fox. It can be seen that
the animal was ‘lying motionless” for almost the entire observation period. Only at two
short moments was there movement during sleep. The behavior coincides with the real
behavior as determined by visual inspection of the video data, where it became evident that
the fox slept curled up and changed its lying position only twice. In the second timeline
(Figure 8b), one can see that the red fox showed all the defined behaviors. Here, visual
inspection of the video showed that the red fox changed its location very often, and changed
frequently between the body postures ‘sitting’, ‘standing’, and ‘lying’.

4. Discussion

We were able to train a classifier with a very high precision for posture detection,
and we can determine animal behavior in detail in a high temporal resolution. Our results
suggest that the presented method may be useful for monitoring animals, especially posture,
behavior, activity, and additional posture change monitoring. In our setting, the results
show that the model achieves high performance for the posture detection. Moreover,
the detection speed is sufficient for a real-time detection with 5 fps, which was used in this
study. Furthermore, the animals do not need to be equipped with a sensor or collar, as was
the case in other studies (e.g., [20,44]). This non-invasive approach is a major advantage of
computer vision [45].

Activity determination works in the same way with the new method for the posture
detection in our previous study on red fox detection [33]. The activity overview can also
be used to detect events like the anesthesia or the presence of an animal caretaker in the
room. In particular, increased activity in the presence of humans illustrates their influence
on animal behavior and the advantages of video observation in getting an—at least in
this respect—unbiased insight. Changes in movement patterns can provide information
relevant to animal welfare and health [44,46], especially over long terms these data can be
achieved automatically by the proposed approach.

In this study, three major postures of red foxes were investigated; ‘lying’, ‘sitting’,
and ‘standing’. The posture ‘lying” consists of all the shown lying postures of the red
fox, including ‘lying curled up’, ‘lying on side’, ‘lying on back’, and ‘lying prone’. The
red fox also shows other body postures like ‘standing on the hind legs’ or ‘standing front
end lowered’. For these rare postures, it is difficult to create a large enough image set for
training, e.g., only 25 images could be labeled with the posture ‘standing front end lowered’
from the total extracted image set. The classified postures are also suitable for determining
periods with special events. Furthermore, in contrast to pure activity monitoring, periods
with an unremarkable activity, but a noticeable ratio of the postures were detected. For
example, in the period from 09:00 to 09:30 on day 4, the red fox shows almost only ‘sitting’
and ‘standing’ postures (Figure 4c), but no particularly striking values regarding of activity
levels. Thus, the different duration of the postures could be used as an indicator of animal
behavior. As an example, a reduction of lying time is a typical behavior change before a
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calving in dairy cows [47]. Similarly, the determination of the number of changes is an
indicator for behavioral changes. In dairy cows, an increase of posture changes is another
typical behavior change before calving [48].

Analysis of the behavior as a result of the combined evaluation of activity and pos-
ture yields a detailed overview of the behaviors under consideration, i.e., “highly active
standing’, ‘active standing’, ‘standing still’, ‘active lying’, ‘lying motionless’, ‘active sit-
ting’, and ‘sitting still’. The use of the developed decision tree provided good insights
into detailed behavior. Even though we did not provide a detailed paired analysis here,
given the high accuracy of the used algorithm (as discussed in Section 3.1), the method
is capable of reproducing the manual results. However, different kinds of behavior that
show the same combination of activity level and posture cannot be distinguished. For
example, the behaviors ‘lying motionless—sleeping’ and ‘lying motionless—awake’ have
the same combination and the decision tree provides ‘lying motionless’. However, sleeping
and resting phases could be used to refine these categories, which may be relevant as
indicators of animal welfare [6]. There is a further limitation in assessing welfare based on
behavior, e.g., ‘highly active standing’ could be due to the fox’s interaction with enrichment
(indicating good welfare) and also pacing (indicating poor welfare). Thus, the number of
determinable behaviors is a limitation [45]. This limitation can be minimized, for example,
by training a model with more postures.

Our proposed method is based on single snapshots—as opposed to estimating be-
havior from long-time windows. It shows a high precision and accuracy here (correct
detection of behavior compared to manual observation). In order to estimate the accuracy
of long-term evaluations, a long-term study using a large amount of video data with this
method might be part of future research.

We showed that computer vision systems are useful to generate activity, posture, and
behavior overviews and the number of posture changes.

5. Conclusions

The aim of this study was to investigate the potential of computer vision for the
detection of red foxes and the classification of their body postures to use the results for
activity, posture, and behavior analysis. On the basis of the YOLOv4 algorithm, a model
for the detection of red foxes was realized that classifies the body postures ‘lying’, ‘sitting’,
and ‘standing’. Along with the subsequent analysis of the posture changes, activity levels,
and behavior of the red foxes, this study provides a method for seamless monitoring.

The generated daily, weekly, or monthly overviews (activity, posture, behavior) can be
used to monitor animal activities, posture, and behavior, and may thus help to establish
indicators for animal welfare.
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Abbreviations

The following abbreviations are used in this manuscript:

AP average precision

BB bounding box

CNN convolutional neural networks
FLI Friedrich-Loeffler-Institut

FP false positive

FN false negative

IolU intersection over union
mAP mean average precision
TP true positive

YOLO you only look once

Appendix A

In this section, we provide a detailed description on how to train the algorithm.
The procedure is very similar to our previous work [33]. The training was implemented
following the instructions of the YOLOv4 Github page [49] with pre-trained weights
(i.e., a pre-trained weights-file yolov4.conv. 137, downloaded from GitHub [49]) and the
parameters shown in Table 3.

The algorithm was trained as follows:

Download and extract YOLOvV4 from GitHub [49].
2. Copy the content of cfg/yolov4-custom.cfg to the new created file yolo-obj.cfg
and change the following lines:

line 3: batch=64

line 4: subdivisions=1

line 8: width=416

line9: height=416

line 20: max_batches=6000 (classes * 2000)

line 22: steps=4800,5400 (80 and 90 % of maxbatches)
lines 603, 689, 776: filters=24 ((classes + 5)  3)

lines 610, 696, 783: classes=3

3. Create a file obj.names with the name of each object in separate lines:

—_

sit
lie
stand

4. Label each image of the image set, such that for each image there exists a . txt file
with the following values for every labeled object:

<object-class> <BB x_center> <BB y_center> <BB width> <BB hight>
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with <object-class> an integer between 0 and number of classes—1, and
<BB x_center>, <BB y_center>, <BB width> and <BB hight> are float values be-
tween (0, 1], relative to the image height and width. Thus, the directory with the
images contains a . txt file for each image with the same name.
Create the files train.txt and test.txt. Split the image set into a training and test
set and save the file names of the images, with respect to the full path relative to the
directory darknet, in the respective file (one file name per line).

5. Create a file obj.data containing the number of classes and paths to train.txt,
obj.names, and the backup folder:

classes = 3

train = data/train.txt
names = data/obj.names
backup = backup/

6.  For starting the training, run the code:
./darknet detector train obj.data yolo-obj.cfg yolové4.conv.137

The training can take several hours. During training the trained weights are saved in
the backup/ directory, yolo-obj_xxxx.weights every 1000 iterations and
yolo-obj_last.weights every 100 iterations. After training the final weight,
yolo-obj_final.weights is also stored there.

7. Evaluate the results for trained weights:

./darknet detector map obj.data yolo-obj.cfg
backup/yolo-obj_final.weights

8.  Using the trained detector:

./darknet detector test obj.data yolo-obj.cfg
backup/yolo-obj_final.weights
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Simple Summary: In the last decade, increased attention has been directed toward the welfare of
commercial poultry. In current turkey production systems, males and females are typically reared
in the same facility until slaughtering the hens. Hens are reared for 12 to 14 weeks, while toms are
reared for up to 22 weeks. This study examines farm health and welfare in commercial turkey flocks
of both sexes during the fattening cycle using the transect walk method. Flocks, separately for males
and females, were assessed at 3 to 4 weeks of age, 1 week before slaughtering the hens and 1 week
before slaughtering the toms. We found several differences in the frequency of welfare indicators
between different assessments and between male and female populations. The period just before
slaughtering the hens was found to be most problematic for both sexes, although several welfare
indicators suggested that health problems were mainly already present at 3 to 4 weeks of age and
also continued after hen depopulation. Our results show that transect walks used at different ages
may provide relevant information on animal health and welfare during the fattening cycle.

Abstract: The study was conducted between March and September 2019 in six meat-type turkey
flocks with similar management standard procedures using the transect walk method. The concept
of the method is based on visual observation of the birds while slowly walking across the entire farm
in predetermined transects. Each flock was evaluated at three different times during the fattening
cycle: at 3 to 4, 12 to 13, and 19 to 20 weeks of age, and total number of males and females that were
immobile or lame, had visible head, vent, or back wounds, were small, featherless, dirty, or sick, had
pendulous crop, or showed aggression toward birds or humans were recorded. At each visit, NHj
and CO, were measured within the facilities. In the first assessment, the most frequently observed
welfare indicators were small size (0.87%) and immobility (0.08%). Males showed a significantly
higher prevalence of small size (p < 0.01), sickness (p < 0.05), and dirtiness (p < 0.1) compared to
females. In the second assessment, the most common findings in both sexes were dirtiness (1.65%)
and poor feather condition (1.06%), followed by immobility (0.28%). Males were significantly dirtier
(p < 0.001), had more immobile birds (p < 0.01) and birds with vent wounds (p < 0.1), but had fewer
sick birds (p < 0.05). In the last assessment, an increase in immobile, lame, sick, and dead birds
was recorded, indicating an increase in health problems. Higher CO, (3000 and 4433 ppm) and
NHj3; (40 and 27.6 ppm) values were noted only at the first assessment in two facilities. Further
analyses showed that slightly elevated NH3 and CO; levels did not influence the occurrence of
welfare indicators. This study is the first description of the welfare of commercial turkey flocks
in Slovenia.

Keywords: welfare; mixed commercial turkey flocks; on-farm assessment
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1. Introduction

In the last decade, increased attention has been directed toward the welfare of com-
mercial poultry and its assessment. Not only the awareness of the public, but also of
farmers and stakeholders, is increasing due to the obvious impact of animal welfare issues
on production [1-4].

Several on-farm animal-based assessment methods have been introduced to evaluate
the welfare of poultry. In 2009, the Welfare Quality Assessment Protocol was introduced
for layers and broilers [5], but it proved to be complex and time consuming [6], and it
could even pose a risk to birds or handlers when used for other poultry species because it
requires handling the birds. On the other hand, the transect walk method has proven to
be practical, reliable, and efficient without the need to catch birds or subject the flock to
excessive stress. The method has been used successfully in large flocks of broilers [1-3].
and in turkeys [7-9]. The concept of the method is based on visual observation of the
birds while slowly walking across the entire farm in predetermined transects, as is usually
done during routine inspection by farmers. While walking, the observer records every
bird affected by health and welfare indicators such as small size, dirty or featherless birds,
birds with head, back, or tail wounds, immobile, lame, sick, terminally ill, or dead birds,
and birds showing aggressive behavior toward other birds or humans [10]. The transect
walk can be used at different ages in turkeys, provides relevant information on animal
welfare during the rearing period, and allows farmers to make changes and improve
welfare for current flocks [11]. The health and welfare of commercially farmed turkeys
supposed to be attributed to the high growth potential of the commonly used commercial
hybrids [12,13], and also depend on environmental factors such as air quality [14,15],
ambient temperature [16,17], light intensity and duration of day length [18,19], and stocking
density [2,20]. All these factors, if not within the recommended limits, can cause significant
physical distress to the animals [16,17] and consequently have a negative impact on animal
performance [2,20], and post-slaughter product quality [21-23].

In Slovenia, commercial turkeys are reared in a conventional housing system and, as
in many other countries, birds of both sexes are kept in the same facilities separated by the
wire mash until slaughtering the hens. Hens are slaughtered when the birds reached an
average body weight of 9 kg at around 14 weeks, while toms are reared until 21 to 22 weeks
of age. There are limited field studies on welfare in such mixed flocks during the fattening
period because most previous studies have been carried out before slaughter [7,8,11]. The
aim of this study was to identify transect-based on-farm welfare indicators of commercial
turkeys of both sexes at three different points in time during the fattening cycle; 3 to 4 weeks
after placement and before slaughtering the hens and toms. We hypothesized that the
welfare problems identified would differ at different ages and between males and females.
Namely, the first weeks after placement of turkey chicks on farms are critical due to health
problems caused by infectious diseases such as colibacillosis and aspergillosis [24,25] and
specific behavior and environmental requirements of poults [1]. The second and third time
points were chosen because in these two periods the facilities are at their maximum capacity
regarding stocking density and ventilation, which may influence animal welfare [9,26]. In
addition, we investigated the importance of selected climate conditions on the occurrence
of animal welfare indicators.

2. Materials and Methods
2.1. Meat-Type Turkey Flocks

The study was conducted between March and September 2019 on six meat-type turkey
flocks of both sexes (hens and toms) of two hybrids (Converter and British United Turkeys
(B.U.T.) Big 6). All flocks were kept on farms in the central region of Slovenia. The owners
of the farms were subcontractors of one poultry producer; therefore, it was expected that
the management practices would be similar. The size of the houses varied between 900 and
1440 m?, and the number of birds housed ranged from 4300 to 7300. All birds were beak
trimmed in the hatchery. Males and females were housed separately, but in the same house,
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with the toms occupying about 60% of the area until the hens were slaughtered, after which
the toms were placed throughout the entire area. From flocks 1 and 2, about one-third of
the animals were removed at the age of 38 days and placed on another farm. Birds from all
flocks were vaccinated against Newcastle disease and hemorrhagic enteritis. The number
of birds found dead or that were culled was recorded daily. When health problems were
noticed by the poultry farmers, a field veterinarian inspected the flock. Based on the results
of the clinical observations and pathological findings, a decision on treatment was made
where appropriate. The flock’s information is summarized in Table 1.

All facilities were fully enclosed and insulated. They had a concrete floor and were
equipped with either manually or automatically controlled ventilation systems, automatic
drinkers, and automatic feeders. The birds were reared on wood shavings. The natural
light entering the house through the windows was supplemented by artificial lighting for
a total of 23 to 24 h of light per day during the whole rearing period. The light intensity
varied from 3 to 27 lux. Birds did not have any environmental enrichment and access to
elevated areas. All flocks had the same feed supplier and were slaughtered in the same
slaughterhouse. The hens were slaughtered at around 14 to 15 weeks of age, when the
birds reached an average body weight (BW) of 9 kg. Toms were slaughtered when the
animals reached an average BW of 20 kg at 21 to 22 weeks of age. The flocks” information
is summarized in Table 1.

2.2. Evaluation of Animal Welfare

Each flock was visited at three different times during the fattening cycle; the first visit
took place at 3 to 4 weeks of age, the second visit took place approximately 1 week before
slaughtering the hens (i.e., at 12 to 13 weeks of age), and the last assessment was conducted
before slaughtering the toms at 19 to 20 weeks of age (Table 1). All visits were carried
out by the same observers. At each assessment, information on cumulative mortality was
collected from farm records, and stocking density was calculated for each flock, for males
and females separately (Table 2).

The transect walk approach methodology developed by Marchewka et al. (2015) [7]
was used to assess the welfare of commercial turkeys. At the first and second visits, toms
and hens were assessed on the same day. Because both male and female animals were
housed in the same house, each part (male and female) was divided into three to four
longitudinal transects, depending on the size of the building. This approach was used
in the first two evaluations. In the last assessment only toms were present, and therefore
the entire barn was divided into three to four longitudinal sections. The assessor walked
through the transect parts, from the entrance wall to the wire mesh or to the opposite
wall (third assessment). The observer moved slowly to minimize disturbance to the birds
during the assessment and recorded all observed occurrences of birds that fell into any of
the predefined animal welfare indicator categories shown in Table 3.

2.3. Environmental Parameters

Inside temperature, ammonia (NH3), and CO,, were checked using Driager X-am
1/2/5000 (Drager, Liibeck, Germany) in each facility. All measurements were performed at
animal level at six different locations: left and right at the entrance, in the middle, and at
the end of the facility. Average values were calculated for each parameter.
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Table 3. Description of the birds’ behavior and appearance in each of the welfare indicator categories.

Indicator Description
. Birds not moving when approached or, after being gently touched, only able to move by
Immobile . S
propping themselves up on their wings
Lame Birds walking with obvious difficulties; one of the legs not placed on the ground, bird moving

Head wounds
Back wounds
Vent wounds
Small size
Featherless

Dirty

Sick
Dead
Pendulous crop

Aggression toward birds
Aggression toward humans

away from the observer but stopping after two to three paces to rest

Visible alterations on the head, snood, beak, or neck related to fresh or older wounds

Bird with visible fresh or older wounds on the back, wings, or legs

Visible wounds around tail, or on its sides, including fresh, older, or bleeding wounds
Birds that are approximately 50% the size of an average bird in the flock

Missing or damaged feathers on the majority of the back area, including the wings and tail
Very clear and dark staining of the back, wing, and/or tail feathers of the bird, covering at
least 50% of the body area

Bird showing mild to severe clinical signs of impaired health; pale comb and eyes, watery
discharge, and swollen sinuses, visibly breathing

Dead birds found during the assessment

Birds with a pendulous crop hanging in front of the breast

Bird chases or pecks, hits, flies into, or leaps onto another bird

Bird perceptibly hits human with the wings, or runs into, jumps onto, or pecks the human

2.4. Statistical Analyses

Incidence of welfare indicators were calculated for each flock, for males and females
separately, and therefore the analyses were conducted with the flock and sex as exper-
imental unit. Data were analyzed using STATA version 15.1 (StataCorp LLC, Lakeway
Dr, College Station, TX, USA). A Z-test for difference in proportions was used to analyze
differences between male and female populations in the occurrence of different welfare
indicators. Logistic regression analyses were used to determine the effect of CO, and
NHj; on animal welfare represented by the presence of indicators that describe the level of
animal welfare, including mortality.

3. Results
3.1. Evaluation of Animal Welfare

The mean values of each welfare indicator recorded at each assessment in male and
female turkeys are presented in Table 4 and Figure 1.

In the first assessment, the most frequently observed welfare indicators in both males
and females were small size and immobility. Overall, 0.997% of the males and 0.721% of the
females were half the size of the other birds. Immobility was observed in 0.076% of male
and 0.078% of female birds. All other indicators were rarely or never observed. No birds
with pendulous crop or aggressive behavior were noted at this age. There were significantly
smaller (p < 0.01), sick (p < 0.05), and dirty birds (p < 0.1) among males compared to females.

In the second assessment, the most common findings in both sexes were dirtiness and
poor feather condition, followed by immobility. Males were significantly dirtier (p < 0.001),
and there were more immobile birds (p < 0.002) and birds with vent wounds (p < 0.100),
but fewer sick birds (p < 0.048) compared to females. At this assessment, pendulous crop
was observed in both sexes, but the difference was not significant. No aggressive behavior
was found.

The most common welfare indicators found in males before slaughter were immobility
and dirtiness (0.53%), followed by poor feather condition (0.302%), lameness (0.197%),
small size (0.129%), and sick birds (0.105%). At this age, aggression toward humans and
other birds was also observed, but in very few birds (0.012%).
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3.2. Effects of Selected Environmental Parameters on the Presence of Welfare Indicators

The average CO, and NHj values and temperature within each turkey facility obtained
at each assessment are presented in Table 5.

Table 4. Welfare indicator mean values for male and female turkeys expressed as percentage at each assessment.

Assessment
1(3-4w) I (13-14 w) III (17-19 w)
Indicator Sex n (%) z p-Value n (%) z p-Value n (%)
M 15 (0.076) 62 (0.372)
Immobile —0.06 ns U 3.16 0.002 *** 86 (0.530)
F 14 (0.078) 28 (0.184)
M 3(0.015) 11 (0.066)
Lame —0.14 ns _— —0.83 ns 32(0.197)
F 3(0.017) 14 (0.092)
M 2 (0.010) 8 (0.048)
Head wounds —0.09 ns _— —-1.10 ns 2(0.012)
F 2 (0.011) 12 (0.079)
M 4 (0.020) 12 (0.072)
Back wounds —-0.12 ns EE— 1.00 ns 5(0.031)
F 4(0.022) 11 (0.072)
M 3(0.015) 11 (0.066)
Vent wounds —-0.14 ns _— 1.65 0.100 * 0(0)
F 3(0.017) 4 (0.026)
M 197 (0.997) 21 (0.126)
Small size 2.66 0.008 *»** ——«———— 1.09 ns 21 (0.129)
F 128 (0.721) 13 (0.086)
M 6 (0.030) 164 (0.986)
Featherless 0.75 ns _— —1.38 ns 49 (0.302)
F 3(0.017) 174 (1.145)
. M 4 (0.020) 343 (2.062)
Dirty 1.74 0.081 * _——— 6.00 0.001 *** 86 (0.530)
F 0(0) 183 (1.204)
M 6 (0.030) 4 (0.024)
Sick 2.14 0.033 ** e — —1.98 0.048 ** 17 (0.105)
F 0(0) 11 (0.072)
M 0(0) 2(0.012)
Dead 1.35 ns 12 (0.074)
F 0 (0) 0(0)
M 0 (0) 10 (0.060)
Pendulous crop _ —1.04 ns 9 (0.055)
F 0 (0) 14 (0.092)
. ) M 0(0) 0(0)
Agression towards birds 2(0.012)
F 0(0) 0(0)
‘ M 0(0) 0(0)
Agression towards humans _— 2(0.012)
F 0(0) 0(0)

Note: Population of birds examined in each visit: first Nmate = 19,762, Ngemale = 17,754; second Npate = 16,638, Nfemale = 15,194; third
Npmale = 16,222. Significance: * p < 0.1; ** p < 0.05; *** p < 0.01.

The average CO; values ranged from 850 to 4433 ppm. The values above the recom-
mended (CO, < 2500 ppm) were recorded at the first assessment in flocks 1 and 2. At
that time point, the NHj level in both facilities exceeded the anticipated level of 20 ppm.
At the second and the third assessment, NHj values were low in all flocks and did not
exceed 4 ppm. The CO; values were also low and ranged from 850 to 2200 ppm. Inside
temperatures recorded at all three visits were slightly higher than recommended for the
specific age of turkeys [27].

Table 6 shows the influence of different CO, and NHj levels on occurrences of welfare
indicators and mortality.

For NHj, the probability of occurrence of welfare indicators was lower at concentra-
tions of NH3 > 0 ppm compared to NHj3 = 0 ppm; for CO,, the possibility of the develop-
ment of welfare indicators was higher at CO, < 1600 ppm compared to CO, between 1600
and 3000 ppm and more than 3000 ppm.

124



Animals 2021, 11, 3253

Percentage (%)
0 02 04 06 08 1 12 14 16 18 2 22

Immobile
Lame

Head wounds
Back wounds

Vent wounds

Small size

DDDHH
§

Featherless

Indicator

Dirty
Sick
Dead

=L 1IN

Pendulous crop
Aggression toward birds

Aggression toward humans

[JAssessment| [ Assessment!l B Assessment lll

Figure 1. Mean values of welfare indicators recorded in meat-type turkeys at 3 to 4 (Assessment I), 13 to 14 (Assessment II),
and 17 to 19 weeks of age (Assessment III).

Table 5. Mean temperature and CO; and NHj values in turkey facilities at each assessment.

Flock
Parameter
1 2 3 4 5 6
Assessment 1
Inside temp. (°C) 26.5 26.6 26.7 28.9 26.8 27.0
NH;3 (ppm) 40 27.6 4 0 0 0
CO; (ppm) 4433 3000 1630 1200 1050 975
Assessment I1
Inside temp. (°C) 21.5 21 19.5 26.0 26.5 27.6
NH; (ppm) 3 2.3 4 0 0 0
CO; (ppm) 1600 1217 1750 1200 950 1025
Assessment I11
Inside temp. (°C) 25 28 23.2 21 23 20.5
NH; (ppm) 0 0 0 0 2.3 0
CO; (ppm) 1000 850 867 1000 2200 1000

Note: Recommended values according to Aviagen: ambient temperature at 3—4 weeks = 23-25 °C, at more than 9 weeks = 16-17 °C;
NHj: <20 ppm; CO,: <2500 ppm [27].

Table 6. Welfare indicators’ prevalence (including mortality) by different CO, and NHj levels.

Parameter Observations n (%) Prevalence n (%) Odds Ratio (CI) SE p-Value
CO
<1600 ppm 247 (63.33) 106 (42.91) 1
1600-3000 ppm 91 (23.33) 32 (35.16) 0.20 (0.07-0.54) 0.103 0.002 ***
>3000 ppm 52 (13.33) 10 (19.23) 0.15 (0.04-0.55) 0.100 0.004 ***
NH3
0 ppm 221 (56.67) 86 (38.91) 1
>0 ppm 169 (43.33) 62 (36.69) 0.35(0.12-1.02) 0.192 0.056 *

Note: * Significance at p < 0.1; *** p < 0.01.
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4. Discussion

In Slovenia, turkeys represent less than 2% of poultry meat production and, until this
study, no data were available on the welfare profile of this species. The aim of this study
was to identify transect based on-farm health and welfare indicators in commercial turkey
flocks of both sexes during the fattening cycle. Flocks, separately for males and females,
were assessed at 3 to 4 weeks of age, 1 week before slaughtering the hens, and 1 week before
slaughtering the toms. In brief, we found several differences in the frequency of welfare
indicators between different assessments and between male and female populations.

To date, no data on the welfare of turkeys based on the transect walk approach at the
age of 3 to 4 weeks are available. The results of our study showed that small birds were
identified as the main welfare problem at this age. Such birds were found in both sexes,
although significantly more small birds were observed in the male population. The second
most common indicator was immobility. A high incidence of smaller birds and immobility
may indicate compromised health and welfare on a farm due to either general housing or
bird health problems. Infections caused by E. coli are commonly present in young chicks.
Localized infections such as omphalitis and yolk sac infection or systemic colibacillosis
generally resulted in higher mortality in the first weeks after placement. Affected birds are
usually undersized, because they may have difficulties in walking, which alters weight and
leads to weakness [25]. Of the flocks included in the study, colibacillosis was diagnosed in
one flock and the birds were treated with antibiotics. Although no veterinary intervention
was required in the other flocks, the cumulative mortality indicated that health problems
due to E. coli or other unidentified infections were present in at least one other flock.

Excessive NH3 and CO; levels may also have negative impact on birds” health and
metabolism in young turkeys [14,28]. It was shown that young poults exposed to 4000 ppm
CO; had suppressed body weight gain compared to those exposed to 2000 ppm [14]; in
addition, NHj levels greater than 10 ppm can also reduce feed intake with effects on body
weight [28]. In our study, higher NH3 (40 ppm and 27.6 ppm) and CO; (4433 ppm and
3000 ppm) values were detected in two facilities. Elevated levels of both gasses directly
correlate with reduced ventilation. Under field conditions, such a situation is often seen in
the first weeks after placement of turkeys due to reduced heating costs [29]. Nevertheless,
the higher mortality as well as the significantly higher incidence of sick birds found in
males indicate that health problems seem to play a more important role than environmental
conditions, which were equal for males and females.

As shown in other studies [9], the most problematic period for both sexes in mixed
commercial turkey flocks seems to be the time before slaughtering the hens. Indeed, more
indicators were present at the second assessment than the first, and the overall prevalence
of altered birds was higher compared to the first and third assessments. The most common
findings were dirtiness and poor feather condition, followed by immobility. Dirty feathers
were observed in more than 2% of males and in 1.204% of females. Dirtiness before
slaughtering the hens has also been reported by other authors, although not with such a
high prevalence as in our study. In a study conducted in Norway, an average of 0.36% dirty
males and 0.15% females were observed at 11 weeks [9,11,30]. In Italian commercial turkey
flocks, dirtiness was recorded in 0.022% of females. Unfortunately, males of this age were
not scored [8], and so no direct comparison was possible. Previous studies have shown that
poor litter quality, dust, and high stocking density can significantly impact dirtiness [1].
Unfortunately, litter quality was not scored in our study. CO, and NHj3 values that reflect
inadequate ventilation and poor litter management [31] were low in all facilities, but
the measurements were performed only during assessments so no relevant conclusions
could be made on the significance of poor litter quality on such a high prevalence of
dirtiness. Recently, dirtiness in turkeys was found to be correlated with immobility and
lameness more than with poor litter quality [9]. In our study, immobility was the third most
frequently observed indicator at this age. Similar to previously reported findings [8,32],
this occurred significantly more frequently in males than in females, which could explain
why males were significantly dirtier. Dirty feathers have been suggested as an indicator
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of health problems of the digestive system [33], but it is unlikely that necrotic enteritis
diagnosed at 5 weeks of age in five of six flocks contributed to such a high percentage of
dirty birds observed 7 weeks later. Necrotic enteritis is an acute disease caused by toxins
produced by Clostridium perfringens. The course of the disease is usually short, and birds
respond very well to antibiotic treatment if it is given immediately after the onset of the
disease [34,35].

Featherless condition was the second most frequently observed welfare indicator
during this period. Missing or damaged feathers, particularly in the tail region, were
observed in 0.986% of males and in 1.145% of females. The etiology is not entirely known,
but it is likely that poor plumage is the consequence of feather pecking. In turkeys, mild
feather pecking can be a form of social or investigative behavior [36,37]. When pecking
becomes more severe, it may result in severely damaged feathers and feather loss, or
even cannibalism [38]. The incidence of feather pecking is known to increase with age,
although damaging pecking can occur as early as the 1st or 2nd week of age [39]. Under
field conditions, high stocking density, inappropriate lighting, feed deficiency, breed,
and sex are considered to influence injurious feather pecking [2,8,40]. Such aggressive
pecking often results in wounds seen on the head, around the tail, on the wings, and in
the back region. In our study, injuries were rarely found and were observed in both sexes,
although vent wounds were found significantly more frequently in males. This is consistent
with the results from commercial turkey flocks in Norway [9] and Italy [8]. To prevent
feather pecking and aggressiveness, beak trimming is still common practice in commercial
turkeys [40], but it seems that beak trimming does not play an essential role in preventing
poor feather condition. The incidences of featherless birds observed in our study and in
Italian commercial flocks [8]—both included beak-trimmed birds—were higher compared
to the study performed in non-trimmed commercial flocks in Norway [9].

The percentage of sick birds was low, but the difference between the sexes was
significant. For classifying a bird as sick, other studies also included birds with pendulous
crop [7-9,11,30]. In our study, birds with pendulous crop were recorded separately, and
so no direct comparison could be made. The etiology of pendulous crop is yet not fully
understood, but hereditary predisposition, dietary influence, increased liquid intake in hot
weather, and the effect of lighting period have been suggested. Unfortunately, no treatment
is available, and the carcasses of affected birds are usually condemned at processing [41-43].
In our study, birds with pendulous crop were observed in both sexes, although at much
lower frequencies compared to the study performed by Vermette et al. [32]. In their clinical
study, pendulous crop was found to be the second major reason for morbidity and mortality
in turkeys, and females were significantly more affected than males. In comparison to the
first assessment, the size of birds was more uniform. This supports previous suggestions
that the number of small birds decreases with age [30].

At the last visit, only male turkeys were assessed. Compared to the second assessment,
the prevalence of immobile as well as lame, sick, and dead birds increased, indicating
health problems, most likely caused by poorer leg health. Lameness and immobility as its
consequence are important welfare and health issues in commercial turkey flocks, espe-
cially in males [8,32]. Due to their heavy weight and longer production cycle, males’ legs
are exposed to more stressors, resulting in chronic pain and movement difficulties [23].
In addition to degenerative and development disorders, bacterial and viral infections
such as Staphylococcus aureus, mycoplasmas, and reovirus are involved in skeletal and
joint lesions, causing acute or chronical local inflammations or even systemic septicemia,
resulting in higher mortality [44]. Because no further investigations were performed, we
do not know the exact causes of immobility. Dirty and featherless animals were frequently
observed, although the prevalence was much lower than in the second assessment. This is
consistent with recent findings that poor feather condition decreases with lower stocking
density [20,26], but may still persist within the flock due to leg problems [9]. The inci-
dence of head, back, and vent wounds also decreased to less than half after depopulation
of females. These results are in agreement with previous findings that injurious feather
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pecking and wounds may be a consequence of behavioral disturbances due to high stock-
ing density [1]. In the EU, specific minimum stocking density requirements have been
established for broilers [45], but these do not directly apply to turkeys. In some countries,
such as Norway, specific regulations depending on the live weight of turkeys have been
adopted [9] or recommendations for turkeys have been published [46]. Unfortunately, no
such documents are available in Slovenia.

During the production cycle, NH3 and CO; are the prevalent gases in turkey facili-
ties [47]. NHj3 in high concentrations can have severe adverse health effects, causing lesions
of the upper respiratory tract and inflammation of the cornea and conjunctive [15,48]. High
concentration of CO, can be harmful to turkeys due to hypoxia [14], which may lead
to dilatated cardiomyopathy [49]. Although no precise concentration limits have been
established for turkeys, Directive 98/58/EC [50] requires that gas concentrations in turkey
facilities be kept within safe limits. For broilers, EU regulation established the maximum
NHj3 concentration inside a poultry barn at 20 ppm, and for CO;, the concentration should
not exceed 3000 ppm measured at the level of the chickens” heads. If higher levels are
detected, corrective actions must be taken [45]. In Slovenia, most commercial turkey farms
are equipped with sensors for temperature and humidity, but gas concentrations are not
measured on a daily basis. Apart from higher CO, and NHj values recorded at two facili-
ties in the first assessment, the levels were low in all facilities in the next two assessments.
Similar results were also obtained in the study performed in commercial turkey flocks in
Poland, where a significant decreasing trend was observed during the production cycle [47].
Although accurate limits should be defined for turkeys, our results indicate that NHj3 levels
of 40 ppm or less did not influence the occurrence of welfare indicators. Moreover, a higher
probability could be expected at NH3 = 0 ppm compared to more than 0 ppm. For CO, the
probability of occurrence of animal welfare indicators was higher at levels below 1600 ppm
than at levels between 1600 and 3000 ppm or above 3000 ppm. The reason for this could
be that birds exposed to slightly elevated NH3 or CO, concentrations are likely to be less
active. Similar results were recently obtained by Candido et al. [14], who found that poults
housed at a lower CO; level (2000 ppm) showed reduced movement compared to those
exposed to higher CO, concentrations. However, further studies should be performed to
obtain a balance between welfare and the optimal production of turkeys.

5. Conclusions

Compared to other poultry species, there is a lack of field studies on welfare problems
in commercial turkey flocks. In this study, we investigated some aspects of health and
welfare in commercial turkey flocks of both sexes in Slovenia. We cannot assume that our
limited sample of flocks is representative of the commercial turkey industry in Slovenia,
but it provides an estimation of problems that may exist during the production cycle and
emphasizing the importance of setting specific standards and regulations regarding levels
of harmful gases and stocking density for commercial turkeys. Our study confirmed that
assessing welfare using transect walk approach performed in different times during the
fattening cycle provides important information on animal health and welfare and could
help farmers improve welfare in commercial turkey flocks.
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Simple Summary: Horses have to lie down to achieve rapid eye movement (REM) sleep. Horses
that do not lie down for environmental reasons or pain suffer from an REM sleep deficiency that
negatively affects their welfare and health. The present study aimed to assess the influence of chronic
orthopedic disease and old age on the time horses lie down. Wearable automated sensor technology
was used to monitor the time 83 old and young adult horses with or without chronic lameness spent
lying down, moving, or standing. Interestingly, neither age nor lameness due to chronic orthopedic
disease significantly influenced the time spent lying down. Horses showing symptoms of REM sleep
deficiency had shorter lying times and reduced times spent moving, indicating a general compromise
of their well-being. The study shows that wearable sensor technology can be used to identify horses
with short recumbency times at risk for REM sleep deficiency. Furthermore, the technology can be
used to assess and monitor equine welfare objectively and optimize husbandry conditions so that
old horses and horses suffering from chronic orthopedic conditions can achieve lying-down times
comparable to younger, healthy horses.

Abstract: Recumbency is a prerequisite for horses achieving rapid eye movement (REM) sleep and
completing a full sleep cycle. An inability to lie down due to environmental insecurities or pain
results in REM sleep deficiency, which can cause substantial impairment of welfare and health.
Therefore, the present study used wearable automated sensor technology on 83 horses housed
in an animal sanctuary to measure and compare the recumbency, locomotion, and standing time
budgets of geriatric horses with and without chronic lameness to younger adult sound and lame
horses. Recumbency times ranged from 0 to 319 min per day with an overall mean of 67.4 (£61.9)
minutes; the time budget for locomotion was 19.1% (+11.2% s.d.) and for standing 75.6% (£13.1 s.d.).
Interestingly, neither age nor lameness due to chronic orthopedic disease had a significant influence
on recumbency times in this study. Eight horses showed symptoms of REM deficit. These horses
had significantly shorter lying times (7.99 £ 11.4 min) and smaller locomotion time budgets than the
other horses enrolled in this study (73.8 £ 61.8 min), indicating a general compromise of well-being.
Thus, wearable sensor technology can be used to identify horses with low recumbency times at risk
for REM sleep deficiency and to assess and monitor equine welfare objectively.

Keywords: welfare; horse; equine; sleep; lying; time budget; locomotion; geriatric; orthopedic;
recumbency

1. Introduction

Recumbency is a prerequisite for horses achieving rapid eye movement (REM) sleep
and complete a full sleep cycle [1-4]. While adult horses sleep only 2.5-5 h/day, 80%
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of which is in a standing position, they need a minimum of 30 min of recumbency per
day to achieve 3.5-4.5 min of REM sleep and avoid REM sleep deprivation with excessive
secondary drowsiness and collapse [1-16]. However, as a prey species, horses only lie down
when they feel comfortable to do so [2,4,5,14,17-23]. Hence, measuring lying behavior is
an essential component of equine welfare assessment [12,13].

Adult (>4 years) horses, both domestic and (semi-)feral, spend 3-15% (43-216 min) of
their total daily time budget (=percentage of time spent on specific activities) in recumbency,
of which about 20 min or 15% are spent in lateral and the rest in sternal recumbency
[1,7,12,16,20,21,24-33]. The consistency of lying times between the vastly different domestic
and free-ranging living conditions emphasizes the importance of recumbency as basic
maintenance behavior. In comparison, the time budgets for eating, resting standing,
and locomotion vary greatly between adult domestic and free-ranging horses, with the
latter spending 50.82-66.6% foraging, 12.9-29.3% of their day standing, and 4.3-13.4% in
movement (excl. grazing), while domestic horses divide their time between 10-64% eating,
15.6-68% standing, and 2.5-19.3% locomotion.

Sleep is a basic maintenance behavior, essential for physiological and cognitive func-
tion. Horses sleep in a polyphasic pattern, distributed over 5-7 episodes, with most sleep
occurring between midnight and 4:00 am [2-5,8,10,12,14,32-37]. Based on postural and
behavioral indicators and specific cortical electronic activity, four sleep—wakefulness states
are differentiated: wakefulness (18 h/d [3]), drowsiness (2 h/d [3]), slow-wave sleep
(SWS, 3 h/d [3]), and paradoxical or rapid eye movement (REM) sleep (<1 h/d [3]) with
only the latter two counting toward the total sleep time budget of typically 2.9-3.5 h/d
(10-21% of the total daily time budget) [3,5-8,12,16,31-33,38-40]. REM sleep represents
the smallest proportion (10-15%) of the total sleep time, while SWS, at 65% takes up most
sleep time [4,5,7]. While sleep in horses, in contrast to most other species, is not uniquely
associated with recumbency, as horses can go through SWS in both standing and recumbent
positions, the muscle atonia associated with REM sleep requires sternal or lateral recum-
bency [1-5,7,11,14,16,31]. Indeed, since horses usually fall asleep shortly after lying down,
recumbency can be used as an inferred measure of sleep [7,11,12,16]. Polysomnographic
studies demonstrated that horses were in REM sleep 29.7% of the time spent sleeping in
sternal and 33.7% of the time in lateral recumbency, with SWS accounting for the remaining
time [16,39]. As a reduction in recumbent sleep states cannot be compensated for by in-
creased sleep time standing, the reluctance of a horse to enter a recumbent position causes
REM sleep deficiency and can have substantial effects on health and quality of life [14].

The duration of lying, and with it the quality and length of sleep, is affected by various
environmental influences, including the availability of a suitable lying area, space allowance,
the presence and type of bedding, and lighting conditions [11,14,19,20,22,23,36,39,41-47]. Also,
age influences the lying times with foals (up to 53.1% in domestic foals [10] and up to 15%
in semi-feral foals [48]) and young horses (<2 years; up to 27% in domestic horses raised for
meat production [49,50]; up to 8% in semi-feral horses [27]), who spend more time in recum-
bency than adults (3-15% in domestic and semi-feral horses [1,7,12,16,20,21,24-33,51,52]);
however, the influence of old age on lying times has not yet been reported. In addition,
painful conditions can modify lying times [4,18,53-57]. While recumbency is increased
in acute pain due to colic or acute laminitis, it has recently been reported to decrease in
horses suffering from angular limb deformities; analgesia administration resulted in a
return to regular lying times [4,18,53-57]. However, the effect of other chronic orthopedic
diseases such as osteoarthritis, tendinopathy, or chronic laminitis on recumbency has not
been evaluated yet. The paucity of data on equine recumbency times is mainly due to
the time and resource requirements for measuring this predominantly nocturnal behavior
by direct or video observation without affecting the behavior studied [58,59]. The indi-
vidual variation of the equine behavioral circadian rhythm requires detailed surveillance
over several successive days [12,60-63]. However, to date, only a few studies, four in
(semi-)feral and five in domesticated horses, measured recumbency times for a minimum
of 24 continuous hours [12,24-29,48-50]. Recent advances in biotelemetry, and biologging,
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using wearable automated tracking equipment, provide increased objectivity and new
opportunities to remotely quantify behavior at scales and temporal resolutions that were
not previously possible [12,64]. These new technologies facilitate accurate time budget
analysis over several successive days as an objective, quantitative measure of behavior, and
have the potential to become a reliable tool for on-farm assessment of equine welfare.

Given the aging equine population and the prevalence of musculoskeletal problems in
horses [65-74], the present study aimed to assess the influence of chronic musculoskeletal
disease and old age on the lying time budgets of horses using wearable sensor technol-
ogy. We hypothesize that geriatric horses and horses suffering from chronic orthopedic
discomfort spend less time recumbent than healthy adult control horses.

2. Materials and Methods
2.1. Horses, Housing and Management Conditions

This prospective, observational cohort study was carried out in 83 horses, 39 warm-
bloods, 17 draft horses, and 27 horses of other breeds (Supplementary Table S1), owned by
an animal sanctuary. Horses were housed in familiar environments, in individual box stalls
(16 m?, n= 55) or group housing (2-10 horses/group, >11 m?/horse, n = 27), and had daily
paddock or pasture turn-out (season and weather-dependent) in groups that had been
stable for at least 6 months. Lying surfaces were bedded with straw (n = 64) or shavings
(n =18). Horses had ad libitum access to water and were fed a predominantly grass and
hay-based diet ad libitum or rationed, depending on their nutritional requirements.

Prior to inclusion in the study and every three months for the duration of the study,
horses were examined by the same veterinarian, and their physical health and body condi-
tion score (BCS, range 1 (=extremely emaciated) to 9 (=extremely fat) [75]) were recorded.
Based on their age, and physical and orthopedic exams, horses were assigned to one of
four health/age groups: (1) horses younger than 20 years with chronic orthopedic diseases
(chronic lameness > 1 (on the American Association of Equine Practitioner (AAEP) scale),
n = 31); (2) geriatric horses (>20 years) with chronic orthopedic disease (1 = 40); (3) sound
(lameness < 1) geriatric horses (1 = 7); and (4) sound horses younger than 20 years (control
group, n = 5). Horses with cardiovascular, respiratory, or abdominal disease or acute onset
or exacerbation of lameness were excluded from the study. Horses that were observed
to collapse or that exhibited the associated pathognomonic skin lesions on the dorsal
aspect of their carpi and fore fetlocks (Figure 1, Supplementary Videos S1 and S2) were
considered REM-sleep deprived. Horses that were included in the study but developed
additional health problems or an acute exacerbation of their musculoskeletal disease after
the first tracking round was completed did not participate in additional tracking rounds to
avoid masking the effects of the chronic conditions that were the focus of this study with
acute disease.

2.2. Automated Equine Monitoring
Using the Trackener® (London, UK) automated equine monitoring system [76], horses
were tracked 1-3 times within 15 months for a minimum of 60 continuous hours (max of
360 h), each with horses that showed abnormal recumbency patterns being tracked longer
and repeatedly. The Trackener® system measures the horse’s body position (standing,
sternal, or lateral recumbency), gait, speed, rein (left, straight, right), and location [76].
The wearable horse unit (140 x 50 x 30 mm, weight: 190 g), containing a MEMS 3-axis
accelerometer, a gyroscope, a barometer, a temperature sensor, and a GPS, is carried within
a special lycra bib (Figure 1).
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Figure 1. The photograph on the left shows the pathognomonic skin lesions over the dorsal aspect of both metacarpopha-

langeal (fetlock) joints and carpi of a horse with chronic REM deficit. The photograph on the right displays a horse equipped

with the automated equine monitoring system (Trackener®) in the lycra bib.

The wearable horse units send the data via GSM communication (3G network) to the
cloud. An artificial intelligence algorithm analyses the data and displays the amount of
time the horse spent resting (detailed by body position into standing, sternal, or lateral
recumbency) and active (divided into walk, trot, and canter). The activity data measured by
the Trackener® device have been previously validated in an equine hospital setting against
direct observation of horses’ activities recorded manually based on CCTV recordings,
which yielded a mean agreement of 95.7% [76].

Time budgets are presented as minutes per hour and day in the corresponding
Trackener® app for each behavior category. In addition, data differentiated between recum-
bency versus upright body position and between standing and movement are provided in
csv format for further analysis. Recorded lying times of less than 1 min were considered
artifacts and not included in the recumbency time budget. To facilitate reading, recumbency
times are indicated in minutes rather than the percentage of the 24 h time budget used for
movement and standing, as the small lying time budgets expressed in percentages were
too cumbersome to interpret in the context of horses” daily behavioral routines.

2.3. Statistical Analysis

Continuous variables were expressed as mean =+ standard deviation (s.d.), and cat-
egorical variables were expressed as percentages. The effect of time and horse on time
budgets was analyzed using a Brown-Forsythe ANOVA to account for the difference in
group size. A generalized linear model using time budgets as target variables and age,
lameness (yes/no), REM sleep deficiency (yes/no), BCS, sex (gelding/mare), breed group
(warmblood, draft, or other), and pasture (yes/no) as explanatory variables was calculated.
Statistical analyses were carried out using Graphpad Prism version 9 (Graphpad Software,
San Diego, CA, USA) [77]. A p-value < 0.05 was considered significant.

2.4. Ethics Statement

This study was non-invasive and entailed only monitoring the horses under their
current conditions of life. No specific veterinary treatments or interventions were carried
out for the purpose of this study. The study was thus reviewed by the Institutional
Ethics Committee of the University of Veterinary Medicine Vienna (ETK-152/09/2019) in
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accordance with the “Good Scientific Practice. Ethics in Science and Research” guidelines
implemented at the University of Veterinary Medicine, Vienna and national legislation,
and ethical approval was waived.

3. Results
3.1. Horses and Tracking

Of the 83 horses included in this study, 38 were mares and 45 geldings. Their age
ranged from 2 to 32 years (20.7 £ 6.2 years), and their body condition score from 3 to 7
(6.7 £ 1.1) (Supplementary Table S1). In health/age group 1 (lame, <20 y, n = 31), horses’
mean age was 15.7 (£4.2 s.d.); in group 2 (lame, >20y, n = 40), 24.9 (£3.5 s.d.); in group 3
(sound, >20y, n=7),25(£3.5s.d.); and in group 4 (sound, <20y, n =5), 12 (£5.8 s.d.). Eight
horses (age: 24.5 £ 5.5), all of whom suffered from chronic orthopedic disease) showed
signs of REM sleep deficit (collapse or pathognomonic skin lesions observed). Four of the
eight REM-sleep-deprived horses had single stalls with straw bedding, 2 had single stalls
with shavings, and 2 were in small group housing with straw bedding.

BCS was significantly affected by breed (p = 0.0048, F(Dfn, DFd) = 5.598 (2, 115)) and
chronic lameness (p = 0.002, F(Dfn, DFd) = 9.974 (1, 115)), but not by age (p = 0.4029),
REM sleep deficiency (p = 0.0686), sex (p = 0.1784), pasture access (p = 0.6774), bedding
(p = 0.5547), or housing (p = 0.1634) conditions.

All horses tolerated the wearable horse unit well, and no dermal irritations were
observed. Data collection and transfer functioned well in 131 tracking cycles, and no
technical problems were encountered.

3.2. Time Budgets for Lying and the Influence of Age, Lameness, Presence of REM Deficit
Symptoms, Sex, BCS, Breed, and Pasture Access on Recumbency

The overall mean duration of recumbency was 67.4 min (£61.9 s.d. range: 0-319 min)
per day. Young, lame horses were recumbent for 85 min (+70.3 s.d.); old, lame horses
for 59.7 min (£58.5 s.d.); old, sound horses for 36.5 min (£26.5 s.d.); and young, sound
horses for 64.1 min ((£50.7 s.d.) (Figure 2, Table 1, Supplementary Tables S1 and S2).
The effects of age (p = 0.7408, F(Dfn, DFd) = 0.11 (1, 115)) and lameness (p = 0.3072,
F(Dfn, DFd) = 1.052 (1, 115)) were not statistically significant.
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Figure 2. Comparative recumbency times (mean +/—SEM minutes per day) of the horses enrolled in
this study by age/lameness group and by the diagnosis of REM deficit (Yes (Y) and No (N)).
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Table 1. The recumbency duration is detailed by group (young lame, old lame, old sound, young sound) and by the
presence of REM deficit symptoms. In addition, the number of horses per recumbency duration period is listed.

Recumbency:  Recumbency: No
n Minutes/Day ~ Minutes/Day  Recum-
(Mean) (s.d.) bency

overall 83 67.4 61.9 13
young, lame 31 85.0 70.3
old, lame 40 59.7 58.5
old, sound 7 36.5 26.5
young, 5 64.1 50.7
sound
REM deficit 8 7.99 114
No REM
deficit
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Horses with clinically established REM sleep deficit had significantly (p = 0.0003,
F(Dfn, DFd) = 14.25 (1, 115)) shorter lying times (7.99 min £ 11.4 s.d.) than other horses
(73.8 min & 61.8 s.d., Table 1, Figure 2). Also, breed had a statistically significant ef-
fect on recumbency times (p = 0.0052, F(Dfn, DFd) = 5.513 (2, 115)), with draft horses
(88 &= 84 min/d) lying significantly more than warmbloods (58 & 59 min/d) or horses of
other breeds (69 + 67 min/d). Furthermore, BCS (p = 0.0263, F(Dfn, DFd) = 2.867 (4, 115))
significantly influenced lying times. Horses with a BCS of 4 had longer recumbency times
(122 £ 122 min/d) than horses with lower (BCS 3: 60 & 55 min/d ) or higher BCS (BCS 5:
50 £ 47, BCS 6: 73 £ 63, BCS 7: 51 + 52). However, bedding (straw versus shavings,
p = 0.9427, F(Dfn, DFd) = 0.0052 (1, 115)), housing (single box stall versus group housing,
p =0.735, F(DFn, DFd) = 0.1151 (1, 115)), sex (p = 0.3094, F(Dfn, DFd) = 1.042 (1, 115)),
and pasture access (p = 0.2901, F(Dfn, DFd) = 1.13 (1, 115)) did not significantly affect
lying times.

Time of day and horse had a significant influence on lying time budgets (p < 0.0001,
Figure 3, Supplementary Figure S1). Eight horses slept only at night (0:00-4:00), one only
during the day (4:00-20:00), the others distributed over the 24 h day. Between 0:00 and
4:00, lying bouts lasted 2 to 57 min (16 £ 15 s.d.); in the time between 4:00-20:00, 7-12 min
(10 £ 7 s.d.); and between 20:00-0:00, 7-16 min (10 + 12 s.d.).

Recumbency by time of day Recumbency by horse and time of day
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Figure 3. The left graph illustrates the recumbency times throughout the day, showing the primarily nocturnal recumbency
distribution with a peak between midnight and 4:00 a.m. The right graph, the scatter plot of the recumbency minutes per
horse, demonstrates the individual variation of the circadian sleep rhythm of the horses enrolled in this study.

Twenty-nine horses were recumbent for less than 30 min per day throughout the entire
study period, 13 of which all suffered from chronic orthopedic disease and did not lie
down at all for more than 72 h (Figure 4); five of these horses lay down during subsequent
tracking periods for 2—48 min. Thirty horses were consistently recumbent for more than
one hour per day (Figure 4).
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Figure 4. Recumbency time budget (mean %) per horse (horses are distributed alphabetically along
the x-axis). Horses with established REM deficit are highlighted in red, turquoise indicates horses
with less than 30 min sleep per day throughout the study period, and horses that lay down more
than average are marked in blue.

The coefficient of variation was, on average, 370% (range 0-1076%) for evidently
REM-deficient horses and 396% (range 0-990%) for other horses (Figure 5). Horses with
REM deficit symptoms notably either had a coefficient of variation of 0% because they did
not lie down at all, or above 500% because they lay down only rarely. In total, 19 horses
had a coefficient of variation above 500%, and 6 of 0%, all of whom had recumbency times
well below the population average.
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Figure 5. Coefficient of Variation (%) of recumbency times. Horses (distributed alphabetically along the x-axis) with
established REM deficiency symptoms are indicated in red.

3.3. Time Budgets for Locomotion and the Influence of Age, Lameness, Presence of REM Deficit
Symptoms, Sex, BCS, Breed, and Pasture Access on Movement

The overall mean time budget for locomotion was 19.1% (£11.2% s.d., range: 4.09-55.8%,
Supplementary Tables S1 and S3). Young, lame horses moved for 20.79% (£15.13% s.d.)
of their day, old, lame horses for 17.23% (4+12.05% s.d.), old, sound horses for 15.92%
(£6.8% s.d.), and young, sound horses for 31.7% (£11.85% s.d.) (Figure 6, Supplementary
Tables S1 and S3). The effect of age (p = 0.0302, F(Dfn, DFd) = 4.82 (1, 114)) but not
of lameness (p = 0.6867, F(Dfn, DFd) = 0.1635 (1, 114)) on movement time budgets was
statistically significant, with young horses moving more (22.39% =+ 15.15%) than old
horses (17.05% =+ 11.46%). Horses with evident REM deficits moved significantly less
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(16.5% = 5.42%) than other horses (19.3% =£ 7.07%, p= 0.0383, F(Dfn, DFd) = 4.392 (1, 114)).
Unsurprisingly, horses with access to pasture moved significantly more (33.31% =+ 12.74%
of their time budget) than horses with more restricted turn-out (12.56% % 7-08%, p < 0.0001,
F(Dfn, DFd) = 119.7 (1, 114)). Bedding (p = 0.5511, F(Dfn, DFd) = 0.3575 (1, 114)), housing
(p = 0.066, F(Dfn, DFd) = 3.446 (1, 114)), sex (p = 0.5827, F(Dfn, DFd) = 0.3036 (1,114)), breed
(p = 0.1492, F(Dfn, DFd) = 1.935 (2, 114)), and BCS (p = 0.8084, F(Dfn, DFd) = 0.3999 (4, 114))
had no significant effect on movement. Time of day had a significant influence on the time
budgets for locomotion (p < 0.0001, Figure 7), but horse did not (p = 0.7124).

3.4. Time Budget for Standing and the Influence of Age, Lameness, Presence of REM Deficit
Symptoms, Sex, BCS, Breed, and Pasture Access on Standing Times

The overall mean time budget for standing was 75.6% (£13.1 s.d., range: 32.2-95.9%,
Supplementary Tables S1 and S4). Young, lame horses were standing for 72.43% (£15.99% s.d.)
of their day, old, lame horses for 78.08% (£+13.74% s.d.), old, sound horses for 81.45%
(£7.03% s.d.), and young, sound horses for 63.05% (£15.7% s.d.) (Figure 8, Supplementary
Tables S1 and S2). The effect of age (p = 0.0489, F(Dfn, DFd) = 3.965 (1, 114)) but not
lameness (p = 0.7067, F(Dfn, DFd) = 0.1424 (1, 114)) was statistically significant, with
old horses standing more (78.53 £ 13.06) than young horses (71.1 &+ 16.23). REM sleep
deficit (p = 0.6012, F(Dfn, DFd) = 0.2747 (1, 114)), BCS (p = 0.9484, F(Dfn, DFd) = 0.1799
(4, 114)), bedding (p = 0.5069, F(Dfn, DFd) = 0.4433 (1, 114)), housing (p = 0.126, F(Dfn,
DEFd) =2.376 (1, 114)), sex (p = 0.4451, F(Dfn, DFd) = 0.5872 (1, 114)), and breed (p = 0.9769,
F(Dfn, DFd) = 0.0234 (2, 114)) had no statistically significant effect on standing times, but
pasture access (p < 0.0001, F(Dfn, DFd) = 96.36 (1, 114)) did. Horses on pasture stood
significantly less (60.4% =+ 14.13% of their time budget) than those with more restricted
turn-out (82.38% =+ 8.77%).
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Figure 6. Comparative locomotion time budgets (mean % of 24 h +/— SEM) of the horses enrolled in
this study by age/lameness group and by the diagnosis of REM deficit (Yes (Y) and No (N)).
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Figure 7. Graph of the locomotion time budget (mean % of 24 h +/—SEM) throughout the day,
showing the movement peak during daytime hours and less movement at night.
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Figure 8. Comparative standing time budgets (mean % of 24 h +/ —SEM) of the horses enrolled in this study by age/lameness
group and by the diagnosis of REM deficit (Yes (Y) and No (N)).

Time of day significantly influenced standing time budgets (p < 0.0001, Figure 9), but
horse did not p = 0.4778).
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Figure 9. Graph of the standing time budget (mean % of 24 h +/—SEM) throughout the day with a
peak in standing times in the morning and evening.

4. Discussion

Recumbency times of the primarily geriatric and lame population of horses in this
study ranged from 0 to 319 min per day, with a mean of 67.4 min. Interestingly, nei-
ther age nor lameness due to chronic orthopedic disease significantly influenced recum-
bency times in this study. Young, lame horses lay down for 85, old, lame horses for
59.7, old, sound horses for 36.5, and young, sound horses for 64.1 min per day. As sleep
duration is inversely proportional to the risk of predation, horses sleep only for short
periods, typically for 2-15 min, and rarely remain recumbent for longer than 30 min at
a time [1,7,12,16,20,21,24-33]. The occurrence and duration of recumbency depend on
the horse’s ability to find a comfortable and safe place to lie [3-5,47]. Correspondingly,
decreased lying time budgets are associated with unsuitable environmental conditions,
stress, social insecurity, and pain [18,24,51,56,78]. Adaptions to a horse’s environmental
conditions should therefore be considered if a horse shows insufficient lying times.

Intriguingly, while (semi-)feral horses were observed to prefer open spaces for re-
cumbency [2,7,11,27,28,34], in domesticated horses, recumbency times are longer in box
stalls than in free-stall housing or on pasture [16,19,23]. Also, the effect of an individual’s
hierarchical status on recumbency times depends on space availability [7,11,20,27,28,79,80].
In free-ranging horses, social rank has no effect on lying times, since the lack of spatial
limitations under natural conditions seems to allow each individual within a group to
satisfy their demand for recumbency [7,11,20,27,28,79,80]. In contrast, in group-housed do-
mesticated horses, for whom a suitable lying area represents a potentially limited resource,
larger lying surfaces increase the duration of recumbency and decrease the proportion
of forcedly terminated lying bouts in low-ranking horses [7,11,20,27,28,79,80]. In the cur-
rent study, neither pasture access nor housing conditions (single box stable versus group
housing) significantly affected recumbency times, which may be due to the stable group
composition and availability of adequate lying surfaces in the equine sanctuary. The effect
of hierarchy on equine recumbency times was not assessed in this study, but further studies
looking at the effect of social rank on recumbency times of group-housed horses are needed
to establish evidence-based husbandry recommendations to improve equine welfare.

Both (semi-)feral and domestic horses prefer dry, clean, and soft lying sur-
faces [11,14,19-23,31,36,39,41-47,80]. While straw bedding has been reported to increase
recumbency times compared to shavings or rubber mats [19-22,41-45,47], there was no
difference in lying times between horses with straw versus shavings bedding in this study.
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Visual and auditory stimuli have also been observed to influence equine recum-
bency and sleep times, with absent stimuli increasing SWS, but also especially REM
sleep [2,3,5,14,32,38,39,41]. Unsurprisingly, artificial light overnight or during late-night
checks, which may affect melatonin cycles and subsequently sleep patterns, decreases
recumbency [14,38,39]. In contrast, music reduced alertness and increased recumbency
periods, possibly by masking the occurrence of trivial novel environmental auditory stim-
uli [38,81,82].

In addition to environmental factors, personal factors also influence sleep. While
age and sex had no impact on recumbency duration in this study, BCS and breed did
significantly affect lying times, with draft horses (88 £ 84 min/d) lying down more than
warmbloods (58 £ 59 min/d) or other breeds (69 & 67 min/d). Surprisingly, moderately
thin (BCS 4) horses had significantly longer recumbency times than horses in a thin (BCS 3)
or moderate (BCS 5) to fleshy (BCS 7) condition. While in humans, sleep deprivation is
associated with weight gain [83], the BCS of REM-sleep-deprived horses (5.38 & 0.96) was
similar to the other horses (5.71 £ 1.06). The BCS in this study (5.7 & 1.1) was slightly
above the midpoint of the scale, which is consistent with results obtained from other equine
populations [84] and the emergence of equine obesity as one of the most important equine
welfare issues in the western world [85,86]. However, the known association between
breed type and BCS, with draft horses having the highest BCS [87], requires caution when
interpreting results, and further studies, with selected breeds and a wider spread of BCS,
to independently assess the influence of these variables on recumbency times.

In this study, 8 out of 83 horses showed symptoms of REM deficit. These horses
had significantly shorter lying times (7.99 min & 11.4 s.d.) and locomotion time budgets
(16.5% =+ 5.42%) than the other horses enrolled in this study (73.8 min & 61.8 s.d. lying,
19.3% =% 7.07% locomotion). To identify potential REM-deficient horses, it proved essential
to track them for more extended periods, to determine whether they do not lie down at all,
or only do so when exhausted or under specific environmental conditions. For example,
one horse with physical problems lying down due to severe osteoarthritis in both carpi did
lie down on an incline in the pasture, which made it easier for the horse to get up.

REM-sleep deficiency due to recumbent sleep deprivation caused by illness, etho-
logical deficits, or husbandry shortcomings typically manifests in excessive drowsiness
and horses’ literally falling asleep while standing and partially collapsing before suddenly
waking again, resulting in pathognomonic skin lesions on the dorsal aspect of the carpi and
front fetlocks (Figure 1) [11]. The collapse is commonly incorrectly diagnosed as narcolepsy;,
a rare neurological sleep disorder characterized by daytime sleepiness, cataplexy, and sleep
paralysis [9]. Recumbent sleep deprivation may have psychological or physical causes.
Environmental-insecurity-associated excessive drowsiness arises when horses are not feel-
ing comfortable to lie down due to social insecurity or fear of predation [2-5,7,9,10,14,15,17].
Also, stereotypical behaviors are associated with both suboptimal environmental condi-
tions and decreased REM sleep [56,88-92]. Horses suffering from chronic musculoskeletal
disease may be hesitant to assume recumbency due to pain or mechanical difficulties
during lying down or rising. In contrast, administering analgesics to horses suffering from
orthopedic pain increased lying times [12,18,51,56]. As REM-sleep deprivation is associated
with hyperalgesia and persistence of chronic pain in other species [12,18,93,94], reduced
recumbent sleep due to chronic pain may intensify pain sensation, further contributing
to the problem [18]. REM sleep deficiency thus impairs welfare and health, necessitating
further studies to investigate methods for early diagnosis and management as an essential
basis to adjust husbandry and welfare decisions accordingly.

Interestingly, age, but not lameness significantly affected the time budget for locomo-
tion and standing in this study, with old horses standing significantly more than younger
horses. The standing time budget measured with the wearable tracking device in this study
encompasses a broad repertoire of behaviors, including standing while eating or resting.
The poor resolution of the standing behavior is one of the limitations of this study and
would require the addition of other wearable equipment to remedy. Another limitation of
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this study is the low number of young and healthy horses. As the population of horses in
animal shelters tend to include a large proportion of geriatric and lame horses, a more even
distribution of groups was not possible within the framework of this study. To address this
limitation, we also compared our results to time budgets reported for healthy adult horses
in the literature.

Recumbency times in this study were lower than the 203 +/—46.5 min reported in
the literature. However, the recumbency duration of adult horses has to date only been
quantified in observational studies using scan or focal sampling, which may yield less
detailed and accurate measurements or in polysomnographic analyses of equine sleep
phases over 24 h only, which is insufficient time to measure cyclic recumbency patterns.
The wearable automated tracking equipment used in this study enables the continuous
measurement of recumbency, locomotion, and standing times over several days with a
temporal resolution of one second. The ease of use, excellent tolerance of the sensor-
bib by the horses, and automated app-based data analysis facilitate its use on-farm to
identify horses with inadequate recumbency times or problems with locomotion, for
welfare assessment and monitoring of the success of interventions. However, although the
horses were housed in an animal sanctuary under appropriate management conditions, as
is shown by the homogenous distribution of recumbency throughout the age and lameness
groups, further optimization of environmental conditions, with individual adaptions to
accommodate the unique population of horses living in an animal sanctuary, may increase
recumbency times.

5. Conclusions

Recumbency is a prerequisite for horses achieving rapid eye movement (REM) sleep
and completing a full sleep cycle. Hence, measuring lying behavior is an essential com-
ponent of equine welfare assessment. Wearable sensor technology can identify horses
with low recumbency times and at risk for a REM-sleep deficit. Horses with REM deficit
symptoms have not only lower recumbency but also decreased locomotion time budgets,
indicating a general compromise of well-being. Interestingly, neither age nor lameness
due to chronic orthopedic disease significantly influenced recumbency times in this study.
Thus, geriatric horses and horses suffering from chronic orthopedic conditions can achieve
recumbency times comparable to younger, healthy horses, but may require optimized
husbandry conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ani11113189/s1, Supplementary Table S1 details the age, sex, breed, group, the presence of
lameness or REM deficit symptoms, BCS, access to pasture, and the time budgets (mean, s.d.) for
lying, locomotion, and standing for all horses enrolled in this study. Supplementary Video S1: Horse
collapsing due to REM-sleep deficit. Supplementary Video S2: Horse with REM sleep deficit falling
asleep standing as it cannot lie down due to severe carpal osteoarthritis. Supplementary Table 52
details the recumbency time budgets per hour of the day for each horse enrolled in this study.
Supplementary Figure S1: The distribution of recumbency times of three exemplary horses is shown
for all 7-11 days they were tracked to demonstrate the strong individual variation. Horse A had
long recumbency times and a regular daily rhythm, while horse B (the red line is not visible as it is
continuously on the zero-line) never lay down (in 7 days), and horse C lay down only once in 11 days.
Horses B and C showed REM deficit symptoms. Supplementary Table S3 details the locomotion time
budgets per hour of the day for each horse enrolled in this study. Supplementary Table S4 details the
standing time budgets per hour of the day for each horse enrolled in this study.
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Simple Summary: Assessment of poultry welfare is very crucial for sustainable production in the
tropics. There is a demand for alternatives to plasma corticosterone levels as they have received
much criticism as an unsuitable predictor of animal welfare due to inconsistency. In this study, we
noticed no effect of age on plasma corticosterone (CORT) although it was altered by CORT treatment.
However, growth performances and organ weight were affected by CORT treatment and age. The
broad sense evaluation of telomere length in this study revealed that telomere length in the blood,
muscle, liver and heart was shortened by chronic stress induced by corticosterone administration.
The expression profile of the telomere regulatory genes was altered by chronic stress. This study
informed us of the potential of telomere length and its regulatory genes in the assessment of animal
welfare in the poultry sector for sustainable production.

Abstract: This study was designed to characterize telomere length and its regulatory genes and to
evaluate their potential as well-being biomarkers. Chickens were fed a diet containing corticosterone
(CORT) for 4 weeks and performances, organ weight, plasma CORT levels, telomere lengths and
regulatory genes were measured and recorded. Body weights of CORT-fed chickens were significantly
suppressed (p < 0.05), and organ weights and circulating CORT plasma levels (p < 0.05) were altered.
Interaction effect of CORT and duration was significant (p < 0.05) on heart and liver telomere length.
CORT significantly (p < 0.05) shortened the telomere length of the whole blood, muscle, liver and
heart. The TRF1, chTERT, TELO2 and HSF1 were significantly (p < 0.05) upregulated in the liver and
heart at week 4 although these genes and TERRA were downregulated in the muscles at weeks 2 and
4. Therefore, telomere lengths and their regulators are associated and diverse, so they can be used as
novel biomarkers of stress in broiler chickens fed with CORT.

Keywords: broiler; corticosterone; performance; telomeres; telomere regulators; stress biomarkers

1. Introduction

Broilers are prone to many welfare issues related to genetic differences and environ-
mental challenges. Monitoring animal genetics and physiological data play a pivotal role
in the assessment of their welfare [1]. Thus, there is an increasing demand for reliable
biomarkers to monitor the health and well-being of poultry in relation to different environ-
mental stresses. The common conventional well-being biomarkers such as hematological
values and plasma corticosterone (CORT) levels are not reliable due to inconsistencies
in their results [1,2]. The chronic stressor, CORT, has been observed as the product of
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the hypothalamic—pituitary—adrenal axis response to stress in birds [3-5]. It generates
reactive oxygen species (ROS), causing oxidative damage [6]. Many reports show that
the elevation of CORT due to stress, be it from plasma or serum, is short-lived due to
the biological clock phenomenon and it is known to revert to the normal level after some
time [6,7]. However, telomere length and its regulatory genes such as telomerase (chTERT),
telomeric repeat transcriptional factor 1 (TRF1), telomeric repeat-containing RNA (TERRA)
and heat shock factor 1 (HSF1) have recently been shown to be consistently correlated with
stress responses [8,9]. Telomeres are nucleoprotein (TTAGGG repeats) structures located at
the ends of chromosomes and are usually eroded when exposed to stresses [10,11]. This
could indicate the ability to cope with stressful situations, i.e., adaptations [12] and could
predict longevity, reproductive capacity or fitness to survive in birds [13,14]. Telomeres
are mainly used to safeguard chromosomes and to protect genomic stability by stopping
continuous recombination of cells [15]. Several factors, including oxidative stress, feed
restriction, antioxidant, breed, sex, age and stocking density could influence the rate of
telomere shortening in chicken [16,17]. Chronic stress and reactive oxygen species (ROS)
production induced due to CORT administration have been reported to cause drastic
reductions in telomere lengths in wild birds [18,19]. In addition, uncovering the role of the
sizes of organs on the telomeric DNA becomes important. Organs with high metabolic rate
such as liver, heart, brain, and kidney have been reported to be higher in size at an early
age [20]. Implication of increase in sizes of these organs is that high metabolic activities will
be triggered and will consequently increase the ROS because of increased resting energy
expenditure (REE). Metabolic REE was observed to be higher in children per kilogram
body weight and reduces steadily during growth [20]. It has been observed that in the first
year of life in humans, organs grow in proportion to body weight, but later organ growth
decelerates [21]. Decline in the proportional weight of metabolically active organs results
in decrease in REE [22]. Association of organ sizes with telomere length can be a good
stress indicator for animal welfare assessment.

Telomere length maintenance and restoration due to stress can be assessed via the
expression level of the regulatory genes. Shelterin complex that consists of several subunit
proteins is crucial for telomere maintenance and genome integrity. A component of shelterin
complex, TRF1, facilitates and supports the recovery of the telomeric DNA during T-
loop formation [23-25]. In addition, telomerase remains essential in telomere integrity
as it attaches nucleotides synthesized from the shelterin genes to the telomeric end to
maintain the telomere [26,27]. Telomere lengths were maintained in cancer and stem cells
of the germline that expressed high levels of telomerase. However, reduced amounts of
telomerase were reported in the somatic cell during stress, leading to progressive shortening
of the telomere length [28,29]. The telomere maintenance gene 2 (TELO?) is another gene
that exerts its action via telomerase. Though its expression in chicken fed with CORT is
not yet known, it has been predicted to perform a vital role in the telomeric DNA-binding
activity [30]. Furthermore, the RNA molecule called telomeric repeat-containing RNA
(TERRA) was noted as ensuring that very short (or damaged) telomeres are regenerated in
humans [31]. This mechanism allows TERRA to repair eroded telomeres so that cells can
continue to live and keep regenerating. How HSF1 controls telomerase is unknown to us
but it has been reported that human fibroblast showing deficiency in HSF1 experienced
telomeric DNA damage [32]. This shows that HSF1 is vital for TERRA and hence telomerase
elevation in a cell under influence of stress. Several studies have recently reported on the
role of heat shock in stimulating the upsurge of TERRA [33,34].

The reports on how plasma CORT level could be used to predict animal physi-
ology and how it affects traits of economic importance in chicken have been widely
criticized [1,7], thus necessitating the current study. We intended to test the hypothesis
that CORT administration elevated circulating plasma CORT level and altered telomere
length. This study was therefore designed to examine the effects of CORT as a stressor
on telomere length, its association with the regulatory genes and how they could be
used as novel stress biomarkers in broiler chickens fed with CORT.
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2. Materials and Methods
2.1. Animal Management, Housing and Experimental Design

This study was conducted in compliance with the Animal Utilization Protocol ap-
proved by the Institutional Animal Care and Use Committee (IACUC) of Universiti Putra
Malaysia (approval number: UPM/IACUC/AUP-R019/2018). A total of one hundred
(100) male day-old Cobb500 (Leong Hup Farm, Kuala Lumpur, Malaysia) chicks were used
for this study and were subjected to 2 x 2 completely randomized factorial design. Chicks
were randomly assigned by treatment in groups of 10 into 10 battery cages and subse-
quently weighed and wing banded. All the cages were placed in a single environmentally
controlled chamber. The area of the cages measured 122 cm in length, 91 cm in width and
61 cm in height. The experiment began with initial temperature fixed at 32 °C on day 1 and
gradually lowered until it reached day 21. Relative humidity ranged from 70% to 80%. The
chickens were vaccinated with infectious bronchitis disease virus and Newcastle disease
virus vaccines at day 7 and 14, respectively.

2.2. Diets and Corticosterone Challenge

The diets for the experiment consisted of starter (crumble form) and finisher (pellet
form) which were provided ad libitum. The crude protein (CP) of the diet was 21.0% in the
starter phase and 19.0% in the finisher phase. Chickens were raised for the first 14 days
without CORT feeding (week 2) and then subjected to 30 mg/kg diet CORT feeding [35]
on day 15 of age (beginning of week 3) for another 28 days (week 6). The control group
consisted of 50 chickens that were given a commercial diet free from CORT (Table 1).
The CORT (Abcam, Cambridge, UK) used was an endogenous steroid hormone with an
apoptotic-inducing property.

Table 1. Nutrient compositions of commercial broiler starter and finisher diets.

Composition Starter ! Finisher 2
Crude protein (%) 23.00 19.00
Crude fiber (%) 5.00 5.00
Crude fat (%) 5.00 5.00
Moisture (%) 13.00 13.00
Ash (%) 8.00 8.00
Calcium (%) 0.80 0.80
Phosphorous (%) 0.40 0.40

1 Commerecial starter diet for broiler in crumble form. 2 Commercial finisher diet for broiler in pellet form.

Five hundred mg of CORT was dissolved in 20 mL ethanol for proper solubility before
mixing with feed. The CORT mixture was then thoroughly mixed with 16.67 kg feed,
producing 30 mg CORT per one kilogram feed. Mixings were repeated at intervals as the
diets were being consumed throughout the experiment. Both the CORT and the control
group consisted of 5 replicates with 10 chickens each in a cage. Only one level of CORT
feeding was used in this study [35].

2.3. Growth Rate Parameters and Animal Sampling

Body weights and feed intakes (FI) of all the chickens were measured weekly using
a weighing scale (CAS Corporation, Seoul, Korea). The FI was adjusted for mortality
which was registered upon occurrence. The feed conversion ratio (FCR) was calculated as
feed /body weight gain. At the end of week 4 and 6 of age, equivalent to 2 and 4 weeks
of CORT administration, two (2) chickens were sampled at random from each cage from
CORT and control groups for slaughtering. The slaughtering was humanely performed by
severing the jugular veins, carotid arteries, trachea, and esophagus with a sharp knife by
a single swipe. This sampling was carried out for organ weight measurement, telomeric
DNA determination, telomere regulator gene expression and plasma CORT level at week 4
and week 6 (end of second and fourth weeks of CORT administration). The blood samples
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due to exsanguination were collected into EDTA tubes and stored in ice. The blood samples
were stored at —20 °C prior to DNA extraction. Tissue samples (muscle, liver, and heart)
were collected, immediately frozen in liquid nitrogen and then transferred into —80 °C until
use. The wet weight of organs (heart, gizzard, adipose tissue, liver, and small intestine) was
measured using a sensitive weighing scale as absolute weight during each sampling period
per group. Their relative weight was calculated as percentage organ weight per body
weight accordingly. Tissues from muscle, liver and heart were collected and immediately
stored in liquid nitrogen and then transferred into —80 °C freezer.

2.4. Plasma Corticosterone Level Determination

To ensure undisturbed CORT plasma level, randomly selected chickens were care-
fully captured, weighed, and slaughtered within 3 min before weighing the rest of the
chickens. Five (5) mL blood samples were placed into EDTA tubes. The plasma and
erythrocyte were separated by centrifuging at 3000 rpm for 30 min at 25 °C and then
stored at —80 °C until they were used for hormone assay. Blank, standard and test sample
wells were set and run in duplicate, respectively. The enzyme-linked immunosorbent
assay (ELISA) protocol described by the manufacturer (Qayee Biotechnology Co. Ltd.,
Shanghai, China) was employed for this assay. The final measurement was determined
by using a spectrophotometer (Multiskan Go, Thermo Scientific, Waltham, MA, USA).
Standard concentration and corresponding OD values were used to calculate the samples’
corticosterone concentrations.

2.5. Determination of Telomere Length Using Real-Time Quantitative PCR (qRT-PCR) Analysis

DNA was extracted from the whole blood and tissue samples (muscle, liver and
heart) using the blood and tissue DNA innuPREP Mini Kit (Analytik Jena, Jena, Germany)
following the recommendations of the manufacturer. The qualities of the DNA extracts
were tested using gel electrophoresis and nanodrop (Multiskan Go by Thermo Scientific,
USA). Samples with 1.8-2.0 (260/280 ratio) values were stored in a —20 °C freezer prior
to the telomeric length determination analysis. For the discovery of the telomere length,
the primers were adopted from an available report [36] (Table 2). The housekeeping
gene, glyceraldehyde-3-phosphatase (GAPDH) [37] primer sequences were designed and
sequenced using information contained in Genbank (NCBI) specific to chicken (Table 2).
The primers were tested with DNA amplified using MyTaq Red Mix (Bioline, London,
UK) with the aid of the polymerase chain reaction (PTC-100TM, Marshall Scientific, NH,
USA) before being run for the qPCR analysis. Twenty nanograms of DNA template was
used for both the telomere and the GAPDH reactions. The forward and reverse primer
concentrations for both telomere and GAPDH were 2 uM of each. The primers were mixed
with 10 puL SensiFAST SYBR No-ROX qPCR master mix (Bioline, London, UK) for total
volume of 20 pL. Ten-fold serial dilutions were performed to obtain standard curves for
both the telomere and the housekeeping gene. The samples were arranged accordingly in
the PCR machine with identifiers including the non-template control (NTC). The cycling
conditions for both telomere and the single copy gene (SCG), GAPDH were: 10 min at
95 °C, followed by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, followed by a dissociation (or
melt) curve using CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). Any cycle
threshold (Ct) value of standard deviation above one was not used for these analyses. The
amplification results (Ct values) were subjected to a Microsoft Excel program designed from
standard curves generated to obtain copy numbers in kilobase per reaction (Kb/reaction) of
both the telomere and the SCG. The kb/reaction values were then used to calculate the total
telomere length in kb per chicken diploid genome according to available information [38].

2.6. Gene Expression Analysis of Telomere Length Regulatory Genes

RNA samples were extracted from the muscle, liver, heart and hypothalamus ac-
cording to the manufacturer’s protocols (InnuPREP RNA Mini kit 2.0, Analytik Jena AG,
Germany). The qualities of the RNA were tested using Nanodrop (Multiskan Go by Thermo
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Scientific, USA) and RNA with 1.8-2.0 (260/280) values was stored at —80 °C for further
analysis. The cDNA was synthesized from the extracted RNA (1 pg) samples using the
SensiFast cDNA synthesis kit according to the manufacturer’s protocol (Bioline USA Inc.,
Memphis, TN, USA) with a PCR machine (PTC-100TM, M] Research Inc., Quebec, Canada)
and stored at —20 °C. The cycling conditions for the reverse transcription were: 10 min at
25 °C for annealing, followed by 15 min at 45 °C of reverse transcription, 5 min at 85 °C of
inactivation and infinity at 4 °C. The gene expression analysis of chicken telomerase reverse
transcriptase (chTERT), telomere maintenance gene (TELO?2), telomeric repeat-containing
RNA (TERRA), heat shock transcriptional factor 1 (HSF1), telomeric repeat transcriptional
factor 1 (TRF1) and GAPDH as the housekeeping gene [37] was obtained by gRT-PCR using
the cDNA synthesized from the RNA extracted from the liver, muscle and heart tissues.
The primers of these genes specific to chicken were designed and sequenced using informa-
tion contained in Genbank (NCBI) (Table 2 above). Both the target and the housekeeping
genes were simultaneously run in a 96-well plate in duplicates (BIORAD CFX-96, Bio-Rad,
CA, USA). The concentrations of the primers for the target and the housekeeping genes
were determined by titration; 2 forward and 2 reverse primers were used. The SensiFast
Sybr No-ROX kit (Bioline, USA) was used for the amplification of the cDNA. The cycling
conditions for the target genes and housekeeping gene were: 10 min at 95 °C, followed
by 40 cycles of 95 °C for 15 s, 60 °C for 1 min, followed by a dissociation (or melt) curve
using CFX96 Real-Time PCR System (BIO-RAD, USA). Any Ct value of standard deviation
above one was not used for further analyses. The mean fold change in the expressions of
the target genes at each time was calculated with 2-BACT where AACE = (Ct, Target, test—Ct,
reference, test)—(Ct, target, Control-Ct, reference, control) [39].

Table 2. Primer sequences for telomere and telomere regulatory genes in chicken.

. , Accession Amplicon
No Gene Primers” Sequence Numbers Sizes (bp)
1 Telomer F—GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT NA 79
clomere R—TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA
F—GGAGGAACGGTTTCCCTAAG
2 TR R—CTGATGCTGCCCACAGTAGA NC.006089.5 178
F—GGCCACTGTAAATGGCTGTT
3 TERRA R—GTTTGCACAAGGGTCTCCAT NC.006127.5 219
F—TCTCTGGGTGTCCTTCTGCT
4 HSF1 R—CTCCTTCCACAGAGCACCTC NC.006089.5 151
F—GGATGACCCTCAGAGATGGA
5 TELOZ R—ATTGGTGTGACCAGGAAAGCe NC.006101.5 249
F—AGGTGCCCAAAACTGAACAC
6 chTERT R—CTTCCAAGGGAGACTTGCAG NC.006089.5 184
” GAPDH F—ACTATGCGGTTCCCAGTGTC NC_006088.5 215

R—TGCCACCATCAGAAAAATGA

NA = not available.

2.7. Statistical Analysis

Data on body performance, feed consumption, weight gain and FCR were analyses
using repeated measure of ANOVA with SAS 9.4 software [40]. Absolute and relative
weight of organs and telomere length data were analyzed using general linear model of
SAS 9.4 and 2 x 2 factorial analysis. Means were separated using the Duncan Multiple
Range test. Comparison between ages and telomere regulatory genes of the tested chickens
and the control was subjected to the t-test procedure of the general linear model using SAS
9.4 software. Mortality was analyzed using chi-square test of SAS. All statistical tests were
conducted at 95% confidence level.
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3. Result
3.1. Growth Performance and Mortality

Throughout the CORT administration period, CORT treatment significantly (p < 0.05)
suppressed body weight, feed consumption and weight gain (Table 3). During the trial
phases, CORT treatment led to significantly (p < 0.05) higher FCR and higher mortality
rate in the CORT-fed chicken than the control. No significant difference was observed in
body weight, feed consumption, weight gained and FCR between the two groups before
the commencement of CORT administration (week 2).

Table 3. Effects of corticosterone administration on body weight, feed consumption and feed conversion ratio (FCR) of

broiler chicken.

Age/Traits CTRL CORT-Fed Chicken SEM p-Values
Body weight (g)

Week 2 541.88 539.76 8.76 0.8585
Week 4 1509.00 1054.21 23.48 0.001
Week 6 2363.55 1479.18 34.62 0.001
Feed consumption

(g/bird/week)

Week 2 422.00 439.80 8.22 0.1730
Week 4 990.00 843.30 17.65 0.0004
Week 6 1057.70 822.30 22.57 0.0001
Weight gain (g/bird/week)

Week 2 347.56 344.83 5.41 0.735
Week 4 496.42 259.55 17.39 0.0001
Week 6 1056.67 822.33 22.57 0.0001
FCR (feed/gain)

Week 2 121 1.27 0.02 0.0557
Week 4 2.00 3.27 0.12 0.0001
Week 6 2.27 3.60 0.11 0.0001
Mortality (Week 0-Week 6) 1.00 7.00 0.09 0.024

CORT = corticosterone; Week 2 = period of no CORT administration; Week 4 = 2 weeks of CORT administration; Week 6 = 4 weeks of CORT
administration. There were 50 observations per treatment.

3.2. Absolute Weight of Organs

Significant (p < 0.05) interaction between age and CORT treatment was noted for
absolute weight of the small intestine but not for the heart, liver, abdominal fat, and
gizzard (Table 4). After week 4, there was significant (p < 0.05) reduction in absolute
weight for the small intestine in CORT-fed chicken compared to the control. Significant
(p < 0.05) effect of age was noted on both control and the CORT-fed chicken. Effect of
treatment was significant (p < 0.05) on abdominal fat and gizzard sizes but not on heart
size. Age significantly (p < 0.05) affected heart, liver and abdominal fat sizes but did
not affect gizzard size.

3.3. Relative Weight of Organs

Significant (p < 0.05) effect of treatment was noted for heart, liver, small intestine,
abdominal fat, and gizzard relative weights (Table 5). CORT significantly (p < 0.05) led to
an increase in relative weights of organs at both weeks 4 and 6. No significant interaction
was noted between the treatment and age for all the organs’ relative weight. Effect of age
was noted on relative weight of liver, abdominal fat and gizzard but was not noted on
heart and small intestine relative weights.

3.4. Plasma Level of Corticosterone

No significant interaction between age and the CORT treatment was noted for the
plasma CORT level in this study (Table 6). However, CORT administration significantly
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(p < 0.05) elevated circulating plasma CORT level in the CORT-fed chicken. No effect of
age was noted for plasma CORT level in both the control and the CORT-fed chicken.

Table 4. Effect of corticosterone feeding and age on absolute organ weight.

Age Treatment Heart Liver Smallint AbdFat Gizzard
(g) (g) (g) (g) (g)

Week 4 CTRL 7.85P 36.27 ¢ 76.55 ¢ 17.874 29.36 b
CORT 7.22b 55.21b 66.09 € 27.24 ¢ 36.13 ab

Week 6 CTRL 11242 49.17b 123.56 2 52.03 b 29.36
CORT 11.742 75.022 93.63b 63.122 42422

SEM 0.54 3.42 248 248 2.95

p values Age <0.0001 <0.0001 <0.0001 <0.0001 0.359

Treatment 0.907 <0.0001 <0.0001 <0.0001 0.004

Age x Treatment 0.319 0.363 0.041 0.74 0.287

abcd Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the
mean for main effects (n = 20). Smallint = small intestine; AbdFat = abdominal fat; CTRL = control group; CORT = corticosterone-treated
group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).

Table 5. Effect of corticosterone feeding and age on relative organ weights.

Age Treatment Heart (%) Liver (%) Smallint (%)  AbdFat (%) Gizzard (%)
Week 4 CTRL 050" 2310 488" 1144 1.90°¢
CORT 0.682 5.152 6212 255P 3352
Week 6 CTRL 0.44b 1.93b 487b 2.06 ¢ 1.174d
CORT 0.742 4592 5724 3.832 2.61P
SEM 0.03 0.20 0.22 0.14 0.20
p values Age 0.756 0.041 0.268 <0.0001 0.0016
Treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Age x Treatment 0.212 0.667 0.282 0.213 0.999

abcd Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the
mean for main effects (n = 20). Smallint = small intestine; AbdFat = abdominal fat; CTRL = control group; CORT = corticosterone-treated
group; Week 4 = 4 weeks of age (2 weeks of CORT administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).

Table 6. Effect of corticosterone administration on plasma corticosterone level.

Age Week 4 Week 6 p Values
Treatment CTRL CORT CTRL CORT SEM Age Treatment Age x Treatment
Plasma CORT 6.80P 7.652 673 7.942 037 0.685 0.0004 0.830
(ng/mL)

ab Means within a row subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the mean
for main effects (n = 20). CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT
administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).

3.5. Absolute Telomere Length

Significant (p < 0.05) interaction effect between CORT treatment and age was noted on
telomere length for liver and heart but not for whole blood and muscle (Table 7). CORT
treatment significantly (p < 0.05) shortened liver and heart telomere length at week 4 but
not at week 6 of age. As the CORT feeding advanced, telomere length for liver and the
heart increased significantly (p < 0.05) in the CORT-fed chicken, making the telomere
length of the two groups statistically the same at week 6. Telomere length for muscle was
significantly (p < 0.05) affected by treatment but was not affected by age. Both treatment
and age significantly (p < 0.05) affected whole blood telomere length. In addition, telomere
length in whole blood decreased, both in the CORT-treated and untreated chicken from
week 4 to 6.
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Table 7. Effect of corticosterone feeding and age on absolute telomere length in whole blood, muscle, liver and heart of

broiler chicken.

Age Treatment Whole Blood Muscle Liver Heart

Week 4 CTRL 526.40 2 446.68 2 564.96 2 576.89 2
CORT 334.50 be 313.84 P 346.84 b 264.43

Week 6 CTRL 417.96 2b 463412 481.07 @b 355.72 ab
CORT 260.09 ¢ 282.39b 467.59 ab 364.98 ab
SEM 37.27 54.90 58.33 56.03

p values Age 0.016 0.779 0.807 0.316
Treatment <0.0001 0.005 0.028 0.009
Age x Treatment 0.921 0.817 0.047 0.018

ab Means within a column subgroup with no common superscripts are significantly different at p < 0.05. SEM = standard error of the
mean for main effects (n = 20). CTRL = control group; CORT = corticosterone-treated group; Week 4 = 4 weeks of age (2 weeks of CORT
administration); Week 6 = 6 weeks of age (4 weeks of CORT administration).
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3.6. Telomere Regulatory Genes

3.6.1. Telomeric Repeat Transcriptional Factor 1 (TRF1)

The gene expressions of TRF1 in this study revealed that effects of CORT and duration
were significant (Figure 1). It was observed that TRF1 was significantly downregulated
(p < 0.05) in the muscle at both week 4 and 6 and in the liver at week 6. However, it was
significantly upregulated in the heart at week 4 of CORT treatment. TRF1 was significantly

upregulated in the liver and heart at week 6.
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Liver Heart

Control Muscle

= CORT wk4 5 CORT wké

Figure 1. Expression profile of telomeric repeat transcription factor 1 (TRF1) in the muscle, liver, and heart at week 4 and 6

of corticosterone-fed chickens compared to the control (in fold change). CORT wk4 = 4 weeks of age (2 weeks of CORT
administration); CORT wké6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01.

3.6.2. Chicken Telomerase Reverse Transcription Factors (chTERT)

The gene expression profile of chicken telomerase (chTERT) in this study revealed that
CORT and duration had a significant effect (Figure 2). chTERT was downregulated in the
muscle at week 4 and 6 of age (2 and 4 weeks of CORT administration). However, chTERT
was upregulated at week 4 and 6 in the liver, and at week 6 in the heart of CORT-fed

chickens. It was downregulated in the heart at week 4 of the treatment.
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Figure 2. Expression profile of chicken telomerase (chTERT) in the muscle, liver, and heart at week 4 and 6 of age in
CORT-fed chickens compared to the control. CORT wk4 = 4 weeks of age (2 weeks of CORT administration); CORT
wké6 = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

3.6.3. Telomere Maintenance Gene 2 (TELO2)

The gene expressions of TELO2 are presented in Figure 3. TELO2 was significantly
downregulated in the muscle of the CORT-fed chickens at weeks 4 and 6. However,
TELO2 was significantly upregulated at weeks 4 and 6 in the liver and heart of the

CORT-fed chickens.
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Figure 3. Expression profile of telomere maintenance gene 2 (TELOZ2) in the muscle, liver, and heart at week 4 and
6 of corticosterone-fed chickens compared to the control (in fold change). CORT wk4 = 4 weeks of age (2 weeks of
CORT administration); CORT wké = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05;
* = p < 0.01; ** = p < 0.001.
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3.6.4. Telomeric Repeat-Containing RNA (TERRA)

The gene expressions of TERRA in this study revealed that impacts of CORT and du-
ration were significant (Figure 4). TERRA was downregulated significantly (p < 0.05) in the
muscle and heart tissue of the CORT-fed chickens at weeks 4 and 6 of CORT administration.
Despite this, TERRA was upregulated in the liver at week 4 and 6.
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Figure 4. Expression profile of telomeric repeat-containing RNA (TERRA) in the muscle, liver, and heart at week 4
and 6 of corticosterone-fed chickens compared to the control (fold change). CORT wk4 = 4 weeks of age (2 weeks of
CORT administration); CORT wké = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, ** = p < 0.01;

% = p < 0.001.

3.6.5. Heat Shock Transcriptional Factor 1 (HSF1)

The gene expressions of HSF1 in this study revealed that impacts of CORT and
duration were significant (Figure 5). It was significantly downregulated in the muscle of
the CORT-fed chickens at weeks 4 and 6 but was upregulated in the liver of the CORT-fed
chickens at weeks 4 and 6. It was, however, downregulated in the heart at week 4 but
upregulated at week 6 of the CORT duration.

156



Animals 2021, 11, 2759

—~ 45
5]
=3
“ 4
S
S 35
=
=3
< 25
>
=
- 2
S
2 15
e
|
5]
z 05
>
T 0

%%k %k

%%k

Kk k
k%%

Control Muscle Liver Heart
u CORT wk4 ® CORT wké

Figure 5. Expression profile of heat shock transcriptional factor 1 (HSF1) in the muscle, liver, and heart at week 4

and 6 of corticosterone-fed chickens compared to the control (fold change). CORT wk4 = 4 weeks of age (2 weeks of
CORT administration); CORT wké = 6 weeks of age (4 weeks of CORT administration); n = 20. Probability, * = p < 0.05;

** =p<0.01;** =p <0.001.

4. Discussion
4.1. Growth Performance

Alterations in the performances of animals due to stress could affect telomere lengths.
The results from this study indicated that the administration of corticosterone suppressed
body weight and body weight gain, and this agreed with some literature findings [35,41,42].
The weight loss in the CORT-fed chicken could be attributed to activated gluconeogenesis
and protein breakdown [43,44] and lower feed consumption. FCR was reduced by CORT
administration in the CORT-fed chicken and this could be as a result of poor feed assim-
ilation in the body. The findings revealed that the CORT-fed chicken diverted nutrients
meant for growth performance to lipid accumulation and fatty livers [45]. In addition, the
poor growth and high mortality rate in the CORT-fed chicken could be attributed to the
accumulation of reactive oxygen species (ROS) [18]. The higher mortality in the CORT-fed
chicken is expected and this emphasized the association between chronic stress and the
increase in mortality rate in broiler chicken.

4.2. Absolute and Relative Weights of Organ

The health status of animals can be diagnosed using their organs [35]. In the present
study, we observed a very interesting interaction effect between CORT treatment and age
on small intestinal absolute weight. This interaction was evident when CORT-fed chicken
exhibited substantial reduction in small intestinal weight at week 6 compared to the control
group. In contrast, CORT did not significantly influence small intestinal weight at week 4.
CORT had been reported to reduce wet weight of the small intestine in a finding [35].
The small intestine aids in growth and animal performance [46]. The reduction in the
absolute weight of the small intestine could lead to a low proportion of nutrient uptake and
corresponding loss of protein [35]. According to the present results, there was significant
suppression of the absolute weight of the liver, abdominal fat and gizzard due to CORT
treatment. Significant improvement in the weights of heart, liver, small intestine, and
abdominal fat was noted with advancement in age. Reduction in the sizes of these organs
could be attributed to insufficient nutrient uptake in the CORT-treated chicken. Our study
revealed that CORT significantly increased the relative weights of heart, small intestine,
abdominal fat and gizzard. Relative weights of liver and gizzard significantly reduced
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with advancement in age but increased in abdominal fat. Increase in the relative weights
of the small intestine, liver, and liver fat due to CORT administration in chicken had been
reported in most studies [35,41]. This improvement in the relative sizes of organs could
be attributed to inflammation acquired during CORT administration. The relationship
between the organ’s weight and the telomere length has not been uncovered. However,
these organs are described as metabolically active with a positive correlation with body
weights [20]. Increased metabolic activities could amount to high ROS which is noted to
trigger chronic oxidative damage [6] and hence telomere length attrition [19].

4.3. Plasma Corticosterone Levels

Administration of CORT through feeding or implantation had been reported to in-
crease the plasma CORT levels [42]. Meanwhile, influence of CORT treatment and adminis-
tration period (short versus long) on glucocorticoids had been reported [1]. In the current
study, we revealed that CORT administration significantly elevated plasma CORT level
and this change was independent of age. Similar levels of CORT plasma had been noticed
between CORT-fed sparrows and the control after a week, but the CORT level returned to
baseline level two months after implantation [47]. The researchers [47], however, revealed
that CORT implantation induced a short-lived negative effect on body weight, blood, and
feather weight. In contrast, our data in the current study revealed that influence of CORT
administration persisted on the plasma CORT levels, growth performance and other physi-
ological components. In view of removing controversies surrounding the use of CORT as a
biomarker of animal welfare due to its inconsistency, telomere length as a more reliable
and conserved biomarker of stress is proposed as an alternative in this study.

4.4. Telomere Length

Telomere is a nucleoprotein protecting the end of the chromosome from degradation
during cell division and it is highly sensitive to oxidative attack due to its high guanine
content [48], the characteristic that prolongs its recovery and gives it stable potential to
measure stress conditions. Telomere length is usually shortened with stress and advance-
ment in age and could be used as a biomarker of stress. Its shortening rate predicts a
species life span [49]. In the present study, we noticed a noteworthy interaction between
the CORT treatment and age for liver and heart telomere length. These interactions were
evident when the CORT-fed chicken revealed a drastic loss in liver and heart telomere
length at week 4. On the contrary, CORT did not influence liver and heart telomere length
at week 6. These results suggest that liver and heart telomere length are more susceptible
to CORT treatment at week 4 than week 6. The telomeric DNA shortening in the heart
and liver at week 4 was a result of interaction between CORT treatment and age. The
telomere length attrition at this early stage of induction could be attributed to the REE
and high metabolic rates of these organs [20,21] combined with chronic oxidative damage
due to CORT administration [18]. In addition, with advancement in age, liver and heart
telomere length improved in the CORT-fed chicken. Based on the current findings, CORT
treatment significantly caused telomeric attrition in whole blood and muscle. Influence of
age of induction was noticed on whole blood telomere length but was not observed in the
muscle. Oxidative stress induced by CORT could be responsible for the poor performance
obtained in the CORT-fed chickens and this could be attributed to damaged proteins and
DNA [50]. In this study, chickens with short telomere lengths revealed suppressed body
weights. The production of ROS via CORT administration usually affects the dynamics
of the telomeres [18]. Telomere length has been used to measure individual fitness and
survivability [51]. Moreover, the effect of age in 178 single-comb White Leghorns from
10 weeks old was reported for lymphocytes [52]. The amount of telomeric DNA was
observed to decrease with the advancement in age in this study. When cell ageing sets in,
inadequate amount or absence of some restorative genes will be experienced, leading to
aggravated telomeric shortening at senescence [26,53].
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Telomere length could be implicated in the high mortality observed in CORT-fed chick-
ens. Reports have attributed telomere length to adaptation and survivability [54,55]. High
risk of mortality and low life expectancy have been related to short telomere length [56,57].
Telomere length was sometimes related to longevity and reproductive performances in various
studies [13]. In the current study, variation of the telomere in liver, heart and muscle were
not affected by age. This implies that telomere length of the tissues could be restored due
to the activities of telomerase and the shelterin genes which are usually activated in tumor
cells [24,58,59]. This implies that increased telomere length could sometimes be an indicator
of unhealthy conditions like cancers. The loss in telomere length in the whole blood due to
age could be a result of diminished levels of telomerase which are usually low in somatic
tissues [19,60]. Our results implied that with increased duration of treatment, CORT adminis-
tration could lead to telomere length improvement in tissues suffering from tumors such as
liver and heart [24,61]. This improvement in telomere length could be attributed to telomerase
activities which are usually higher in damaged or cancer cells and hence maintain telomere
lengths [28].

Surprisingly, there was a decline in the telomere length for blood, liver, and the heart
from week 4 to week 6 of age in the untreated chickens. Muscle did not reveal such a
difference. The difference in the characteristics of telomere length could be attributed to
a genetic and tissue effect. Telomere length was previously associated with genetic and
non-genetic factors [61]. The results in this study imply that chicken blood, liver and heart
telomere length are prone to shortening and this could be the reason for major liver and
heart-related diseases usually reported in chicken. Modern strains of broiler chicken have
been reported to be highly susceptible to heart failure and heart-related mortalities such as
ascites and sudden death syndrome [62]. Short telomere length, to make it clear, has been
implicated as the main cause of heart disease and other age-associated diseases [63]. In fact,
liver fibrosis and cirrhosis have been reported to be caused by critically short telomeres,
a phenomenon known as DNA damage response [64]. Decline in the telomere length
has been reported in the human heart along the gestation period and heart development
while in other tissue, such as kidney and liver, telomere length remains unchanged [65].
We therefore discovered in this study that age, when combined with stress, could lead to
drastic telomere length attrition. Telomere length has been reported to reduce with age
in fishes, reptiles, and humans, except in water python and Leach’s petrel [66]. Telomere
length could therefore be considered as an indicator of aging. Relationships between
telomere length and stress [67] hint that telomere length might not be used only for an
indicator of chronological age [68], but also for a marker of organism lifestyle [69] and a
good proxy of organism fitness or biological age [70]. Here, we reported higher abdominal
fat in CORT-fed chicken and increased fat in the untreated chicken with an increase in age.
Increase in fat deposit could lead to obesity, ROS, oxidative damage and non-alcoholic fatty
liver and these are risk factors for short telomere length.

4.5. Telomere Length Regulatory Genes

The results of the telomere regulatory genes revealed that they all influenced telomere
length integrity. They were all implicated in the telomere length shortenings in the blood
and the tissues. The expressions of these genes are tissue-dependent. The high variabilities
observed in the liver and heart samples showed that these genes vary from cell to cell. It
happens in the group of stem cells and cancer or tumor cells. These high variabilities are
the cumulative results of intrinsic genetic (inherent) factors, extrinsic factors, and stochastic
factors. It has been reported that cell-to-cell variations are often observed within cancerous
and embryonic cell samples [71].

In muscle, the shortening of telomere length could be a result of the downregulation
of TRF1, chTERT, TELO2, TERRA and HSF1 due to CORT administration. A study has
revealed that TERRA was involved in telomerase nucleation [72]. The results indicated
that the expressions of the telomere regulators were affected by CORT and age. The TRF1
is one of the components of the shelterin complex that shelters the telomere. Telomerase
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activities are dependent on the nucleotide sequences from this complex for telomeric DNA
formation [72]. Findings suggested that TRF1 mediated telomere length and function [65].
The downregulation of the TRF1 by chronic stress in the CORT-fed chickens could affect
the telomeric DNA. This effect might initiate chromosomal instability [73]. The deficiency
of TRF1, TELO2, TERRA and HSF1 in the muscle could be responsible for the deficiency in
the chTERT and hence the telomere length shortening due to their reduced nucleation to
the chTERT [32,59,74]. In the current study, TRF1 was downregulated in muscle. It has been
reported that TRF1 was low in mice skeletal muscle exposed to treadmill running bout
stress. The reduced TRF1 brought about a significant increase in the apoptosis mediator,
P38 MAPK phosphorylation [75]. The upregulation of TRF1 led to stability in the liver
telomere at week 6, as this gene specializes in promoting replication of telomeres [76].
This implied that in the liver and heart, TRF1 could be a negative regulator and this
assertion agreed with the report obtained in study [73]. Telomerase was not increased by
TRF1 in the heart at week 4, probably as a result of downregulation of TERRA and HSF1.
It has been revealed that when TRF1 was genetically or chemically inhibited in mouse,
increased telomeric DNA damage, reduced produced proliferation and stemness were
reported [76,77]. The telomere maintenance gene 2 (TELO2) might have a part in telomere
length regulation and maintenance as it was found in the pathway of telomerase and
in the complex responsible for cellular resistance against DNA damage stress, especially
due to radiation, ultraviolet and mitomycin [30,78]. It is being examined and associated
with organs and other telomere-regulating genes and we discovered that it has good links
with these genes and could be a good candidate for telomeric studies. Moreover, TERRA
is another gene that plays a pivotal role in the mediation of the heterochromatic marks
in the remodeling complex [79]. TERRA has been reported to be involved in telomerase
nucleation [72]. Though its expression in tissues has not been detailed, its function in
telomeric DNA upon heat stress in fibroblast has been revealed [32]. Studies revealed
that telomerase activity was very low in almost all somatic tissues or cells with high
proliferative potential [59,74]. Cells deficient in HSF1 had been reported to be deficient
in TERRA and hence had short telomere lengths [32]. Koskas et al. [32] further reported
that HSF1 promoted TERRA transcription and telomere length protection upon heat stress.
HSF1 has been classed among the cancer-related genes group. It is mostly expressed in
all tissues in the human body. When the telomere maintenance mechanism was deficient,
increased telomere transcription was reported to result in telomere shortening due to DNA
replication—dependent loss of the telomere pathways [80].

Telomerase (TERT) function is usually high in gamete, stem, and tumor cells. It has
been reported to be low in adult somatic cells in mice, whereas it is completely absent in
human adult somatic cells [81]. Higher activity of TERT has been reported in cancer cells
and in most cells suffering from tumors [82] while TRF1 provided a nucleotide sequence
for TERT. The heart is made up of cardiac stem cells which help in the self-regeneration
of the heart due to high telomerase activities [83]. In addition, activation of TELO2, HSF1
and TERRA in the liver could be responsible for the maintenance of the telomere length in
the liver at week 6 in the current study. Telomere shortening was noted to induce TERRA
expression which then activated telomerase nucleation [72] which could then initiate
telomere recovery. Moreover, HSF1 has been reported to promote TERRA transcription and
telomere length protection upon heat stress [32]. The observation in this study suggests that
TELO?2 could therefore be part of the telomerase pathway, which implies that TELO2 is a
typical novel gene which can be used as a stress biomarker and hence can be considered as a
mechanism for telomere synthesis. This observation agreed with the information available
in the rat genome database which revealed that TELO2 was shown to maintain the telomere
via telomerase [78] and its role in the telomeric-binding activities had been suggested [30].
The upregulation of TERRA in the liver was expected as it was mobilized to areas with
short telomeres to cause the nucleation of telomerase. Interactions of TERRA with TRFs
could mobilize TERRA to the telomeres, causing TERRA R-loops to be synthesized at
the severely shortened telomere, thereby preventing the DNA damage response [31,84].
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This observation was noticed in the liver but not in the muscle in the current study. The
differences observed in the tissues could be attributed to tissue peculiarities which implied
that they have diverse characteristics. Furthermore, HSF1 activated TERRA in the liver
but not in the heart. Higher levels of reactive oxygen species (ROS), cleaved caspases and
fragmented DNA in the gastrocnemius were reported in muscles of heat-exposed mice
but not in control mice and these changes were not observed in the livers of heat-exposed
mice [85]. The reason for the downregulation of TERRA in the heart and the muscle could
be as a result of mutations, as earlier elucidated [86,87].

Generally, telomere length is progressively lost in muscle due to inability of DNA
polymerase to completely replicate telomere under stress [26]. The loss in telomere could
also be attributed to absence or lower telomere restoration factors such as telomerase activ-
ities, shelterin protein complex [24,58], TERRA and HSF1 [32] that regulate the telomeres.
These restoration factors tend to be activated in the liver and heart.

5. Conclusions

It was observed that CORT elevated plasma CORT level and altered performances
and organ sizes in the CORT-treated chicken, suggesting that both poor conditions were
caused by chronic oxidative stress. CORT led to telomere length attrition and altered the
tissue telomere length regulators in the CORT-fed group. The expressions of TRF1, chTERT,
TELO2, TERRA and HSF1 affected telomere length behavior under chronic stress. The gene
expression reports revealed that muscle tissue could be more susceptible to chronic stress
and telomeric DNA attritions. Telomere loss in blood is age-dependent, suggesting that
it is a potential biomarker of aging. In conclusion, telomere length and its regulators are
diverse and can be used as novel biomarkers of stress in broiler chickens.
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Simple Summary: In a pig farm, it is challenging for the farm caretaker to monitor the health and
well-being status of all animals in a continuous manner throughout the day. Automated tools are
needed to remotely monitor all the pigs on the farm and provide early alerts to the farm caretaker for
situations that need immediate attention. With this goal, we developed a sensor board that can be
mounted on the ears of individual pigs to generate data on the animal’s activity, vocalization, and
temperature. The generated data will be used to develop machine learning models to classify the
behavioral traits associated with each animal over a testing period. A number of factors influencing
the technology adoption by farm caretakers are also discussed.

Abstract: Precision swine production can benefit from autonomous, noninvasive, and affordable
devices that conduct frequent checks on the well-being status of pigs. Here, we present a remote
monitoring tool for the objective measurement of some behavioral indicators that may help in
assessing the health and welfare status—namely, posture, gait, vocalization, and external temperature.
The multiparameter electronic sensor board is characterized by laboratory measurements and by
animal tests. Relevant behavioral health indicators are discussed for implementing machine learning
algorithms and decision support tools to detect animal lameness, lethargy, pain, injury, and distress.
The roadmap for technology adoption is also discussed, along with challenges and the path forward.
The presented technology can potentially lead to efficient management of farm animals, targeted
focus on sick animals, medical cost savings, and less use of antibiotics.

Keywords: precision swine farming; ear tag pig sensor; behavioral monitoring; machine intelligence;
technology adoption

1. Introduction

The economics of a pig farm is dependent on the health and welfare status of pigs [1].
Therefore, all stakeholders in the pig industry want to ensure that pigs display normal
behavior and physiological functioning with the absence of lesions, diseases, or malnutri-
tion. This requires frequent assessment of their well-being status and disease symptoms.
Good well-being is reached when the animal is in harmony with itself and its environment,
whereas poor well-being happens when the animal is exposed to infections and adverse
conditions resulting from different management practices. In general, poor well-being is
manifested by behavioral changes (e.g., abnormal movement, reduced feeding or drink-
ing, lethargy, or aggressive nature), physiological changes (e.g., increased heart rate or
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respiration rate), and pathological changes (e.g., lesions, stress-related biomarkers, and
other clinical signs). Reduced well-being may negatively influence the pig’s health, growth,
behavior, and emotional state.

Today, manual surveillance is generally conducted few times during the day in pig
farms to visually screen for apparent signs of illness in their pigs, such as lethargy, lameness,
and coughing [2]. Farm animal caretakers can know the extent of their pigs’ well-being
with respect to their mental state (i.e., being calm, satisfied, relaxed, curious, playful, scared,
stressed, or grunting) and physical state (i.e., healthy, medicated, or injured). However,
human observations are subjective, as it is difficult to delineate the factors associated
with the pig’s mental and physical state (e.g., in stress or pain) [2]. Manual surveillance
may miss out to detect early signs of sickness (e.g., fever), particularly at night when
the disease symptoms can be elevated. Moreover, it is difficult to give proper attention
to all the animals and to identify subtle traits indicative of poor well-being in a timely
manner. Without timely detection and intervention, the health of the pigs in a herd can be
compromised, resulting in additional costs of medications [2], diagnostics [3], and therapy.

To complement manual surveillance, an automated behavioral assessment tool can be
built that operates on a set of indicators to provide continuous surveillance, recognize stress-
ful management practices, and detect early signs of sickness in individual pigs to promptly
take corrective measures for the betterment of the animal and the entire population [1,4].
However, the identification of all relevant indicators is difficult because pig well-being
is essentially a multidimensional and complex concept [5]. To accomplish automated
behavioral assessment at the single animal resolution, a high-throughput data acquisition
system is needed to measure the indicators noninvasively, under varying conditions, and
in real time with minimal human intervention [6,7]. Furthermore, data science approaches
are needed to identify relative value and relationships amongst the indicators [8,9].

Within the category of wearables, a variety of smart collars are commercially available
that incorporate motion sensors, cameras, and/or microphones to record the daily activities
of animals (e.g., dogs, cats, cattle, laboratory mice, sheep, goats, monkeys, marine life, and
avian) [10]. The smart collars gather information about the physical location, movement,
body temperature, grazing, and drinking behavior of these animals (Table 1). Most smart
collars have an accompanying smartphone app through which the user can visualize,
store, and analyze the gathered data [4]. In addition to smart collars, smart capsules (also
called video endoscopy capsules) are used to visualize the gastrointestinal tract for disease
diagnosis in a minimally invasive manner (e.g., Olympus EndoCapsule 10 System™ and
Medtronic PillCam SB 3 System™). Moreover, in vitro microchip technologies have been
custom designed for several applications in veterinary parasitology, such as for screening
the efficacy of anthelmintics and chemical compounds against nematodes and enteropar-
asites for the pig host often tested by larval migration assays or fecal egg counts [11-14].
Imaging and/or thermal cameras have been used to record the movement and body heat
emission of pig populations, along with subsequent machine learning analysis of recorded
data [7,9]. Farm automation equipment is routinely deployed to control the indoor ventila-
tion, feeding and watering, housing units, and thermal control systems (with regulated
heating and cooling).

Most of the available technologies in human wearables and animal health monitoring
are not feasible for direct adoption by the pig industry. For example, the wearables for
human healthcare (e.g., smartwatches and fitness trackers) are cost prohibitive and priced
over $50 per device. The anatomic conformation and behavior of the pigs make it virtually
impossible to design wearables that can be used for extended periods of time (hours/days
or more). Furthermore, skin-worn adhesive sensors are not suited for hairy pigs [15].
The commercialized smart collars designed for cows and companion animals are very
expensive for monitoring a large number of pigs [10,16]. Moreover, the smart collars
for cows and sheep are too large and heavy to be adopted for small piglets, while the
electronic pet neck collars can be easily damaged because of the chewing behavior of pigs.
Most sensor systems in pig farms (such as imaging cameras, microphones, climate control)
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cater to herd-level monitoring and do not have the resolution to pick up vital signs of
individual pigs.

Table 1. Commercialized products for tracking humans, pets, and livestock.

Products Description
1. Tractive, FitBark, Whistle 3 Real-time GPS activity tracker for cats and dogs
2. TekVet, FeverTag Temperature sensor for livestock

Ingestible pill to track core, heart rate, respiration
rate, pH levels, drug doses

Electronic collar for cows to track body motion,
cud-chewing, location, create invisible fence
Electronic collar for sheep to generate irritating
sound and lights signals to deter predators

6. Apple Watch, Fitbit, Garmin, Samsung Track fitness, performance, heart rate, respiration,
Gear stress, blood oxygen levels, sleep quality

3. Abilify, EndoCapsule EC-10, Vital Herd
4. Cowlar, CowCollar, Cattle Watch

5. E-Shepherd

Aside from sensing and control units, there is a dearth of swine behavioral data to
generate machine learning models that stand validated through multiple checks. The
tools for gathering field data from swine farms, storing the acquired data, and applying
predictive analytics are still premature but are constantly improving [9,17,18]. One could
look for inspiration within the field of medical diagnostics, where there is a growing
trend in low-cost, easily accessible, and field-deployable technology platforms for remote
patient monitoring and decision support. In this regard, smartphone-based tools have
been demonstrated for the objective assessment of physical attributes for clinical decision-
making that could be adapted for swine behavioral monitoring, such as smartphone-based
tools for the visual grading of pelvic asymmetry in equines [19] and skin cancer diagnostics
in humans [20]. In addition to building a reliable data collection and data communication
pipeline, there is a need to investigate new paradigms and models in swine health and
welfare assessment that are fundamentally more robust and intelligent than the traditional
models designed to estimate the future value of the animal (e.g., body mass, growth rate,
genetic or breeding parameters).

Our motivation lies in the objective assessment of swine behavior using a compre-
hensive set of indicators. The behavioral indicators should be meaningful and realistic,
easy to collect on the farm in a noninvasive and unobtrusive manner, reliable to predict
wellness levels, scalable to different animal classes (i.e., group size, growth phase), in-
tegrative with on-farm decision tools, and easily validated through alternate behavioral
assessment tools [5,21]. In this paper, we demonstrate a proof-of-concept data acquisition
system, based on a cluster of electronic sensors, to collect data on behavioral attributes
on individual pigs (Figure 1). In Section 2, we describe the sensors to monitor external
body temperature, physical movement, and vocalization of individual pigs. In Section 3,
we show the results obtained from characterizing the sensors in the laboratory and tests
from animal studies. In Section 4, we present a discussion on possible machine intelligence
methodology to identify normal versus abnormal behavioral attributes in pigs, along with
behavioral indicators that provide information about the pigs” well-being. We discuss the
challenges, limitations, and path forward for the development and dissemination of this
technology, including the social-economic—ethical considerations for technology adoption.
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Figure 1. Overall theme for behavioral health monitoring in pig farms: (a) the pig farm is equipped with technologies to
monitor individual animals and populations with mobile devices, data computing and storage units, machine learning,
decision support tools, clinical diagnosis, and treatment options; (b) our measurement setup is shown. The ear tag with
sensor board is attached to the ear lobe of individual pigs to measure vital parameters and send the data through a

smartphone app to the cloud.

2. Materials and Methods
Electronic Sensor Boards

One cluster of sensors (soldered on a custom printed circuit board (PCB)) was at-

tached to an ear tag for pigs to record parameters such as external temperature, head tilt,
movement, and vocalization. A Bluetooth-enabled, application-specific integrated circuit
(ASIC) chip was soldered on the electronic sensor board for the wireless transmission of
raw data to a computing device located in or nearby the pen. A replaceable lithium battery
was housed within a battery holder on the board. Figure 2 shows the computer-aided
design (CAD) software layout of the electronic sensor board, fabricated PCB, and its at-
tachment to a sample ear tag. The physical dimensions of the electronic sensor board were
3.05cm x 3.05cm x 1.27 cm (L x W x H), with a weight of 5 g and a development cost of
around USD 20 per sensor board.

(i)
(i)

(i)

(b)
Figure 2. Prototype design and assembly: (a) CAD layout of the electronic sensor board; (b) the fabricated PCB with soldered

electronic chips; (c,d) inclined view and side view of an assembled sensor board sandwiched between the orange-colored
ear tag.

(d)

The electronic sensor board had the following sensors:

A contactless, infrared temperature sensor (MLX90614) to measure both the ambient
temperature and external body temperature of the pig;

A 3-axis accelerometer (ADXL345) and gyroscope (ADXRS300) to record data on
head tilt and movement, which is correlated to aggression, lethargy, lameness, or
neurological disorders;

A sound sensor (MAX9814) to capture the vocalizations for the identification and
classification of call types or aggressive behavior;
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(iv) A Bluetooth low energy (BLE) module (NRF51822 SoC) to receive data from the
abovementioned sensors at a preselected rate (e.g., 5 samples per second). This
BLE module incorporates a chip antenna, 32-bit ARM Cortex MO CPU, 256 kB Flash
Memory/16 kB RAM, and 32 GPIO. The BLE module is suited for ultralow-power
wireless communication at 2.4 GHz by supporting third-party 12C, SI, UART, and
PWM interfaces.

A 3.3V, 230 mAh coin cell battery (CR 2032) provided power to the sensors and BLE
module on the PCB. The electronic sensor boards were sealed in polymeric coatings (e.g.,
SU-8, PDMS) before being put within ear tags.

3. Results
3.1. Laboratory Testing

All the sensors and the Bluetooth module were tested in our device characterization
laboratory according to the manufacturer’s specifications. The software development kit
(SDK) from Nordic Semiconductor was downloaded (nRF5 SDK v12.3.0) prior to testing
the Bluetooth module. We prepared 10 electronic sensor boards. Within every board, data
from each sensor were read by placing the board next to the receiver or at a certain distance
(roughly 1 m). We tested different sampling rates (from five samples per second to one
sample per 10 min) and sleep times of the sensors (1 s to 10 min) to maximize battery
life while still having adequate data resolution. With a sampling rate of five samples per
second, the Bluetooth module and gyroscope consumed the maximum current (6 mA),
followed by the sound sensor (3.1 mA), temperature sensor (1.5 mA), and accelerometer
(0.14 mA). Assuming that the CR2032 had a capacity of 230 mAh, this translates to a
battery life of 13.74 h. We found that the battery life as built was increased to over 3 days
by prolonging the sampling rate and sleep time. The battery life can be extended by
incorporating adaptive sampling and power management schemes.

3.2. Animal Testing

For animal testing, the electronic sensor board was sandwiched between the two
pieces of the ear tags and attached to the ear of pigs. Tests were conducted on two growing
pigs (body weight: around 18 kg) (Figure 3). We did not observe any unnatural behavior
from the pigs during or after mounting the electronic sensor boards on the ear. The data
from the growing pigs were recorded for around 4500 s or 75 min (Figure 4). The animal
tests confirmed that remote data collection from the sensor boards was near real time and
fully automated over a distance of 15.25-18.3 m.

(b)

Figure 3. Animal testing: (a) two growing pigs were used for testing the electronic sensor boards;

(b) the ear tag with the sandwiched electronic sensor board was attached to the left ear of the pig.
The sensors and ASIC chip were remotely controlled by predefined awake/sleep cycles.
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Figure 4. Time-series data recorded from pig testing using the electronic sensor board. Sample data from the animals is
shown here as obtained from the on-board (a) temperature sensor and (b) 3-axis accelerometer. The sound sensors collected
the baseline curves, but there were no useful events (e.g., coughing or screaming) during the recorded time period.

4. Discussion
4.1. Machine Intelligence for Swine Behavioral Health Monitoring

A single behavioral health indicator can misjudge the well-being status, and therefore,
a realistic set of indicators are required for accurate assessment [22]. In this context,
machine intelligence is valuable to assimilate and process data from multiple sensors and
human observations for subsequent decision support [8,23]. Currently, our data collection
activities are underway with the intent to generate sufficiently large datasets to map the
raw sensors’ data into predictable behavioral traits, as described in Figure 5. Here, the
activity sensors measure the raw data related to posture and gait (e.g., the nature, duration,
rate, and ease of events). Thereafter, machine intelligence based on linear regression will
be used to analyze the raw data and distinguish different postures and gaits. The sound
sensors measure vocalization in terms of the call duration, call rate, main frequency, peak
amplitude, and peak frequency. This will help to distinguish the nature and type of call.
Abnormal behavioral traits could include prolonged rest, reduced eating and drinking,
lameness, pain, aggression, escape events, screams, coughing, and fever. These abnormal
traits could be identified by machine learning algorithms such as random forest, decision
tree, K-nearest neighbor, support vector machine, artificial neural networks, naive Bayes,
linear regression, logistic regression, and gradient boosting.

- Posture Gait Calls Temperature
Q .
% nature, duration, [[nature, balance, ||type, frequency, ||threshold, mean,
= | rate, ease of event || duration, stride ||pitch, amplitude |[range, deviation
=l
g g 5 o ; : .
5 § standing, sitting walking, running || grunts, squeals skin temp.
m O
'S 5[ prolonged rest i i :
£ 2|P : g L 1amene§s, pain, screams, e (e
S | lethargy, reduced aggression, fear, || aggression, =
3 8| feedine & drinki o temperature
% @ | feeding ing escape event coughing

Figure 5. Flowchart for metrics, behavioral outcomes, and indicators of poor well-being.
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Data Acquisition

One suggested scheme for processing the raw data from different electronic sensors is
shown in Figure 6. The data processing starts by segmenting the incoming sensors’ data
into separate time windows, as described in our previous work on deep learning [24]. We
compute a set of features that give a good spectral and temporal representation of the
data (such as mean, standard deviation, energy, skewness, entropy, and auto-regressive
coefficients). Next, we employ classifiers on the computed set of features. When a feature
exceeds a certain threshold, the behavior is categorized by a classifier into one of the
behavioral classes, and an alert is sent to the farmer. The choice of behavioral traits to
train machine learning models should be those that are most relevant to the pig farmer.
Some examples of behavioral classes related to pig activity are walking, standing, sitting,
lying, head down, grunting, screaming, feeding, and drinking. Choosing an appropriate
threshold level is often beneficial, as a low threshold leads to many false positives and false
alerts, while a high threshold gives many false negatives and missed true events [17,25].
In most cases, the choice of the optimal threshold for a classifier depends on the datasets,
operating conditions, type of model used, receiver operating characteristic (ROC) curve,
precision-recall curve, and the intuitive sense of the model developer.

»Behavioral welfare indicators i

» Posture, gait, vocalizations
» Pathological welfare indicators

R e R = T e e I B EN 1
| Supervised Learning ; \ Unsupervised Learning
— ! | [ >Clustering
»Classification 1 ! « K-means

» Levels of cortisol etc.

»Farm caretaker observations

+ Binary Decision Tree
» Naive Bayes
» Support Vector Machine

»Dimensionality Reduction

* Movement, activity, feeding etc.
_____ + Linear, Logistics

Preprocessing

I
e Principal Component Analysis,
i | Singular Value Decomposition

»Regression

I
1
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I
I
I
I
I
-

Behavioral Classes

* Window segmenting
» Sync time-series data
» Check data quality

* Group into training & test

Performance Metrics l . Standing, Sitting

» Walking, Running
* Grunts, Squeals
+ Skin temperature

Accuracy, Sensitivity,
Specificity, Selectivity,
Receiver Operating Curve,

Feature Set Extraction

F-score, Area Under Curve Decision Support Tool

Minimum, Maximum,

Mean, Standard Deviation,

Energy, Skewness, Entropy,
Auto-regressive coefficients

+ Estimate risk scores

+ Constructlearning curves

+ Score validation models

+ Generate & prioritize alarms

Figure 6. Process flow during machine intelligence involves data acquisition, preprocessing, feature set extraction, super-

vised or unsupervised learning, class definitions, performance metrics, and decision support.

Table 2 lists the hardware and software features, and potential benefits of our ear tag
sensor board for the pig farmer. The technical features are designed to be modular and
easily upgradable to support autonomous and remote monitoring of behavioral health
indicators. There are near-term challenges during technology development, such as estab-
lishing validity with large amounts of real-world data from experimental and field settings.
Building reliable machine learning models and decision support tools for large-scale pig
farms is also nontrivial [6,26,27]. False alarms increase costs, reduce the trust of operators,
and decrease efficiency. Thus, it is advisable to identify farm situations of high preva-
lence or priority to the farmer where autonomous monitoring and alert notification will
complement or supersede manual surveillance [5,27].
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Table 2. Attributes and benefits of the ear tag sensor board for the pig farmer.

Attributes Benefits of the Ear Tag Sensor Board

Light weight, long battery life, low cost, wireless capability, easily

Hardware features upgradable, easy programming, modular, reusable, safe

Ease of use, multiuser access, autonomous, remote operations,

Software features - e .
real-time data acquisition and management, decision support

Real-time awareness of pig vital signs, early disease detection,
timely isolation of diseased animal from the herd, cross-platform

Potential benefits data compatibility, upgradable and customizable platform, data
transparency and privacy, reduced labor, increased profits
. Scope of clinical trials, safety, and health regulations, sustained
Challenges during L S
technical improvements, fluctuations in market trends and
development

surveillance technologies, user acceptability and trust

4.2. Roadmap for Technology Adoption

For technology adoption, bringing the pig farmers on board to test the ear tag wearable
technology is critical but challenging. The pig farmer may have misconceptions about digi-
tal technologies with respect to their perceived relative value, complexity, adaptability, and
compatibility [10,16]. Table 3 lists the inducements and impediments related to technology
adoption of the presented ear tag sensor boards.

Table 3. Perceived inducements and impediments in the adoption of ear tag sensor boards by pig
farmers.

Adoption Factors Inducements and Impediments

Learning curve, automation needs, safety, ethics, maintenance
support, data accessibility and privacy, trust in decision support
Management practices, herd size, labor and service inputs,
surveillance techniques, managerial skills, clinical access

Trust groups, local practices, community size, farm size, intent of
rearing, labor constraints, digital literacy, communication modes
Cost-benefit clarity, competitiveness, fluctuating markets, financing
options, income growth, profit margin, wealth, supply and demand
Control over disease outbreaks, early illness detection, reliability of
health data, clinical validation, treatment options

Government and trade policies, farming regulations, transportation,
environmental legislation, carbon footprint, bioethics

Technical factors

Existing farming practices

Sociocultural factors

Economic factors

Health factors

External factors

Technology adoption is often facilitated by communicating its role in promoting the
overall well-being of human-animal-environment [1,10]. In this regard, the ethical issues
raised by the ear tag sensor boards can be assessed by a two-dimensional bioethics matrix,
originally proposed by Dr. Ben Mepham (Special Professor in Applied Bioethics, University
of Nottingham) for food biotechnologies [28,29].

In the bioethics matrix, as shown in Table 4, there are three prima facie principles:
respect for well-being, respect for autonomy, and respect for justice/fairness. There are five
principal stakeholders whose interests are implicated—pigs, pig farmers, consumers, the
public at large, and the environment. The matrix framework and components are based
on the original work by Dr. Ben Mepham [28,29]. On the one hand, the pork industry
is evolving to make the swine production process more rapid and more profitable with
minimal human—pig interaction. On the other hand, consumers prefer meat from happy
and healthy animals, while the public at large wants transparency in information about
animal well-being and handling during production [30]. Respect for the well-being of
pigs is achieved by avoiding causes of pain or harm, improving health or welfare, and
mitigating risks or costs [31]. Respect for autonomy ensures freedom of choice and behavior
for the pigs. Respect for fairness or justice refers to norms regarding fair distribution of
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costs, risks, and benefits for the animals to protect the intrinsic value of the pigs. The
well-being of the pig farmer is reached by satisfactory profits and improved working
conditions, autonomy by having the freedom to manage actions, and fairness by access
to fair trade deals. Farmers who have more access to data about the health and well-
being of their pigs may be expected to benefit and should have increased opportunities
to intervene to promote the health and welfare of their animals. However, pig farmers
may feel pressurized by the politics and media and skeptical of participating in welfare
programs [32]. Modern consumers are interested in the quality and safety of their food,
as well as in the humane treatment of animals raised for slaughter and the environmental
sustainability of the food they consume [33]. The public at large, and even those who do
not consume pork products, may have an interest in the process of pork production and
improving the health and safety of pork production facilities. Pork production involves
risks to the environment that must be taken into account in the production process, and
wherever possible, environmental risks should be minimized [31].

Table 4. Bioethics matrix for developing swine welfare assessment tools.

Respect for Well-Being Autonomy Fairness
Pigs Avoid pain, improved Behavioral freedom Intrinsic value
welfare
Farmers Satisfactory prOﬁF’. Managerial freedom Fair trade laws and
better work condition : .
of action practices
Consumers Better quality of life, Democratic, informed | Availability of
food safety .
choices affordable pork
The Biota Conservation Biodiversity Sustainability

Source. Motivated and adapted from the pioneering works of Dr. Ben Mepham [28,29].

Social studies can help understand the pig farmers’ behavior, existing farm practices,
sociocultural perceptions, and decision-making methods while communicating the realistic
deliverables [1,16]. Through open discussions and social studies with the potential users, it
is possible to understand the factors that influence their decisions on adopting the presented
wearable technology. As with other new technologies, the user inputs will help identify
effective ways to educate them about the technology’s merits and risks from different
sociocultural and economic perspectives. By demonstrating the technology at work and
rationalizing its cost-versus-benefit analysis in video format and simple language, it may
be possible to slowly gain the trust of potential users and ensure that our technology makes
its way from the laboratory to the real world.

However, the window for voluntary adoption by hog producers may be fast closing.
Animal welfare and food safety is an increasingly important part of purchasing decisions by
consumers. For the former, consumers are insisting on minimal welfare standards [34,35],
while the latter is centered around consumer concerns over antimicrobial resistance in
meat [36,37]. Concentration in food wholesale and retail means consumer pressure can be
brought to bear on a few firms that have large market power [38]. As consumers demand
more stringent animal welfare and antibiotic use rules, wholesalers and retailers will likely
force changes down the supply chain onto livestock producers. In short, the adoption of
intelligent sensing systems to improve animal health and reduce antibiotic use may become
an economic necessity for hog producers to stay in business.

Additionally, the devastation wrought by coronavirus disease 2019 (COVID-19) high-
lights how improving animal health is an important part of promoting public health
and resilience to pandemics. Large-scale hog production provides opportunities for the
generation and transmission of novel viruses from hogs to humans [39]. Although rare,
certain variants of swine influenza could emerge to become a regional epidemic, if not a
pandemic [40]. Workers in hog production and processing are at risk of contracting these
novel viruses and may transmit the disease to the broader community [41]. Thus, early
detection of diseases in large-scale swine production facilities is more important than ever
in the light of COVID-19.
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On the technology development front, there are possibilities to expand the breadth
of sensing functionalities tailored to the needs and expectations of the swine farms. The
electronics sensors and communication systems are constantly evolving, and there are
many options for low-cost and high-performance sensors manufactured by various semi-
conductor companies [42,43]. Therefore, in conjunction with the presented electronic sensor
board, there is scope to equip the farms with other types of farm deployable sensors in
swine farms. For instance, ambient and environmental sensors can be installed to monitor
different locations in the barn and transmit data to the local server via Bluetooth modules.
These sensors can record environmental parameters in the barn such as humidity, room
temperature, airflow, and levels of common gases. Some examples of commercial environ-
mental sensors that can be used in pig farms are the capacitive humidity sensor (DHT11
sensor, Adafruit Industries, New York City, NY, USA) to report the dampness estimate in
the room, miniaturized airflow transducers (KanomaxTM Model 0965-01, Kanomax USA
Inc., Andover, NJ, USA) to measure the air velocity and indoor airflow, wireless gas sensors
to monitor the levels of CO,, CHy, H,S, and NH;3 (Monnit™, AgrologiCTM), and infrared
cameras (FLIR™) and webcams (Pig Cam™) to take images of the pigs.

There are limitations in the ear tag sensor-board technology presented here. Firstly,
the current development cost of the electronic sensor boards (approximately USD 20 to
USD 30 per board) is a significant investment for swine producers in the short term, even
though these reusable boards may have a justifiable return on investment in the long
term. Secondly, extending the battery life of wearable devices is a challenge considering
the high-power consumption for BLE communication and inaccessibility to recharge or
replace the batteries during animal testing. Thirdly, there is a risk of damage to the sensor
boards and loss of data communication while the boards are mounted on the pigs. The
dimensions of the sensor board are greater than the ear tags used in our tests, which may
interfere with the pigs. Using larger ear tags or reducing the size of the sensor boards
would be advisable. Fourthly, there are realistic limits on the number of behavioral patterns
that can be accurately characterized by machine intelligence. Additionally, one set of
machine learning classifiers may not work on different herds and different farms, and some
degree of customization may be required. Lastly, winning and retaining the trust of active
users is challenging, as there can be considerable variability in user expectations and the
performance of decision-making tools for different pig farms.

5. Conclusions

Intelligent sensing systems have the potential to automate and integrate various
activities in swine production, such as breeding, feeding, handling, housekeeping, and
disease management. However, the pace of technology adoption in pig farming is slow
because of three main technological deficiencies—lack of adoptable sensor technologies,
limited availability of meaningful data, and unproven means to translate the data science
into actionable items. Our work here was primarily motivated to address the first deficiency.
We showed a proof-of-concept working of an electronic sensor board that can be attached to
the ear tags of individual pigs to record physical activity. Aside from the components used
in our board, there are several other options for off-the-shelf sensors and communication
modules that can be purchased and tested depending on their functionality, features,
compatibility, physical dimensions, and pricing. We recognized a number of inducements
and impediments for its user acceptance as a reliable behavioral assessment tool. For
technology adoption, one key hurdle lies in collecting and analyzing massive quantities of
field data with cross validation by farm animal caretakers. This is a prevalent challenge for
the wearables industry at large and requires cooperative efforts from all stakeholders, from
swine producers to pork consumers.

Author Contributions: Conceptualization, S.P. and K.-J.Y.; methodology, U.K. and T.K.; software,
UK. and TK,; validation, UK., S.P,, TK. and K.-].Y; formal analysis, S.P.; investigation, S.P.; resources,
DJ.P,B.G, PCG,S.P and K.-J.Y,; data curation, UK., TK., D.].P,, PC.G. and B.G.; writing—original
draft preparation, S.P. and K.-J.Y,; writing—review and editing, S.P., D.J.P, B.G. and K.-].Y,; vi-

174



Animals 2021, 11, 2665

sualization, U.K. and S.P,; supervision, S.P. and K.-].Y.; project administration, S.P. and K.-].Y.;
funding acquisition, S.P. and K.-].Y. All authors have read and agreed to the published version of the
manuscript.

Funding: This research was partially supported by National Science Foundation (NSF), Grant
Number IDBR-1556370 and by the United States Department of Agriculture, Grant Number 2020-
67021-31964.

Institutional Review Board Statement: The animal study was reviewed and approved by the
Institutional Committee for Animal Use and Care from Iowa State University (ICAUC Approval
#7-17-8561-S).

Acknowledgments: We are grateful to Dalton Pottebaum for providing access to the animals, and to
Clark Wolf for our discussions and collaborative efforts.

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

References

1. Benjamin, M.; Yik, S. Precision livestock farming in swine welfare: A review for swine practitioners. Animals 2019, 9, 133.
[CrossRef]

2. Lekagul, A.; Tangcharoensathien, V.; Liverani, M.; Mills, A.; Rushton, J.; Yeung, S. Understanding antibiotic use for pig farming in
Thailand: A qualitative study. Antimicrob. Resist. Infect. Control 2021, 10, 1-11. [CrossRef] [PubMed]

3.  Kong, T; Backes, N.; Kalwa, U.; Legner, C.; Phillips, G.J.; Pandey, S. Adhesive Tape Microfluidics with an Autofocusing Module
That Incorporates CRISPR Interference: Applications to Long-Term Bacterial Antibiotic Studies. ACS Sens. 2019, 4, 2638-2645.
[CrossRef] [PubMed]

4. Bailey, D.W.; Trotter, M.G.; Tobin, C.; Thomas, M.G. Opportunities to Apply Precision Livestock Management on Rangelands.
Front. Sustain. Food Syst. 2021, 5, 93. [CrossRef]

5. Velarde, A.; Fabrega, E.; Blanco-Penedo, I.; Dalmau, A. Animal welfare towards sustainability in pork meat production. Meat Sci.
2015, 109, 13-17. [CrossRef]

6.  Tzanidakis, C.; Simitzis, P.; Arvanitis, K.; Panagakis, P. An overview of the current trends in precision pig farming technologies.
Livest. Sci. 2021, 249, 104530. [CrossRef]

7. Kapun, A,; Adrion, F; Gallmann, E. Case study on recording pigs’ daily activity patterns with a uhf-rfid system. Agriculture 2020,
10, 542. [CrossRef]

8. Benos, L.; Tagarakis, A.C.; Dolias, G.; Berruto, R.; Kateris, D.; Bochtis, D. Machine Learning in Agriculture: A Comprehensive
Updated Review. Sensors 2021, 21, 3758. [CrossRef] [PubMed]

9. Zhang, Y.; Cai, J.; Xiao, D.; Li, Z.; Xiong, B. Real-time sow behavior detection based on deep learning. Comput. Electron. Agric.
2019, 163, 104884. [CrossRef]

10.  Groher, T.; Heitkdmper, K.; Umstétter, C. Digital technology adoption in livestock production with a special focus on ruminant
farming. Animal 2020, 14, 2404-2413. [CrossRef] [PubMed]

11. Beeman, A.Q.; Njus, Z.L.; Pandey, S.; Tylka, G.L. Chip technologies for screening chemical and biological agents against
plant-parasitic nematodes. Phytopathology 2016, 106, 1563-1571. [CrossRef]

12. Carr, J.A.; Lycke, R.; Parashar, A.; Pandey, S. Unidirectional, electrotactic-response valve for Caenorhabditis elegans in microfluidic
devices. Appl. Phys. Lett. 2011, 98, 143701. [CrossRef]

13. Pandey, S.; Joseph, A.; Lycke, R.; Parashar, A. Decision-making by nematodes in complex microfluidic mazes. Adv. Biosci.
Biotechnol. 2011, 2, 409-415. [CrossRef]

14. Legner, C.M.; Tylka, G.L.; Pandey, S. Robotic agricultural instrument for automated extraction of nematode cysts and eggs from
soil to improve integrated pest management. Sci. Rep. 2021, 11, 3212. [CrossRef]

15. Legner, C.; Kalwa, U.; Patel, V.; Chesmore, A.; Pandey, S. Sweat sensing in the smart wearables era: Towards integrative,
multifunctional and body-compliant perspiration analysis. Sens. Actuators A Phys. 2019, 296, 200-221. [CrossRef]

16. Groher, T.; Heitkdmper, K.; Walter, A.; Liebisch, F; Umstétter, C. Status quo of adoption of precision agriculture enabling
technologies in Swiss plant production. Precis. Agric. 2020, 21, 1327-1350. [CrossRef]

17.  Domun, Y.; Pedersen, L.J.; White, D.; Adeyemi, O.; Norton, T. Learning patterns from time-series data to discriminate predictions
of tail-biting, fouling and diarrhoea in pigs. Comput. Electron. Agric. 2019, 163, 104878. [CrossRef]

18.  Marsot, M.; Mei, ]J.; Shan, X.; Ye, L.; Feng, P; Yan, X,; Li, C.; Zhao, Y. An adaptive pig face recognition approach using
Convolutional Neural Networks. Comput. Electron. Agric. 2020, 173, 105386. [CrossRef]

19. Marunova, E.; Dod, L.; Witte, S.; Pfau, T. Smartphone-Based Pelvic Movement Asymmetry Measures for Clinical Decision Making
in Equine Lameness Assessment. Animals 2021, 11, 1665. [CrossRef] [PubMed]

20. Kalwa, U,; Legner, C.; Kong, T.; Pandey, S. Skin cancer diagnostics with an all-inclusive smartphone application. Symmetry 2019,
11, 790. [CrossRef]

21. épinka, M. Advances in Pig Welfare; Elsevier Inc.: Amsterdam, The Netherlands, 2017; ISBN 9780081011195.

175



Animals 2021, 11, 2665

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Friedrich, L.; Krieter, J.; Kemper, N.; Czycholl, I. Iceberg indicators for sow and piglet welfare. Sustainability 2020, 12, 8967.
[CrossRef]

Garcia, R.; Aguilar, J.; Toro, M.; Pinto, A.; Rodriguez, P. A systematic literature review on the use of machine learning in precision
livestock farming. Comput. Electron. Agric. 2020, 179, 105826. [CrossRef]

Kalwa, U.; Legner, C.; Wlezien, E.; Tylka, G.; Pandey, S. New methods of removing debris and highthroughput counting of cyst
nematode eggs extracted from field soil. PLoS ONE 2019, 14, e0223386. [CrossRef]

Krugmann, K.; Warnken, F; Krieter, J.; Czycholl, I. Are behavioral tests capable of measuring positive affective states in growing
pigs? Animals 2019, 9, 274. [CrossRef] [PubMed]

Czycholl, I; Kniese, C.; Biittner, K.; Grosse Beilage, E.; Schrader, L.; Krieter, . Test-retest reliability of the Welfare Quality® animal
welfare assessment protocol for Growing Pigs. Anim. Welf. 2016, 25, 447-459. [CrossRef]

Bracke, M.B.M.; Hopster, H. Assessing the importance of natural behavior for animal welfare. J. Agric. Environ. Ethics 2006, 19,
77-89. [CrossRef]

Mepham, B. A framework for the ethical analysis of novel foods: The ethical matrix. J. Agric. Environ. Ethics 2000, 12, 165-176.
[CrossRef]

Mepham, T.B. Ethical Analysis of Food Biotechnologies: An Evaluative Framework. In Food Ethics; Routledge: Oxfordshire, UK,
1996; pp. 101-119.

Haigh, A.; O'Driscoll, K. Irish pig farmer’s perceptions and experiences of tail and ear biting. Porc. Health Manag. 2019, 5, 1-10.
[CrossRef]

Ingenbleek, P.T.M.; Immink, V.M.; Spoolder, H. A.M.; Bokma, M.H.; Keeling, L.J. EU animal welfare policy: Developing a
comprehensive policy framework. Food Policy 2012, 37, 690-699. [CrossRef]

Schukat, S.; von Plettenberg, L.; Heise, H. Animal welfare programs in germany—an empirical study on the attitudes of pig
farmers. Agriculture 2020, 10, 609. [CrossRef]

Tonsor, G.T.; Wolf, C.A. On mandatory labeling of animal welfare attributes. Food Policy 2011, 36, 430—-437. [CrossRef]

Deemer, D.R.; Lobao, L.M. Public Concern with Farm-Animal Welfare: Religion, Politics, and Human Disadvantage in the Food
Sector. Rural Sociol. 2011, 76, 167-196. [CrossRef]

Ashwood, L.; Diamond, D.; Thu, K. Where’s the Farmer? Limiting Liability in Midwestern Industrial Hog Production. Rural
Sociol. 2014, 79, 2-27. [CrossRef]

Lu, J.; Sheldenkar, A.; Lwin, M.O. A decade of antimicrobial resistance research in social science fields: A scientometric review.
Antimicrob. Resist. Infect. Control 2020, 9, 1-13. [CrossRef] [PubMed]

Waluszewski, A.; Cinti, A.; Perna, A. Antibiotics in pig meat production: Restrictions as the odd case and overuse as normality?
Experiences from Sweden and Italy. Humanit. Soc. Sci. Commun. 2021, 8, 172. [CrossRef]

Howard, P.H. Concentration and Power in the Food System: Who Controls What We Eat? Contemporary Food Studies: Economy, Culture
and Politics; Bloomsbury Publishing: London, UK, 2016.

Saenz, R.A.; Hethcote, HW.; Gray, G.C. Confined animal feeding operations as amplifiers of influenza. Vector Borne Zoonotic Dis.
2006, 6, 338-346. [CrossRef] [PubMed]

Moore, T.C.; Fong, ].; Hernandez, A M.R.; Pogreba-Brown, K. CAFOs, novel influenza, and the need for One Health approaches.
One Health 2021, 13, 100246. [CrossRef]

Peters, D.J. Community Susceptibility and Resiliency to COVID-19 Across the Rural-Urban Continuum in the United States. J.
Rural Health 2020, 36, 446-456. [CrossRef]

Zhang, M.; Wang, X.; Feng, H.; Huang, Q.; Xiao, X.; Zhang, X. Wearable Internet of Things enabled precision livestock farming in
smart farms: A review of technical solutions for precise perception, biocompatibility, and sustainability monitoring. J. Clean. Prod.
2021, 312, 127712. [CrossRef]

Goldhawk, C.; Crowe, T.; Gonzalez, L.A.; Janzen, E.; Kastelic, J.; Pajor, E.; Schwartzkopf-Genswein, K. Comparison of eight logger
layouts for monitoring animal-level temperature and humidity during commercial feeder cattle transport. J. Anim. Sci. 2014, 92,
4161-4171. [CrossRef]

176



f animals

Article

Use of Remote Camera Traps to Evaluate Animal-Based Welfare
Indicators in Individual Free-Roaming Wild Horses

Andrea M. Harvey L* John M. Morton 20, David J. Mellor 3, Vibeke Russell 4, Rosalie S. Chapple 5 and

Daniel Ramp !

Citation: Harvey, A.M.; Morton, ].M.;
Mellor, D.J.; Russell, V.; Chapple, R.S.;
Ramp, D. Use of Remote Camera
Traps to Evaluate Animal-Based
Welfare Indicators in Individual
Free-Roaming Wild Horses. Animals
2021, 11, 2101. https://doi.org/
10.3390/ani11072101

Academic Editors:
Melissa Hempstead and

Danila Marini

Received: 29 May 2021
Accepted: 13 July 2021
Published: 15 July 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Centre for Compassionate Conservation, School of Life Sciences, University of Technology Sydney, Ultimo,

NSW 2007, Australia; Daniel. Ramp@uts.edu.au

Jemora Pty Ltd., P.O. Box 2277, Geelong, VIC 3220, Australia; johnmorton.jemora@gmail.com

Animal Welfare Science and Bioethics Centre, School of Veterinary Science, Massey University,

Palmerston North 4442, New Zealand; D.J.Mellor@massey.ac.nz

Veterinary Contractor, c/o Animal Emergency Australia, P.O. Box 1854, Springwood, QLD 4217, Australia;

vibekeanna@yahoo.com.au

5 Blue Mountains World Heritage Institute, 16 Dunmore Lane, Katoomba, NSW 2780, Australia;
r.chapple@bmwhi.org.au

*  Correspondence: andreaharvey.cat@gmail.com

Simple Summary: Knowledge of the welfare status of wild animals is critical for informing debates
about how we interact with them. However, methodology to enable assessment of the welfare of
free-roaming wild animals has been lacking. In this study, we assessed the use of remote camera traps
to non-invasively identify individual free-roaming wild horses and evaluate an extensive range of
welfare indicators. Camera trapping was successful in detecting and identifying horses across a range
of habitats including woodlands where horses could not be directly observed. Twelve indicators of
welfare were assessed with equal frequency using both still images and video, with an additional
five indicators assessed on video. This is the first time such a methodology has been described for
assessing a range of welfare indicators in free-roaming wild animals. The methodology described
can also be adjusted and applied to other species, enabling significant advances to be made in the
field of wild animal welfare.

Abstract: We previously developed a Ten-Stage Protocol for scientifically assessing the welfare
of individual free-roaming wild animals using the Five Domains Model. The protocol includes
developing methods for measuring or observing welfare indices. In this study, we assessed the use of
remote camera traps to evaluate an extensive range of welfare indicators in individual free-roaming
wild horses. Still images and videos were collected and analysed to assess whether horses could
be detected and identified individually, which welfare indicators could be reliably evaluated, and
whether behaviour could be quantitatively assessed. Remote camera trapping was successful in
detecting and identifying horses (75% on still images and 72% on video observation events), across
a range of habitats including woodlands where horses could not be directly observed. Twelve
indicators of welfare across the Five Domains were assessed with equal frequency on both still
images and video, with those most frequently assessable being body condition score (73% and 79%
of observation events, respectively), body posture (76% for both), coat condition (42% and 52%,
respectively), and whether or not the horse was sweating excessively (42% and 45%, respectively).
An additional five indicators could only be assessed on video; those most frequently observable
being presence or absence of weakness (66%), qualitative behavioural assessment (60%), presence or
absence of shivering (51%), and gait at walk (50%). Specific behaviours were identified in 93% of
still images and 84% of video events, and proportions of time different behaviours were captured
could be calculated. Most social behaviours were rarely observed, but close spatial proximity to
other horses, as an indicator of social bonds, was recorded in 36% of still images, and 29% of video
observation events. This is the first study that describes detailed methodology for these purposes.
The results of this study can also form the basis of application to other species, which could contribute
significantly to advancing the field of wild animal welfare.
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1. Introduction

Knowledge of the welfare status of wild animals is critical for informing ethical, legal,
and political debates about the ways we interact with them. The importance of devel-
oping scientific methods for capturing data to enable the assessment of the welfare of
free-roaming wild animals has recently been highlighted [1]. Many studies have evaluated
wild horse behaviours, time budgets, home ranges, body condition scores and social organ-
isation, e.g., [2-19], but to date, an extensive range of welfare indicators has apparently not
been assessed.

We recently published a Ten-Stage Protocol for scientifically assessing the welfare of
individual non-captive wild animals, using free-roaming horses as an example [1]. Table 1
lists these ten stages.

Table 1. The Ten-Stage Protocol for assessing the welfare of non-captive wild animals [1].

Acquire an understanding of the principles of Conservation Welfare.

Acquire an understanding of how the Five Domains Model is used to assess welfare status.

Acquire species-specific knowledge relevant to each Domain of the Model.

Develop a comprehensive list of potential measurable/observable indicators in each

physical domain, distinguishing between welfare status and welfare alerting indices.

Select a method or methods to reliably identify individual animals.

6.  Select methods for measuring/observing the potential welfare indices and evaluate which
indices can be practically measured/observed in the specific context of the study.

7. Apply the process of scientific validation for those indices that can be measured/observed
and insert validated welfare status indices into the Five Domains Model.

8. Using the adjusted version of the Model that includes only the validated and practically
measurable/observable welfare status indices, apply the Five Domains grading system for
grading welfare compromise and enhancement within each Domain.

9.  Assign a confidence score to reflect the degree of certainty about the data on which welfare
status has been graded.

10. Including only the practically measurable/observable welfare alerting indices, apply the

suggested system for grading future welfare risk within each domain.

L .

o

The protocol uses the Five Domains Model for assessing animal welfare [20-24]. The
Five Domains Model comprises four interacting physical/functional domains of welfare—
‘Nutrition’, ‘Physical Environment’, ‘Health’ and ‘Behavioural Interactions’—and a fifth
domain of ‘Mental State’. Following measurement of animal-based indices within each
physical/functional domain, the anticipated negative or positive affective consequences
are cautiously assigned to Domain 5. Three of the ten stages of the Ten-Stage Protocol relate
specifically to the Model: Stage 4, develop a comprehensive list of potential measurable
or observable indicators of welfare in each physical/functional domain; Stage 5, select
methods to reliably identify individual animals; and Stage 6, select methods for measuring
or observing potential welfare indices, then evaluate which indices can be practically
measured or observed in the specific context of the study. This last stage requires further
investigation to identify which indices can be measured or observed using the selected
methods, before detailed studies to assess welfare can be conducted. That is the primary
focus of this paper.
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Current knowledge of wild horse ecology and behaviour has historically relied on
direct observations of horses, e.g., [2-19]. The disadvantages of direct observations for
assessing indicators of welfare include practical limitations on the number of observations
of individual animals that can be made, and usually the need to observe them from long
distances. This may make evaluation of some welfare indicators challenging, and it restricts
observations to only those animals that can be seen directly, primarily in open areas. Horses
residing in woodland habitats and /or challenging terrain, or those that become separated
from their band, for example due to debilitation or injury, are less likely to be observed
directly and hence may be underrepresented in resulting datasets.

Camera traps have been widely used to study wildlife in a variety of habitats,
e.g., [25-28], focusing on a range of variables such as abundance and density, e.g., [29],
and demographic measures, e.g., [30,31]. More recently, they have been used to collect
behavioural data from a range of captive and wild animals, e.g., [32-35] and to evaluate
leprosy-like skin lesions in wild chimpanzees [36]. They have also been used to collect data
on some aspects of behaviour of wild Przewalski horses [37,38]. However, to date, there
are apparently no published reports of camera trap use directed specifically at evaluating
a comprehensive range of animal-based welfare indicators in any mammalian species,
whether captive or free-roaming.

The aims of this study were to evaluate the use of camera traps, both still images and
video, across a range of habitats, to assess (a) whether free-roaming wild horses could
be detected and individually identified, (b) which animal-based welfare indicators could
be practically and reliably evaluated, (c) the reasons for not being able to identify horses
or assess welfare indicators, and (d) whether behaviour could be quantitatively assessed.
We specifically describe our methodological information in detail in order to enable other
researchers to replicate these methods. Furthermore, we sought to identify advantages and
limitations of the use of camera traps for these purposes.

2. Materials and Methods
2.1. Study Overview

We made camera trap and direct observations of a small and geographically con-
strained population of free-roaming wild horses in Australia over a 15 month period.

2.1.1. Selection of Welfare Indicators

In line with Stage 4 of the published Ten-Stage Protocol (Table 1) for assessing wel-
fare [1], we developed an extensive list of potential measurable/observable indicators
in each physical/functional domain, based on a literature search (using the terms ‘horse
welfare’, ‘equine welfare’, “‘welfare indicators’) for previously reported animal-based wel-
fare indicators in domestic horses [13,39-59]. As already noted, the physical/functional
domains of the model are: 1. Nutrition; 2. Physical Environment; 3. Health; and 4. Be-
havioural Interactions [24]. From this list, indicators were divided into specific measures
of current welfare status, and alerting measures that draw attention to potential welfare
risks [1]. We then selected measurable or observable welfare indicators that may be able
to be captured in free-roaming horses using camera trap still images and/or videos or by
direct observation (Table 2).
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Table 2. List of selected welfare indicators in each domain.

Animal-Based Indices

Domain
Still Images and Video Video Only
1. Nutrition Body condition score
Sweating Shivering
2. Physical Environment Wet from rain
Huddling together with other
horses
Body posture Gait at walk
Hoof condition Gait at trot
Coat condition Gait at canter
Wounds or other injuries Weakness
Limb pathology Respiratory rate and effort
Skin lesions
3. Health Nasal discharge
Ocular discharge
Blepharospasm
Quidding
Food pouching
Facial grimace
Specific quantifiable Qualitative assessment of
4B . . behaviours (feeding, resting, ~ behaviour (dull, relaxed, alert,
. Behavioural Interactions . . . ;
maintenance, locomotory and apathetic, curious, anxious,
social behaviours) playful)

2.1.2. The Study Area and Horse Population

Data were collected between December 2015 and March 2017 in the Kedumba Valley,
an isolated section of approximately 130 km? within the Warragamba Special Area of the
Blue Mountains National Park, being part of the Greater Blue Mountains World Heritage
Area in New South Wales, Australia. The horse population there was known to be small
and geographically constrained since immigration and emigration are inhibited by natural
physical boundaries, with Lake Burragorang to the south, high cliff faces to the north and
east, and a river and steep terrain covered with dense bush to the west (Figures 1 and 2).
In the past, some population exchange has been known to occur when a low water level
in Lake Burragorang allowed horses to cross to and from the other side, but this was not
possible during the study period. Two dirt roads provided access to the valley at the north-
ern and western borders, locked gates preventing their use by horses. No management
interventions had occurred in the preceding eight years. This study was part of a larger
investigation of the population ecology and welfare of free-roaming horses conducted over
a 15 month period (National Parks and Wildlife scientific license 101626, WaterNSW access
license D2015/128332).
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Habitat Type ®

Kilometres Riparian 1
0051 2 3 4 @ Disturbed open woodland Riparian 2
S Tl e e
® Woodland 2
A ® Opengrassland 3 ® Woodland 3
Open grassland 4 Woodland 4

Figure 1. Topographical map of the study area illustrating camera locations and habitat types in the
11 areas. The white dashed line represents the geographic boundaries that inhibit immigration and
emigration of this horse population.

Figure 2. View of Kedumba valley facing south. The grassland areas visible near the middle of the
picture are the regions named Open grassland 1. and 2. Image A.M. Harvey.
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2.1.3. Initial Surveys

Extensive on-ground surveys were performed with a 4WD vehicle and on foot to
become familiar with all regions of the valley in order to assess how resources varied
spatially and to identify locations of horse tracks and/or faeces. Avenza maps (Avenza
Systems Inc., Toronto, ON, Canada) were used on an iPad (Apple Inc., Cupertino, CA, USA)
to navigate around the area and record GPS locations of the presence and abundance of
horse faeces, horse sightings, water access points and habitat details. There was evidence
of horses inhabiting eleven distinct areas dispersed within the valley, comprising four
different habitat types; four small areas of open grassland with scattered woodland; two
riparian areas; one area of disturbed open woodland situated below powerlines; and four
woodland areas where water was accessible within 2 km. Figure 3 illustrates these eleven
distinct areas. The remaining habitat comprised eucalyptus woodland and shrubs across
undulating and often very steep terrain. Riparian corridors throughout these areas were
surrounded by a high cliff, making them inaccessible to horses (Figure 4).

Figure 3. Cont.

182



Animals 2021, 11, 2101

Figure 3. Cont.
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()
Figure 3. The eleven distinct areas of four main habitat types where horses resided. (a) Open grassland 1. (b) Open

grassland 2. (c) Open grassland 3. (d) Open grassland 4. (e) Disturbed open woodland. (f) Riparian 1. (g) Riparian 2.
(h) Woodland 1. (i) Woodland 2. (j) Woodland 3. (k) Woodland 4. Images A.M. Harvey.

(a) (b)

Figure 4. The predominant habitat and topography of Kedumba Valley: (a) Most of the region consisted of eucalyptus
woodland across undulating and often steep terrain. (b) Most riparian corridors comprised steep cliffs making those
sections of rivers inaccessible to horses. Images A.M. Harvey.

2.1.4. Direct Observations

Direct observations were performed (by A.M.H.) on a total of 29 days, over 14 field
trips of 1-3 days each, spread over the 15 month period. During each field trip, all eleven
areas were surveyed, with direct observations occurring opportunistically whenever horses
were sighted. The duration of direct observations depended mainly on how long horses
stayed within sight, and so was not standardized. When horses stayed within sight for
more than 1-2 min, they were observed using 10 x 42 binoculars (Bushnell Powerview FOV
293FT, Bushnell Corporation, Overland Park, KS, USA). A 900 m laser range finder was
used to measure distances to horses, thereby enabling estimation of the maximum distances
at which each welfare indicator could be assessed. Where possible, magnified photos and
video footage (Canon EOS 70D Digital SLR with Canon EF100-400 mm lens) were taken of
horses so that welfare indicators could be evaluated more closely at a later stage.
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2.1.5. Camera Trap Placement and Settings

Initial on-ground surveys and direct observations were used to identify suitable
camera locations to maximise image capture of horses, for example, near drinking locations,
pathways to a drinking location or prime grazing area, dirt tracks, horse trails, river
crossing points, stallion faecal piles, and open grassland grazing areas where there was an
abundance of horse faeces.

Forty-seven cameras (Bushnell Aggressor; Bushnell Corporation, Overland Park, KS,
USA) were used throughout the study period, placed in a total of 58 different locations.
Thirty-five cameras remained in the same location for the entire study period, five camera
locations were changed slightly to improve the viewing angle of horses or to overcome false
triggers, and seven cameras were moved to a different area to improve capture of horses in
a particular area. Of the 58 different camera locations, 23 were in grassland habitats, 17 in
woodland habitats, 13 in riparian habitats, and 5 in a disturbed open woodland habitat
(Figure 1). Cameras were placed at a height of 70-110 cm, depending on the terrain. On dirt
tracks and creek crossings, cameras were positioned with the aim of capturing the front of
the horse approaching the camera, whilst on open grassland areas they were positioned to
capture as much of the grassland area as possible. Initially all cameras were set to take still
images only. During various periods over the whole study, 18 of the cameras (nine in open
grassland, four in riparian habitats, four in woodland habitats and one in the disturbed
open woodland habitat) were set to take hybrid video records, which comprised a still
image followed by a video clip. Once triggered, videos ran for a specified duration; video
clip duration was set at 5, 10, 15, 20, or 30 s. Camera settings were as follows: 14 M pixel
image size or 1920 x 1080 video resolution; video sound on; capture number (i.e., number
of still images taken in a sequence once the camera was triggered) ranged from one-to-three;
camera time delay interval before responding to another trigger varied between 1 and
5 s; light-emitting diode (LED) control high, sensor level auto, night vision shutter speed
medium, and camera mode 24 hrs. An identifying number for each camera, date, time
and GPS co-ordinates, were entered into each camera. Camera locations were marked on
Avenza maps to assist with relocating them. Each camera was checked, and batteries and
secure digital (SD) cards changed, during each of the 14 field trips.

2.1.6. Acquisition of Demographic Details and Identification of Individual Horses

Camera trap images were used together with resighted identification marks of horses
under direct observation, in order to obtain unique identifying features for each horse,
in addition to its sex, age category, and familial relationships. Horses observed early in
the study period close together on multiple occasions, in the same geographical area, but
distant (>1 km) from other horses were considered to constitute a distinct band.

A list of identifying features was made for each horse, including body coat colour,
limb coat colour (if different from the body), mane and tail colour (if different from the
body), facial markings (blaze, stripe, star, snip) and their size and shape, and limb markings
(including the length the marking extended up the limb). An identification diagram was
also completed for each horse to record the presence, size, and shapes of facial and limb
markings. A unique identifier was then assigned to each horse.

2.1.7. Assessment of Camera Trap Images and Videos

Images and video footage from all cameras over the 15 month study period were
viewed and all ‘sightings’” where at least one horse could be identified were recorded.
Each unique combination of horses captured within a duration of one second on a par-
ticular camera on a particular day constituted a separate sighting. From these data, a
unique camera-day was defined as each camera-date combination where at least one horse
was seen.

A stratified-random subset of camera-days from the full dataset of 2071 camera-days
was used for detailed evaluation of whether individual horses could be identified and
whether selected welfare indicators (Table 2) could be assessed. To do so, the study was
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divided into five 90-day time periods, broadly aligned with seasons (period 1: summer;
period 2: autumn; period 3: winter, period 4: spring; period 5: summer) and for each
camera method (still images or video), from each time period, one camera-day was selected
from each camera that recorded sightings in the 90-day period, using computer-generated
random numbers.

Within each selected camera-day, every observation event was assessed (by A.M.H.).
An observation event was defined as a series of consecutive still images or video clips of
the same horse on the same camera on the same day, with a maximum of a 3-min interval
between consecutive images or video clips where the horse was visible. The observation
event ended when the horse left the camera’s field of vision and did not return within
3 min. Thus, one horse could have multiple observation events on the same camera on
the same day. Other horses could be in view for part or all of another horse’s observation
event; each horse in view was treated as a separate observation event. Table 3 lists the
details recorded for each observation event. For the purposes of this study it was only
recorded whether or not it was feasible to assess each indicator, with regard to whether
the relevant part(s) of the horse were captured at an appropriate distance to the camera, or
for indicators such as gait evaluation and weakness, requiring dynamic records, whether
enough of the horse was captured moving within video clips. Precise descriptions that
enable the particular indicators to be categorized in terms of potential welfare compromise
in each physical/functional domain will be provided in subsequent manuscripts.

Table 3. Details recorded from each observation event.

Date, method (still image vs. video), camera number

Identification of the individual horse when possible, if not recorded as unidentified
Number of images of video clips in the observation event (and video duration setting)
Start and finish time of the observation event

Number of images (or for video, time) until the horse identity was determined

Reason for being unable to identify an individual at all

Whether the image or video was taken in the daylight or at night

For each welfare indicator listed in Table 2, whether it was able to be assessed or not, and for
those indicators whose status can differ between left- and right-hand sides of the same horse,
whether they could be assessed on the left, right, or both sides

Reason(s) why any of the welfare indicators could not be assessed

o Where there were two or more video clips within an observation event, each video clip was
also individually assessed for all of the above

Qualitative behaviour assessment (QBA) [42,46,54,55] was performed on video-
observation-events, by an experienced observer (A.M.H.), using the fixed descriptors
of ‘dull’, ‘relaxed’, ‘alert’, ‘apathetic’, ‘curious’, ‘anxious’, ‘playful’. If such assessment was
not possible, the reasons were recorded. In fact, QBA scores have not been reported here
because the present purpose was restricted to evaluating whether or not video-observation
events captured enough of the ‘whole horse’ behaviour to enable a QBA to be conducted.

Observations of specific behaviours were also quantified. Behaviours were assigned
to five main categories using a previously defined ethogram for free-roaming horses [13].
Categories were: locomotion (subcategorised as walking, trotting, cantering); standing
resting; grazing; maintenance behaviours (including grooming, nursing, rolling, lying
down, standing alert, drinking, urinating, defaecating); and social behaviours (included
allogrooming, play behaviour, nuzzling, sexual interactions, and other affiliative and
agonistic social interactions).

A behaviour event was defined as an occurrence or period in which an individual
horse performed a particular behaviour without interruption. The duration of these
behaviour events was recorded in terms of the number of images and/or times when the
behaviour was observed. The end of a behaviour event occurred either when the horse
left the camera’s field of view or changed to a different behaviour. Table 4 lists additional
information recorded from each behavioural event.
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These results were used to evaluate the relative proportions of the different behaviours
captured by camera traps. For still images, the relative proportions of different behaviours
were calculated separately, based on the number of images, and the period of time for
which the same behaviour was observed (Table 4).

Table 4. Information recorded from each behavioural event.

The identifiable behaviour (or recorded as unidentifiable and reasons for that)

Number of images per behaviour (for still images)

Start and finish times of the behaviour (for still images this was recorded as the time of the

first and last images in a series of consecutive images in which the behaviour was captured)
° The habitat in direct field of view of the camera (i.e., grassland, dirt track, riparian, river

crossing, waterhole, horse track through woodland, rest area beneath trees,

woodland clearing)

Social bonds were also analysed by reference to ‘close spatial proximity” [60]. For the
purposes of this study, this was defined for each observation event as occurring if other
horses were present at the same time in any image or video frame in addition to the focal
horse for that observation event, or in a subsequent image taken within one second of the
previous image. Since close spatial proximity could occur concurrently with a range of other
behaviours, proximity was analysed separately to other social behaviours. Furthermore,
for less frequently performed social behaviours, such as allogrooming, play behaviour,
nuzzling, sexual interactions, and other affiliative and agonistic social interactions, an “all
occurrence’ method was used where the entire dataset of 2071 camera-days (still images
and video clips pooled) was evaluated, and the behaviour recorded each time it was
captured on images or videos.

All data were entered into standardized Excel 2011 spreadsheets (Microsoft, Washing-
ton, DC, USA) with separate spreadsheets for data from still images, from video, and for
quantifying behavioural observations.

2.2. Data Analyses

Statistical analyses were performed using Stata (version 16.1; StataCorp, College
Station, TX, USA). The numbers of images required for a horse to be identified via still-
image observation events was assessed as time-to-event data using Kaplan-Meier survivor
and failure functions [61], where the ‘failure’ event in this context was identification of
the horse. This approach allowed inclusion of observation events where the horse was
not identified. For these events, the record was right-censored at the maximum image
number for the horse in that observation event. In time-to-event analyses, right-censoring
is used when a subject leaves the study before an event occurs (in this case before the horse
is identified). The Kaplan-Meier failure function value at a specified number of images
is equivalent to the cumulative percentage of observation events where the horse was
identified by that number of images if none-were right-censored. Survivor functions were
compared using log rank tests, by day/night, habitat, horse coat colour, facial marking
and limb marking categories. For horse-level factors, only observation events where the
horse was identified were used. The same methods were used to determine the times at
which the horse was identified for still-image observation events. Stata’s-sts list-and sts test
commands were used.

Separately for each welfare indicator, proportions of observation events where an
indicator could be assessed were compared between habitats and between methods (still
images or video) using logistic regression, with both variables fitted simultaneously. Stata’s
logistic command was used. For bilateral welfare indicators (e.g., wounds, limb pathology,
and skin lesions), each observation event was classified as one of: could be assessed on
both sides/one side/neither side. Then, separately for each welfare indicator, generalised
ordered logit models were fitted using the gologit2 command in Stata. Where the p-value
for the proportional odds/parallel lines assumption was >0.05, proportional odds were
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assumed and ordered logit models were fitted using Stata’s ologit command. Likelihood
ratio test p-values were used.

Reasons why welfare indicators could not be assessed were compared between habi-
tats and between methods using the same approach as that for evaluating whether non-
bilateral welfare indicators could be assessed (i.e., those welfare indicators that could be
assessed without seeing both sides of the horse), with one exception. Blurred images were
not an impediment in any of the video-observation events, so methods were compared
using exact logistic regression with Stata’s exlogistic command. Habitat was not fitted,
and sufficient statistics were used, rather than the other main statistical alternatives of
conditional scores tests or conditional probabilities tests. For all analyses, observation
events were treated as if they were statistically independent of each other after accounting
for the variables fitted in each model.

3. Results
3.1. Demographic Details of the Population

Twenty-nine horses were identified in the population during the study period. These
horses were distributed across five bands, with a total of 5 stallions, 16 mares, 3 fillies,
4 colts and one foal of unknown sex (Table 5).

Table 5. Details of the population and unique identifying features.

Unique 2 Reproductive White Facial . . . 3

Identifier 1 Sex Age Group Status Coat Colour Markings White Limb Markings
1A M Mature Band stallion Black Star and snip None
1B F Mature Foaled year 2 Chestnut Star and stripe BLH socks
1C F Mature No foal Chestnut None BLH and RF fetlocks
1D F Mature No foal Black Small star BLH pastern spots
1E F Mature No foal Black None BLH and LF pastern
1F F Mature Yearh?ogo(th) at Black Large star BLH fetlocks
1G F Yearling Yearling of 1F Brown Blaze BLH socks
1H F Mature Foal (1K) at foot Black None BLH pasterns
1I F Mature Foal (1]) at foot Dark bay Star and stripe BLH fetlocks and LF

pastern
. LH pastern, small spot
1] M Foal Foal of 11 Black Large stripe medial RH pastern
1K F Foal Foal of 1H Black Smallsrsl’;z;r and None
1L Unknown Foal Foal of 1B (year 2) Bay Star and snip None
2A M Mature Band stallion Flaxen chestnut Blaze LH stocking
2B F Mature Foal (2C) at foot ~ Flaxen chestnut Blaze None
2C M Foal Foal of 2B Flaxen chestnut Blaze None
2D M Yearling Dam unknown Flaxen chestnut Thick blaze BLF socks, LH stocking
2E F Juvenile No foal Black Larg:t:itsz and LF pastern, BLH fetlocks
3A M Mature Band stallion Brown Stripe BLH socks
3B F Mature Foal (3C) at foot Black Star and stripe BLH and RF pasterns
3C F Foal Foal of 3B Black Large stripe BLH and LF fetlocks
3D M Juvenile Colt ‘.Nlth. another Flaxen chestnut Blaze LH sock
stallion in Band

4A M Mature Band stallion Black None LH fetlock, RF coronet
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Table 5. Cont.

I dlizti?ﬁ}le er 1 Sex Age Group Rep;(t):ltﬁ;tive Coat Colour thitrekli:z;i:l White Limb Markings 3
4B F Juvenile No foal Black Very small star RH fetlock, LF pastern
4C F Mature No foal Black Intz:ilg:ed LH pastern, RH coronet
4D F Mature No foal Chestnut Stripe RH fetlock
5A M Mature Band stallion Black Star LF pastern, BLH fetlocks
5B F Mature No foal Chestnut Very small star None
5C F Mature No foal Black Large star LH fetlock, RH coronet
5D F Mature No foal Black Large star LH fetlock, RF coronet

1 Number = band number; Letter = sequential letter within band. 2 M = male; F = female. 3 LH = left hindlimb; RH = right hindlimb;
LF = left forelimb; RF = right forelimb; BLH = bilateral hindlimb; BLF = bilateral forelimb.

3.2. Direct Observations

All individuals in Bands 1 (11 horses) and 2 (5 horses), who predominantly frequented
open grassland habitats, were identified during the first two of the 14 field trips. The
remaining 13 horses in the population were never identified by direct observations during
the 15 month study. Figure 5 illustrates the band compositions, their habitats and whether
or not they were directly observed.

Horses were observed and identified in open grassland habitats during all 14 field
trips and in riparian habitats during 4 /14 field trips. Horses were observed in woodland
and disturbed open woodland habitats during 4/14 field trips, but only 3 horses were
identified (on a single field trip) during observations in woodland habitats, and none
were identified in disturbed open woodland. On all other occasions in the woodland and
disturbed open woodland habitats, horses moved out of sight quickly, preventing their
identification or assessment of welfare indicators.

Welfare indicators could only be assessed directly in the 16 horses (Bands 1 and 2) in
the larger open grassland habitats, the primary determinants of success being how long
each horse remained in sight and how close it was to the observer. Proximity influenced
whether or not individual horses could be identified, and which welfare indicators could
be assessed (Figure 6). Using 10x magnification binoculars, the distances where specific
attributes were observable were as follows: horses within approximately 150 m could be
identified as individuals and their body posture and behaviour assessed; at approximately
100 m, all indicators other than facial indicators (i.e., facial grimace, blepharospasm, ocular
discharge, nasal discharge, food pouching and quidding), and hoof condition could be
assessed, although closer distances enabled more accurate assessment and detection of
more subtle abnormalities; and within 50 m, facial indicators and hoof condition could
be assessed. Photographs/videos were acquired with a 400 mm lens, which provided
8x magnification, enabling welfare assessments at similar distances to dynamic live direct
observations with binoculars, but with the benefit of less hurried deliberation.

Although welfare indicators may be assessed at longer distances using more powerful
magnification devices, the observer needs a clear line of sight, unobscured by trees and
undulating terrain. In this study, the maximum such distance was approximately 300 m,
which only occurred on one open grassland location occupied by Band 1. Horses were
mostly observed from distances of 50-100 m, and so the facial indicators and hoof condition
could not always be assessed. Horses in Bands 1 and 2, which were observed regularly,
became more habituated to observer presence throughout the study. By the end of the
study, all of their welfare indicators could be assessed for longer periods at distances of
20-30 m. In all other habitats, the unobscured line of sight was rarely greater than 20 m,
but none of this sub-population of horses would allow such close proximity.
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Band 1
Band 5
Band 2
Band 3 Band 4

M F

F F
Key
M = mature male

Kilometres Predominant Habitat Type F = mature female

m, = male foal
X Fy = female foal
Open grassland (large) & open fy = female yearling
N Fj = female juvenile O Able to be identified & by direct ti

Mj = male juvenile
. Open grassland (small). Woodland

0051 2 3 4

(a) (b)

Figure 5. Illustration of (a) the geographical location and predominant habitat type of the different bands, and (b) band
compositions. Only horses in Bands 1 and 2 that resided on larger open grassland habitats could be identified and assessed
by direct observation. Horses in all other bands and habitats could only be identified and assessed with remote camera traps.

Figure 6. Cont.
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(h)

Figure 6. Cont.
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Figure 6. Examples of identification of horses and assessment of welfare indicators with direct observations (with
8-10x magnification), and some reasons for not being able to assess indicators. (a) Behaviour can be assessed but other
indicators are obscured by vegetation. (b) Close spatial proximity with other horses can be assessed, but other indicators are
obscured by vegetation. (c) At >100 m, behaviour is being observed without disturbing the horses, but the distance is too
great to assess other welfare indicators. (d) At 100 m from the horse most welfare indicators can be assessed, but in this case
the orientation of the horse prevents assessment of facial features and the right side of the horse. (e) At approximately 50 m,
most welfare indicators can be assessed, but at this distance the observer will be seen by the horse, altering its behaviour.
Distal limbs are obscured by vegetation. (f) Facial indicators can be assessed from approximately 50 m. (g) The detail of
facial features is much greater <50 m to the horse but it is rare to be able to approach them so closely. (h) Trot is more readily
assessed with direct observations. (i) Canter is more readily assessed with direct observations. (j) A good example of where
most welfare indicators can be assessed on the right side of the horse, but at such a close distance behaviour is impacted by
the observer’s presence. Photographs A M. Harvey.

3.3. Camera Trapping
3.3.1. General Statistics

Over the 15 month period, a total of 220,836 image/video files (a file constitutes
a single image or video clip) were obtained. Of these, 42,925 (19%) image/video files
contained horses whilst the remainder contained only other animals (e.g., macropods) or
were false triggers due to wind-blown vegetation moving in front of the camera.

One or more horses were seen and identified via at least one camera on 428 days (95%)
of the study period. For individual cameras, one or more horses were seen and identified
on a mean of 9.5% of the camera’s days (range 0-45.9%). By habitat, of the cameras located
in open grasslands, the corresponding average was 12.5% of the camera’s days (range
0-45.5%), which was similar to cameras located in disturbed open woodland (mean 14.4%;
range 0-45.9%). In contrast, horses were seen and identified on lower proportions of days
by cameras located in riparian (mean 6.8%; range 1.7-21.6%) and woodland habitats (mean
3.6%; range 0-21.2%).

In all, 199 camera-days were randomly selected from the 2071 camera-days that had
detected horses, of which 158 days were still images and 41 were videos. Within the
158 camera-days of still images, there was a total of 538 observation events (range 1-23 ob-
servation events per camera day, mean 3.4, SD 3.44, median 2). Within the 41 camera-days
of video clips, there was a total of 119 observation events (range 1-11 observation events
per camera-day, mean 2.9, SD 3.85, median 1).
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For still images, there was a range of 1-36 images per observation event (mean 4.2,
SD 4.75, median 3) with the duration of observation events ranging from <1-257 s (mean
47,5D 113, median 4). For the 411 observation events with more than one image, the time
between images ranged from <1-163 s (mean 14.5 secs, median 4.3, SD 25.76).

For videos, the duration of observation events ranged from 1 to 252 s (mean 29.3, SD
46.3, median 5). The most common total observation event durations were 5 s in 40/119
(33.6%), 10 sin 12/119 (10.1%), and 30 s in 38/119 (31.9%). Observation events comprised
between 1 and 11 separate video clips with 26/119 (20.2%) involving more than one clip
(mean 1.63).

Longer video clip durations resulted in the horse being visible for longer (Table 6),
such that each additional 5 s added, on average, 3.1 s where the horse was visible. For the
5 s duration, the horse was usually visible for the entire 5 s, whereas, for the 10-, 15- and
30 s durations, the horse was visible for 50-61% of the time (Table 6).

Table 6. Video clip durations and the period during which the horse was visible in the video clip.

Video Clip Duration Setting

Number of Video Clips That Mean Period during Which a

(Seconds) Number of Video Clips a Horse Was Visible for Full ~ Particular Horse Was Visible
Video Duration in Video Clip (Seconds)
5 110 106 (96%) 4.9
10 20 10 (50%) 7.3
15 18 11 (61%) 11.2
20 6 1 (17%) 8.3
30 40 22 (55%) 20.6

3.3.2. Identification of Individual Horses

Of the 29 horses in the study population, 27 (93%) had at least one randomly selected
still image observation event, with the number of such events for each of those horses
ranging from 2 to 33 (mean 14.9). Twenty horses (69%) had at least one randomly selected
video observation event, with the number of observation events per horse ranging from 1
to 11 (mean 3.2).

For still images, the individual horse was identified in 405 of 538 (75%) observation
events. In 62% (333/538; 95% CI, 58% to 66%) of observation events, the horse was
identified from the first image. The Kaplan-Meier failure function (indicating successful
identification) rose to 83% (95% CI, 78% to 87%) by five images. Increases with further
images were only small. By 16 images, the Kaplan—-Meier failure function was 93% (95%
CI 86% to 97%). For the time until identification, the horse was identified immediately in
333/538 (62%) observation events. The Kaplan—Meier failure function was 70% by 10 s
(95% CI, 66% to 75%) and 77% (95% CI, 73% to 82%) after 30 s.

Identification of individual horses was more rapid with still images taken during
daylight than with images taken at night (p < 0.001 for both number of images and time to
identification). During the day, 70% of horses were identified with one image, and 88% of
horses were identified after 4 images, whereas at night only 42% of horses were identified
after one image, and 61% after 4 images (Figure 7). Patterns of time to identification were
similar (Figure 7).

There were no substantial differences in the numbers of images or times to identifica-
tion between horses with different coat colours or markings.

Of the 538 observation events, 300 occurred in open grassland habitats, 99 in riparian
areas or at river crossings, 93 in woodland habitats, and 46 in disturbed open woodland
habitats. Numbers of images until the horse was identified varied by habitat (overall
p = 0.03), with the greatest numbers of images required for identification in observation
events in open disturbed woodland habitats (Figure 8).

The most common reason for not being able to identify a horse in the first image was
being unable to see facial or limb markings in the image (n = 31). Other reasons were only
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a small part of the horse being in the image, for example only the back, side, neck, shoulder
or head side on (n = 24), the horse being too distant +/— at night (n = 5) and horse obscured
by another horse or vegetation (n = 2).

The reasons for not being able to identify a horse at all for a whole observation event
were only a small part of the horse being in the image (n = 57), the images either being
too dark, blurred and/or the horse too distant (n = 31), being unable to see facial or limb
markings in the image (n = 25), and the images captured at night (n = 24). Some examples
are shown in Figure 9.

For camera trap video, horses were identified in 72% (86/119) of observation events,
and when this was the case, it was always possible to identify horses at the beginning of
the observation event. Reasons for the horses not being identifiable were only a small part
of the horse being in the video (n = 18), the horse being too far from the camera (n = 12),
and an inability to see facial markings (n = 1).

100%
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Figure 7. Cumulative percentages of observation events where the horse was identified by number of
images (left-hand graph) and time from start of each observation event (right-hand graph) from still
image observation events in the daytime (blue) and night-time (red). Kaplan-Meier failure functions
are graphed; these are equivalent to cumulative percentages of observation events where each horse
had been identified by the specified x-axis if no observation events had been right-censored. Shaded
areas are point-wise 95% confidence intervals.
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Figure 8. Cumulative percentages of observation events where the horse was identified by number
of images from still image observation events in various habitats: riparian (green); open grassland
(blue); woodland (orange); open disturbed woodland (red). Kaplan—Meier failure functions are
graphed; these are equivalent to cumulative percentages of observation events where the horse was
identified by the specified x-axis value if no observation events had been right-censored.
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Figure 9. Examples of identification of horses, and assessment of welfare indicators with camera trap images, and common

11-05-2016 19:18:07

reasons for not being able to identify horses or assess indicators. (a) This horse was too close to the camera resulting in only
the top half of the horse being in the image, therefore it was not possible to identify or assess welfare indicators other than
body condition on this particular image. (b) Although this image was taken during daylight, shadowing from trees resulted
in the image being too dark to identify the horse or welfare indicators. (c) A night-time image illustrating the difficulty in
identifying horses or indicators in night-time images. (d) These horses’ distinctive markings make them identifiable, and it
can be determined that both horses are cantering, however blurring of the image means no other welfare indicators are
able to be assessed. (e) This horse can be identified from its colour and hindlimb markings, and it is evident that the horse
is grazing, but no other welfare indicators can be assessed due to only the back of the horse being visible. (f) This horse
can be identified, and it is evident that the horse is walking; body posture, body condition, hoof condition and presence of
limb pathology can be assessed, but other welfare indicators are unable to be assessed as the image is too dark. (g) This
horse cannot be identified on this single image as the shape of the blaze is not evident from the side-on image, and the limb
markings are obscured by the water. Body condition and presence of wounds on the right side can be assessed. (h) The
horse on the left cannot be identified as only the rump and tail are in the image, however it is enough to ascertain that
the horse on the right is not alone. The horse on the right can be identified from its limb markings, and is observed to be
grazing but the image is too dark and the horse too distant from the camera to be able to assess any other welfare indicators.
(i) This horse can be identified from his colour, limb markings, sex, and length of tail suggesting he is juvenile. It is evident
that he is grazing, but he is too distant from the camera to enable assessment of other welfare indicators. (j) A closeup
image of a horse just at the perfect distance and orientation to the camera to enable both its identification and assessment
of all welfare indicators on the left side. (k) This horse is identifiable from her colour and distinctive facial marking, and
it is evident that she is grazing. An appreciation of body condition is possible although an accurate assessment of body
condition score cannot be made with the limited proportion of the body captured in the image, and she is too distant to the
camera to be able to assess facial indicators accurately. No other indicators are able to be assessed from this image. (1) This
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horse is identifiable from her facial marking, and it is evident that she is cantering. Body posture and body condition can be
assessed, but she is too distant from the camera to enable assessment of other welfare indicators. (m) This image captures
four horses from Band 2 cantering together and illustrates close spatial proximity between them all. Most welfare indicators
can be assessed from the left side of the horse in the centre of the image, and a variable number of indicators can be assessed
for the other horses due to distance from the camera or only half the horse being in the image. (n) This horse is at a good
orientation to and distance from the camera to enable most indicators to be assessed on the left side. (0) A close up facial
image enables assessment of facial indicators on the left side of this horse. (p) Although a night-time image, this horse is can
be identified, and body condition and body posture assessed. (q) Only parts of the horses are visible in this image hindering
assessment of welfare indicators, however the distinct facial marking on the foal enables his identification; facial indicators
on the right side can be assessed in the foal, whilst body condition can be assessed in the mare. (r) This image shows close
spatial proximity between two identifiable horses, with the horse on the left grazing and the horse on the right walking in a
relaxed posture. Body condition, coat condition, body posture, limb pathology, presence of wounds on the left side, and, in
the chestnut horse, some facial indicators on the left side can be assessed. (s) The orientation and distance of this horse from
the camera enable most indicators to be assessed on the left side, except hoof condition since the front hooves are missing
from the image. () This image shows close spatial proximity between three horses with the two on the right grazing and
the chestnut on the left standing alert. Body posture and body condition can be assessed, but distance from the camera
precludes assessment of other welfare indicators.

3.4. Assessment of Welfare Indicators

The welfare indicators that can be assessed most frequently on both still camera
trap images and video, were body condition score (73% and 79% of observation events,
respectively), body posture (76% for both), coat condition (42% and 52%, respectively), and
whether or not the horse was sweating excessively (42% and 45%, respectively) (Table 7).
Coat condition was the only welfare indicator where there was evidence of differences
between still images and videos, where it could be assessed more often via video (Table 7).

Body condition score was less likely to be assessable in open grassland (67% of
observation events) than in other habitats (80% to 85%; overall p-value for habitat adjusted
for method <0.001). Percentages of observation events where body posture could be
assessed were similar for each habitat (74% to 78%) and the p-value for differences between
habitats was high (0.860). Hoof condition, coat condition, sweating, and facial grimace
were all less able to be assessed in open grassland habitats (for each, p < 0.001).

The most common reasons for not being able to assess particular welfare indicators
were images/videos being captured at night and the horse being too distant from the
camera, such as in open grasslands (Table 8). Assessment of hoof condition was prevented
when hooves were obscured by vegetation, mud, or water. Although night-time commonly
prevented a range of welfare indicators from being identified, body condition score (68%
and 75%, respectively) and body posture (75% for both) could be assessed as frequently in
night-time as in daylight observation events, whereas coat condition could only be assessed
in 22% of night-time observation events compared with 51% of those in daylight. Some
examples are shown in Figure 9.

An additional seven welfare indicators were assessed only in video observation events
as we considered a priori that it would never be possible to assess these with still image
observation events. Of these, the indicators that were able to be assessed most frequently
were presence or absence of weakness (66%), qualitative behavioural assessment (60%),
presence or absence of shivering (51%) and gait at walk (50%, Table 7). Gait at trot and
canter could not be assessed in any observation events, but respiratory rate and effort
could be assessed in 36% of video observation events (Table 7). For assessments of hoof
condition and facial grimace in video observation events, numbers were sufficient to
assess the usefulness of additional video clips within the observation event. For 15 and
20 observation events, respectively, these indicators could not be assessed in the first video
clip nor in any of the further 1 to 10 video clips.

Gait at walk (overall p = 0.010), respiratory rate and effort (overall p = 0.006), and
shivering (overall p = 0.018) were less likely to be assessable in open grassland habitats
than in woodlands. The most common reasons for not being able to assess video-specific

199



Animals 2021, 11, 2101

welfare indicators were: only a small part of the horse being in the camera’s field of view
(n = 28); the horse not moving substantially during the video recording (n = 18); the horse
being too distant from the camera (n = 16); and the horse not being in the camera’s field of
view for long enough (n = 11).

Table 7. Welfare indicators assessed with camera trap still images and video.

Able to Be Assessed with: p-Value for Comparison of
Welfare Indicator Still Images: Number of Video: Number of Ability to Assess Indicator
cliare cato Observation Events (% of Observation Events (% of between Still Image and
538 Observation Events) 119 Observation Events) Video Observation Events !
Body posture 411 (76%) 91 (76%) 0.972
Body condition score 392 (73%) 94 (79%) 0.237
Coat condition 225 (42%) 62 (52%) 0.053
Sweating 226 (42%) 54 (45%) 0.587
Facial grimace 102 (19%) 20 (17%) 0.441
Hoof condition 92 (17%) 25 (21%) 0.382
Wounds: 0.227
Both sides could be assessed 24 (4%) 8 (7%)
Only one side could be 198 (37%) 49 (41%)
assessed
Limb pathology: 0.611
Both sides could be assessed 144 (27%) 40 (34%)
Only one side could be
36 (7%) 0 (0%)
assessed
Skin lesions: 0.538
Both sides could be assessed 23 (4%) 7 (6%)
Only one side could be 180 (33%) 42 (35%)
assessed
Nasal discharge: 0.604
Both sides could be assessed 21 (4%) 15 (13%)
Only one side could be 89 (17%) 13 (11%)
assessed
Ocular discharge and 0.550
blepharospasm:
Both sides could be assessed 17 (3%) 15 (13%)
Only one side could be 107 (20%) 14 (12%)
assessed
Quidding or food pouching: 0.220
Both sides could be assessed 4(0.7%) 5 (4%)
Only one side could be 80 (15%) 8 (7%)
assessed
Gait at walk NA 2 60 (50%) NA
Gait at trot NA 0 (0%) NA
Gait at canter NA 0 (0%) NA
Weakness NA 78 (66%) NA
Respiratory rate and effort NA 43 (36%) NA
Shivering NA 61 (51%) NA
Qualitative behavioural NA 71 (60%) NA

assessment

1 p-value for method after adjustment for habitat. 2 NA: not assessed-we considered a priori that it would never be possible to assess these
indicators in still image observation events.
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Table 8. Reasons for being unable to assess welfare indicators on camera trap still images and video.

p-Value for Comparison of

Still Images: Number of Video: Number of .
. . . Reason for Being Unable to
Reason for Being Unable to Observation Events Observation Events Assess Welfare Indicator
Assess Welfare Indicators (% of 538 Observation (% of 119 Observation .
Events) Events) between Still Image and
Video Observation Events !
Night-time images 172 (32%) 31 (26%) 0.345
Only top half of horse in the 96 (18%) 26 (22%) 0.273
camera’s field of view
Only front of horse in the o o
camera’s field of view 26 (5%) 1(1%) 0.022
Only back of horse in the 59 (11%) 20 (17%) 0.090
camera’s field of view
Only head in the camera’s o o
field of view 35 (7%) 2 (1%) 0.020
Obscured by another horse 13 (2%) 1 (0.8%) 0.213
Hooves obscured by 129 (24%) 18 (15%) 0.037
vegetation, mud or water
Horse too distant from the 178 (33%) 36 (30%) 0.845
camera
Image too dark 190 (35%) 7 (6%) <0.001
Image blurred 57 (11%) 0 (0%) <0.001 2

! Likelihood ratio test p-value for method after adjustment for habitat. > Exact p-value for method; no adjustment for habitat.

3.5. Quantifying Behavioural Observations

From the random selection of camera days, 601 behaviour events were identified on
still images, the specific character of which could be identified in 560/601 (93%) of these
(Table 9). On video clips, 213 behaviour events were identified, the specific character of
which could be identified in 178/213 (84%) of these. Behaviours were unidentifiable if the
horse was still and the head and/or limbs were not in the camera’s field of view.

The most commonly observed behaviours were grazing and walking, with grazing
occupying a larger proportion of time, being 60% when based on duration of time taken
from still images, 43% when derived from number of still images, and 51% when timed
from video clips (Table 9). Social behaviours were rarely observed, with only two such
events detected, namely, a horse sniffing a stallion faecal pile, and one horse sniffing
another.

In addition, close proximity of the focal horse to other horses was recorded in 236/657
(36%) of observation events [202/538 (38%) for still image and 34/119 (29%) for video
observation events]. Using the “all occurrence” approach to further evaluate uncommonly
observed behaviours, specific social interactions between two or more horses were only
recorded on 39 occasions within the full dataset of 42,925 image/video files. These inter-
actions were mostly affiliative (35 affiliative interactions including allogrooming, being
herded or herding other horses, trotting, cantering or galloping with other horses, frolick-
ing, nuzzling, playing, physical contact with another horse whilst walking), with three
occasions of reproductive behaviours (mating/being mated, flehmen response, winking),
and one agonistic event (chasing another horse).
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Table 9. The number and durations of identifiable behaviours calculated from camera trap still images and videos.

Behaviour

Number of
Behaviour Events
from Still Images

Number of
Behaviour
Events from

Number (%) of
Still Images
(n =2159
Images 1) with

Duration (%) of
Time from Still
Images
(n = 36,711 s 1) with

Duration (%) of
Time from Video
(n =1683 s 1) with

(n = 560) Video (n =178) This Behaviour This Behaviour This Behaviour
Locomotion total 341 83 902 (42) 6916 (19) 465 (28)
Walking 325 83 872 (40) 6900 (19) 465 (28)
Trotting 8 0 14 (<1) 8 (<1) 0
Cantering 8 0 16 (<1) 8 (<1) 0
Standing resting 56 31 276 (13) 7669 (20) 299 (18)
Grazing 148 56 938 (43) 22,025 (60) 851 (50)
Maintenance
behaviours 13 7 39 (2) 99 (<1) 65 (4)
Social behaviours 2 1 4 (<1) 2 (<1) 3(<1)

! Total numbers are for pooled behaviour events where the behaviour was identified.

4. Discussion

This paper describes, for the first time, camera trapping methodology that can be
successfully applied across a range of habitats in order to identify individual horses,
and to non-invasively measure or observe a range of animal-based welfare indicators.
Furthermore, it demonstrates the advantages and limitations of this methodology.

Methodological information is often lacking in camera trap publications [62]. We have
sought to describe methods in sufficient detail to enable other researchers to easily replicate
them. Further, as a result of this study we can make recommendations for others wishing to
use camera trapping for this purpose. Firstly, extensive ground surveys to facilitate precise
and strategic camera placement are key to optimising image quality and detection of horses
at appropriate angles and distances from the camera in order to both identify individual
horses and assess a range of welfare indicators. Deploying cameras on tracks, grazing
areas, and drinking locations within the same region assists in capturing the full range of
listed welfare indicators, including a wider range of behaviours. Secondly, the choice of
camera settings is important to enhance the data obtained whilst also minimising battery
usage and SD card storage. We recommend using an image capture number of one (i.e.,
the number of still images taken in a sequence once the camera is triggered), and a camera
time delay interval of 1 s for cameras placed on tracks where horses may pass quickly, and
3 s for cameras overlooking grazing or drinking locations. For videos, a duration of 10 s is
recommended. Other settings recommended are as described in the Materials and Methods.
Whether or not to use both day-time and night-time settings is dependent on the precise
purpose of the study; although fewer horses and welfare indicators can be identified on
night-time images, meaningful information can still be obtained. Use of video will increase
the range of welfare indicators that can be assessed, but does significantly increase battery
usage, SD card storage, and the time required for processing and analysing the data. Whilst
there are strategies for increasing battery power (e.g., solar panels) and storage (higher
memory SD cards), these can be costly, and despite security measures, vandalism and theft
can be an issue. We therefore recommend prioritising use of video in habitats where horses
cannot be reliably observed directly, in regions where repeated capturing of non-target
species is less likely, and where cameras are able to be checked within a 1 to 2 month period.
In other situations, still images may suffice and complement direct observations.

In woodland habitats, direct viewing of horses is challenging and relying on this would
have significantly underestimated the population size in this study. A major advantage of
camera trapping is the ability to identify individual horses in any habitat. Furthermore,
demographic information such as herd size and reproductive rates varied spatially and
across different habitats, so such data obtained from direct observation alone would not
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have represented the whole population. Understanding population dynamics and the
processes that influence them is critical for management of populations. In Australia,
there are few demographic studies on wild horses [5,10,16], particularly within woodland
habitats [17,18]. In south-east Australia, although free-roaming horses commonly reside in
woodland habitats (eucalyptus forests) and undulating and often steep terrain, population
and demographic data for horses in these habitats are lacking. Our study suggests that
utilising camera trapping methodology could address some of these knowledge gaps.

Practical limitations in the frequency with which direct observations can be performed
is another challenge in assessing the welfare of any free-roaming wild species. Both the
severity and the duration of welfare impacts are important in assessing welfare [1,20-24],
so repeated assessments are advantageous. Beneficially, the continuous collection of data
by camera traps permits more frequent assessments to be made. Further advantages are
that the horses are not disturbed, and are captured close-up, thereby enabling a range of
welfare indicators to be assessed and informative behaviours to be quantified, even in
horses that cannot be observed directly.

To date, published studies have predominantly used invasive measures of health
that require physically capturing the animal to perform procedures such as physical
examination and blood collection (reviewed by [63]). Whilst these measures are informative,
if available, it is preferable to use the least invasive methods for welfare assessments. Our
study shows that a wide range of indicators of different aspects of welfare can be evaluated
non-invasively using camera traps, and for some horses also by distant direct observations.

Twelve indicators of welfare aligned with the first four domains of the Five Domains
Model, were able to be assessed with equal frequency on both still images and video,
with an additional five indicators able to be assessed on video. The most practically
measurable and reliable animal-based welfare indicators able to be detected were: in
Domain 1 (Nutrition), body condition score; in Domain 2 (Physical Environment), presence
of sweating or shivering; in Domain 3 (Health), body posture, coat condition, gait at walk,
and presence/absence of weakness; and in Domain 4 (Behavioural Interactions), qualitative
behavioural assessment and assessment of close spatial proximity for evaluation of social
bonds. Spatial proximity of horses may have been overestimated on grasslands due to the
greater field of vision of cameras in this habitat, compared to woodlands. In future studies,
we therefore recommend defining close spatial proximity as animals standing within two
body lengths of each other [60], rather than animals simply being in the same image or
video frame. Facial indicators and hoof condition could only be assessed infrequently due
to the need for clear close-up images/videos of these body parts, the correct angle of view
and an absence of obscuring vegetation. Some indicators were less likely to be detectable
in open grassland habitats than in other habitats, because the horses were often further
away from the camera in grassland habitats. Additionally, for bilateral indicators, most
commonly only one side of the horse could be assessed.

Quantification of specific behaviours was also achievable by evaluating the propor-
tions of time that each behaviour was captured, or the proportion of still images demon-
strating a particular behaviour. Since camera traps only capture the behaviour being
performed at the precise time that the horse is within camera view, these proportions do
not necessarily accurately reflect continuously recorded time budget behaviours [3,5,13,14].
Camera location may also bias the behaviour detected, e.g., grazing is more likely to be
detected on open grassland and walking more often captured on tracks. However, if cam-
eras remain in the same location over time, useful information may be obtained regarding
temporal changes in the proportions of different behaviours being performed.

Despite the many advantages of remote camera traps, there are limitations that need
to be considered when interpreting data. Information can only be collected when horses
are in the camera’s field of view, which is heavily dependent on camera placement and
the number of cameras deployed. Problematically on still images, it can be difficult to
assess the motivation for a behaviour, and whether it reflects a positive or negative mental
state (Domain 5). For example, rolling can be both a maintenance behaviour [13,44] and
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an indication of abdominal pain [45,59]; lying in lateral recumbency is commonly linked
to rest [13,44], but can also be due to abdominal pain [45,59]; and rubbing/scratching is a
normal maintenance behaviour [13,44], but when performed excessively can be an indicator
of pruritus [64,65]. Similarly, although some features of ‘facial grimace’ [48,52] could
sometimes be identified on still images, the significance of this may be over interpreted
when based on a single still image. When these events are observed directly or with video,
additional indicators and the context of the behaviour usually assist interpretation.

5. Conclusions

As far as the authors are aware, this is the first study that describes in detail a remote
camera trapping methodology that enables identification of individual free-roaming wild
horses across a range of habitats and the assessment of an extensive range of animal-based
welfare indicators. Camera trap images and video provided valuable information about
the horses, particularly those that could not be sighted regularly, sighted for a long enough
duration, or approached closely enough to enable direct assessment of welfare indicators,
as was the case in woodland habitats.

The next phases of this research include applying the same methodology to larger
populations across different geographical areas, in addition to incorporating these methods
into a welfare assessment protocol to objectively evaluate how the welfare of wild free-
roaming horses varies spatially and temporally. The described methodology can also form
the basis of applications to other species.
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Simple Summary: The continuous development of innovative technologies and the large-scale
implementation of these solutions on farms are dynamically influencing the so-called precision
livestock farming—PLF. Pig producers striving to increase the profitability of production, food
safety, and food itself are increasingly willing to invest in rationalisation systems that raise the
technological standards of pig breeding. The use of modern systems in livestock management and
animal welfare is based on the use of non-invasive monitoring devices such as cameras, microphones,
or detectors and information technology-based data archiving and management systems that support
farmers/breeders in the daily running of the farm. Precision farming technologies, which are
beneficial for animal welfare as well as for the profit of the livestock producer, help to solve the
problems of large-scale animal production and satisfy the expectations of food regulators and
consumers themselves. The aim of the paper was to gather contemporary knowledge on innovative
technologies applied on pig farms. The paper presents and compares methods of controlling herd
behavioural parameters with the use of various monitoring systems and their purpose. The paper
also includes a review of potential limitations that may occur in the daily use of the above-mentioned
devices. The review presents results on the effectiveness of their use.

Abstract: In recent years, there have been very dynamic changes in both pork production and
pig breeding technology around the world. The general trend of increasing the efficiency of pig
production, with reduced employment, requires optimisation and a comprehensive approach to
herd management. One of the most important elements on the way to achieving this goal is to
maintain animal welfare and health. The health of the pigs on the farm is also a key aspect in
production economics. The need to maintain a high health status of pig herds by eliminating the
frequency of different disease units and reducing the need for antimicrobial substances is part of a
broadly understood high potential herd management strategy. Thanks to the use of sensors (cameras,
microphones, accelerometers, or radio-frequency identification transponders), the images, sounds,
movements, and vital signs of animals are combined through algorithms and analysed for non-invasive
monitoring of animals, which allows for early detection of diseases, improves their welfare, and increases
the productivity of breeding. Automated, innovative early warning systems based on continuous
monitoring of specific physiological (e.g., body temperature) and behavioural parameters can provide
an alternative to direct diagnosis and visual assessment by the veterinarian or the herd keeper.

Keywords: pigs; welfare; health; herd management; monitoring technologies

207



Animals 2021, 11, 1176

1. Introduction

In recent years, the world has seen rapid changes in the dynamics and efficiency of
pig production. The general trend of increasing production, with reduced employment,
requires optimisation and a comprehensive approach to herd management [1]. Modern pig
production should therefore be based not only on a modern infrastructure and a precisely
designed feeding program, but also on the use of modern technologies for monitoring
health and welfare of the entire herd [2—4].

Herd health programs for swine include biosecurity, routine health control, and other
preventive procedures allowing maintenance of a high health status of pig herds [5]. The
health of pigs on the farm directly translates into the economics of production. Diseases
lead to higher morbidity and mortality in different age groups and higher veterinary costs
for the purchase of medicines and vaccines and more frequent veterinary visits [6,7]. Herds
with low health status are also characterised by low productivity, reduced growth, and
higher feed consumption. As a consequence, the fattening period is extended and the
production efficiency is decreased [8].

Productive performance of pigs is a reliable indicator of the efficiency of production
under different housing conditions [9,10]. The criteria for assessing animal welfare cover
even more characteristics, including indicators of health and ethological parameters [11].
In practice, it is difficult to identify one basic and easy-to-use measure, which demonstrates
the imperfections of each indicator and, on the other hand, the complexity of the concept
of welfare [12].

In recent years, the market of equipment and systems for continuous, automatic health
and behaviour monitoring in pig herds has been enriched by innovative technologies.
Modern pig production systems based on intelligent technologies allow for planned,
efficient, and thus more cost-effective production [5]. Considering the used methodology
and the scope of application, three categories can be distinguished among the available
devices. The first category devices are only aimed at detecting specific animal behaviour
by means of special sensors. An example of such a solution is the system automatically
measuring the frequency of pig visits to the feeder and the time taken to feed by means of
radio frequency identification technology—RFID [13,14]. Another example is the use of real-
time video visualisation using conventional (2D) monochromatic or colour cameras or 3D
cameras to depict activity level, area occupancy, aggression, gait scores, resource use, and
posture [15-18]. The second category devices allow for detection and recording of specific
behaviours, such as drinking [19], feeding [20], or spatial distribution [21], which are
further processed into numeric data and presented, e.g., in the form of a graph on a mobile
phone monitor. This type of device allows for identification of changes in animal behaviour
but requires farm workers to interpret the data. The last category involves intelligent
production systems, automatically analysing the recorded changes in the physiological and
behavioural parameters. These systems are based on optimal settings of farm environment,
have the ability to extract deviations from theses settings, and automatically make decisions
to adapt the production environment to optimal production conditions [22,23]. The goal of
this paper was to gather knowledge on novel technologies applied on pig farms in order to
promote their health, productivity, and welfare. The article should be in the interest of pig
farmers, pork retailers, and researchers working in the field of meat science.

2. Challenges of Pig Farming

There were about 677.6 million pigs worldwide as of January 2020 [24]. Pork is the
second-most consumed meat in the world, with the consumption reaching 23.0 kg/capita [25].
Population growth increases demand for meat. The statistics on the projected pork con-
sumption indicate a global increase, by about 17%, predicted for the period from 2021 to
2029 [26].

Modern pig production is characterised by intensification and specialisation of pro-
duction. These two factors lead to an increase in animal productivity and thus contribute to
higher economic efficiency of production. On the other hand, they cause serious ecological

208



Animals 2021, 11, 1176

problems as well as problems related to animal welfare, herd health, and food safety [27]. A
high level of welfare is a guarantee of good health of the animal as well as the elimination
of antibiotics or other drugs [28].

A series of programs were launched in European Union in order to evaluate and
improve the welfare of farmed animals, with the Welfare Quality® program resulting in
the development of welfare protocols for the animal species under large-scale produc-
tion [29-32]. Welfare Quality® protocols contain major welfare principles targeted at the
needs of animals under intensive production and based on the Five Freedoms of animal
welfare [33]. The protocols are designed in a manner that allows for their species-specific
adaptation. According to the available research results, the protocol dedicated for pigs is a
useful and reliable tool for identification of farms keeping pigs at poor level of welfare [34].

In order to prevent economic losses due to diseases occurring in the herd, pig farmers
should acquire at least basic skills to diagnose and deal with the appearance of the disease
unit in their shed. [35]

Changes in animal behaviour preceding or accompanying subclinical and clinical signs
may be of significant diagnostic value. They are often referred to as sickness behaviour,
including changes in eating habits, social behaviour, mobility, and posture. By definition,
subclinical disease is latent, and thus direct monitoring based on staff observation is
ineffective. This is due to the fact that it is time-consuming, inaccurate, and impractical in
terms of work organisation [22,36].

Automated early warning systems, based on continuous monitoring of specific physi-
ological (e.g., body temperature) and behavioural parameters, can provide an alternative
to direct observation of animals [23,37]. A good example are methods based on artificial
intelligence. These methods employ computer tools able to track animal behaviour [38-42]
and distinguish individuals from each other [43].

Today, commercial pigs are exposed to a great number of stress factors, including
stocking densities, high concentration of animals in a limited area, limited possibilities
of movement and motivated behaviour expression, and frequent regrouping of animals.
The microclimate in pig buildings also has a huge impact on pig welfare and production
results. It affects animal health, reproduction parameters, and feed intake [37]. Harmful
consequences of stress depend on the sensitivity of the animals to stressors as well as
their severity and duration of action. Among farm animals, pigs are characterised as
having the lowest tolerance to high environmental temperatures. This is due, among other
things, to low adaptability of the thermoregulatory medium in the brain, low number of
sweat glands, presence of the subcutaneous fat layer, and intensive metabolism. Exceeding
the body’s ability to adapt to high temperatures (hyperthermia) is a threat to health and
life [44,45]. Hyperthermia in pigs leads to poor condition of the animals, decreased daily
gains, and longer fattening period. Moreover, it negatively affects the quality of pork
resulting from the interaction between the muscle pH value and the temperature in the
process of post-mortem denaturation of muscle proteins [46].

Among the consequences of stress, one can name reduced appetite, reproductive
disorders, and reduced immunity. In the aftermath, the pig farmers observe lower daily
gains, poor reproductive results, and the appearance of infectious diseases and high
mortality [47].

3. Welfare Monitoring Systems for Pigs

The market of systems designed for permanent, automatic monitoring of farm ani-
mal welfare is constantly evolving. Automated innovative early warning systems (PLF—
precision livestock farming), based on continuous monitoring of specific behavioural and
physiological parameters, are an alternative to direct visual assessment by staff or vet-
erinarian. Fast and accurate acquisition of real-time data on animal movement and feed
intake frequency enables early detection of diseases and facilitates further management
of the herd. Thanks to sensors (cameras, microphones, accelerometers, RFID sensors, and
temperature sensors), behavioural patterns of animals are gathered and combined through
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algorithms. The data derived from PLF technologies can be used to derive warnings and
trigger notifications and alarms [48]. With the development of the Internet of Things (IoT,
i.e., the interconnection between computing devices via the Internet), decision making can
be better informed by connecting PLF information with other data streams, and compo-
nents of farm management can be automated or even controlled remotely [15,49,50]. This
allows for the ability to detect problems early enough to prevent potential, negative effects
on productive performance of animals [51]. There are many benefits of precision livestock
production, including increased productivity and profitability, increased safety and quality
of animal products, and improved animal welfare, as well as reduced environmental im-
pact and combating climate change. The use of precision livestock production in animal
nutrition has been shown to reduce feed costs by up to 25% [52,53]. In 2016, the total
turnover in the precision agricultural technology market was estimated at USD 4.8 billion.
Current forecasts put the market turnover in this area at USD 12.6 billion by 2025 [54]. The
adoption of these technologies varies considerably. RFID and accelerometer technologies
are well integrated, but other technologies still have to achieve a viable market share [48].

3.1. Vision-Based Systems

Among the adopted PLF methods, video monitoring seems to be the most commonly
implemented. It provides non-invasive and efficient tools to be able to record not only the
behaviour of a group of animals but the behaviour of each individual [35]. By means of
image analysis, the results are converted to detailed data on animal distribution (location
and proximity) [18,55] and activity (position and movement) [56,57]. Imaging is also used in
pigs to measure body weight [58-60] and to detect lameness [61], aggressive behaviour [62],
and heat [63].

Over recent decades, two-dimensional (2D) monochrome and colour have been widely
used in computer vision due to its low cost and high efficiency. Many researchers have
proposed different systems to extract livestock characteristics, such as body size or body
condition, on the basis of 2D images [64,65]. For example 2D image analysis allows for
monitoring and estimation of pig growth rates to an accuracy of 1 kg [58]. In turn, the
number of cameras (video sets) intended for animal observation depends on the monitored
area and the height at which the camera is placed. The quality of monitoring is also
influenced by the number of animals per square meter [22]. As many studies show, simple
dome cameras are sufficient to monitor the behaviour of the inmates [41,65-67]. For
example, it can be a CCTV camera with IP67 waterproof rating and 2MP (1080) resolution,
with £/2.8/F1.6 minimum aperture and with built-in infrared heater [67]. Monochrome
cameras typically have greater light sensitivity and are thus more ideal for recording under
lower light conditions than colour cameras [15].

In the work of Chen et al. [65], a behaviour identification and monitoring study
was conducted on eight pigs in pens of approximately 4 square meters, with the camera
positioned at a height of 2.4 m. This study used the neural modelling technique using deep
learning algorithms. It should be noted that the authors used a more difficult modelling
technique in relation to convolutional networks and searched for their own indexes to
describe the image. They obtained 98.5% accuracy in terms of behaviour identification
through connection of a relatively simple camera with neural modelling technology. The
results of research conducted by Chen et al. [65] allow for high efficiency of algorithms
used in systems for monitoring animal behaviour [65]. Reikert et al. [67] applied the deep
learning system in combination with 2D cameras in order to detect the position and posture
of pigs. The authors obtained slightly lower precision results compared to the previously
described study (87.4 and 80.2%), but the area of pens and the stocking of animals were
much larger [67].

Despite continuous development, 2D imaging technology still has some limitations. It
requires appropriate ambient lighting; provides only a flat projection of the animal [68]; is
influenced by distance, wavelength, and applied filters [69]; and also requires a contrasting
background, e.g., a bright pig against a dark pen wall [15]. Additionally, data extraction
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from images taken in various environmental conditions leads to inaccurate operation of
computer tools for image processing and analysis [70,71].

Three-dimensional (3D) (RGBD) cameras equipped with high-resolution lenses, in-
frared sensors, or depth sensors with time of flight (ToF) technology give greater possibili-
ties compared to cheaper two-dimensional (2D) ones [35]. ToF technology sends a pulse
of infrared light from LED several times per second and records the delay between the
pulse and its return. The 3D cameras can operate regardless of the visual light environ-
ment, including in total darkness; are unaffected by changing light conditions including
changes in contrast and shadow; and are less prone to errors due to occlusion [15,17].
Three-dimensional technology opens the possibility to reconstruct the geometry of animals’
bodies and to link abnormal morphological changes to behavioural changes [7,72]. Cameras
equipped with ToF technology (kinect cameras) are extremely useful in precision animal
husbandry due to their relatively low cost, ability to handle large databases, low power
requirements, and ability to adapt to changing light and background conditions [35,73].
However, these types of equipment have a limited distance range (i.e., up to 4.5 m), and the
accuracy of the depth data measured by such devices decreases squarely with increasing
distance [74].

Despite these limitations, the ability of kinect cameras to detect the movement of
individual animals is satisfactory. This was proven in the study of Kim et al. [74], which
shows that one Kinect set installed at a height of 3.8 m is sufficient for accurate (94.47%
sensitivity) monitoring of an area measuring 2.4 by 2.7 m.

Although video-based recognition of pig behaviour has made significant progress,
there are still some unsolved problems [71]. Vision data may require considerable pro-
cessing and there have been studies on the trade-off between the video image quality and
computational processing requirements [75]. Software challenges include detecting individ-
ual pigs on the basis of selected features by means of feature selection algorithms [76]. In
addition, cameras are susceptible to dust and damage from ammonia, being part of the pig
farms” environment, although this can potentially be negated through ingress protection
enclosures and maintenance [77].

To ensure accurate and continuous monitoring of individual animals on a modern
livestock farm, farmers today need reliable and inexpensive technology [3]. Such systems
already exist in cattle breeding and include GEA CowView system, or Lely Qwes. For pigs,
the RO-MAIN Smart Cam and eYeNamicTM system is currently the best-known system
used to identify and track the pattern of activity in a group of pigs during the growing
period. Other newer solutions are still in the realm of research [48].

3.2. Sound-Based Systems

Real-time monitoring can be carried out not only by camera and image analysis but
also by microphone and sound analysis [78]. Audio recordings combined with voice
analysis and machine learning algorithms are used to detect heat stress and conditions
of illness or suffering in animals [5]. Respiratory diseases and/or discomfort associated
with poor air quality can cause changes in vocal characteristics and some acoustic signs,
such as coughing and sneezing [79]. Monitoring coughing is particularly useful, as it can
be easily distinguished from other sounds [80]. Specialised microphones or groups of
microphones (microphone arrays) give the ability to distinguish infectious cough from
coughs caused by accumulated ammonia or dust, and allow for automated sound source
location [81]. Currently available sound analysis systems are so accurate that they can detect
and locate respiratory disease outbreaks between individual pens [82]. Several studies
have taken up the subject of animal coughing sounds analysis, under laboratory and farm
conditions [82-84]. The first study on cough detection in pigs was conducted by Van
Hirtum et al. [85] and was followed by additional research on refining algorithms for pigs’
cough detection [82,84]. In the study of Ferrari et al. [86], the authors used cough-sound
analysis to identify respiratory tract infections in pigs. They found significant differences in
several major acoustic parameters, including peak frequency, duration, and time occurring
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between consecutive coughs in healthy and infected pigs. In turn Exadaktylos et al. [84]
proposed a method to identify sick pigs in real time by analysing the sound of coughing,
with a recognition accuracy of 85%. Research results on the application of cough algorithms
allowed for the development of a commercial tool, the respiratory distress monitor, able
to detect infected pigs 2-12 days before the farmer or veterinarian [87]. Van Hirtum and
Berckmans [88] suggested that cough sound recognition could be used as a biomarker of
air pollution. This thesis was confirmed in a recent study of Wang et al. [79]. Unfortunately
sound detection and analysis on pig farms is impeded by the noisy environment of the
farm [80].

3.3. Temperature-Based Systems

Temperature meters typically use thermometers embedded in a data logger or a
sensor installed in the ear tag or subcutaneous transponder [89-91]. However, as Hartinger
etal. [91] reported, this method is characterised by a high degree of variability, which makes
it moderately reliable. It has been reported [92] that subcutaneous implanted transponders
show a temperature around 1 °C lower compared to rectal measures. Explanation of this
discrepancy lies in the position of the transponder, the amount of adipose tissue in the
region of measurement, behavioural factors, environmental changes, heat radiation, or
blood perfusion in the connective tissue in the implant area. Lohse et al. [92] have shown in
their studies that transponders introduced into skeletal muscles show a better correlation
with rectal temperature than transponders introduced subcutaneously. An alternative to
invasive body temperature measurement with a transponder is to measure the temperature
distribution on the body surface by using thermal imaging. Thermography, also known
as thermovision, is a method of remote and non-contact assessment of body surface
temperature distribution. This technique allows for visualisation of infrared radiation, and
thus can obtain information about physiological and pathological processes taking place
in the body of humans and animals [93]. The application of thermovision is absolutely
non-invasive and has no risk of spreading infections [94,95]. In the diagnosis of farm
animals, thermovision is used to investigate injuries and inflammation of the locomotor
system, detect infectious diseases, diagnose heat and pregnancy, and monitor welfare
and stress levels [93]. Modern thermovision methods make it possible to determine
temperature changes both in terms of values and spatial distribution, both in static and
dynamic terms. Thermal imaging cameras can produce high resolution images with a
temperature accuracy of up to 0.08 °C [96]. Temperature readings depend on the animal’s
temperature, environmental conditions, and thermoregulation of the peripheral circulatory
system. At higher ambient temperatures, thermoregulation results in increased blood
flow to the skin tissue, causing an increase of surface temperature [97]. In adult pigs, the
temperature measured on the body surface is lower compared to younger animals due
to the insulating effect of subcutaneous fat [97]. Skin surfaces behind the ears or near the
sternum are hairless and lacking in fat insulation, and therefore better reflect adult body
temperature [94].

3.4. Activity-Based Systems

Accelerometers are among the most promising technologies for monitoring livestock
behaviour [35]. These instruments are primarily used to measure linear or angular accel-
eration, and allow for very accurate monitoring and analysis of animal activity: posture
and walking patterns, the length of time it spends standing up, delays in lifting, or even
antepartum activity in pens, making it possible to detect the onset of labour in sows [98].
Triaxial accelerometers allow for the possibility of collecting three-dimensional informa-
tion and measure the earth’s force by determining the angle of a device (e.g., wireless
acceleration sensor nodes placed on the back to record the three-axis movement of pigs)
and by measuring the acceleration forces [35]. Several studies have described automatic
detection by accelerometers of standing and walking behaviour in pigs [99-101]. Studies
of accelerometer readings installed on ear tags have shown that although the ear is vir-
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tually independent of the animal’s locomotor system, the range of data provided by the
device is sufficient to reliably detect early lameness in pigs [102]. Other research indicate
that a combination of data from accelerators with data from body temperature sensors
allows for automatic detection of infections 1-3 days before using specific diagnostic meth-
ods [23]. Thus far, high accuracies have been found for movement and resting behaviours
in cows and pigs, while the development of algorithms for analysing feeding and drinking
behaviours in pigs is far behind these developed for cattle [103].

Disease, welfare, and productivity problems can have an impact on the feeding
patterns of pigs, and may lead to a reduced feeding time or longer intervals between feed
intakes [104,105]. RFID at feeding and drinking areas has been used to measure occurrence
and duration feeding and drinking behaviour of individual pigs’ [20,106,107]. An RFID
system requires an RFID transponder (ear tag) and an RFID antenna or receiver (located
at the feeder or drinker) [22]. The device is implanted primarily in the ear tags and stores
information such as the animal’s unique identification number and farm identification
number. These data can be used immediately to identify individuals or can be stored and
analysed later [35]. Low-frequency RFID is used, for example, in electronic feeders, and
makes it possible to dose individually adjusted feed rations [108]. At the same time, data
from RFID readers are also used to analyse the frequency of visits to the feeders and the time
taken to feed, which allows for early detection of behavioural signs of health problems [107].
Nevertheless, low frequency RFID has two main disadvantages: low reading range (<1 m)
and the impossibility to identify more than one animal at a time within the reader’s
range [104,109]. There is research on the application of high-frequency UHF readers to
track multiple animals simultaneously and at longer ranges (3-10 m) [110,111]. Such
systems often include anti-collision algorithms to avoid data loss when multiple tags are
within the reading range [112,113]. Thanks to its high sensitivity (88.58%) and specificity
(98.34%), the HF RFID system performs well in recording feeding visits of pigs [105]. An
example of a commercial system used in pig farming, based on UHE-RFID technology;, is the
SLIDE® system (Simplum Gliwice, Poland). One of the key elements of this system, which
distinguishes it from other similar solutions, is the long reading range of approximately
4-5 m, allowing for the automation of the data acquisition process. The system allows not
only for monitoring of animals, but also offers the possibility of a very detailed analysis of
the individual indicators of each tagged pig, taking into account the factors influencing
them and the relationships between individuals [114].

RFID solutions are eagerly used in various sectors, e.g., in factories and warehouses.
However, it is important to be aware that the conditions in pig stables, which are mostly
based on concrete and reinforced structures, may disrupt the transmission of waves and
data. Other disadvantages of RFID-based technology include frequent loss or failure of
tags, pain and stress for the animal during tagging, and the need to remove the tag prior to
slaughter [35].

An idea worthy of attention is the use of beacons—microcontrollers equipped with
BLE (Bluetooth Low Energy) transmitters in pig farming as devices used to identify be-
haviour and physiological condition. Studies on these systems have been successfully
carried on cattle, although the difference in the daily behaviour of cows and pigs is impor-
tant [115]. Table 1 summarises the advantages and disadvantages of equipment used in
precision pig farming.
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Table 1. Advantages and disadvantages of equipment used in precision pig farming.

Equipment Application Advantages Disadvantages
Performance depends on
lighting conditions [67].
e  Pigidentification based on Very similar appearances
detection of colours in the image Non-invasive method of pigs and varying
[67]. [67]. statuses of the
e  Automatically detecting pig Possibility of individual background [41].
locomotion [56]. or group analysis [67]. Vulnerability to errors
2D (RGB) e Automatically detecting pig Helps to analyse how due to occlusion [15].
cameras position and posture [21]. often animals visit the May require protective
e  Monitoring the environment in a feeder [48]. shielding against
pig pen [21]. Helps determine time of environmental factors
e  Analyse the group behaviour of animal feed intake [48]. [71].
pigs [21]. Requires filtering to
obtain useful
information [70].
Non-invasive method
S . . [67].
¢ Es(’;}matlon of pig body weights Possibility of individual May require protective
e I deﬁtifica fion of standing pigs or group analysis [67]. shielding [71].
3D (RGBD) [74] Ability to handle large Limited depth
s Taﬂ.biting detection [67] datasets [35]. measurement range [67].
Automatically detectin ' ; Ability to adapt to Vulnerability to errors
Jocomotion [ 6yl] & P18 variable light and due to occlusion [15].
' background conditions
[74].
1[\215)n—1nvaswe method Susceptibility to
M(;ni toring of large interference from
e  Detection of sickness and heat g Ot arge environmental sounds
stress [2]. groups of animals with a [82].
Microphones Cough detection [2]. smgle Sensor [.2]' . Environmental factors
- I Indirect detection of air . .
Group behaviour monitoring [2]. ollution [85] may interfere with the
p . functioning of the
Can be used indoor and .
outdoor [2]. microphone [82].
e  Measurement of the body Useful for detecting Invasive method
Thermometers temperature [93]. (transponders) [94].

(implantable device)

Monitoring of physiological
reactions [94].

temperature variations
[94].

Moderately reliable
method [92].

Infrared thermal
imaging (IR)

e  Remote temperature
measurement [93].

o  Temperature monitoring of the
whole herd and individual
animals [93].

° Examination of musculoskeletal
injuries, detection of infectious
diseases, diagnosis of oestrus and
pregnancy, and monitoring of
welfare and stress levels [93].

Non-invasive method
[97].

Low light imaging
capability [97].

Useful for the analysis of
physiological processes
[97].

Environmental factors
may interfere with the
measurement results
[94].

High equipment cost
[94].
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Table 1. Cont.

Equipment Application Advantages Disadvantages
Invasive method (ear
tags) [102].
e  Pig movement detection and Non-invasive method Requires external data
analysis [35]. (collars) [102]. analysis [103].
e  Monitoring of pig activity: Useful for the analysis of Sensors are fragile and
Accelerometer posture and walking patterns, the movement [35]. prone to mechanical
length of time it spends standing Provides real-time failure [103].
up [103]. readings [105]. Requirement to remove
the identifier before
slaughter [35].
Low range low
Helps to analyse how ge(:)(alency RFID reading
often animals visit the e . .
Inability to identify more
RFID t d e  Pigidentification [105] feeder [104] than one animal at a time
ransponders : ine ti
R P Nutrition management [105]. Helps determine time of within the range of the

animal feed intake [104].
Provides real-time
readings [105].

reader [106].
Requirement to remove
the identifier before

slaughter [35].

4. Automatic Health and Welfare Monitoring Systems for Pigs—Farmer and
Consumer Perspective

Automatic systems for health problem detection in pigs are practical from the scientific
point of view and are undoubtedly a common topic in research on detection of health
problems on commercial pig farms. The automatic health and behaviour measurement
seem to perfectly fit management of big stables; it allows for recording and storing of
valuable data, and thus carrying out continuous observations on large numbers of pigs.
However, the major problem remains unsolved: How do we convince pig farmers to
adopt novel solutions? Are these solutions economically profitable? The economic aspect
of health monitoring systems for pigs is still undefined, as no research has been made
to compare the outputs and the costs of all inputs used. Moreover, the popularity and
possibility of implementation of automatic systems for pig health monitoring is affected by
a group of additional factors: effectiveness and reliability of measures, the awareness and
technical knowledge of pig farmers, and the housing system and herd size used [116].

Recent years have seen a series of major leaps forward in the technologies and methods
of automated animal observation and monitoring, notably under the generic terminology
of PLF whose general aim is to increase the efficiency of livestock farming systems while
reducing the workload [2].

Commercial pig farms are an aggregation of technical solutions that allow for increased
production while limiting the labour. In times of sustainable agriculture and high welfare
farming, the commercial pig farms have limited opportunities to follow these trends and
to compete with the good reputation of organic pig farms. The modern pig production
should meet the public requirements of animal welfare, and the use of automatic systems
for welfare monitoring might be a chance of fulfilling these requirements. PLF technologies
have the potential to monitor animal health and behaviour in ways that go beyond those
of conventional welfare monitoring and observation. PLF allows for the establishment of
welfare indicators that are not dependent solely upon periodic human observation and
measurement [2]. In addition, PLF provides the opportunity to observe animal behaviour
without interference.
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Problems that need to be resolved in the near future include inter alia, technical,
and scientific issues related to the definition of welfare. In addition, it is necessary to
establish effective welfare indicators, improve the reliability of data collected using new
observation technologies, develop welfare automation technology dedicated to extensive
farming, regulate matters related to the ownership of data generated by PLF technologies
in order to effectively manage these data, and further the possibility of exchanging such
information between participants in the food chain. To date, however, this potential is both
underdeveloped and under-studied [48].

Balzani and Hanlon [117] underline that animal welfare links a variety of perspectives:
animal science, veterinary science, public opinion, and the perspective of the farmer, which
is often disregarded. Therefore, implementation of automatic welfare monitoring systems
should be preceded by research that relate science with farm practice and social reaction.
The practical aspects such as economic profitability and consumer feedback should be
carefully analysed as this kind of research is lacking. With growing concern for animal
welfare, the pressure on the implementation of PLF technology in pig farms will also
increase, both from food chain operators and consumers [48,118]. The question is how will
consumers feel about the use of novel technologies to assist the farmer with the monitoring
of the welfare of pigs. Are they willing to pay higher price for pork produced with this
extra supervision? How much educational input is required to create social attitudes that
favour novel technologies? The automatic health and welfare monitoring systems in pig
stables should be promoted as one of the paths in sustainable animal production, and one
of systems that allow for production at high welfare standards. A pork production chain
that employs use of systems supporting health and welfare of pigs should be traceable for
consumers and promoted by the authorities of each country.

The farmer’s attitude to pig welfare monitoring systems is even more important than
the social opinion. Because the EU directive (Council Directive 98/58/EC) defining the
rules of pig farming charges farmers and stock-people with the responsibility to inspect
animals at regular intervals (usually, at least once a day) to verify their wellbeing, farmers’
knowledge of the biological and behavioural needs of pigs is key to bringing about changes
that promote welfare automation in the pig industry [119,120]. If the farmer is aware that
the stable requires changes to produce pigs at high welfare standards, the decision on
implementation of novel technological solutions will depend on their economic profitability.

5. Conclusions

This review concluded that automatic health monitoring systems should be widely
implemented into the pig industry in order to increase the effectiveness of healthy pig
production. The monitoring systems are developing together with the knowledge on
effective animal production, requirements considering the level of welfare, and the de-
velopments in available technologies. Implementation of novel technologies for health
monitoring may be an answer to the demands of society and animal welfare organisations.
The research in the field of swine industry deliver a number of practical solutions. The
solutions that are already commonly used are automated weight measurement, electronic
identification of pigs, automated measurement of feed and water intake, accelerometers
(in ear tags) measuring activity, and systems to monitor and manage the microclimate
(humidity, temperature, ventilation). The automatic welfare monitoring systems give much
more data on the pig herd and are much more developed that these commonly used tech-
nologies. However, without proving their economic profitability and defining the reliable
possibilities of application, automatic health/welfare monitoring systems will not gain
popularity. Research is lacking in this field. Though the social pressure may be the “drive
motor” of changes in animal production, the economic aspects of pig heath monitoring
systems will decide on the scale of their implementation. Acquisition of data defining the
health on pigs in real-time is the key to early disease recognition and disease prevention.
The expectations considering the monitoring systems gradually increase, and with time we
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can observe new technologies that allow us to trace individuals and monitor pigs without
stressing the animals.

Summing up the issues discussed in this review, one last thing is still lacking—a system
that will allow us to link the health and welfare measures of an individual pig with the data
on the quality attributes of obtained pork. Only the careful analysis of this relation would
allow for a reliable assessment of the role of pigs” health and welfare in the economical
effectiveness of the swine industry, aimed at the production of high-quality meat.
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Simple Summary: The way a horse activates (effort phase-EP) and recovers (recovery phase-RP)
during a sport event can affect its sport performance. The aim of this manuscript was to test horses’
adaptation to sport performance and its genetic basis, using eye temperature assessed with infrared
thermography. EP and RP were measured in 495 Spanish Sport Horses, during a performance test,
considering sex (2) and genetic lines (5) as fixed effects. The ranking position obtained on the official
sport competition celebrated the day after the performance test was also collected. Differences in
variables due to genetic line and sex effects were found, showing that, regardless of the genetic line,
stallions tended to recover better than mares after the sport test developed. High positive correlations
were found between EP and RP for both fixed effects, so that, the higher the EP, the higher the RP.
However, for the ranking position, a low negative correlation was found, so that the higher the eye
temperature increase, the better the position. Heritabilities showed medium-high values with a
medium positive genetic correlation between them. Thus, breed origins and sex influence horses’
effort and recovery during sport performance, showing a genetic basis adequate for selection.

Abstract: The way a horse activates (effort phase-EP) and recovers (recovery phase-RP) during a sport
event can affect its sport performance. The aim of this manuscript was to test horses’ adaptation to
sport performance and its genetic basis, using eye temperature assessed with infrared thermography.
EP and RP were measured in 495 Spanish Sport Horses, during a performance test, considering sex
(2) and genetic lines (5) as fixed effects. The ranking position obtained on an official sport competition
was also collected. Differences in variables due to genetic line and sex effects were found, showing
that, regardless of the genetic line, stallions tended to recover better than mares after the sport test
developed. High positive intra-class correlations (p < 0.001) were found between EP and RP for
both fixed effects, so that the higher the EP, the higher the RP. However, for the ranking position,
a low negative correlation (p < 0.01) was found, so that the higher the eye temperature increase,
the better the position. Heritabilities showed medium-high values with a medium positive genetic
correlation between them. Thus, breed origins and sex influence horses” effort and recovery during
sport performance, showing a genetic basis adequate for selection.

Keywords: eye caruncle temperature; Spanish Sport Horse; performance test; genetic lines; heritabil-
ity; infrared thermography

1. Introduction

During sport events, horse metabolism produces a large increase in flux of substrate
(as glycogen or glucose) to increase fuel availability, maintain acid-base balance within
acceptable limits, and limit body temperature. The supply of these substrates is controlled
by the hormonal responses to exercise, which include a reduction in blood insulin concen-
tration and increases in blood catecholamine, cortisol, and glucagon concentrations [1]. The
increase in catecholamine (also related with a stress response) enhances an increase in heart
rate and a splenic contraction, leading into major blood flow into the central circulation [2].
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How effective this system is would be an indicator of a horse’s fitness and of a horse’s
probability to excel at equestrian events, taking into consideration that the stress response
developed depends also on the type of exercise performed [2,3].

Monitoring these physiological changes has been assessed with heart rate (HR) re-
sponse, blood lactate concentrations, oxygen uptake in relation to exercise intensity [4,5],
salivary, hair and blood cortisol [3,6-8], or immune cell proliferation [9-11]. However,
they are all quite difficult measures to be assessed during regular equestrian competitions
as riders and owners are unwilling to allow the experimental procedures to impact on
the animal and affect their sport results. Furthermore, these methods either require lab-
oratory conditions (oxygen uptake, salivary, and hair cortisol), a blood sample (lactate,
blood cortisol, and immune cells), or to touch and distract the horse during the assessment
(heart rate).

Lately, some non-invasive tools for physiological changes measurement, such as
eye temperature assessed with infrared thermography (IRT) technology, have shown a
great potential to assess physiological changes in horses during equestrian competitions
and it is also correlated with traditional invasive physiological measures, such as lactate
concentration in blood [12-14]. This tool can detect small changes in temperature by
measuring the radiated electromagnetic energy produced by the horse as a physiological
response to exercise. Thus, the increase of catecholamine concentrations, in addition to
blood flow responses developed during a sport equestrian event, will produce changes in
heat production and heat loss in small areas around the medial posterior palpebral border
of the lower eyelid and the lacrimal caruncle. Thus, as both of them have rich capillary
beds innervated by the sympathetic system, they respond to changes in blood flow [15].

In general, two physiological phases could be described around a competition event:
an “effort phase” (EP), which is the physiological difference between the moment when
the animal is calm and the moment when the animal develops the sport performance and
reaches the peak of the exercise’s intensity; and a “recovery phase” (RP), comprising the
physiological difference from this sport peak to the moment when body homeostasis is
completely restored [13].

Furthermore, as occurs with heart rate or lactate levels [16], eye temperature assessed
with IRT is not only dependent on the aerobic capacity of the horse, but on inherited param-
eters, such as breed or age [13,17,18]. This issue takes a greater importance in crossbreeds,
such as the Spanish Sport Horse (CDE) horse. The CDE is a recent composite breed formed
from crosses with other horse breeds. It was founded in 2002 and the main goal of its
breeding program is “to obtain a horse with a good functional conformation, temperament
and health, able to attain a high performance at either national or international sports
events in which it participates” [19].

Thus, taking into consideration that previous authors [20,21] have found differences
between horse breeds due to the physiological adaptation to sports, the physiological
response of these CDE crossbred animals during effort and recovery from exercise would
be conditioned by the physiological response of the breeds included on their pedigree.

The aims of this study were, first, to test the influence of different environmental
effects on effort and recovery by CDE during a performance test, assessed with IRT, and
second, to estimate the genetic parameters and genetic correlations between these variables
to test their suitability for genetic selection.

2. Materials and Methods
2.1. Animals

Measurements were obtained from 495 animals (332 stallions and 163 mares) of the
Spanish Sport Horse (CDE) breed, aged from 2 to 13 years old. Animals were selected
according to their participation in the official show jumping competition celebrated the
day after the study. All owners were contacted and informed about the performance
test that would be used with their animals. Only those animals whose owners agreed
to participate in the study were used for the analyses and were asked to arrive at the
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competition center one day before the official show jumping competition in order to
participate in the performance test. All experiments were performed in accordance with
Directive 2010/63/EU guidelines.

According to the composite nature of the CDE, many different breeds were included in
the studbook as relatives. In order to consider the influence of the genetic composition on
the effort and recovery of the CDE studied, 5 genetic lines were assessed according to their
origin. An animal belonged to one of them when the majority of its ancestors was from a
breed in this line (genetic contribution > 50%) [12]. In total, 14.6% (72 horses) belonged to
a ‘German’ (GE) genetic line (L1), created according to the country of origin of the breeds
that conformed it (Holsteiner, Hanoverian, Westphalian, Oldenburger, and Trakehner);
15.2% (75 horses) belonged to a “Thoroughbred’ (TH) genetic line (L2); 28.9% (142 horses)
belonged to a “Trotter” (TR) genetic line (L3); and 24.9% (124 horses) belonged to a ‘Pura
Raza Espafiola” (PRE) genetic line (L4). In addition, 16.7% (82) of the CDE belonged to a
fifth genetic line, referred to as ‘Other Breeds’ (OT; L5), which included those horses with
ancestors from other horse breeds and from those CDE with a minority influence (<50%) of
the already classified breeds (Table 1).

Table 1. Description of the Spanish Sport Horse (CDE) genetic lines.

Genetic Line Name Description N (%)
More than 50% of the CDE ancestors belonged to
L1 German German horse breeds: Holsteiner, Hanoverian, 72 (14.6%)
Westphalian, Oldenburger, or Trakehner.
More than 50% of the CDE ancestors belonged to N
L2 Thoroughbred Thoroughbred breed. 75 (15.2%)
13 Trotter More than 50% of the CDE ancestors belonged to 142 (28.9%)
trotter horse breeds
N More than 50% of the CDE ancestors belonged to o
L4 Pura Raza Espafiola Pura Raza Espagiola breed 124 (24.9%)
Included CDE horses with more than 50% of
their ancestors from other sport horse breeds
L5 Other Breeds (KWPN, Zangersheide, etc.) and CDE horses 82 (16.7%)

with less than 50% of their ancestors from the
already classified breeds (TR, PRE, TH or GE).

2.2. Study Design

A retrospective cohort study was used with a performance test specifically developed
for this study, in order to obtain performance information under the same conditions. The
test was held one day before an official show jumping competition that was performed at
the same equestrian center, on the competition arena (30 m?) with audience in the stands,
in order to simulate regular competition environmental conditions. During this specific
performance test, the horse developed a 2-min (approximately) routine, beginning with
walk, then trot, and followed by gallop movements all around the training arena. Then, the
horse finished the performance test by jumping over three simple obstacles 1.00 m, 1.10 m,
and 1.25 m high, respectively, all a crossed fence, with an average speed of 250 m/min.
All horses analyzed in this study performed the exercise with professional riders (all with
Galope 6 or more [22]).

Performance test exercises were held at the same equestrian center, during different
show jumping competitions held between 2014 and 2018 in September, hence sharing
similar environmental and housing conditions. Temperature ranged from 14 to 24 °C and
relative humidity between 40% and 50%. However, for the horses to adapt to the new
environmental conditions of the center before the performance test, owners were asked to
arrive at the equestrian center at least one day before the performance test (two days before
the official show jumping competitions). During their stay, the animals were housed in
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3 x 3 m? stall boxes with dry straw as bedding material and were fed with hay, concentrate,
and water ad libitum, thus providing standardized environmental and housing conditions.

2.3. Physiological Data

The physiological changes of effort and recovery developed by the participating ani-
mals during the performance test were assessed with eye temperature (ET) measurements.
For this, samples were collected three times per horse during the test day (one day before
the official competition): one hour before the performance test (BT) inside the stall box
of the animal, just after the test (JAT) within five minutes after the end of the test at the
finish line, and one hour after it (AT), when the animal was resting on the stall box. For
the infrared photographs collection, all horses were handled by the owner or their regular
horse keeper on the place of the collection (stall boxes for BT and AT measurements and
the entrance to the performance arena for JAT measurements). The camera operator was
placed 1 m away from the horse, perpendicular to its left eye where the images were taken
without touching the horse. In order for the horses to get used to the operators and to the
camera itself, a short period of habituation was carried out before the test day with all the
horses. During this habituation period, the horse could freely sniff the camera and the
camera operator.

To obtain effort and recovery eye temperature measurements, differences between
phases were calculated. Thus, the eye temperature of the ‘effort phase’ (EP) was computed
as the difference between JAT and BT eye temperature measurements, whereas the eye
temperature of the ‘recovery phase’ (RP) was computed as the difference between JAT
and AT measurements. Hence, for the purposes of this study, statistical analyses were
developed just for EP and RP measurements.

Eye temperature images were taken always by the same person, with a portable
infrared thermography (IRT) camera (FLIR E60. FLIR Systems AB, Danderyd, Sweden).
In order to calibrate the camera results, environmental temperature and relative humidity
were recorded with a digital thermohygrometer (Extech 44550, Extech Instruments, Nashua,
New Hampshire) every time an eye temperature sample was taken. To determine eye
temperature, an image analysis software FLIR Tools 6.0.17046.1002 (FLIR Systems AB,
Danderyd, Sweden) was used, measuring the temperature (°C) within an oval area traced
around the caruncle of the eye, including approximately 1 cm around it. The program
provided the maximum, minimum, and mean temperature of the oval area previously
traced (Figure 1), but for the study purposes, only the maximum temperature was used.
Three-four images were taken per animal and collection period. Later, the best image was
selected to obtain the data for the study.

2.4. Statistical Analyses

A previous Shapiro-Wilk test (results not shown) presented a normal distribution of
the variables studied. Hence, parametric statistical analyses and a Bayesian approach for
the genetic parameters were used.

In order to test the influence of horse characteristics on the physiological adaptation
of the studied horses, a general linear model (GLM) analysis was developed for the
EP and RP variables measured, considering the age as a covariate and sex and genetic
line as fixed effects, resulting in the two of them being statistically significant for both
parameters (p < 0.05; results not shown). According to these results, a least square means
analysis was used due to the sex and genetic line for EP and RP variables. Moreover,
to determine statistically significant (p < 0.05) differences between fixed effects’ levels, a
post-hoc Duncan'’s test was developed.

To obtain the phenotypic correlations between EP and RP variables, direct and intra-
class Pearson’s correlations were computed, according to the genetic line and sex effects.
Furthermore, in order to analyze the relation of these variables, with the sport performance
developed in the official show jumping competitions held the day after the performance
test, direct and intra-class Pearson’s correlations were computed between the ranking
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position obtained by the animals on the competition (RANK), and both EP and RP variables
obtained on the performance test, according to genetic line and sex effects.
For the statistical analyses, the Statistica software v. 8.0 (Stat Soft. Inc., Tulsa, OK,

USA) was used.

Bl wax 37.4°Cloch
Min 34.7 °C
Average 36,9 °C

_ Bl Max 362°C oC
El1 Max > D ; 3 Min 32.2 °C

Min - -4
Average 34.8 °C
Average

Ell Max 38.5
Min 35,5 °C
Average 37.6°C

Figure 1. Analyzed eye temperature images of CDE horses according to their genetic line, obtained
just after the performance test. (A) German genetic line L1; (B) Thoroughbred genetic line L2;
(C) Trotter genetic line L3; (D) Pura Raza Espafiola genetic line L4; (E) Other Breeds genetic line L5.
Where, El1 is a selected area from the thermographic image (indicated with a circle); A indicates the

maximum temperature point; and V indicates the minimum temperature point.
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2.5. Genetic Model and Genetic Parameters’ Estimation

The pedigree information was gathered from the studbook provided by the National
Association of Spanish Sport Horse Breeders (ANCADES). The pedigree matrix was built
4 generations up with the known pedigree of the analyzed horses, to a total of 7907 animals
(3000 males and 4907 females). A BLUP genetic evaluation was computed based on a
bivariate animal model using a Bayesian approach. The equation in matrix notation to
solve the mixed model was:

_ . u 0 Acz 0
ez () n([2[2F 0 )

where y is the vector of observations, X is the incidence matrix of systematic effects, Z
is the incidence matrix of animal genetic effects, b is the vector of systematic effects, u
is the vector of direct animal genetic effects, e is the vector of residuals, 2 is the direct
genetic variance, (762 is the residual variance, I is an identity matrix, and A is the numerator
relationship matrix.

The fitted model included EP and RP as continuous variables, age as a covariate, two
fixed effects: sex (2 levels) and genetic group (5 levels), and two random effects: rider
(182 levels) and the rider-horse interaction (275 levels).

As regards to the genetic evaluation computed, phenotypic variance, heritability of
the animal, the rider, the rider-horse interaction, and the residual effect for both EP and RP
variables and genetic correlations between them were estimated with TM software [23].

2.6. Ethic Statement

No specific ethical approval was required for this study due to the performance test
being just warm-up exercises that the animals performed regularly before official competi-
tions, for which we did not have to develop any specific protocol or to use specific animals.
As regards to temperature samples obtained from the animals, since the eye temperature
assessed with infrared thermography was a non-invasive physiological measure collected
from a minimum distance of 0.5-1 m away from the animal, it was not necessary to obtain
a specific permit for animal experimentation since no pain nor physical stress was afflicted
on the animal. Likewise, all the owners of the animals were previously informed of the
entire procedure and the type of samples to be taken, obtaining the approval of all the
owners of the animals participating in the study.

3. Results
3.1. Influence of Sex and Genetic Line of Effort and Recovery

A least square means analysis was computed for EP and RP variables (Figure 2),
indicating statistically significant (p < 0.05) differences between the means for the genetic
line and sex effects.

First of all, it has to be noticed that no mares were registered for L4 CDE horses (PRE
genetic line), thus Figure 2B shows results just for the L1, L2, L3, and L5 CDE genetic lines.
As regards to the EP variable, L1 and L2 stallions (PRE and TH genetic lines, respectively)
showed the highest ET increases (1.59 and 1.57, respectively) and differed significantly to L1
and L2 mares, which showed lower effort increases (0.70 and 0.71, respectively), indicating
lower physiological differences from the rest to performance moment. As regards the RP
variable, L1, L2, and L5 mares (GE, TH, and OT genetic lines, respectively) showed values
below 0 (—0.39, —0.18, and —0.04, respectively), indicating a bad physiological recovery
of the mares from those genetic lines, from the exercise and the animal’s need for longer
recovery periods. On the other hand, L3 stallions and mares (TR genetic line) showed the
greatest statistically significant recovery from the exercise, with 1.28 and 1.60, respectively.
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Figure 2. Least square means analysis (means + standard deviation) according to sex and genetic line and post-hoc
Duncan’s test between means. (A) Stallions and (B) mares. Where L1 is the German genetic line; L2 is the Thoroughbred
genetic line; L3 is the Trotter genetic line; L4 is the Pura Raza Espafiola genetic line; and L5 is the Other Breeds genetic line.
Different capital letters indicate statistically significant differences (p < 0.05) between sexes and within variables, whereas
different lowercase letters indicate statistically significant differences (p < 0.05) between genetic lines and within variables.

3.2. Phenotypic Correlations between Effort and Recovery

Phenotypic Pearson’s correlations (Table 2) between RP and EP revealed a medium
positive and statistically significant (p < 0.001) correlation (+0.53).

Table 2. Direct and intra-class Pearson’s correlations (+standard error) according to sex and genetic line effects, between
effort phase (EP) and recovery phase (RP) and the ranking position (RANK), where S refers to the stallions, M to the mares,
L1 is the German genetic line, L2 is the Thoroughbred genetic line, L3 is the Trotter genetic line, L4 is the Pura Raza Espafiola
genetic line, and L5 is the Other Breeds genetic line. * p < 0.05; n.s. not statistically significant.

EP RP
Intra-Class Intra-Class
Direct Direct
Sex Genetic Line Sex Genetic Line
L1: —0.46 (£0.040) * L1: —0.29 (£0.043) ™=
L . L2: —0.45 (+0.040) * . S L2: —0.05 (+0.045)
RANK —0.16 (+£0.044) * s . 9'10 (£0.045) nz L3: —0.11 (40.045) * —0.14 (+0.045) * S.- 07'06 (£0.045) " " L3: —0.01 (+0.045) ™
M: —0.34 (£0.042) L4: —0.02 (£0.045) ™ M: —0.32 (£0.043) L4: —0.08 (£0.045) ™+
L5: —0.13 (+0.045) ™= L5: —0.05 (+0.045) =
L1: 0.82 (£0.026) *
. L2: 0.63 (+0.035) *
RP 0.53 (+0.38) * 5: 046 (+0.040) * L3: 0.53 (+0.038) *

M: 0.65 (+:0.034) * L4: 0.41 (+£0.041) *

L5: 0.28 (£0.043) ™

According to genetic line and sex intra-class correlations, positive and statistically
significant (p < 0.001) correlations were found for L1, L2, L3, and L4 genetic lines and both
sexes, ranging from +0.41 for L4 (PRE genetic line) to +0.82 for L1 (GE genetic line) and
from +0.46 for stallions to +0.65 for mares. On the other hand, the intra-class Pearson’s
correlations between EP and RP variables with RANK position showed negative and
statistically significant correlations (p < 0.01) between RANK and both EP and RP variables
(—0.16 and —0.14, respectively). Finally, intra-class negative and statistically significant
correlations (p < 0.01) were found with mares (—0.34) and L1 and L2 genetic lines (—0.46
and —0.45, respectively) for EP and just for mares (—0.32) for RP variables. These negative
correlations indicated that the higher the temperature increase obtained between exercise
and rest (hence, the higher the effort response), the lower the RANK position obtained by
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the animal on the show jumping competition developed the day after the performance test,
thus the best classification.

3.3. Genetic Parameters

Finally, the genetic parameters for both physiological variables (EP and RP) are shown
in Table 3. The heritabilities obtained for EP (0.26) and RP (0.52) showed a medium to
high genetic basis, respectively, for these physiological variables. On the other hand, the
ratios for the rider-horse interaction effect (0.37 and 0.33 for EP and RP, respectively) were
higher than the ratios for the rider effect (0.15 for both parameters), indicating a greater
genetic basis for the interaction than for the rider effect alone. Lastly, the genetic correlation
computed between EP and RP (+0.23) indicated a moderate and positive genetic relation
between them.

Table 3. Phenotypic variance, mean, and standard deviation of the marginal posterior distributions for the heritabilities of
horse, rider, rider-horse interaction, residual effects, and genetic correlation (rg) between both eye temperature variables
analyzed, where EP is effort phase, RP is recovery phase, Vp is phenotypic variance, h? is animal heritability, Vr is variance
of rider effect/phenotypic variance, Vrh is variance of rider-horse interaction effect/phenotypic variance, Vres is variance
of residual effect/phenotypic variance, and s.d. is standard deviation.

Vp h? (+s.d.) Vr (£s.d.) Vrh (+s.d.) Vres (+s.d.) rg
EP 1.010 0.26 + 0.158 0.15 4+ 0.096 0.37 +0.203 0.21 £ 0.096 0232
RP 0.918 0.52 4+ 0.073 0.15 £+ 0.057 0.33 4 0.080 0.01 £ 0.003 )

4. Discussion

Previous studies have reported that the physiological response of a horse during a
sport event is influenced by several factors (sex, breed, environment, rider, fitness of the
horse) that would determine its magnitude [1,24,25]. Some of these factors are genetically
determined, such as sex or breed. Thus, the knowledge of the magnitude of this response
(already settled in the horse from its birth) could be an appropriate tool for the CDE
breeding program, as it could help in planning the horses to be mated to obtain animals
that could adapt better to the sport competitions they are trained for. Previous studies
have also reported differences in the physiological response during competitions due
to the horse breed [21,26] that could comprise differences in adapting to new stimuli.
These breed differences become key to the selection plans for a composite breed like the
CDE, with different breeding recommendations regarding the predominant breed on the
CDE analyzed.

Firstly, our results showed that CDE with more than 50% of Trotter breeding in their
pedigree (L3) seem to show a greater physiological response before exercise than CDE
with other breeds on their pedigree. However, these animals also showed the highest
recovery after the exercise, being the fastest to recover their internal homeostasis. This is
in accordance with previous studies that found Trotter horses as being selected for speed
sport performance (trotting races) and hence, indirectly adapted to become physiologically
activated and recover very fast during the performance [27]. Previous studies in humans
supported this hypothesis, showing that well-conditioned athletes have shorter recovery
times and take longer to become physically fatigued than less fit individuals [28].

Instead, those CDE with more than 50% of PRE (L4) on their pedigree showed the least
effort values during this test with a long recovery. This could be due to the PRE influence,
which gives calmer behavioral attributes [18], that would be expected to develop a small
physiological response between phases, and hence, a small EP and RP phases.

As regards to CDE differences due to sex, a better physical condition would be
expected in stallions, due to the more athletic predisposition in males than in females [29].
However, [30] reported a greater proportion of fatal humeral fracture in TH males than in
females during races, thus expecting a higher physical level due to a greater effort for the
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first. This would be in accordance with our results, which showed lower EP and RP results
for mares regardless of their genetic line.

As regards the estimation of the genetic parameters for EP and RP variables, the
moderate positive genetic correlation found between variables indicated a good potential
to include both in the CDE breeding program, either as a selection criterion or as a fixed
effect in the genetic model, as it indicates that, despite there being some relation, they
can be selected independently. Thus, this breed could be selected due to physiological
parameters that would be an indicator of the welfare state of the animal. On the other hand,
these results were slightly higher than those reported by [18] in young PRE horses during
dressage competitions, probably due to the higher number of animals studied in this paper,
which would lead to better genetic estimation of the data. However, these results were
in accordance with the results from [31], with heritability values ranging between 0.2
and 0.5 for different behavioral traits (reactivity reactions and learning abilities), which
would certainly condition the magnitude of the physiological response of the animal
during exercise.

High and statistically significant phenotypic intraclass correlations were found be-
tween most genetic lines (L1 to L4) and both sexes denoted that there was a tendency
within breeds and sexes to react and recover from the exercise with a similar magnitude.
Hence, CDE with genealogical influence from breeds that tended to develop a big physio-
logical response to exercise tend to develop a fast recovery, like the L3 (TR) and L2 (TH)
genetic lines. On the other hand, those with a genetic influence from breeds that tended to
show a small physiological response to exercise will be expected to show a long recovery
from it, like the L4 (PRE) and L1 (GE) genetic lines. Previous studies about differences in
horse breeds due to physiological reactions support our results, with PRE and GE breeds
showing more proactive and calm responses compared to TR and TH breeds, which are
selected for explosive performances that would demand more reactive and temperamental
animals [21,26]. Furthermore, [32] reported differences in digital tendons’ predisposition
to injury in sport horses due to the breed, with Warmblood and TH horses failing more at a
higher strain and load than Friesian horses. This supports our findings, with differences
in mechanical sport properties conditioning also resulting in differences in physiological
response to exercise, due to horse breed.

In order to ascertain how the physiological response developed during effort and
recovery phases could affect the sport performance of these CDE horses, EP and RP values
were correlated with the ranking obtained by the animals the day after the test, in a regular
show jumping competition. Our results indicated a low to medium relation with both
parameters, so that the higher the physiological response in the EP and RP phases, the better
the ranking position. This is in accordance with previous studies in sport horses that found
that the best show jumping individuals were the most reactive ones [11,21]. As regards to
intra-class correlations due to sex and genetic line, it appeared that only mares for both
variables and L1 and L2 CDE (GE and TH genetic lines, respectively) for EP were influenced
by the magnitude of their physiological response when competing. This could be due to
the temperament, mechanical sport properties, and reactivity differences between breeds
and sexes reported previously [26,32], which could bias the sport results of these animals.
Otherwise, these results were considered exploratory, and it must be considered that type I
errors were used, thus determining the results highlighted in this study. However, before
these can be considered as new selection criteria, more research is required, including
these variables as a regular measurement on the equestrian events. Furthermore, large
studies carried out over several years and containing more animals are needed before any
precise measures concerning the influence of the genetic and environmental effects can
be determined.

5. Conclusions

The results obtained in this study indicated that eye temperature assessed with IRT
appears as an adequate tool to evaluate the physiological effort and recovery developed by
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CDE during exercise and thus, its fitness. Heritability and genetic correlations obtained for
EP and RP variables indicated an adequate potential to be included in the CDE breeding
program. However, more research is required to confirm the results found here.
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Simple Summary: Animal welfare is a very important issue. One of the tasks of researchers is
to provide explanations and possible solutions to questions arising from non-experts. This work
analyzes part of the extensive literature on relationships between selection and domestic, mainly
farm, animals’ behavior and deals with some very important themes, such as the role of regulations,

domestication, and selection.

Abstract: The concept of welfare applied to farm animals has undergone a remarkable evolution. The
growing awareness of citizens pushes farmers to guarantee the highest possible level of welfare to
their animals. New perspectives could be opened for animal welfare reasoning around the concept of
domestic, especially farm, animals as partial human artifacts. Therefore, it is important to understand
how much a particular behavior of a farm animal is far from the natural one of its ancestors. This
paper is a contribution to better understand the role of genetics of the farm animals on their behavior.
This means that the naive approach to animal welfare regarding returning animals to their natural
state should be challenged and that welfare assessment should be considered.

Keywords: bioethics; domestication; genetic selection; animal behavior; animal welfare

1. Introduction

Ethics in animal production is a hot topic and a huge amount of literature has been
published [1]. One of the most debated topics in the past few decades, both at scholarly
and public opinion levels, is the question of whether animals farming would be considered
morally justified. A recent multisectoral contribution on ethics in animal-sourced food
has been published in a monographic issue of Animal Frontiers [2]. Vegetarian and vegan
movements are deboarding from their original nutritional ideological beliefs to broadly
embrace the animalist party point of view, claiming that animal products, mainly meat,
must be banned in human diets [3]. At the heart of the recent public debate on human-
animal relationships, there is the growing awareness of citizens that the use of animals for
human purposes must include the obligation on the part of farmers to guarantee them a
high level of welfare [4].

It is worthy to note that the word “welfare” may assume different meanings depend-
ing on the context; the main two refer to a “physical and mental health and happiness,
especially of a person” and “to help given, especially by the state or an organization, to
people who need it, especially because they do not have enough money” [5]. Under an
operational point of view, as needed for scientific purposes, the concept of welfare applied
to farm animals has undergone a remarkable evolution until it reached a formulation
that includes the following fourfold aspect: (a) biological and technical definitions, that
emphasize the basic needs of animals and the freedom that should be given and the possi-
bility of coping with environmental challenge; (b) regulation approaches, according which
animals are sensitive creatures so they must be reared in the environment compatible
to the biological needs of the species. This leads to the translation of the concept into a
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legal framework; (c) philosophical approach, discussing the role of animals in the humans’
societies; (d) interactive approach, that considers communication between farmers and
animals and its impact on livestock systems [6].

Among biological approaches, neurocognitive studies have begun to achieve impor-
tant results since Charles Darwin [7], and his student Georges Romanes [8], proposed
that human mental states represent a continuum with animal ones deriving from them by
evolution. Later, several scholars criticized this point of view, arguing that the animals’
traits that can be found in humans, and not the other way around. However, Darwin
himself was conscious that arguing “the existence of human traits in animals rather than
animal traits in human beings allowed him to express his point of view on animal and
human continuity in a more acceptable way for contemporary society in which, as Eliz-
abeth Knoll [9] observed, feelings anthropomorphic were popular in the upper middle
classes” [10]. Over a century of comparative neurocognitive studies in animals and humans,
which summarization is quite difficult and overtake the scope of this contribution, have
led the scientific communities to converge on the belief that higher animals (and here the
controversy moves to the border that demarcates this category) are endowed with mental
states such as to generate internal representations of the external world. This entailed the
normative evolution that established for animals a state of sentient organisms (e.g., EU
Lisbon Treaty, 2007) [11], that can express basic sensations such as fear, pain and pleasure.
Thus, several laws were issued to protect and safeguard their well-being. However, neu-
rocognitive scientists have established that animals raised for economic purposes (e.g.,
milk and meat production) show differences in cognitive abilities and brain lateralization
that can affect adaptive behavioral, physiological, and immune responses to environmental
stressors [12]. However, evidence of advanced cognition in animals says little about their
sentience (i.e., feeling) [13] and the lack of direct proofs, acquired only through verbal
abilities, advise to consider alternative hypotheses before attributing conscious states that
can account for animal behavior [10]. On the other hands, at the begin of this century a
behaviorist line of thinking emerged; this new point of view has based the evaluation of
animal welfare on the “emotions” of farmed livestock [14], opening a controversial field of
discussion between animal sensations, feelings and emotions [15].

The classic research of Belyaev [16] and his students on silver foxes have shown that
the domestication process, including in the specific case the selection of the animals that
presented less fear of man, affects not only the morphological characters of the animals, but
also (and especially) the behavioral ones. Recently, Kukakova et al. [17] have sequenced
and assembled the genomes of the fox of Belyaev experiment and re-sequenced a subset
of foxes from the tame, aggressive and conventional farm-bred populations to identify
genomic regions associated with the response to selection for behavior: they found 103
regions with either significantly decreased heterozygosity in one of the three populations or
increased divergence between the populations, demonstrating the genetic based behavior
in domestic animals.

Therefore, news perspectives could be opened for animal welfare reasoning around
the concept of domestic, especially farm, animals as partial human artifacts (in this review
we assume for human artifact or construct the meaning of what, in this case animal,
modified by human for his own purposes). Therefore, it is important to understand how
much behaviors of farm animals are far away from the natural ones of their ancestors.
The consequences bring directly to assume a mixed natural and anthropocentric point of
view when we discuss about farm animal welfare. A pioneering work aimed at founding
a theory of the effects of domestication on animal behavior was carried out by Price [18]
who, on the basis of the already abundant literature available at that time, analyzed the
factors that mainly influenced the changes in their character.

This review analyses the effects of domestication and artificial selection on animal
behavioral traits coupled with morphological ones. A wide literature has been considered
to contribute to better understand the role of genetics of the farm animals on their behavior,
finalized to demonstrate that as they are partially human artifacts, and so that their welfare
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should be assessed taking into account the artificial environment where farm animals have
been selected. Scopus® database was firstly scanned by using “bioethics, animal behavior,
behavioral heritability, animal selection and behavior” as keywords; furthermore, general
literature on animal ethics and animal welfare was taken into account. Results coming
from the analyzed literature were extracted, classified and discussed, to derive our original
points of view.

The hypothesis we want to demonstrate in this review is that the naive approach
to animal welfare that brings it back to a natural state is not completely right and that
welfare assessments must necessarily consider that the behaviors of farm animals have
been partially, but consistently, constructed by humans.

2. Domestication Changed Animal Traits

Domestication is a lively area of scientific research in which no consensus has been
reached on its meaning yet. For our purpose we adopted the Zeder co-evolutive point of
view [19]: she defines domestication as “a sustained multigenerational, mutual relationship
in which one organism assumes a significant degree of influence over the reproduction
and care of another organism in order to secure a more predictable supply of a resource of
interest, and through which the partner organism gains advantage over individuals that
remain outside this relationship, thereby benefitting and often increasing the fitness of both
the domesticator and the target domesticate”. Under this framework, Zeder [19] observed
that human domestications are different from non-human ones because we have been able
to opportunistically grasp and modify the traits that have increased the benefits obtained
from co-evolutionary relationships with the target species. Moreover, we have transmitted
these practices capable of achieving our goals not only within the parental circle, but also
to all through social learning. Animal domestication is a cultural issue of Homo sapiens
because, until now, no trace of similar practices has been found by archaeologists for the
most ancient Hominidae species, even though they have been in continuous contact, as
hunters, with wild animals for millions of years.

Restricting this field to livestock, when humans became sedentary farmers, they
started to domesticate wild animals to fit different needs, such as work, and meat or
wool production. This can be considered at all the first step of the artificial selection
processes. However, during this long time of human—animal partnership, natural selection
has continued to shape the domestic animals but, as Darwin [20] firstly observed, these
factors have been overwhelmed by the artificial ones. For this reason, in this review we
have considered the effects of human selection only. Beside historical and archeological
traces, modern genomics tools allowed to study and define a timeline of the domestication
process [21-23]. The domestication of livestock species started in Southwest Asia (the
Near East) about 10,000 years ago with goats, sheep, humpless cattle, pigs and then water
buffalo, horse, chicken and, more recently, rabbit [24-26]. Horses were domesticated for
their key role in warfare and transportation during multiple events somewhere in the
Eurasian plains [27]. An interesting case is the rabbit (Oryctolagus cuniculus) which is a
key species (is the only relevant mammal livestock species originating from Europe at the
Roman empire age) because of its role as livestock, game, pet, and experimental animal (as
well as pest in several countries, mainly Australia) [28,29].

Domestication process changes phenotypic and behavioral characteristics of wild ani-
mals depending on the species. Behavioral and morphological traits of modern livestock
breeds resulted from artificial selection of natural useful characters: in fact, domestication
process increased the phenotypic and genetic variability of breeds and the modern bio-
diversity is one the most important outcomes of the domestication before and selection
later. Under this point of view, the domestication created prototypes of each species that
were subsequently shaped by the artificial selection process leading to an increase in the
variability, in terms of both genetic and phenotypic richness. Rasali et al. [30] reported that
humans all around the world raise about 200 and 400 pure and composite sheep breeds,
respectively. Even if the exact knowledge about the sheep descendant is still debated, all
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these breeds, characterized by different morphological traits and ability to adapt to ex-
tremely different environments, seem to be originated from just a couple of wild ancestors.
Let us think also to bovine (Bos taurus) and zebuine (Bos taurus indicus) breeds that, even
showing important differences between and within them, share the same wild ancestor, the
aurochs (Bos primigenius): starting from this, more than 1000 cattle breeds are nowadays
raised worldwide [31]. Of particular interest is also the pig of which 566 different breeds
can be enumerated, all originating from the wild boar [32]. Domesticated sheep and goats
show different features compare to their wild ancestors, such as reduced body size and
horn length [23,33]. Domesticated cattle breeds show smaller size compared to the extinct
wild aurochs and they developed the capacity to adapt to various environments [34-36].
However, some cattle breeds have longer horns with particular shape that were selected
for religious reasons [27]. Another interesting phenotype shaped during domestication
process is the coat color, that in some species (such as horse, cattle and sheep) is a useful
trait to discriminate among breeds.

Domestication changed, not only external features, but also behavior and aptitude of
livestock species [18,37]. For example, sheep and goats were chosen for their meekness
and for their multiple productions (e.g., meat, milk, wool and horns). However, the
mechanisms behind this process were not still completely clear, and different theories have
been proposed during time, until second half of the twentieth century, when the modern
concept of ethology raised [38]. The behavioralists of the past believed that changes in
animals’ behavior were mainly due to the different environments, learning and nurture.
Nowadays, this concept has been abandoned in favor of a more realistic one involving
a genetic determinism [39-41]. This is particularly true because a trait without heritable
mechanisms could not play a role in the evolution process. Other authors proposed a
theory, in which neural crest cells play a key role, called “domestication syndrome” to put
together all the differences in phenotypic, and therefore genetic, characteristic between wild
and domesticated species [42,43]. The term domestication syndrome applied to animals
came from the domesticated crop plants [44]. As specified by Sanchez-Villagra et al. [45],
the word “syndrome” is not related to a particular pathological condition or disease, but it
came from the literature about plants that humans selected for interrelated syndromes of
characteristics during the domestication process [46]. Sanchez-Villagra et al. [45] reported
that some modifications are common to almost all domesticated animal species: increased
docility, increased skillfulness in using human cues, increased fecundity, reduction of tooth,
brain and rostrum size, floppiness of the ears, curliness of the tail and depigmentation of
skin and fur. Two main hypotheses were suggested for explaining the differences between
wild and domesticated species: the first one state that these differences are due to the
new environment in which domesticated animals received improved diets and found
better live conditions. The second one suggested that domestication syndrome was related
to hybridization between different breeds or even species. Anyway, livestock species
undergone domestication syndrome show differences in morphological and behavioral
traits compared to their presumed wild ancestors. (Table 1).

Regarding the changes in animals’ behavior, all features of farm animals that are
currently raised by humans show heritable genetic variations [47,48]. Fear and interactions
with humans, sexual maturity and social behavior were also affected by domestication.
Farm animals show less fear of humans, and they are more inclined to cooperate with
humans with a lower stress level. Farmed pigs reach sexual maturity at about 67 months,
whereas for wild boars, sexual maturity is reached at approximately two years [49]. More-
over, farm animals are forced to live in larger groups, compared to their wild ancestor,
under crowded conditions [48]. York [50] reported a list of the behavioral traits, and the
tests used to study them, that have been analyzed in livestock species.
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Table 1. Morphological and behavioral traits associated with the domestication syndrome that
changed from wild ancestor to domestica livestock species (adapted from Wilkins [42]).

Trait Livestock Species

Curly tails Dog, pig

Depigmentation Cattle, dog, goat, horse, pig, rabbit
Docility Cattle, dog, donkey, goat, horse, pig, rabbit, sheep
Floppy ears Cattle, donkey, dog, rabbit

More frequent estrous cycles Dog, goat

Neotenous (juvenile) behavior Dog

Reduced ears Dog

Shorter muzzles Cattle, dog, goat, pig, sheep
Smaller brain or cranial capacity Cattle, dog, goat, horse, pig, rabbit
Smaller teeth Dog, pig

Genomic studies allowed to trace the domestication process and to highlight genomic
regions where genes involved in the phenotypic differences among breeds are mapped.
For example, Cesarani et al. [51] compared two related sheep breeds, one showing an-
cestral traits and one selected for milk aptitude, and they found significant genomic
regions that harbor gene involved in morphological traits such as coat color (MC1R, MITF),
horned/polled (RXFP2) and body size (NPY, VIP). Moreover, the authors identified the
HOXBI1 gene that was already associated with the anotia phenotype in mice [52], that is
of interest because the breed with ancestral traits is characterized by microtia, external
malformation trait that is often present in wild animals [53,54]. Hornedness/polledness is
one of the main traits modified by human selection during the domestication from wild
ancestor to modern breeds [55]: e.g., ancestral wild sheep showed big horns useful as
defense and injury instrument.

Several studies focused their attention to the different genetic background (e.g., dif-
ferent gene expression) between wild and domesticated animals [56,57]. One of the ideas
is that these differences are not related to different environment and methods of farming,
but they are heritable traits that can be transmitted to the progeny [58-60]. This theory
seems to be in contrast with the first one of Charles Darwin [20] in which the theory of
heredity was absent. Domestication is one of the most important events in mankind’s
history, which has now consequences that are intrinsic in the everyday reality. Recently,
some studies highlighted that species undergone domestication for thousands of years,
showed changes in behavior, color, morphology and physiology which are related to sev-
eral independent genomic regions [61,62]. However, studies on species with more recent
domesticated history (e.g., cat and salmon) revealed fewer signals [63,64] compared to
the older domesticated species. Thus, these changes could be associated with the exten-
sion of the domestication process. This hypothesis is strengthened by the fact that a long
time is needed to fix the heritable traits, especially those with lower heritability; even
under strong selection pressure, only small changes in gene frequencies can be observed
over several generations [65]. On the contrary, recent investigations demonstrated that
sometimes only few [66] or exceptionally just one [67] generations could be enough to
show genetic adaptation to captivity. In order to test this idea, Christie et al. [60] analyzed
gene expression between the offspring of first-generation hatchery trout and wild trout
reared in an identical environment. The authors found 723 genes differently expressed
in the two groups of animals, mostly involved in responses in wound healing, immunity
and metabolism.

As aforementioned, the genomic studies were able to identify selection signatures,
i.e., genome regions shaped by selection, that can differentiate wild and domesticated
animals. In these regions, genes encoding for the phenotypic differences were mapped.
Due to involvement of genes and the fact that progenies of wild and domesticated animals
show feature like their ancestor and not to the opposite group, genomic mechanisms of the
domestication, and therefore its heritable pathway, could be confirmed.
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3. Questions and Answers about Modern Farm Animals

Domestication, firstly, and genetic selection subsequently, are shown to be effective
tools to change the temperament of farm animals orienting it towards the desired behav-
ioral characteristics (e.g., docility, resistance to adversity, patience, maternal attitude ... ).
Current characters of farm animals were demonstrated to be a human construct, and that
they can be further quite rapidly oriented by their insertion among the breeding goals of
genetic selection. Nowadays, we are faced with several ethical questions, and subsequently
approaches to assess and improve animal welfare.

Ethic is a philosophical rich field that explores the unknown answer by dealing
originally with known arguments. According to Floridi [68], philosophers usually ask
open questions to which they usually do not provide definitive answers. However, they
tend to define the problem space and within it they try to give the most probable answer
according to the state of knowledge. Under the recent constructivism point of view, the
philosopher is a model builder who reduces the problem space at the minimum manageable
to further connect these elements in a most complex and complete framework. In this
way, the scientist is a special type of philosopher who deals exclusively with real facts
instead of abstract entities, for which however he seeks an answer based on experience and
continually revisable according to the evidence of new elements [69].

Question one: Does the character change in domesticated animals by human purposes
shifted some of the responsibility for their survival and well-being into human actions?

As domestication is a particular case of coevolution between living organisms, the
pervasiveness of humans should modify the environment and consequently the factors
influencing the behavior in wild animals also. In fact, animals living near humans (e.g.,
in contexts like captivity and urbanization) rapidly change their antipredator behavior
and become tolerant to people’s presence [70]. This justifies the growing awareness to
take care for wild animals (e.g., care in wildlife centers in case of disease, foraging in
case of food scarcity, etc.), even if this can divert their evolutionary trajectory because
of the manipulation of the natural fitness factors. While it is generally accepted that
humans are responsible for the welfare of wild animals by manipulating part of the natural
environmental factors to protect them, the share of human responsibility on the welfare of
farm animals is greater due to the fact that some behaviors have changed due to artificial
selection. This means that the breeders, when designing their welfare programs, must
consider the distance that exists between the behavioral construct of the animals they
reared and that of the natural environment, paying greater attention to the needs of the
animals, the greater this distance. In other words, high productivity animals kept in
more intensive farming systems have a greater need for attention to their welfare than
less productive ones reared in extensive systems. Just a few examples are the superior
care associated with intensive systems, such as higher veterinary care, control of the
production environment in terms of temperature, humidity and light, and better feeding
and managements strategies [71]. Another example is represented by the use of piglet
lamps in the sow farrowing pens compared to body heat of the mother in extensive pig
systems [72]. It follows that animal welfare is a technology that, like the others used for
animal breeding, must be studied and applied not only for ethical purposes, but also to
obtain the best coupling between available environmental conditions and animal health
and productivity.

Question two: Can the behavior be indicated as genetic goal in animal selection? The
starting point of this answer must necessarily rest on the principle, initially elaborated
by Rollin [73] and subsequently perfected by Shriver [74], of the conservation of welfare
in animals subjected to genetic manipulation: “any animals that are genetically modified
through the use of genetic technology [for our intent, this means both by classical genetic
selection of genetic manipulation], for purposes other than research, should be no worse off,
in terms of suffering, than the parent stock was prior to genetic alterations.” Several genetic
studies demonstrated that behavioral traits are inheritable: estimates mostly range from
10 to 50% [47,50,75-77]. The interest in estimate heritability of behavioral traits of farm
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livestock lies in the past: Kjaer and Serensen [78] estimated the heritabilities of cannibalism
and feather pecking in laying hens of White Leghorn breed. In fact, restricted and crowded
spaces bring the hens to attack other animals or even injury themselves and farmers try to
prevent these behaviors through beak trimming, practice under scrutiny by animals’ right
associations [79]. Due to these heritable mechanisms, behavioral traits can become (and
sometimes are already) the goal of breeding scheme.

As aforementioned, also behavior was shaped by the domestication process and there-
fore genetic studies analyzed also this range of traits. For example, Ding et al. [80] found
a single intronic retroelement involved with variations in courtship dance in Drosophila
species. York [50] analyzed more than one thousand genomic loci (of mammals, birds, fish,
insects and nematodes) associated with a series of behavioral traits (such as: courtship,
feeding, aggression, motor, emotion, temperament, learning, social, parental and circa-
dian) and he confirmed the genetic determinism of such traits. This author reported that
courtship and feeding behaviors are determined by genomic regions of significantly greater
effect than other traits. Boissy et al. [81] analyzed the effect of genotypes (i.e., different
breed composition) of both lamb and dams on the emotional reactivity in sheep. These
authors concluded that most of the differences were due to direct additive genetic effects
and that females were more active and avoided more the human contact compared to
male lambs.

Reduce the aggressivity of animals would have a series of positive benefits both for
animals and humans. Let us focus on pigs and on the positive benefits in this species.
Turner et al. [82] investigated the genetic aspects of individual aggressiveness in pigs by the
association of skin lesions and behavioral traits. Animals living in crowded situations tend
to be more aggressive, even if aggressivity to get access to resources can be also found in
nature (for example regrouping at pasture) to define a new social order [83,84]; in pigs there
are both reciprocal and non-reciprocated aggressions. In both cases, animals suffering these
assaults are more stressed, reduce their feed intake and therefore their productions. One of
the main problems related to behavior in pigs is the aggressive behavior of sows towards
their piglets: this problem has also been largely studied since the past. Already in the late
twentieth century, Knap and Merks [85] analyzed the aggressiveness of primiparous sows
and reported a decrease of litter size at weaning of almost two piglets per litter. These
authors reported heritabilities ranging between 0.40 and 0.90. These numbers show the
effectiveness of including the mildness among the breeding goals: through genetic (or
now genomic) selection, the aggressiveness of livestock animals can be reduced by having
positive effects in terms of animal welfare and production.

Another behavioral trait is the fighting aptitude in South America and European cattle
breeds [86]. One example is the Spanish fighting bull (known also as Iberian or Lidia bulls)
which is raised in Spain, Portugal, France and South American countries (e.g., Mexico) for
bull fighting events [87,88]. Another example are the not cruel traditional events of fighting
among cows belonging to Aosta Chestnut and Aosta Black Pied [89] or Valdostana [90-92]
cattle breeds in North Italy (Alpine regions). Both tourism and farmers take important
economic advantages from this kind of contest, named “battle of queens”. At the end of
October, pregnant cows are divided in classes according to their size and they fight (by
pushing forward the other animal using their weights) without injuring the opponents.
The cow winning this tournament becomes the “queen of all queens” and it assures huge
incomes to its farmer, who can sell her or her offspring. Fighting aptitude is evaluated and
breeding values are estimated for Valdostana Pezzata Nera and Castana cattle breeds; this
behavioral trait is already included in the breeding schemes of these breeds.

Further important “behavioral” traits shifted by selection are adaptation and re-
silience [93]. The animal production is now become more efficient and, therefore, each unit
of production shows a smaller environmental footprint [94]. Moreover, animals are not
only more efficient, but they adapted to produce in very different environments. How-
ever, areas of production are likely going to become harsher (e.g., increased heat, disease
challenges) [93]. Thus, if we consider the heat-tolerance among the “behavioral” traits,
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adaptability to difficult environments is (and will be) a strategic point. Resilience is mostly
defined as the capacity to recover quickly from difficulties. Unfortunately, it seems at
resilience is negatively correlated with genetic selection pointing to increase production
traits, which reduced environmental adaptation [93]. Frankham [95] stated that genetic
selection for the adaptation to captivity reduced fitness, which is confirmed when animals
are reintroduced into the wild. Thus, selection for resilience will largely acts on morbidity,
longevity and mortality rather than productive performance. Resilient animals may show
lower performances in optimal environments [93].

It is interesting to note that the more recent domestication of rabbits has made it
possible to retain many of the ancestral and wild behaviors, like living in small groups of
2-8 individuals with familiar subgroups, spend the time mainly underground and coming
outside only for foraging, stand up to check for any predators, locate a specific area for
the true feces (scrapes), etc. When these animals are placed in free-range conditions, they
make nests and dig burrows [96].

Finally, two other species in which behavior has a large impact are dogs [97,98], and
horses [99,100]. It is worthy to mention these species because of their tight relationship with
humans: dogs and horses are raised as companion (both), working (mainly dogs) or sport
(mainly horses) animals. Thus, it is compulsory that these animals show low aggressivity
towards humans. Years of selection of candidates based not only on performances, but
also on conduct, led to animals with tame behavior particularly suitable for staying with
children or disabled: just think of dogs for blind people or horses for therapeutic riding.
Without selection for behavioral traits, these animals improving the life quality of humans
there would not have been.

Question three: How can farmers achieve the highest possible welfare for their an-
imals? The sustainable intensification of livestock chains is the narrow way to simulta-
neously meet the growing demand for food of animal origin and the reduction of their
environmental and social impacts [101]. The economic pressure to reduce costs for main-
taining the viability of farming enterprises and the scaling order that assigns more animals
per operator, have diverted the perspective in the design and construction of farming
environments towards savings and removed the animals from the direct control of the
farmers. Furthermore, the need for manpower on farms with the increasing insert of
employees of non-rural extraction or coming from work paths other than breeding, has led
to the drop in tension for animal welfare based on life experience or on work or training
courses adequate to the ethical challenge in game. Finally, over a century of selection based
on functional traits has placed character traits in the background, with the consequence
that technologies have to chase the well-being of current animals as their behavior has not
been subject to selection as had happened since the dawn of domestication.

To address sustainable animal welfare—where the word “sustainable” means a reliable
and enduring set of knowledge developed on ethical and economic assumptions applied
to livestock farming—the environment (physical and physio-phycological) where the
animals will spend their lives must be designed and built with primary welfare in mind
reachable by the real subjects (i.e., by the concrete individuals that will inhabit the precise
temporal-physical space). Precision livestock farming (PLF), one of the information and
communication technologies (ICT) often installed at farm level with no consistency and
underutilized by farmers, needs to be designed and geared consistently to reduce stressors
and to monitor on an individual level each animal, replacing the eyes and expertise once
owned by the breeders.

An attempt to adapt breeding environments to the high performances of current
animals is those pursued by the Ethical Barn®, a new way to treat and stay dairy cows
in balance between social sustainability (farmer’s income), environmental sustainability
and respect for the right of the cow, aiming to give a decent life to cows [102]. This holistic
approach allows to manage dairy cows with very high production performances—as the
20 tons/head of milk per lactation indicated as phenotypic to achieve in 10 years by the
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top dairy farms—while minimizing physical and mental stress, sources of infection and
environment impact.

Unlike ruminants, in which the extra-resting circadian time budget is mainly spent on
feeding-rumination-milking /suckling activities, in monogastric the conditions of captive
breeding involve large time spaces that must be filled to avoid alienation phenomena and
consequent psychological discomforts. In pigs, environmental enrichment is a rapidly
developing technique, also supported by regulatory obligations within the EU [103], but
which faces many obstacles globally to be applied correctly [104].

The Info-Farming revolution is under our eyes, supported by the evolution of the
PLF, which allows the rapid diffusion of sensor devices with greater process data capacity
at lower costs and pervasive ITC, which have become a prevalent part of our life today.
In this last aspect, the spread of smartphones capable of collecting real-life snapshots
and delivering them to the social media circuit in real time represents a challenge to the
adoption of correct animal welfare procedures on farms. At the same time, the creation of
social communities among breeders makes possible to exchange technical information and
to share welfare procedures capable of rapidly improving the living conditions of animals
raised on their farms.

One of the most important aspects is to bring the animals closer to the breeder,
especially when large numbers of animals and large breeding facilities prevent real control
of the animal welfare conditions [105]. As pointed out by Neethirajan [106], artificial
intelligence (Al) can represent the next step to reach the better animal outcomes, processing
and making strategic decisions to improve the welfare and health of farmed animals.

Summarizing, the profound changes in animal genetic and breeding environments
mean that farmers are increasingly committed to livestock welfare. This goal can be
achieved both with an adequate genetic improvement, which also has as its goal the be-
havioral characteristics associated with the well-being of animals in modern breeding
conditions (genetics for environmental adaptation), and with the massive use of PLF
technologies capable to meet the growing needs of increasingly performing animals (envi-
ronment for high-producing animals) (Figure 1).

Environment and

@ genetic modifications
)

High

Medium

Low

None

wild i Extensive ! Intermediate :  Intensive

Breeding system

Figure 1. Human responsibility for the welfare of farm animals increases as the genetic modification of livestock and the

technological evolution of the farm environment increase.

4. Practical Implications

Current farm animals are the result of millennia of selection which has led to their
departure from the physiology and behavior of their ancestors. Cows that produce 12,000 L
of milk, steers that grow by 2 kg per day, sows that give birth to 30 piglets per year and
hens that lay 280 eggs per year are phenotypes very far from the performance of their wild
ancestors (e.g., 1000 L of milk per year per cow, 0.3 kg/d of body weight increase in steers,
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8 piglets/year per sow and 20-25 eggs per year per hen) which were commensurate with
the turnover rate of the natural population in balance with its environment. The one to
two order of magnitude of biological surplus produced by the modern livestock, used for
human food interests, places these animals under great metabolic effort which affects their
physiological and psychological well-being. With increasing breeding intensity, which
is necessary to obtain higher yields, the environment and farm routines are profoundly
changing. This means that farmers in intensive systems must pay more attention and
make more investments to ensure the welfare of their animals. Farm animals are partially
human-made artifacts that bear the responsibilities related to the metabolic fatigue they
endure to render the important service of producing high quality food for humanity. Their
welfare must be guaranteed in all breeding conditions and in all countries of the world.
In practical terms, current breeders have to deal with an increasing complexity in
managing farms and with the containment of production costs. The design of comfortable
environments suitable for high production needs is the first requirement for animal welfare,
followed by respect for the management of the groups and the circadian needs of the
various categories. Highly selected animals have sophisticated dietary needs not only in
quantitative terms, but above all in the way they eat their food. Breeders must take into
account specific feeding behaviors and schedule and program schedules and rations to
meet the specific needs of their animals. High production also implies greater exposure
to diseases for which farmers must adopt the best practices suggested by international
organizations [107]. Finally, the complexity of managing a modern livestock farm requires
continuous training of the staff and the careful vigilance of the entrepreneur so that all legal
and company regulations are respected. It is worthy to note that animal welfare certification
is recently wide spreading throughout the implementation of the Welfare Quality (WQ)
protocols (based on the effects of the farming system on the animal condition-welfare), due
to the fact that animal welfare must be guaranteed in all breeding conditions and that people
in general, and consumers of animal products in particular, are interested in being sure that
products they consume come from animals that have been correctly reared and managed.

5. Conclusions

This review confirms the hypothesis that the behavior of highly selected farm animals
is long away from its natural state. There are behavioral changes in some farm animals
compared to their wild ancestors due to genetic selection-domestication which should be
considered in planning and implementing farm animal welfare standards at the farm level
and an upgrade in the regulatory body.

Animal scientists must push governments to ensure that the welfare standards re-
quired by the regulations are universal and guide the international trade in products of
animal origin; at the same time, they must devote more and more research spaces to make
available scientific elements and technologies capable of making this reality operational
and at acceptable costs everywhere.
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