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Editorial on the Research Topic

Animal Welfare Assessment: Edition 2

Animal welfare is an important dimension of human-animal interaction in managed settings
such as farms and zoos. This field of research can also be a powerful driver to continuously
improve the traditional animal production systems to ensure that the animals are able to meet
basic requirements of five freedoms (freedom from pain, injury and disease, freedom from
fear and distress, freedom from discomfort, freedom to express normal behavior and freedom
from hunger and thirst). The recently developed five domains model is also internationally
recognized and it attempts to provide an understanding of the emotions of animals (affective
state) in response to human interventions. Animal welfare legislation is a complex topic; however,
consumer awareness associated with the methods of animal production, health and biosecurity
risks increasingly demand stronger investment into research and innovation to continually improve
animal welfare standards.

In Edition 2 of the Animal Welfare Assessment Topic, we showcased a collection of 13 peer
reviewed articles which highlight advancements in animal welfare assessment methods across
animal production systems. It includes works of animal welfare experts, veterinarians, animal
physiologists and animal managers that will generate a healthy discussion and showcase latest
studies working toward finding the harmony between animal performance, health and welfare.

Navarro et al. presented a pharmacological intervention to improving piglet immunity using
oral Meloxicam administration to multiparous sows. Early neonatal care of piglets is vital to their
survival. The researchers were able to demonstrate that administration of meloxicam orally at the
beginning of farrowing in multiparous sows increased immunoglobin and cytokine concentrations
in colostrum, improving both humoral and cellular immune response of piglets.

Rodger et al. further studied an app called the health-related quality of life (HRQL) instrument
(VetMetricaTM) that generates scores in four domains of quality of life in dogs—Energetic and
Enthusiastic (E/E), Happy and Content (H/C), Active and Comfortable (A/C), and Calm and
Relaxed (C/R). Importantly, the app was able to pick up the disagreement between owner opinion
in health status and clinical evidence of chronic disease (40% disagreement), however scores of
HRQL were higher in healthy dogs with no clinical information.

Chronic stress can be a significant problem in intensive animal production systems, hence
robust quantitative tools are required to measure and evaluate the potential of chronic stress. In
their paper, Wiechers et al. studied chronic stress between two different farrowing systems in pigs.
Researchers used hair to determine cortisol levels of sows managed either in farrowing crates or in
a loose-housing system. They did not find any significant difference in hair cortisol concentrations
between the two treatments, however the researchers pointed caution in the potential variation of
results due to site of sampling as well as potential modulation of the HPA-axis under exposure to
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long-term stress.
Hematological methods or blood testing can also boost

animal welfare assessment. Seibel et al. discussed the technical
developments and opportunities for fish health and welfare
monitoring in aquaculture programs. In another study, Ramos
et al. discussed important aspects of stress and welfare in
fish, highlighting the need for further research based on stress
assessment in early life-history stages of fish including focus on
egg transport and larval handling.

Emerging animal industries are gaining popularity around the
world, such as camel farming. Padalino and Menchetti studied
the welfare of camels by applying the principles of Five Freedoms
using the Welfare Quality R© and AWIN methods adapted to
camels. The researchers provided three levels of assessment
including (i) Caretaker, (ii) Herd, and (iii) Animal and provided
recording sheet for use by Camel producers.

Precision livestock farming (PLF) technologies are gaining
popularity as a digitized sensor-based tool to improve the welfare
assessment of farm animals. Stygar et al. applied the PRISMA
guidelines to evaluate validated and commercially available PLF
technologies for welfare assessment of dairy cattle. The study
suggests that sensor-based technologies such as accelerometers,
milk quality and feeding sensors are useful for assessing welfare
status. However, currently available PLF technologies needs to
be improved with external validation to boost the assessment of
cattle behavior (including calves and heifers) in a reliable way.

In their study, Gómez et al. conducted a literature review
on the capability of PLF technologies to contribute to the
assessment of pig welfare. Researchers identified 83 PLF
technologies commercially available for pigs. However, only 5%
were externally validated using a different population than used
for system building. Researchers highlighted the need for further
validation studies to improve robustness of available technologies
as appropriate pig welfare indicators.

Tuyttens et al. discussed the improvements and application
specifications of theWelfare Quality R© protocol as a user-friendly
tool for cost- and time-efficient on-farm monitoring of dairy
cattle welfare through application of discrete and continuous
animal-based measures feeding into a welfare index (WI). The
researchers highlighted that the WI captures most of the welfare
key issues dairy cattle, however a list of parameters need to
be included as a point of reference to ensure that the data is
interpreted correctly using the available anima-based measures.

Brscic et al. evaluated the use of animal-based measures
(ABM) in farm animal welfare assessment to standardize
terminology that could be applied across sectors. They found
that the term ABM was not standardized across sectors and was
hardly a common language for different stakeholders. IN order
to harmonize the use of ABM in the scientific literature, it was
suggested that commonly accepted abbreviations of ABM should

be made available in scientific journals.
Lee and Campbell studied virtual fencing technology in cattle

to further evaluate the suitability of aversive method such as
electrical stimulus. The researchers suggested further research to
understand physiological and behavioral responses of animals to
see how the virtual fencing technology can be functional animal
welfare tool.

In another study, Perea et al. studied the influence of littermate
and sex on hormonal and behavioral data from carolic restricted
(CR) group housed mice. They showed that grouped male
littermates and grouped female male showed less aggressive
behavior and physiological stress (measured using serum ACTH
levels) during CR, highlighting the welfare benefits of grouping
related mice during implementation of CR.

Hempstead et al. studied the welfare assessment of dairy goat
farms in the midwestern US, with focus on lactating dairy goats
to identify potential welfare issues. Using principal components
analysis, the researchers were able to identify physical indicators
of welfare issues that will be valuable information to improve goat
welfare in dairy industry.

Collectively, the Topic further highlights the latest
innovations that are helping to boost animal welfare assessment
across industries.
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Analysis of Hair Cortisol as an
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Michaela Fels 1*
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Confinement to farrowing crates is known to prevent sows from performing natural

behavior, impairing animal welfare and possibly causing chronic stress. Hair cortisol

analyses are increasingly used to detect chronic stress in animals. In the present study,

hair samples were collected in the neck of sows kept either in farrowing crates (FC,

n = 31) or in a loose-housing system (LH, n = 30) in six batches. Cortisol was extracted

and analyzed using chemiluminescence immunoassay. Mean hair cortisol concentrations

(HCC) did not differ significantly between the systems (LH: 1.85 ± 0.82 pg/mg, FC:

2.13 ± 1.53 pg/mg, P = 0.631). HCC was also not affected by other factors, such

as sows’ parity, number of piglets, skin lesion score or sow’s weight loss during the

farrowing period. However, highly significant differences were found in hair growth rates

between different regions within the 20 × 30 cm shaving area. While the hair in both

lateral parts of the shaving area grew almost identically (left: 7.48 ± 3.52mm, right: 7.44

± 3.24mm, P= 1.00), the hair grew more in the area above the spine (12.27+ 3.95mm,

P < 0.001). In both systems, the mean individual lesion score of sows declined from

the beginning to the end of the housing period (P < 0.001). No difference was found

between FC and LH sows at any time (P > 0.05). Since neither the amount of skin

lesions nor HCC differed between LH and FC sows, it may be concluded that confining

sows in farrowing crates did not affect chronic stress levels. However, results may be

affected by a downregulation of the hypothalamic-pituitary-adrenal axis during long-term

stress, resulting in lower cortisol levels over time. HCC in sows may also be influenced

by a dominant stressor, such as farrowing or the presence of suckling piglets. Thus, for

a comparison of different farrowing systems regarding chronic stress, the use of hair

cortisol measurement seems to be limited. The present results revealed that differences

in hair growth rate within the same body region exist. This important finding should be

considered when collecting hair samples in pigs, since hair cortisol concentrations may

vary depending on hair growth and length.

Keywords: hair cortisol, chronic stress, pig, farrowing pen, hair
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INTRODUCTION

The subject of animal welfare in intensive pig farming has
become increasingly important for the public in recent years
(1). It is already scientifically recognized that farrowing crates
restrict sows, not just in their locomotion but also in other
natural behaviors (2), causing stress for the confined animals.
Loose housing systems without farrowing crates seem to be
advantageous in this regard (3), and thus several are currently
being researched to improve animal welfare. To evaluate housing
systems concerning animal welfare, specific indicators, which
refer mostly to physical impacts and the animals’ behavior are
used (4). However, a housing system should also be evaluated
regarding the level of stress which the animals experience there
(5). Thus, studies comparing different housing systems often
include measurements of stress levels as well. While the term
“stress” was only indirectly addressed in earlier definitions of
animal welfare, such as the five freedoms (6), today it is often
included in the definition of animal welfare itself. From this point
of view, the perception of chronic stress is incompatible with
good animal welfare (7).

A widely used method to quantify stress is to measure
the cortisol level in body fluids or excreta as a biomarker.
Cortisol is the main glucocorticoid in most mammals (8) and
is produced and released into the blood by the adrenal glands
after a stimulus of adrenocorticotropic hormone (ACTH). This
hormone is emitted by the activated hypothalamic-pituitary-
adrenal axis (HPA axis) (9) after the animal has been confronted
with a stressor. The causes of stress in pigs are multifactorial,
and can be categorized as social, environmental, metabolic,
immunological, or due to handling (10). Acute stress leads to
a rapid increase in glucocorticoids, with a peak after about 15–
30min. It is temporarily conducive to adaption to external threats
by the redistribution of energy in the organism. In contrast, in
case of chronic stress, a long-term elevated glucocorticoid level
can be deleterious in many ways (11). Several matrices can be
used for cortisol analysis: blood plasma, saliva, urine, feces, milk,
and hair (9, 12). Due to the rapid increase after a stimulus occurs
and the equally rapid decrease after its removal, cortisol levels
in plasma and saliva are highly variable point samples. Even in
urine and feces cortisol represents just a time period of 24 h or
less of stress experience, so that none of these matrices provide a
long-term view of HPA axis activity (13, 14).

Koren et al. (15) carried out one of the earliest studies on the
possibility of hair cortisol measurements in animals. Since then,
research on this subject has been increasingly intensified in order
to be able to measure this hormone as a chronic parameter of
stress (14). In addition to providing the advantage of the long-
term analysis, collecting hair is a non-invasive method, and the
sampling procedure has no influence on the measured values
themselves. In contrast, stressful and painful blood sampling
can affect cortisol measurements in blood plasma (13). To
explain the storage routes of cortisol into the hair shaft, the
multicompartment model is often suggested as a basic hypothesis
(16). According to this model, the pathway of cortisol release into
the hair occurs not only by diffusion from blood into the follicle
during the anagen phase of hair formation, but the glucocorticoid

can also be incorporated into the hair by an overlaying film of
sweat and sebumof hair-associated glands. A further possible way
is by incorporating cortisol into the hair via external substances
from the environment, after the hair has grown past the outer
skin layer. In this case, it would even be conceivable that cortisol
is incorporated after hair sampling, thus contaminating the
samples. Furthermore, the glucocorticoid can be synthesized and
secreted by the hair follicle itself as a functional equivalent of the
HPA axis, caused by local stressors on the skin and hair. Since this
reaction is independent of the central HPA axis activity, it can be
assumed that an additional “peripheral” stress axis exists, with
its own local stress response in addition to the systemic reaction
(17, 18).

Considering all these possible origins, the question remains
to what extent measured hair cortisol concentrations (HCC) are
influenced by systemic cortisol levels and whether they actually
reflect the HPA axis activity. Some studies have shown that
HCC increased in times of higher plasma cortisol levels, or
when ACTH was applied to the organism experimentally (19–
21). Thus, the HPA axis-dependent cortisol concentration in the
hair seems to be sufficiently high to be able to regard the hair as an
appropriate medium for chronic stress detection. Further studies
showed a correlation between the concentrations of cortisol in
hair and feces (22), urine, serum and saliva (23), and underline
the possibility of cortisol analyses in hair to detect chronic stress.
However, it should be considered that although hair cortisol
seems to have a long-term stability of months or years, cortisol
can also escape from the hair due to environmental factors (24).

Even if some doubts remain, and there is a need for further
research, detection of hair cortisol is increasingly considered a
useful marker to determine chronic stress in animals. Therefore,
it may be suitable for assessing long-term stress caused by
different housing systems for farm animals. Hence, the aim
of the present study was to explore the applicability of hair
cortisol measurement to detect chronic stress in sows kept in two
different farrowing systems. Moreover, factors which affected the
sows’ stress levels in the farrowing systems should be analyzed
as well. Since physical damage in pigs can also influence chronic
stress levels (25), the occurrence of skin lesions in sows was
investigated using a lesion score and their impact on HCC was
also determined.

MATERIALS AND METHODS

Animals, Housing, and Handling
The study was conducted between June 2018 and January
2019 as part of a larger research project at the research
farm of the Lower Saxony Chamber of Agriculture in
Wehnen, Bad-Zwischenahn, Germany. The animals were kept
in accordance with the European Directive 2008/120/EC and
the corresponding German national law (Tierschutzgesetz and
Tierschutz-Nutztierhaltungsverordnung). The experiments did
not include any invasive procedure involving the animals. The
study was reviewed and received approval from the Animal
Welfare Officer of the University of Veterinary Medicine
Hannover, Hannover, Foundation, Germany.
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FIGURE 1 | Single loose housing pen (LH). CrA, creep area; Sw, swing gate; A, anti-crushing bars. © Big Dutchman International GmbH, Vechta, Germany.

In the study, two different farrowing systems for sows were
compared: conventional pens with farrowing crates (FC) and
a loose-housing system without farrowing crates (LH). Both
systems were installed in adjacent rooms, and in both systems
the sows were single-housed. The LH system had six pens
per room and the FC system was equipped with eight pens.
Both systems were provided by the same manufacturer (Big
Dutchman International GmbH, Vechta, Germany). A single LH
pen (Figure 1) was 250 cm long and 240 cm wide (6 m2). A space
of 4.01m2 was available for the loose-housed sow, separated from
the creep area for piglets by a swiveling iron grid, which could be
used for confining the sow for different management procedures.
The separated two-sided-open creep area (125 × 75 cm) was
equipped with a 150W infrared light heating lamp. The floor of
the creep area was covered with a solid rubber mat. To prevent
the piglets from being crushed by the sow, anti-crushing bars
were installed as a mushroom-shaped protrusion at the long side

of the pen. Piglet protection bars were located at the two shorter
free sides.

The FC pen (Figure 2) measured 260 × 200 cm (5.2 m2) and
included a 190 cm-long and 80 cm-wide (1.52 m2 usable area
for the sow) farrowing crate in the center of the pen. The creep
area for piglets was located parallel to the sow’s crate and was
open on three sides. It was 150 cm long and 60 cm wide and
heated by an infrared lamp as well as by a heatable polymer
concrete floor. Both housing systems were equipped with the
same slatted plastic flooring (10mm gaps and 11mm slats), with
a non-perforated lying area for the sow, and were subject to the
same management procedures. In the LH pen as well as in the FC
pen, sows were offered a jute sack as nest-building material in the
period before farrowing. As further manipulable material, cotton
ropes were offered - one for the sow and a smaller one for the
piglets. In addition, a rack with hay was installed in each LH pen.
If necessary, all consumed or worn materials were replaced.
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FIGURE 2 | Pen with farrowing crate (FC). CrA, creep area. © Big Dutchman International GmbH, Vechta, Germany.

Before entering the farrowing systems, pregnant sows were
housed in groups of three to five animals. Five days before the
expected farrowing date, sows were moved to the farrowing
pens and thus, were single housed either in FC or in LH
pens. Six sows were housed in each farrowing system per
batch. At the beginning of the study, the sows were randomly
assigned to the two housing systems and thereafter were always
allocated to the same housing system. Before entering their
pens, the sows were washed and weighed using digital scales
(82-b2, RHEWAWAAGENFABRIK, August Freudewald GmbH
& Co. KG, Mettmann, Germany). The weight of the piglets
was individually recorded within 24 h after birth (scale: SC-A,
T.E.L.L. SteuerungssystemeGmbH&Co. KG, Vreden, Germany)
and an ear tag was immediately applied to identify the individual
animals. The teeth (canines) of the piglets were shortened at the
same time. To obtain litter sizes that were as homogeneous as
possible, cross-fostering was carried out within the same housing
system between three and 72 h after birth. After 28 days, piglets
were weaned, reweighed individually and then transferred to the
farm’s own rearing unit.

While LH sows were never confined during the entire housing
period (free farrowing), FC sows were permanently fixed in the
crate. Feeding-management in the two systems was the same:

sows received a commercial lactation diet twice a day (07:30
and 16:30). The amount of feed was rationed on the days before
farrowing (maximum 5 kg per day) and on the day of parturition
(maximum 2 kg per day). After parturition, the feed amount was
increased by about 0.5 kg per day to reach an ad libitum feeding
level after about 14 days (8–9 kg per day).

The sows left the farrowing pens after a period of 33 days, were
weighed for the second time and entered the service center for the
following reproduction cycle.

In both farrowing systems, temperature and air humidity were
measured every 2min in the respective rooms. The sensors (DOL
114 and DOL 12, dol-sensors A/S, Aarhus, Denmark and 135pro,
Big Dutchman International GmbH, Vechta, Germany) were
placed at the animals’ body height in a farrowing pen in the
middle of the room.

In a total of six batches, data of 69 sows (Landrace x Large
White, db.Vicoria, BHZP GmbH, Dahlenburg, Germany) from
first to seventh parity (LH: 3.8 ± 1.8, FC: 4.3 ± 1.8) were
obtained. In five batches, data on all recorded parameters were
collected for all sows (n= 60). In order to increase the number of
hair samples for cortisol analyses, an additional batch was added
for this purpose. As some sows were sent for slaughter before
hair sampling, and hair length measurement was not possible for
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TABLE 1 | Overview of the sows’ stereotypies analyzed in the present study.

Stereotypy Definition

Head waving Sow moves its head up and down

Bar biting Sow bites into the bars of the pen

False chewing Sow chews independently of feed intake, formation of

foam at the mouth

TABLE 2 | Scoring scheme for skin injuries (26).

Score Definition

0 No injuries

1 A small number (<5) of superficial scratches

2 A mean number (5–10) of superficial or a small number of deep

scratches (<5)

3 A high number (>10) of superficial or a mean up to a high number of

deep scratches (>5)

Superficial injuries were defined as those of the outer skin layers with a minimal reddening

or little bleeding at this position. Instead of a blood spot, there could also be a scab. Deep

injuries were those that penetrated to the lower skin layers, with reddening, bleeding or

scabbing. Furthermore, necrotic or purulent injuries were possible as well.

every animal, the number of sows to be investigated for several
parameters was slightly reduced.

Video Analysis
Cameras (Everfocus ez.HD, Everfocus Electronics Corp., New
Taipei City, Taiwan) were installed above each pen to record
the animals’ behavior. They were arranged at the cable duct,
directly above the middle of the pen, to observe the entire area
from a top view. The cameras were connected to a digital video
recorder (Everfocus ECOR FHD 16 × 1, Everfocus Electronics
Corp., New Taipei City, Taiwan), which recorded continuously
on hard drives over the entire experimental period. The behavior
of 60 sows in five consecutive batches was analyzed regarding the
occurrence of stereotypies. The associated ethogram is shown in
Table 1. The animals were observed by the same observer for
an 8-h period per Saturday - 4 h in the morning (6:00–10:00)
and four in the afternoon (13:00–17:00). There were 5 days of
observation: one Saturday before farrowing (mean proximity to
farrowing: 3.7 ± 1.5 days), and four Saturdays after farrowing
(mean proximity to farrowing: 3.2/10.2/17.2 and 24.2± 1.5 days).
On those observation days, the occurrence of stereotypies was
analyzed for all sows during the time frames using the one-zero
sampling method (i.e., Yes-No scale). The general occurrence
of stereotypies in a sow (at least one Yes during the 40 h study
period) was included in the statistical model. The observed
frequencies and types of stereotypical behavior were not part of
this analysis.

The total results of the behavioral analyses are planned to be
published in a following paper.

Lesion Scoring
In five batches, the sows (n = 60) were scored individually
concerning the occurrence of skin lesions by one trained observer

at three different time points per batch. Sows were first scored at
the day of entering the farrowing systems to record the injuries
that resulted from group housing during pregnancy. The next
scorings were performed after 13 and 30 days in both farrowing
systems. In accordance with the scoring scheme of Nicolaisen
et al. (26) (Table 2), different body regions were assessed for the
two body sides of each sow separately: head, ears, shoulder/neck,
forelimbs, lateral side, ham, hind limbs, and the udder. For
the loin, the sows received just one scoring grade. For each
individual, the scores given for different body regions were added
up to a cumulative body lesion score (BLS). Scoring results of the
two udder sides were added up analogously to a cumulative udder
lesion score (ULS).

Hair Samples
Using electronical clippers, a bilateral symmetric area of 20 ×

30 cm was shaved in the transition between neck and shoulder
blades (Figure 3) as close as possible to the skin. With regard
to the multicompartment model (16), this method should rule
out, as far as possible, that cortisol in hair originated from outer
substances like feces, so as not to falsify the results.

In order to take samples from the newly grown hair,
representing the period being in the farrowing systems, the
surface of interest was shaved twice. Considering a depth of the
hair shaft in the skin of 3–4mm (27) and an assumed growth
rate of 0.7 cm/month (28), it takes about 2 weeks until the lower
part of the hair shaft has reached the outermost skin layer to be
shaved. Therefore, the sows were shaved 13 days (between 13:00
and 17:00) after entering the farrowing system. Consequently, the
newly grown hair in this region should have been formed in the
farrowing housing period. To ensure that the hair formed during
the experimental period had grown out of the skin, animals were
shaved 15 days after leaving the farrowing system again, thus
35 days after their first shaving (Figure 4). For measuring the
hair length aimed at determining the hair growth rate in the
experimental sows (n = 42), the shaved area was divided into
three equal sections: a left and a right lateral part and the median
subsection over the spine (Figure 3). The regrown hairs were first
measured in length for the different regions before shaving and
then stored in airtight plastic bags under light-protected and dry
conditions at room temperature. The hair samples taken from the
second shave were sent to the University of Technology, Dresden,
Germany for analysis. A total of 61 samples (31 from FC sows
and 30 from LH sows) were collected and analyzed. For each
section, the length of five hairs per sow was determined with a
folding rule after 35 days of growth. Thereafter, the hair growth
rate was calculated for a 30-day period in order to compare our
own results to those of earlier studies.

Measurement of Hair Cortisol
Concentration
Cortisol Extraction
Hair sample washing and the extraction of the hair cortisol based
on Davenport’s methods (13) were performed. The hair segments
were put into a 10mL glass vessel into which 2.5mL isopropanol
was subsequently added. The tube was then transferred to an
overhead rotator, where the prepared samples were mixed for
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FIGURE 3 | Localization of the shaving area in the transition between neck and shoulder blades with subsections: (1) right lateral part, (2) region over the spine and (3)

left lateral part.

FIGURE 4 | Shaving regime for hair sampling: indicates hair formed in the farrowing systems, indicates hair formed outside the farrowing

systems; (A) at the day of entering the systems, (B) 13 days after entering (first shaving), (C) at the day of leaving the systems, (D) 15 days after leaving (second shave

for hair sampling).

3min at room temperature. A short washing time was chosen
simply to remove residual traces of externally originating cortisol
from the surface of the hair, without extracting steroids from the
interior of the hair shaft. The washing procedure was repeated
twice and the hair samples were then dried for at least 12 h. A
total of 7.5mg of the washed and dried hair samples was placed
in a 2mL cryo vial for the following 18 h and incubated in 1.5mL
pure methanol for cortisol extraction. The hair samples were
then fed into a microcentrifuge and then spun at 10,000 rpm for
2min. A total of 1mL of the clear supernatant was transferred
to a new 2mL glass vial. Under a steady stream of nitrogen gas
and temperatures of 50 degrees Celsius, alcohol was evaporated
and the samples were totally dried. To reconstitute the dried
extracts, 0.4mL of distilled water was added and the tube was
vortexed for 15 s.

Cortisol Concentration by Immunoassay
The hair cortisol concentration was finally analyzed using a
commercially available immunoassay with chemiluminescence
detection (CLIA, IBL International GmbH, Hamburg, Germany).

Due to low concentrations of cortisol in the hair, the protocol
“RE62019” for ultra-sensitive detection was followed. This
included the preparation of an additional standard by diluting
standard B 1:3 with standard A. One hundred microliters of each
standard, control and sample were pipetted into the respective
wells of the microtiter plate. The enzyme conjugate was diluted at
75% and 50microliters of this was added into each well. The plate
was then incubated for 3 h at room temperature on an orbital
shaker (400–600 rpm). After washing the plate four times with
250 microliters of diluted wash buffer, 50 microliters of prepared
substrate solution mixture were pipetted into each well. The
measurement of the relative luminescence units was performed
after 10 min.

The assay precision in this study, indicated by the intra-
(variation within plates) and interassay (variation between plates)
coefficient of variance, was below 10 and 12%, respectively.

Statistical Analysis
Statistical analyses were performed using the R statistics software
(29). The level of significance was set at P < 0.05.
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Data were tested for normal distribution by using histograms.

Hair Growth Rate
A linear mixed effects model was used for hair length analysis
in different body regions by implementing the R package Imer
Test (30), with “hair length” as the dependent variable and “body
region” as fixed and “sow” as well as “batch” as random effects.
To determine any differences in the hair growth rate between the
three different body regions, multiple pairwise comparisons of all
body regions were carried out using t-tests by implementing the
R package emmeans (31). The resulting p-values were adjusted
using the Bonferroni- Holm method.

In the following, hair lengths are stated as means ± standard
deviations (SD).

Hair Cortisol Concentration
First, the measured cortisol values were logarithmized to
approach a normal distribution. A linear model was used with
hair cortisol concentration as the dependent variable and the
following fixed effects: farrowing system, sows’ parity, number
of piglets born alive, number of weaned piglets, total piglet loss,
mean temperature in the experimental period, sows’ weight loss
in the farrowing system, occurrence of stereotypies, BLS and ULS
on the third day of investigation (Supplementary Table 1).

Prior to the analysis, the potential effects were prioritized
according to their potential influence on HCC. Thereafter, they
were included stepwise in the model before the final model
was developed.

The effects could potentially affect the stress level of sows and
were investigated for the following reasons:

1. The housing system to unveil potential environmental effects
on stress level

2. Parity, to show the effects of age and life experience on
stress level

3. The number of born, weaned, piglet loss to uncover the effects
of litter sizes on the sows’ stress level

4. Temperature, to illuminate heat or cold stress
5. Weight loss of sows, to discover possible links between the

physical conditions and the sows’ stress level
6. Stereotypies, to show any link between behavior and stress
7. Lesions scoring results, to determine if body/udder lesions

were stress-related.

The effects of the model were examined for significance
using t-tests.

The stated mean values and standard deviations were
calculated from the measured, not the modeled (logarithmized),
HCC values.

Body Lesion Score
A logarithmic mixed-effects regression model was used in
conjunction with the R package Imer Test (30) to analyze the BLS,
considering the following fixed effects: farrowing system, time
of investigation, number of weaned piglets, sows’ parity, sows’
body weight at the day of entering the systems, sows’ weight loss
in the farrowing system (Supplementary Table 2). Sow, pen and
batch were considered as random effects. Prior to the analysis,

TABLE 3 | Descriptive results of hair cortisol concentrations (pg/mg) in the two

farrowing systems (LH, loose housing; FC, farrowing crate).

System N Median Mean SD Min Max

LH 30 1.735 1.853 0.817 0.490 3.730

FC 31 1.630 2.125 1.526 0.940 8.920

the potential effects were prioritized according to their potential
influence on HCC. Thereafter, they were included stepwise in the
model before the final model was developed.

The effects could potentially affect the lesion score of sows and
were chosen for the following reasons:

1. Farrowing system, in order to reveal environmental effects on
the lesion score

2. Time of investigation, in order to reveal the effect of the
housing period on the lesion score

3. Number of weaned piglets, in order to reveal the effects of litter
sizes on lesions

4. Sows’ parity, in order to reveal the effects of age and life
experience on the lesion score

5. Sows’ body weight at the day of entering the systems, in order
to reveal the effects of weight/force on the lesion score

6. Sows’ weight loss in the farrowing system to show any link
between body weight or nutrition and the lesion score.

Based on the final model, posthoc-analysis was conducted using t-
tests and the R package emmeans (31) to examine any differences
in BLS between the three times of investigation within each
housing system and between the two systems at each time of
investigation. Using the Bonferroni-Holm method, the P-values
were adjusted.

RESULTS

Hair Growth Rate
Highly significant differences were found in the hair growth rate
between different regions of the shaving area. While the hair in
both lateral parts of the shaving area grew almost identically in
length within 30 days (left side: 7.48 ± 3.52mm, right side: 7.44
± 3.24mm, Padj = 1.00), there was considerably more growth in
the 10 cm-wide area above the spine (12.27 ± 3.95mm, Padj <

0.0001) (Supplementary Tables 3, 4).

Hair Cortisol Concentration
Overall, HCC were measured from a minimum of 0.49 pg/mg to
a maximum of 8.92 pg/mg with a mean of 1.99 ± 1.23 pg/mg
for all analyzed samples. Mean HCC did not differ significantly
between the farrowing systems (LH: 1.85 + 0.82 pg/mg, FC: 2.13
+ 1.53 pg/mg, P = 0.631) (Table 3). HCC was also not affected
by the sows’ parity (Figure 5), the number of piglets born alive,
the number of weaned piglets, the number of total piglet loss, the
skin lesion score, the udder lesion score, individual body weight
loss during the study period, the occurrence of stereotypies or
climatic conditions in the compartment (P > 0.05).
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FIGURE 5 | Mean hair cortisol concentrations and standard deviations depending on the sows’ parity.

Skin Lesions
In both housing systems, the mean individual BLS declined from
the beginning to the end of the housing period (P < 0.001)
(Figure 6). However, no difference in the mean individual BLS
was found between FC sows and LH sows, in general (P= 0.895).
Also, when analyzing each observation time separately (day 0,
day 13, day 30), the mean BLS did not differ significantly between
FC and LH sows (P > 0.05). The number of weaned piglets, sows’
parity, body weight at the day of entering the systems, as well
as the weight loss of the sows in the farrowing systems had no
influence on the BLS (all P > 0.05). The results of the BLS at the
three examination times are shown in Figure 6.

DISCUSSION

Hair Growth Rate
In order to use HCC as a retrospective calendar of stress,
knowledge about the speed of hair growth is important. Only
then can the period reflected by HCC be narrowed down, as this
is how the sampling interval is determined (19). Furthermore,
varying hair growth rates between different body regions can
cause different results in HCC of these samples within the
same examination period (32). Consequently, measurements of
the hair growth rate are indispensable when evaluating hair
cortisol as an indicator for chronic stress during a specific
time frame. However, several studies on HCC in pigs did not
consider the hair growth rate in order to adapt the shaving
scheme to the period under investigation, or they did not
perform a first shave (28, 32). In studies with a non-specific
time frame for stress detection (25, 33, 34), prior shaving of the

sampling region seems unnecessary. If the stress level should be
studied over a certain period of time, shaving should be carried
out beforehand.

In human studies, a mean hair growth rate of scalp hair of 1
cm/month is generally accepted. Nonetheless, scalp hair growth
varies according to the region, with the posterior vertex region
accepted to be the one with the most uniform growth rates,
resulting in less intra-individual variation of HCC. Thus, samples
are typically obtained from this region (12, 23, 35). However, such
a standardized procedure does not yet exist for hair sampling in
pigs and it seems useful to identify most suitable body regions for
hair sampling in these animals. It was already shown in pigs that
the HCC of the neck was lower than that of the lumbar region
(32), which in turn was lower than that of the tail (34). Hair
growth rates in these regions partly differed significantly, with
the lowest one in the neck (34). To the best of our knowledge,
there has not yet been any study performed on pigs measuring
the growth rate of hair in different subareas within the same or
adjacent body regions. In the present study, hair growth rate
in the lateral areas of the shaving region was almost identical
to those found by Bacci et al. (28) in the rump region of sows
and similar to those found by Heimbürge et al. (34) in the neck.
However, the growth rate determined in the present study for the
subarea above the spine differed from that found in the lateral
areas within the same shaving region. Thus, while Heimbürge
et al. (34) revealed differences in the hair growth rate between
different body regions in pigs, the present study also showed
evidence that such differences were present within a single body
region in pigs. This important result potentially influencing HCC
measurements should be considered in further studies.
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FIGURE 6 | Mean body lesion score (BLS) and standard deviations of the mean in the two systems (pens with farrowing crate = FC, loose housing pens = LH, each

n = 30 sows) on three examination days. While there were no significant differences within one examination day between the systems (marked by same letters), the

significant differences between the examination days are marked by * P < 0.05 or ** P < 0.001.

Hair Cortisol Concentration
It is assumed that chronic stress can cause both increased and
decreased reaction of the HPA axis at different time points during
a stressful situation: an HPA activation and elevated cortisol
levels at the beginning can be followed by a counter-regulatory
response over time, with rebounded glucocorticoid levels below
normal ones by feedback mechanisms (36). The adaptation to
recurrent or persistent so-called homotypic stressors in terms
of a regulation of the HPA-axis, with a reduced physiological
response compared to acute stress experiences, has been known
for decades and is referred to as “habituation.” It depends on
characteristics of stress exposure, such as severity, modality and
duration (37), and is stressor-specific (38). However, the HPA
axis does not get used to particularly threatening stressors (39).
Confining sows to crates could be seen as a cause of chronic stress.
Even if housing-related hypercortisolemia may be transient (40),
hair cortisol is recommended in earlier studies as a good indicator
of chronic stress.

In the current paper, we explore if methods adapted from
previous successful hair cortisol extraction studies (28, 32, 34)
also apply to sows in farrowing systems housed under different
farrowing conditions by trying to identify different possible and
specific stress factors in the farrowing units.

To the best of our knowledge, this is the first study using
hair cortisol analyses for evaluating different farrowing systems
for sows.

In addition, it was investigated whether the housing systems
had physical impacts on the sows using a lesion score, and
whether these were related to measured HCC.

Further data obtained in this study concerning
animal behavior and performance will be presented in
another paper.

However, the results of the present study do not reveal any
effects of either the housing system (farrowing crate or loose
housing) or of all other investigated parameters on hair cortisol
levels of sows. Thus, the results of the present study seem to
be partly contradictory to those obtained by previous studies.
Trevisan et al. (41) showed an influence of body weight on HCC,
with lighter sows having higher hair cortisol concentrations,
which was not confirmed in the present study. However, the
cross-breeding sows (local genetic × large white) used in this
previous study differed considerably in age, mean body weight
and hair growth characteristics from the sows used in our study
(1.6 ± 0.2 vs. 0.7 ± 0.3 cm/month in the lateral subareas of the
shaving field), thus comparability may be limited. Bacci et al. (28)
found an influence of the season on hair cortisol concentration
in sows, with the lowest concentrations during the hot season. It
was shown by Muns et al. (42) that an increase in temperature
from 20 to 25◦C can induce heat stress in sows. However, such
an influence was neither confirmed by Heimbürge et al. (34)
nor by the present study, even if mean room temperatures were
closely related to the season (Supplementary Table 5) and were
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quite similar to those measured in the study of Bacci et al. (28)
with 20–27◦C.

The sampling procedure could also be a cause of conflicting
results in different studies. The hair sampling method in the
current study was an attempt to improve over previous methods
by considering thoroughly the hair growth (which was included
for analysis). Due to a standardized procedure in the present
study, it is assumed that meaningful results were achieved. In
the present study, care was taken to ensure that only hair
that was newly formed during the study period was used for
hair cortisol measurement. Thus, it was necessary to consider
the time delay between incorporating cortisol in the hair and
the appearance of this hair section on the skin’s surface (24).
Therefore, the hair growth rate was determined and the selected
body area was shaved when the study started. As this procedure
was not performed in all previous studies and in the case of
Bacci et al. (28), hair samples were collected alternately from
different body sides, the comparability of the results may be
limited. Regardless of the selected body site and region for hair
sampling, it is important to select the same site for all subjects
(14). Since Casal et al. (32) found lower HCC in the dorsal neck of
pigs compared to other body regions, suggesting that this lower
cortisol concentration may result from less soiling with feces in
this body part, this region was also chosen for sampling in the
current examination.

Bacci et al. (28) reported that sows had higher hair cortisol
values when kept in crates compared to group housing in the
gestation area. However, the housing systems changed with
the stage of pregnancy, and high cortisol levels in crated
sows may also be explained by the systemic rise in cortisol
concentration during farrowing (43). In contrast, the present
study compared the hair cortisol levels of sows in different
housing systems during the same stage of the reproductive
cycle. Thus, the effect of the housing system may be better
determined. In this case, neither the housing system nor body
weight nor other investigated factors affected hair cortisol levels
in sows.

Most earlier studies dealing with stress levels of crated
and loose-housed sows in farrowing systems used cortisol
measurement in saliva or blood and are, therefore, not directly
comparable to this study (43–48). Lawrence et al. (43) found
higher plasma cortisol values around farrowing independent
of the housing system. However, higher cortisol levels were
detected in crated sows compared to loose-housed sows during
this time. The cortisol levels then decreased rapidly, and were
almost identical in sows of both groups only 1 day after
farrowing (43).

Hair cortisol is supposed to be an indicator of the
previous weeks’ or months’ adrenocortical activity (14),
representing the accumulated hormonal production of
the period of hair growth (12). In our study, a fairly long
period of investigation after farrowing may have “diluted”
higher cortisol levels around farrowing, if followed by
lower cortisol values thereafter. Consequently, differences
in stress levels between the two housing systems in our
study may no longer be obvious when measuring cortisol
in hair.

Furthermore, the present study did not reveal any other
influencing factors on hair cortisol levels in sows, such as the
number of suckling or weaned piglets. This could be explained
by the habituation to the constant stressors during the housing
period. Suckling was proven to be a stress factor for sows as
higher cortisol plasma levels were found the day before weaning
compared to the day after weaning. Shortly after weaning, an
increase in plasma cortisol was also measured (49). While the
weaning procedure is short-lived, the longer suckling period may
have a greater impact on cortisol levels. Apart from the possibility
that the stimuli were not stressful enough to cause elevated
cortisol levels in the sows (50), there is also the possibility of
downregulation of the HPA axis in this case. It is also conceivable
that dominant stressors with greater influence on cortisol levels
mask the impact of other stressors of lesser effect on the HPA axis.
An influence of these other stressors (for instance, the housing
system)may, therefore, no longer be represented by themeasured
cortisol values.

Finally, it may also be assumed that measuring hair cortisol
in pigs is not the appropriate method to determine stress levels.
Heimbürge et al. (51) found no differences in HCC between pigs
previously treated with ACTH and control animals, whereas in
cattle an effect of ACTH treatment on hair cortisol level was
found. The authors concluded that this may be related to a lower
systemic cortisol response in pigs, although seasonally lower hair
growth or external cross-contamination of hair cannot be ruled
out either.

Skin Lesions
As lesion scores are an important animal welfare indicator, they
were further investigated.

Although the farrowing crate itself may cause injuries to
the sows (52), this was not reflected by the scoring results
of the present study, with no indication of any influence of
the farrowing system on the BLS. As shown in other studies
investigating farrowing housing systems (26, 53), a significant
decrease in BLS was observed in both housing systems during the
study period. Individually housing sows in the farrowing systems
prevented agonistic behavior, as this occurred in the gestation
period when sows were group-housed. Thus, over time, skin
lesions resulting from previous group housing during pregnancy
healed. From this point of view, the time spent in the farrowing
systems can be regarded as a recovery phase. Consequently, at
no point in time was HCC found to be influenced by BLS. Also,
Carrol et al. (25) did not find any influence of skin lesions on
HCC in fattening pigs, whereas HCC was affected by tail lesions
and lameness.

CONCLUSIONS

The results of the present study revealed that the use of hair
cortisol measurements in sows around farrowing seems to be
limited. This may be due to the constant stressful conditions
in farrowing systems, such as suckling bouts or single housing,
to which the sows’ HPA axis may adapt over time, resulting
in decreased cortisol levels. However, it is also possible that
measuring hair cortisol is not the appropriate method for
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determining stress in pigs. Thus, a meaningful use of HCC in
sows for comparing the effect of different farrowing systems on
animal welfare remains questionable. Further research on the
time course of cortisol levels mapped in theHCC seems necessary
to validate the measured values. Also, the hair growth rate should
be considered in further studies when measuring HCC. Only if
the collected hair growsmore or less homogeneously can the time
period of hair analysis be defined. Regional differences in hair
growth rate within the same shaving area should, therefore, be
considered in future studies.
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The aim of this study was to develop and describe a protocol for assessing welfare

in camels reared in intensive or semi-intensive systems. A literature review was

conducted searching for scientific papers on assessment of animal welfare and camel

behavior, management, physiology, and pathology. The paradigms of Five Freedoms,

the Five Domains Model, and the welfare principles and criteria applied by the

Welfare Quality® and AWIN methods were then adapted to camels. A combination of

animal-, resource- and management-based indicators were selected and categorized

according to three levels of assessment: (i) Caretaker, (ii) Herd, and (iii) Animal. The

Caretaker level is an interview of 23 questions exploring the caretaker’s background,

experience, and routine management practices. The Herd level is a check of the herd

and of the place (i.e., box/pen) where camels are kept. The Animal level is a visual

inspection aiming at evaluating individual camel behavior and health status. The selected

indicators are presented for each welfare principle and level; for instance for the principle

of “Appropriate nutrition,” feeding management is investigated at Caretaker level; feed

availability and quality, the number of feeding points, and camel feeding behavior are

recorded at Herd level, while body condition score (BCS) is evaluated at Animal level. In

this study recording sheets for the assessment at the three levels are proposed and how

to conduct the assessment is described. Limitations of the proposed protocol are also

discussed. Further applications of this protocol for assessing camel welfare on a large

number of farms is needed to validate the proposed indicators and identify the thresholds

for their acceptability as well as to develop overall welfare indices and welfare standards

in camels.

Keywords: camel, welfare, behavior, feeding, housing, health

INTRODUCTION

Official FAO statistics report that there are over 35 million camels in the world (last update: 2018).
Their number has grown by about 15% in a 10-year period and it is destined to progressively
increase in the future (1). Although it is difficult to estimate the economic importance of this
species, both present and future (2), some explanations of their growing popularity may be
deduced. First of all, there are probably no other animal species as versatile for the human
being: the camel is a multipurpose animal, used to produce meat, milk, wool, hides, and skins,
with an active role in agricultural, cultural and recreational life of many populations worldwide
(2, 3). In recent decades, several studies have confirmed the nutritional quality of camel products,
particularly its milk (4–7), suggesting attractive marketing prospects and therapeutic uses (8, 9).
Some modernizations in farming techniques, such as machine milking, have been introduced but
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room for improvement still exists (3, 10, 11). Genetic
improvement and rational farm management could enhance
the productive efficiency of camels and, therefore, their
economic profitability. Finally, climate change and increasing
desertification are likely to make camels’ adaptive abilities more
and more appreciated as they demonstrate peerless productive
potential in arid conditions (3, 4).

Despite these promising prospects for camel rearing, there is
still very little attention and knowledge about its welfare; these
shortcomings concern both the scientific and legislative aspects.
Recent bibliometric research (12) pointed out that, although the
scientific interest in regards to the camel species has grown,
little attention has been paid to camel welfare issues. There
are still serious gaps of knowledge in camel physiology and
behavior, in the impact of different housing systems on its
welfare and relationship with humans. Specific indicators for
assessing camel welfare have not been developed yet (12) and
camels have been blatantly neglected by international legislation.
The World Organization for Animal Health included camels
in the document of recommendations for transport by land,
but no specific chapters of “Terrestrial Code” addressed the
welfare aspects of camels production systems (13). The first
European project, named Welfare Quality R© project, has focused
on other species (14, 15) and the camel did not even appear
in the second largest European project, the Animal Welfare
Indicators Project (AWIN), which had to cover species not
considered in the Welfare Quality R© (16). The key idea of both
Welfare Quality R© and AWIN projects is that animal welfare is a
multidimensional concept and multiple aspects of physical and
mental health should be stated and evaluated accordingly. The
latter protocols organize the welfare dimensions in principles
and criteria extending the notions of the Five Freedoms (17)
and suggest valid, measurable and reliable indicators for each
criterion. The indicators have been further classified according
to two generic approaches: (a) animal-based indicators (e.g.,
behavioral measurements, body conditions, health records);
and (b) resource- and management-based indicators (e.g.,
space allowance, feeding regime, environmental characteristics)
(18, 19).

Welfare Quality R© and AWIN projects were aimed at
developing assessment protocols that provided tools feasible
and practical to evaluate animal welfare. Not only animals but
also stakeholders would benefit from such a welfare assessment
tool. A standardized tool could be used to evaluate individual
resources (i.e., diet, housing), compare different husbandry
systems, quantify a range for optimal welfare and assess farmers’
compliance, develop quality certifications, identify welfare risk
factors and give evidence for developing new animal welfare
legislation (20).

Hypothesizing that camel welfare could be assessed using
animal-based, resource- and management-based indicators and
to fill the aforementioned gaps of knowledge, this study was
aimed at introducing an innovative protocol for assessing welfare
in camels reared in intensive or semintensive farming system
conceived by the idea of adapting criteria and principles of
Welfare Quality R© and AWIN protocols to this peculiar species.

MATERIALS AND METHODS

Selection of Indicators
A group of researchers with experience in camel behavior and
animal welfare reviewed the relevant scientific literature to select
promising indicators to be included in the protocol. Research
databases (PubMed,Web of Science, Google Scholar, and Scopus)
were selected and the search was refined limiting the search
to recent academic journal articles describing assessment of
animal welfare. Since the literature available on camels was
very scarce, the researchers mainly referred to the indicators
used for horses and ruminants according to the AWIN and
Welfare Quality R© protocols (15, 18, 21–23), evaluating which
ones could be adapted to camels. A combination of animal-,
resource- and management-based measures were preferred
for inclusion in this protocol as commonly done in the
literature (20). The list of indicators was further refined using
the experience in the field of the researchers to cover all
aspects of camel welfare and consulting articles published
on camel physiology, ethology, husbandry, and pathology
(24–41). The literature review included only papers written
in English.

The selection of the welfare indicators also took into account
the principles of validity, reliability, and feasibility as reported
in the literature for other species (42, 43). Thus, the indicators
that require further laboratory analysis (e.g., metabolic profiling)
were excluded to meet the principle of feasibility. All invasive
measurements or measurements involving physical contact with
animals were also excluded as camels could be untamed making
procedures stressful for animals and unsafe for operators.
Moreover, although their potential importance in assessing
animal welfare is recognized, data such as milk quality and
quantity, fertility indexes, mortality or daily body gains were not
included in this protocol because they are difficult to be directly
verified by an assessor. Finally, only measurable indicators were
chosen to comply with the principles of validity and reliability
(42). After the aforementioned process, the indicators were
organized accordingly with the four principles and 12 criteria
developed by Welfare Quality R© (14, 15, 18).

Caretaker, Herd, and Animal Levels
Data related to all indicators included in each welfare principle
should be collected at three levels depending on their origin:
from the caretaker, “Caretaker level,” from the direct evaluation
of a group of animals and the pen where they are kept,
“Herd level,” or from the individual camel, “Animal level”
(Figure 1). A recording sheet was developed for each level
of assessment.

The Caretaker level is a face to face interview and comply
with the principles of the Terrestrial Code according to which
caretakers are responsible for the humane handling and care
of the animals, and they should have sufficient skills and
knowledge to ensure that animals are treated following animal
welfare principles (13). The questions were selected and adapted
from a questionnaire previously developed for investigating
the knowledge of animal welfare among camel caretakers (44).
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Mainly resource- and management-based indicators were chosen
for the Caretaker level embracing all principles (Tables 1, 2).

The Herd level is a check of the herd and of the place
(i.e., box/pen) where camels are kept. It includes robust and
feasible indicators requiring no or minimal handling. Resource-
and management-based indicators were chosen for the “Good
feeding” and “Good housing” criteria (Table 1), while mainly
animal-based indicators were chosen for the “Good health” and
“Appropriate behavior” criteria (Table 2).

FIGURE 1 | The welfare principles of Good feeding, Good housing, Good

health and Appropriate behavior are evaluated at three levels: Caretaker level,

Herd level, and Animal level.

The Animal level consists of behavioral observation,
behavioral tests, and a visual inspection of individual camels.
Mainly animal-based indicators were chosen for all criteria.
Among the measures proposed by the AWIN and Welfare
Quality R© protocols, only the most promising ones in terms of
feasibility in the camel field were selected (e.g., BCS) (Tables 1, 2).

RESULTS

Each farm welfare assessment should start with a meeting with
the camel farm manager/caretaker, for explaining the protocol.
The farmwelfare assessment should be carried out at a fixed time,
for example, 10:00 a.m., respecting the farm’s routine practices.
The on-farm welfare assessment would be carried out with some
steps taken from outside and other inside the box/pen where the
animals are kept (Supplementary Figure 1).

Camel Welfare Assessment at Caretaker

Level
Table 3 shows the questions of the interview composed of
14 closed-ended and nine open-ended questions. During the
interview, general information on the animals and their
management is collected. In particular, the questions investigate
the following aspects: demographic characteristics of the
caretaker and camels, feeding and health management, self-
evaluation of their ability to assess pain and distress, and
knowledge of animal welfare. This information is aimed
at double-checking the reported management with the data
collected by the assessor at Herd or Animal level, verifying

TABLE 1 | Camel welfare indicators were selected by researchers for the principles of Good feeding and Good housing.

Principles Welfare criteria Welfare indicators

Caretaker level Herd level Animal level

Good feeding Appropriate nutrition Feeding management Feed availability

Feed quality

BCS

Feeding points

Feeding behavior

Absence of prolonged

thirst

Watering management Water availability

Water quality

Bucket test

Water points

Drinking behavior

Good housing Comfort around resting Years of experience in

working with animals

Bedding

Space allowance Rubbish

Resting behavior

Insects

Resting behavior

Thermal comfort Years of experience in

working with camels

Temperature

Humidity

Wind speed

Shade

Use of the shade

Use of the shade

Ease of movement Camel exercise Pen/box dimension Tethering

Tethering Hobbled

Fence quality

The indicators were divided according to welfare criteria and source of information (Caretaker level: indicators collected through an interview of the caretakers; Herd level: indicators

collected by a direct evaluation of a group of animals and their pen/box; Animal level: indicators collected by a direct evaluation of individual camels).

BCS, Body Condition Score.
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TABLE 2 | Camel welfare indicators were selected by researchers for the principles of good health and appropriate behavior.

Principles Welfare criteria Welfare indicators

Caretaker level Herd level Animal level

Good health Absence of injuries Camel injury observed Animals injured

Type of injury

Injury

Scar

Swollen Joint

Lameness

Absence of disease Camel disease observed

Camel health check

Medical treatments

Sick animals

Type of disease

Disease

Hair coat conditions

Ectoparasites

Discharge

Diarrhea

Abnormal udder

Abnormal breathing

Coughing

Absence of pain and

pain induced by

management

procedures

Caretaker’s ability to identify

pain

Animals in pain

Animals with a nose-ring,

cauterizations and wounds

from halters or similar

Evident pain

Appropriate

behavior

Expression of social

behavior

Social behavior

Aggressive behavior

Social interaction

Expression of other

behavior

Camel behavioral problems

observed

Stereotypies

Other abnormal behaviors

Stereotypies

Other abnormal behaviors

Good human-animal

relationship

Experience in camel

handling

Approaching test

Caretaker’s skills in

identifying distress

Caretaker’s knowledge of

animal welfare

Positive emotional state Behavior repertoire

The indicators were divided according to welfare criteria and source of information (Caretaker level: indicators collected through an interview of the caretakers; Herd level: indicators

collected by a direct evaluation of a group of animals and their pen/box; Animal level: indicators collected by a direct evaluation of individual camels).

the caretaker’s knowledge of welfare and at identifying possible
hazards. For example, the caretakers’ statements relating to
the frequency of water distribution would be compared with
the Herd level indicators of water quantity and quality. The
criteria suggested by the caretaker to evaluate a camel in pain
would indicate the ability to early quickly identify a camel that
was suffering. Finally, the experience in camel handling and in
managing other farm animals would affect farm management,
health, and the human-animal relationship.

Camel Welfare Assessment at Herd Level
Tables 4–6 show the recording sheets for the assessment at Herd
level. They are lists of parameters related to the environment,
camel herd and the place where the camels are kept (i.e., pen);
their collection should be carried out without disturbing the
animals. The first measurements collected from outside the pen
are related to animal behavior. After the census of the number
of animals, the assessor should observe them and record the
behaviors included in the Appropriate behavior section shown by
each member of the herd during 3min (45) (see scan sampling
ethogram in Supplementary Table 1). Then, the environmental
parameters, such as THI, and general characteristics of the
pen/box, such as dimension and shape should be recorded.
Instruments for detecting environmental parameters should be

placed near the fence at the level of the camel’s nose. Entrance
into the pen is generally required to evaluate indicators of
Good health, especially if there are many animals or very large
pens, while it is always required to carry out the rest of the
measurements and scoring included in the Good housing and
Good feeding principles (e.g., dimension of feeding and drinking
troughs). In addition to the facilities’ dimension, their cleanliness
should also be evaluated. The cleanliness of feeding and water
points should be scored using a three-point scale: “dirty” if there
is an abundant presence of organic or inorganic materials, such
feces or debris, “partly dirty,” if the facilities are contaminated by
a few foreign materials, or “clean” (Table 4). Furthermore, the
position of the feeding and watering point (i.e., in the sun or
in the shade) and the temperature of the drinking water should
be noted. Bedding should be similarly evaluated, recording the
type of bedding and its cleanliness according to the presence of
feces or unsuitable material (Table 5). The Herd level assessment
also requires a qualitative description of the fences and the
rubbish present in the pen. In particular, the condition of the
fences should be reported as a binary variable (broken/unbroken)
while the rubbish should be scored as “No rubbish,” “Small,”
“Medium,” and “Large” size according to its dimension (Table 5
and Supplementary Figure 2). Other indicators such as density
and trough space, should be calculated at a later stage. A selection
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TABLE 3 | Camel welfare recording sheet at Caretaker level.

Questions to pose during a face to face interview with the farm manager/caretaker divided according to the welfare criteria.
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TABLE 4 | Camel welfare recording sheet for indicators of Good feeding collected at Herd level.

The Herd level consists of a check of the herd and of the place where the camels are kept.

*For each water/feeding point.

of camel boxes/pens to be assessed may be applied following the
rules suggested by the AWIN protocol for goats (section 3.6.1)
(46) and stratifying according to the category of animals kept in
the pens (young, adults, pregnant, and stage of lactation). The

selection of the pen should be randomly conducted excluding the
pens used as infirmary, culling, and quarantine. Namely, if <2
pens were present at the farm, all pens would be assessed; if the
farm had 3–7 pens, two pens would be assessed; if the farm had
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TABLE 5 | Camel welfare recording sheet for indicators of Good housing collected at Herd level.

The Herd level consists of a check of the herd and of the place where the camels are reared.

8–10 pens, three pens would be assessed; finally, if the farm had
more than 10 pens, 25% of the pens would be assessed.

Camel Welfare Assessment at Animal Level
Tables 7, 8 show the recording sheets for the assessments at
Animal level. The Animal level assessment involves a closer look
and contact with the camel without any invasive procedures. The
number of animals to be assessed should be chosen following
the rules proposed by AWIN for goats’ selection assuming a 50%
prevalence, a confidence interval of 95%, and an accuracy of 10%
(section 3.6.3) (46). However, to minimize the impact on camels,
non-restrictive criteria, such as a level of confidence of 90% or
less, or rules of thumb could be adopted.

Initially, a behavioral observation of 3min (direct observation
or video taking for further analysis) should be conducted from
outside the pen without disturbing the animal. During the
behavioral observation, the assessor should record parameters

included in Good housing (e.g., position of the camel in the
shade or the sun, the presence of insects, and physical restraint)
and the other behavior traits included in the recording sheet
(see ethogram in Supplementary Table 1) using the one-zero
(occurrence or non-occurrence) sampling method (45). Then,
an approaching test modified by Wulf et al. (48) should be
performed (Supplementary Figure 3). Briefly, an unfamiliar test
person (i.e., tester) enters into the pen where the camel is kept
and approaches the camel slowly, one step at a time. The test
is stopped if the camel shows avoidance or aggressive behavior
(turning the head, running away, biting) or when the tester can

approach the camel and put a hand close to the nose of the camel.
The tester should be a person with a solid scientific background

on animal behavior. The camel behavioral responses should be

classified as “Positive,” “Neutral,” or “Negative” (Table 9).
After the approaching test, the assessor should carry out a

careful visual inspection of the camel to determine its Body
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TABLE 6 | Camel welfare recording sheet for indicators of Good health and Appropriate behavior collected at Herd level.

The Herd level consists of a check of the herd and of the place where the camels are reared.

Condition Score (BCS) and the presence of any disease and
injuries listed in the Good health section. For the BCS, the
scoring (0–5) is based on visual examination of the ribs, the
ischial and coxal tuberosities, the hollow of the flank, and the
recto-genital zone as suggested by Faye et al. (47) (Table 7). If
the camel is hobbled or tied up, the type of hobbles, the length
of the rope (and whether injuries and scars caused by them
were present) should be noted down (Supplementary Figure 4).
Finally, a bucket-test should be conducted as follows: a bucket is
filled with 5 L of fresh and clean water and placed about 1m far
from the camel. The time the camel takes to approach the bucket
after it is placed (“latency time,” in seconds) is taken using a
stop-watch and the volume of water drunk (in liters) is recorded.
If the camel does not drink within 60 s, the bucket is removed
(Supplementary Figure 5). A categorization of these continuous
measures is proposed to create a score-based index, called Thirst
Index, indicating the animal’s thirst (Table 10).

DISCUSSION

This study introduced an innovative protocol for assessing
welfare in camels reared in intensive or semi-intensive farming
systems conceived by the idea of adapting the criteria and
principles of Welfare Quality R© and AWIN protocols for this
species (15, 16, 18). It focused on critical aspects of farming
that could negatively impact camel welfare status as indicated
by the Five Freedoms paradigm, i.e., thirst, hunger, discomfort,
pain, distress, and abnormal behaviors (17). However, based on
the current knowledge of the camel species, the proposed tool
emphasized positive welfare states and human factors according

to the Five Domains Model (49, 50) and proposed indicators
ad hoc for camels. Among the proposed welfare indicators,
some were already validated in camels [e.g., BCS; (47)], others
were selected based on their good feasibility, repeatability, and
reliability demonstrated in other species (42, 51) and the current
knowledge of camel ethology, physiology, and pathology (24–
41). The proposed protocol assesses camel welfare applying a
multidisciplinary approach (14, 43), suggesting several indicators
for each welfare principle assessed at three different levels,
namely Caretaker, Herd, and Animal (Figure 1 and Table 1).
However, only further applications of the proposed welfare
assessment tool on many camel farms will lead to the validation
of the proposed indicators and the identification of thresholds
for their acceptability as well as to the possible creation of overall
welfare indices and welfare standards for camels.

“Appropriate nutrition” and “Absence of prolonged thirst”
are the criteria used for the principle of Good feeding (18, 19).
Hunger and thirst can occur not only when feed and water
are not available, but also when they are not accessible or their
quality and quantity do not meet the animals’ physiological
and behavioral needs (43). Thus, our protocol at the Herd level
included structural and technical elements relating to feeding and
watering points as well as indicators of effective availability and
cleanliness of feed and water in line with the AWIN protocol
(18). However, given the high environmental temperatures in
which camels are usually reared, the position of the troughs in
the shade/sun and the water temperature were added as measures
of quality. Herd level was also implemented with some animal-
based indicators of positive welfare states, such as feeding and
drinking behaviors. Notwithstanding the elevated number of
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TABLE 7 | Camel welfare recording sheet for indicators of Good feeding collected at the Animal level.

The Animal level consists of a check of the individual animal and behavioral tests.

*BCS, Body Condition Score, adapted by Faye et al. (47).

indicators introduced at Herd level, the assessment of welfare
at this level has some limitations; firstly, it is only a snapshot of
the reality, secondly, camel management and facilities may vary
a lot among countries where camels are reared probably more
than other livestock. The assessment at Animal level therefore
becomes crucial for the evaluation of longer-term welfare
conditions of camels. BCS is a robust animal-based measure for
evaluating medium to long-term good feeding practices in many
species (23, 52) and in camels has been validated by Faye et al.
(47) and consequently applied in our protocol. Further studies
could identify the welfare implications for each scoring category
in camels of different age, physiological states or rearing purposes
(i.e., growing camels, lactating she-camels, racing camels). As an
indicator of “Absence of prolonged thirst” at Animal level, the

protocol proposed a bucket-test, initially designed to evaluate
thirst in horses (18). It only requires a graduated plastic container
and fresh water as equipment, but biosecurity rules and good
hygiene practices have to be respected to avoid the transfer of
pathogens while testing animals. During a bucket-test, the latency
time and the volume of water drunk can be easily recorded and
scored. However, possible confounding factors could arise during
the test skewing the results. In particular, different motivation
factors could intervene especially if there are other animals in the
pen. Furthermore, the latency time could be influenced by the
temperament of the camel which could approach out of curiosity
the bucket or be reluctant due to shyness or fear. For this reason,
a Thrist index was proposed where differential scores were
attributed to latency time and volume of water. The motivation
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TABLE 8 | Camel welfare recording sheet for indicators of Good housing, Good health, and Appropriate behavior collected at the Animal level.

The Animal level consists of a check of the individual animal and behavioral tests.

could also be influenced by the farm system and the type of food:
in intensive farm, usually forages are containing more humidity
while in extensive areas, where the food is dryer, camels can be

more trained to avoid drinking for several days. The results of
the bucket-test, thus, should be interpreted with due caution (51)
and the results of the test conducted on intensive and extensive
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TABLE 9 | Camel approaching test scoring system.

Definitions of possible camel’s responses during an approaching test.

farms should be not compared. Consequently, further studies are
necessary to validate both the bucket-test and its scores as well
as to develop new indicators to assess the “Absence of prolonged
thirst” Criterion in camels.

“Appropriate nutrition” means that physiological and
behavioral needs have to be met to ensure a good welfare
state. Camels are well-known for their abilities to adapt to
resource-poor environments but this could bias their welfare
assessment, especially in intensive contexts. The camel, in fact, is
well-adapted to the utilization of feed with low nutritional value
in its natural habitat where the diet is varied and it can choose
the plants by selecting the richest in water and mineral content
(53). Under natural conditions, moreover, camels spend most of
their time grazing and ruminating (24, 25). In intensive farms,
unfortunately, the restricted feed access, as well as a diet usually
less varied and poor in low-digestible feeds drastically limit
these behaviors. These conditions could also have implications
for rumination times, gut microbiota, and, finally, camel health
(54). It is interesting to note that, according to Baraka et al. (40),
23% of farmed camels suffer from ruminal acidosis associated
with low ruminal pH. Camels, unlike other herbivores, are
also predisposed to diabetes mellitus and high-caloric diets can
compromise their welfare (32). It is for all of these reasons that
several indicators related to the feeding type, feeding strategies,

and feeding behavior assume great importance in the welfare
evaluation of camels reared in intensive farming systems and
they have been included in our protocol. Camels have to digest
many mineral salts as they are involved in the homeostatic
mechanisms of thermoregulation and water retention. Including
mineral supplementation in the diet has shown important effects
on their metabolic profile and health (28) as well as on their milk
production (33). Thus, the use of salt rocks or other supplements
are important, not only for animal welfare, but also for farm
productivity. Whilst the proposed protocol only registers the
presence-absence of a salt block, quantitative measures of
supplements, such as the number of salt blocks, the ease of
access, and the physical form (i.e., solid or dissolved in drinking)
could be added. Finally, not only animal-based (i.e., BCS), but
also resource- and management-based measures indicating
“Appropriate nutrition” should be always related to the category
of animals present in the pen as nutrient requirements vary
according to age, sex, and physiological status (pregnancy and
lactation) (55).

“Comfort around resting,” “Thermal comfort,” and “Ease of
movement” are the criteria used for the principle of Good
housing (18, 19). In our protocol, the “Comfort around resting”
involved measures collected at Herd level describing the space
allowance, the type and quality of rubbish and bedding. Since the
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TABLE 10 | Parameters and criteria proposed for scoring the results of a

bucket-test during welfare assessment in camels.

The pre-defined thresholds categorize the latency time and the volume of water drunk into

scores ranging from 0 to 2. These scores are added to obtain the Thirst Index, which can

range from 0 (not thirsty) to 3 (very thirsty).
*Time the camel takes to approach the bucket after it is placed, 1 min maximum.
#5 L maximum.

latter aspects may depend on managerial decisions, a question
about the experience in working with animals was included at the
Caretaker level. Even though these aspectsmay often be neglected
by the caretakers on farms, they are very important to respect
the natural behavior of camels and to ensure they have a clean
and quiet resting site. In extensive contexts, indeed, camels show
a strong attachment to sleeping sites and carefully choose the
quietest places (35) but intensive farming may affect this natural
resting behavior, particularly when the pen is overcrowded. The
space allowance could preclude the animal from having an
adequate space to rest comfortably leading to various welfare
concerns. El Shoukary et al. (36) showed that overstocking
resulted not only in reduced lying and rumination time but
also in increased serum cortisol concentration, feed competition,
aggressive behavior and production losses. Camel’s resting time
may also be related to the presence and type of rubbish and
bedding. Rubbish may be present in camel pens and could limit
the space not only for resting but also for walking. Moreover,
depending on its size, rubbish could increase the risk of injury
and foreign body ingestion. This is the reason why both the
presence and the dimension of rubbish are listed as indicators
in our protocol. The presence/absence of rubbish inside a pen
depends on the caretakers; consequently, their level of general
experience in working with animals was included as an indicator
and could be a point on which they need to be educated. The
cleanliness of bedding is also listed, although dirty assessment
at Herd level could be a problem only in case of humidity as
the camel feces can dry rapidly. Thus, cleanliness could be also
evaluated at Animal level developing a scoring system similar
to that proposed for cows (56). Finally, resting behavior is an
indicator at both Herd and Animal level, because the behavioral
observation becomes crucial to assess whether the camels have,
like and use an adequate resting place.

The Criterion of “Thermal comfort” states that “animals
should neither be too hot nor too cold” (19). Although the
ability of camels to adapt to an arid climate is well-known, the
prevention of prolonged heat stress is also a welfare concern for
camels. Indeed, physiological adaptive mechanisms may not be
adequate to alleviate heat and camels can experience heat stress
(29). The primary causes of heat stress are high environmental
temperatures and humidity as well as the inadequate facilities
to protect the camels from these environmental challenges (29).
Thus, the indicators for this Criterion not only concern the
environmental parameters, but also the availability and the use
of shade as well as the caretaker’s experience in working with

camels. Although it should be verified, we hypothesized that
the knowledge acquired by the caretaker on the thermal needs
of camels and the management of adverse climate conditions
could optimize the allocation of resources. Heat stress in camelids
can cause decreased appetite, reluctance to rise, and lethargy
and even result in death of the animals. There are not many
statistics on the incidence of heat stress and there is little
information on its risk factors (29), but certainly, the effects
of heat stress are exacerbated if it is concomitant with water
deprivation (41). Some animals could also be predisposed to heat
stress by other factors such as parasitism, lameness, weaning,
inadequate nutrition, or obesity (29). For this reason, the
indicators suggested for the principles of Good health and Good
feeding can further contribute to the thermal comfort assessment.
A better understanding of the camel’s ethology could also be
useful to identify indicators of positive experiences related to
their “Thermal comfort,” as suggested in the Five DomainsModel
(49, 50). This Model encourages the inclusion of measures that
indicate positive experiences for the animal, recognizing that
acceptable animal welfare cannot be achieved only by avoiding
negative states but agreeable experiences are needed as well.
Therefore, minimizing the risk of thermal discomfort would not
be enough. It is necessary, at the same time, to offer animals “a life
worth living” providing them with opportunities to have positive
experiences (50). For example, the number of animals resting
or ruminating in the shade might be suggested as a positive
welfare indicators although there is still no scientific evidence
for this. Preference tests should be conducted to understand
whether camels like resting and ruminating in the shade or under
the sun.

The “Ease of movement” Criterion responds to the animal’s
need for an adequate space that guarantees them freedom
of movement. In our protocol, a quantitative and qualitative
description of the fences was proposed at Herd level as they
can be a critical concern of many camel farms. The possibility
of exercising was investigated at the Caretaker level, while the
numbers of camels hobbled or tethered should be reported
at both Herd and Animal level. Health consequences of the
tools adopted for restraint are addressed below but, here, their
role in the inhibition of movements is emphasized. Camels
are usually calm and docile animals that, in feral conditions,
live in herds moving over wide areas of land (35). However,
in intensive management, it is not uncommon to find them
confined in small places or even tied with short ropes and
hobbled (37). This condition is a critical welfare concern,
both from the point of view of freedom of movement and
expressing natural behavior. Indeed, as in other species (57,
58), limited space and social isolation are the cause of chronic
stress in camels which can develop stereotypies (38) and show
high serum cortisol concentrations (59). Finally, movement
control affected metabolism, whereby the increase in locomotory
activities favored feed digestion and nutrient absorption (59).
Therefore, ensuring the “Ease of movement” Criterion will also
enhance camel performance.

“Absence of injuries,” “Absence of disease,” and “Absence
of pain and pain induced by management procedures” are the
criteria of the principle of Good health (18, 19). The remarkable
resistance and adaptability of the camel can represent serious
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biases in the evaluation of its health. Several reports testify that
camels are susceptible to a lot of diseases and can manifest more
severe clinical signs than other animals (30, 31, 60). Some of these
diseases mainly occur in certain periods of the year, e.g., breeding
season, and could not be noticed on the day of assessment.
Thus, caretakers were asked for the pathologies found in their
camels during the last year in order to obtain “longitudinal”
information on the incidence of the major diseases. The other
critical issue is related to their remarkable ability to bear pain.
They could continue to work without showing any signs of
suffering and therefore medical intervention may be too late
(55). In this context, early diagnosis, ability of the handlers
to carry out correct evaluations and the frequency of checks
assume considerable importance in guaranteeing the principle of
Good health. Ad hoc indicators were included in our protocol
but further considerations are needed. Pastoralists use several
strategies to prevent and treat health conditions (61). However,
the ineffectiveness of some traditional treatments, the lack of
professional surgery as well as the inappropriate use of veterinary
drugs and vaccines, not only compromises animal welfare, but
contributes to the spread of disease and the development of drug
resistance (62). Further epidemiological studies, more training
of operators and a constant presence of veterinarians inside the
farm would be desirable. In this regard, our protocol proposed
a list of indicators at the Caretaker level to investigate the health
management of camels and, in particular, to verify if veterinarians
are routinely involved. However, further indicators could be
added, such as the mortality and morbidity rate, indices to
assess udder health, or more questions about the management
of hygiene practices considering the growing importance of the
camel as a dairy animal.

The measures of “Absence of pain and pain induced by
management procedures” selected for the camel protocol are
peculiar. Multiple indicators were selected for this Criterion
taking into account the practices routinely used in camels for
restraint, such as hobbles and nose-ring applications, or curative
purposes, such as amputations and cauterization (61–63).
Although the procedures for restraining can vary from country
to country, halters, nose-rings, and hobbles are commonly used.
In general, the nose piercing is a painful procedure which may
also cause bacterial infections or lead to mutilation (64, 65).
Hobbles, when tied too tight can not only cut the skin, leading to
lesions, infection, and swelling but also cause inflammation of the
tendons and lameness, and increase the risk of falls. Finally, they
can reduce the circulation to the limb causing severe discomfort
and pain (65). Cauterization is often practiced by caretakers to
treat a wide range of diseases, including traumatic conditions,
mastitis, and inflammations (61). Our measures were simplified
compared to AWIN method for horses that also includes the
Horse Grimace Scale (18) as not validated in camels. Thus, the
development of tools for pain assessment in camels is certainly
desirable and requires further studies.

“Expression of social behavior,” “Expression of other behavior,”
“Good human-animal relationship,” and “Positive emotional
state” are the criteria of the principle of Appropriate behavior
in AWIN and Welfare Quality (18, 19). The measures of
“Expression of social behavior” and “other behavior” include
indicators of both negative (i.e., aggressive and other abnormal

behaviors) and positive welfare states (i.e., social behaviors),
and could be collected both at Herd and Animal level. The
present approach could be further implemented including other
behavioral tests, such as a Fear test or Avoidance distance,
and a Qualitative Behavior Assessment. However, knowledge of
camel behavior is still too scarce, and the concept of welfare
still seems to be in its infancy, to develop more complex
protocols for this species. Social behaviors must surely be
considered among indicators as camels were herd animals even
before domestication (35). As shown by Padalino et al. (38),
social isolation and inappropriate housing increase abnormal
behaviors, namely locomotor (head-shaking and pacing in a
circle) and oral (self-biting and bar-mouthing) stereotypies in
camels. Thus, the presence of stereotypies were selected as
indicators in the present protocol. Other behaviors “away from
the norm” were defined as “Abnormal Behaviors” (66, 67) and
generic examples were reported as there is no literature regarding
this so far. The “Good human-animal relationship” Criterion
mainly involved the Animal and Caretaker level. A modified
version of the approaching test was developed but it is worth
noting that the camel’s responses could be influenced by the
farm’s system. Dairy camels, for example, are usually more
accustomed to the presence and manipulation by humans than
camels used for fattening. Some information on the caretaker’s
experience in handling camels and knowledge of stress and
welfare were also considered important to investigate. According
to Mellor (50), several characteristics of the caretaker could affect
his relationship with the animals. As shown in other species
(68, 69), caretaker’s knowledge, training and familiarity with the
animals seem to improve empathy, attitudes, and, ultimately,
their handling and welfare as well as farm productivity. As
regards the Criterion of “Positive emotional state” of camels, the
indicators could arise from the evaluation of their behavioral
repertoire. It could be possible to suppose that appropriate time
spent grazing and rumination could indicate a good welfare
state. Free-living camels, indeed, moved frequently from one
feeding station to another (24, 25) and their feeding behaviors
were characterized by a long eating time (26, 34). However,
there is no specific research and further studies still need to be
done to consider these behaviors as reliable indicators of positive
emotional states. The principle of Appropriate behavior has been
linked to several aspects of the camel reproductive sphere (39,
70) and several physiological and pathological consequences in
other species (71–73). Consequently, the assessment of indicators
included in these criteria could offer possibilities to improve
other aspects such as the health and reproductive management
of the camel. It is worth highlighting that the assessment of
welfare is multidisciplinary and health, production, and welfare
are interlinked.

Overall, this study proposes a tool for assessing camel welfare
on intensive or semi-intensive systems based on the literature and
it is only the first step of a long process. The presented protocol
has to be validated by applying it in the field and the proposed
measures should also be selected, refined and aggregated to
develop overall welfare indices. This protocol, therefore, needs
to be implemented by camel scientists, stakeholders, and other
members of the various camel industry before suggesting welfare
standards for camels.
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Using an app, this exploratory study generated information on HRQL in a large

cohort of dogs deemed healthy according to the owner. It forms the basis for further

studies investigating the natural history of HRQL of dogs to inform the interpretation

of interventional studies, but highlights the risks of relying on owner impression of

health status. A previously published health-related quality of life (HRQL) instrument

(VetMetricaTM) that generates scores in four domains of quality of life in dogs - Energetic

and Enthusiastic (E/E), Happy and Content (H/C), Active and Comfortable (A/C), and

Calm and Relaxed (C/R), generated information on HRQL in 4,217 dogs (3 months−21

years). Dogs were categorized by age; young, 3–47 months, middle-aged, 48–95

months, and old, 96 months and older. Owners considered 2,959 dogs (3–95 months)

to be “in perfect health” and these were used to explore the relationship between age,

sex, breed and HRQL in apparently healthy dogs. Mean score was significantly greater

(better) in young compared to middle-aged dogs in E/E, H/C and A/C and declined

with advancing age. In H/C there was a small but significant difference in mean score

between female and male dogs (mean greater in females), with a similar rate of decline in

each gender with advancing age. In E/E there were very small but statistically significant

differences in mean scores between certain breeds. In A/C there was a statistically

significant interaction between breed and age and the rate of decline with advancing

age differed with breed. Overall, age, breed, and sex predicted very little of the variation

seen in HRQL scores. Data from a subset of 152 dogs, for whom clinical information was

available, were used to examine the agreement between clinical evidence and owner

opinion. According to the clinical records, 89 dogs were healthy and 63 had evidence of

chronic disease. There was an approximately 40% disagreement between owner opinion

on health status and clinical evidence of chronic disease (35% disagreement in all dogs

and 43% in old dogs). HRQL scores were generally higher in dogs for whom there was

no evidence of disease in the clinical record.
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INTRODUCTION

Quality of life (QOL) is a general term used in a variety of
disciplines in which it is accepted that QOL is, like pain, a multi-
dimensional construct that is subjectively experienced by and is
uniquely personal to the individual. Health-related quality of life
(HRQL) is the subjective evaluation of circumstances that include
an altered health state and related interventions.

HRQL instruments can be disease-specific focusing on

particular disorders or populations, or they can be generic,

designed to be used in a variety of contexts and across a wide
range of disease conditions. Generic instruments generate either
a single index score or a health profile, which attempts to
measure all important aspects of HRQL. Health profiles offer
significant advantages – they allow themeasurement of the effects
of a disease state or its treatment on different dimensions of
HRQL e.g., physical or emotional components and they can be
applied to any population, sick or healthy. There are several
profile measures available to measure HRQL in humans and one
of the most popular, the Medical Outcomes Study-Short Form
(SF-36) is a generic instrument that generates scores in eight
domains of QOL (physical functioning, physical role limitations,
bodily pain, general health perceptions, energy/vitality, social
functioning, emotional role limitations, and mental health)
which can be combined to produce two summary scores in
physical and emotional health (1). The authors have previously
reported the development of an owner reported 46 item generic
profile measure to evaluate HRQL in dogs (VetMetricaTM)
(2), and subsequently this instrument was shortened to 22
items in order to facilitate its presentation via a smartphone
app (3). This instrument generates scores in four domains
of QOL - energetic/enthusiastic (E/E), happy/content (H/C),
active/comfortable (A/C), and calm/relaxed (C/R) which, like the
SF-36, can be combined to create summary scores in physical and
emotional health.

The advantages of generic HRQL scales are many, including
the comparisons of different disorders, disease severities and
treatments. They also can measure the burden of chronic disease
in populations as compared with healthy ones (4). However,
despite its widespread use among people with chronic conditions,
there have been few studies regarding the ways in which the SF-
36 performs among healthy populations – see (5) for a useful
review. Accordingly it has been difficult to estimate within-
person changes that may be the consequence of natural aging.
Such norms are important to establish because the effect of
any intervention in a sick population may be confounded by
changes due to the natural progression of HRQOL over time.
Studies using the SF-36 have shown that the SF-36 is reliable
and able to detect differences between groups defined by age and
gender which are known to impact HRQL scale scores (6). A
subsequent study showed that in healthy people emotional health
improves with age while physical functioning scores decline, with
women scoring consistently lower than men in each age group,
with the exception of the general health perception domain (7).
To the authors’ knowledge there is no information available on
HRQL in populations of healthy pet animals in relation to such
biological variables, and one aim of this study was to generate

such information to expand the body of knowledge in relation to
the natural history of HRQL in companion animals.

In human health care, mobile health (m-health) applications
are increasing and used in a diverse range of practices (8),
but app technology has remained relatively under-exploited
in veterinary medicine to date. There are numerous apps
available to track HRQL in humans, including some specific
to disease states such as cancer and mental health (9–12). The
advent of app technology provides a unique opportunity for
veterinary surgeons to obtain information about the animals
under their care remotely, and although apps have been used
in the management of epilepsy (13) and in parasite monitoring
in dogs (14), the majority of health and lifestyle apps that are
available offer only the ability to record and diarise activity
or medical information. One exception is the PetDialog app
(Zoetis Inc.) for companion animals which allows owners to
record and monitor exercise, nutritional intake and socialization,
but also gives them access, through their veterinary surgeon,
to the VetMetricaTM HRQL tool for dogs (15). This enables
the veterinary surgeon to gather data relevant to animal health
and well-being from owners outwith the veterinary consultation,
including HRQL data.

The objectives of this work were first to report the effects,
if any, of age, sex, and breed on the HRQL of a large cohort
of apparently healthy dogs, using app technology to obtain
owner responses to a previously validated generic profile measure
of HRQL (Study 1), and second to examine the concordance
between clinical records, owner opinion and HRQL in dogs
(Study 2).

MATERIALS AND METHODS

Data Collection
Health-related quality of life (HRQL) data were collected
from dog owners using a validated instrument (VetmetricaTM)
(3) via a smartphone app (PetDialog, Zoetis). The HRQL
instrument was incorporated as one of several features in the
PetDialog app, which also required owners to input their dog’s
date of birth, breed, sex, and neutering status. Engagement
with the HRQL instrument was entirely at the discretion
of owners and uptake was not assessed. The PetDialog app
was made available to pet owners in the United Kingdom
and The Netherlands via 211 veterinary practices and was
only accessible using a unique practice code. Due to data
protection regulations, the data were anonymized such that the
owners’ demographic details and geographical location were
unknown. These data were screened and where owners had
completed multiple assessments for their dog, all except the
most recent entry were removed. The VetmetricaTM HRQL
instrument contains 22 items, each of which comprises a
descriptor (e.g., “active”) with a 7-point Likert rating scale, 0–
6 (with 0 meaning “not at all” and 6 meaning “could not
be more”), which are used to determine an HRQL score in
each of the four domains E/E, H/C, A/C, and C/R (3). An
additional question directed at assessing owner opinion was
included alongside the 22 items (“Is your dog in perfect health
– yes or no?”).
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FIGURE 1 | Age distribution of 2,959 dogs aged under 96 months (8 years) of age considered to be in perfect health by their owners.

Statistical Methods
Data were analyzed using Minitab R© Statistical Software
(2010) (Computer software). State College, PA: Minitab, Inc.
(www.minitab.com). ANOVA, ANCOVA and General Linear
Modeling (GLM) were used. The level of statistical significance
was set at 5% (p < 0.05) for all analyses.

Study 1: To assess the effects of age (as a factor) and sex,
for each HRQL domain, a GLM was fitted, adding age and
sex as main effects and including interactions. Terms which
were not statistically significant were removed and the model
was re-fitted.

The Tukey HSD test was used as a post-hoc test to assess
factor level differences. An identical procedure was followed
using Age in months (as a continuous variable) using an analysis
of covariance (ANCOVA). In order to explore the effect of breed,
a subset of data from dogs belonging to those breeds with the
greatest representation (n ≥ 30) were analyzed. For each HRQL
domain, a linear model (ANOVA) was fitted, with Age segment,
sex, and Breed and their second order interactions. Subsequently,
terms which were not statistically significant were removed and
the model was re-fitted.

Study 2: Chi-Squared Tests of Association. A Chi-squared
test of association was used to assess the association
between owner opinion regarding health and clinical
record. Follow up confidence intervals for differences in
means were used to look at the effect of veterinary assessed
health status.

Study 1: HRQL in a Healthy Cohort of Dogs
The aim of these analyses was to examine HRQL in a cohort of
healthy dogs. Dogs were categorized as “healthy” or “unhealthy”
according to owner opinion and those considered unhealthy
(owners answered “No” to the question “Is your dog in perfect
health?”) were excluded from this study. Due to the fact that the
overall prevalence of non-infectious disease increases with age, it
was assumed that elderly dogs are more likely to be unhealthy
and therefore, in order to reduce the likelihood of including
unhealthy dogs in these analyses, data from dogs aged 8 years
or 96 months and above were also excluded. The effect of age
was considered in two ways, firstly using “Age segment” as a
factor whereby dogs aged 3–47 months of age were classified as
“young” and dogs aged 48–95 months were classified as “middle-
aged” and secondly, as a continuous variable (“Age in months”).
The choice of boundaries for age categorization was based on the
authors’ professional veterinary opinion and clinical experience.
It was not intended to define young, middle and old age in dogs
but rather as an exploratory analysis of the dataset.

Study 2. Agreement Between Clinical and
Owner Opinions on a Subset of Dogs
For most dogs in the database, the basis of health assessment
was owner opinion. However, in association with their veterinary
practice clinical information was obtained for a small cohort of
dogs. These data were accessed and assessed by an independent
veterinary surgeon who visited each practice and searched the
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TABLE 1 | Dog breeds represented by at least 30 individuals.

Breed Male Female Total

Retriever - Labrador 159 120 279

Spaniel - English Cocker 103 77 180

Jack/Parson Russell Terrier 77 59 136

Border Collie 65 59 124

Spaniel - English Springer 66 56 122

Cockapoo/Cockerpoo/Spoodle (X Spaniel/Poodle) 64 40 104

Bull Terrier - Staffordshire 51 44 95

German Shepherd/Alsatian 39 38 77

Retriever - Golden 45 32 77

Shih Tzu 40 31 71

Pug 48 19 67

Yorkshire Terrier 33 30 63

Border Terrier 27 28 55

Schnauzer (Miniature) 19 29 48

West Highland White Terrier 24 19 43

King Charles Spaniel - Cavalier 18 24 42

Lhasa Apso 17 21 38

Labradoodle (X Labrador/Poodle) 20 14 34

Beagle 21 12 33

Boxer 15 15 30

Total 951 767 1718

clinical records for entries made within 6 months of an owner
HRQL assessment. All data were anonymised and apart from
the owner’s surname which was used to help identify individual
dogs, no personal details of the owner were used. These dogs
were obtained by random sampling from eight practices with
the greatest compliance in data collection and met the following
criteria: veterinary practice represented by at least 50 dogs in
the dataset; the sample would have a ratio 1:2 of dogs in perfect
health and not in perfect health state (owner’s opinion); owner
and veterinary assessments conducted within 6 months of each
other. From these observations, relevant clinical information
about chronic disease conditions diagnosed by the examining
veterinary surgeon was extracted. Where there was no record of
any chronic disease, the dog was classified as being “in perfect
health,” whereas any evidence of disease in the notes was taken
to mean that the dog was “not in perfect health.” This study had
two objectives, first to assess the concordance between owner and
clinical record, second to explore the differences if any between
the clinically defined healthy and not healthy dogs.

RESULTS

Study 1. HRQL in a Healthy Cohort of Dogs
Out of a total of 4,217 dogs in the full data set, 3,411 were
in “perfect health” according to owner opinion. The dogs
considered healthy by owners ranged from 3 to 206 months (17
years) of age and 2,959 were under 96 months (8 years) of age
(the majority aged between 3 and 48 months of age) (Figure 1).
Of the 2,959 considered healthy and aged under 96months, 1,592

(53.8%) were male, 1,367 (46.2%) were female and of these, 150
(9.42% of) males and 145 (10.60% of) females were neutered.

There were 135 breeds represented by at least one individual
dog. There were 20 breeds or specific cross-breeds (i.e., where
the dam and sire breeds were known) represented by at least 30
individual dogs (Table 1).

The profile of HRQL domain scores amongst young and
middle-aged dogs in perfect health according to owner opinion
is shown in Figure 2 with descriptive statistics shown in Table 2.
These show the differences in mean domain score by age group,
with the older group having lower mean scores on average (E/E
p ≤ 0.001; H/C p = 0.002; A/C p ≤ 0.001). There is also clearly
variability in the scores, with a large number of potential outliers
(identified in Figure 2 by ∗). For two of the domains (H/C, A/C)
themaximum score of 6 is frequently recorded showing that there
are ceiling effects in these domains.

A summary of the results of the statistical analysis using the
linear models for each domain is as follows with detail provided
in Table 3.

There were no statistically significant effects found for CR.
For the three other HRQL domains, there was a statistically
significant effect of age, both as a factor and as a continuous
covariate, with older dogs having lower scores Breed was found
to be statistically significant for E/E and A/C, but not for HC.
Sex was only found to be statistically significant for HC. There
was statistically significant evidence of declining HRQL scores
with age, which for AC only included a breed effect (i.e., different
breeds declined at different rates). For A/C the annual rate of
decline in all breeds ranged from 0.01 to 0.12). Figure 3 shows
the regression model for the domain E/E. It shows the breed
differences on average, as well as the same rate of decline with
advancing age. For a healthy border collie, over 10 years, its E/E
score would be expected to drop from 4 to 3.6 on average. In all
domains, the model variation explained was low (R-sq = 6.35%;
4.42% for E/E and A/C, respectively), leaving a large amount of
the variation in HRQL domains unexplained.

Study 2: Owner Opinion on Health Status
vs. Clinical Data
Of the 152 dogs for whom clinical data were available (3.60% of
total dogs), 49 (32.2%) were aged 96 months and older and 103
(67.8%) were aged between 3 and 95 months of age. For each
of these 152 dogs, the owner responses and presence or absence
of chronic disease in the clinical records are shown in Table 3.
Overall, the level of agreement between owner opinion on “Is
your dog/the dog in perfect health, yes or no?” and the presence
or absence of disease according to clinical notes was 65.8%
(100/152 dogs), whilst in old dogs it was 57.1% (28/49 dogs). The
level of disagreement in older dogs compared to younger dogs
was not statistically significant according to Pearson Chi-square
test (Chi-square = 2.402, DF = 1, p = 0.121). In most cases
where there was a disagreement, the owner answered “Yes” whilst
the clinical notes indicated that disease was present (20.4% of all
dogs and 28.6% of old dogs). However, there were also 21 dogs
considered not to be in perfect health by owners for whom there
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FIGURE 2 | Profile of HRQL domain scores in 2,959 dogs considered in perfect health according to owners. Young refers to dogs aged 3–47 months; middle aged

refers to dogs aged 48–95 months.

was no record of disease in the veterinary clinical notes (13.8% of
all dogs and 14.3% of old dogs).

HRQL and Clinical Records
From the 152 dogs in the subsample with clinical records,
there were 63 dogs with evidence of disease according to
the clinical record and 89 without (Table 4). The diseases
recorded included degenerative joint disease, obesity, cancer, skin
disease, cardiac disease, neurological disease, ear disease, dental
disease, respiratory disease, eye disease, gastro-intestinal disease,
musculoskeletal disease and other medical conditions that did
not fit in these categories. For some dogs, a severity was recorded
e.g., mild chronic skin disease but for others, the severity was not
evident. There were 30 dogs with evidence of degenerative joint
disease, ranging in severity from mild to severe and many dogs
had evidence of disease in multiple categories e.g., degenerative
joint disease with concurrent obesity, skin disease and dental
disease etc. Descriptive statistics for HRQL domain scores in dogs
with clinical data are shown in Table 5. These data suggest that
mean HRQL domain scores were generally higher in dogs for
whom there was no evidence of disease on the clinical record.
There was a statistically significant difference in mean score for
“Active and Comfortable” (p ≤ 0.001). However, there was no

statistically significant difference in mean score between these
groups for Energetic and Enthusiastic (p = 0.255), Happy and
Content (p= 0.163) or Calm and Relaxed (p= 0.433).

DISCUSSION

The objectives of this work were to report the effects, if any, of
age, sex, and breed on the HRQL of a large cohort of apparently
healthy dogs, using app technology to obtain owner responses
to a previously validated generic profile measure of HRQL, and
then to examine the concordance between clinical records, owner
opinion and HRQL in dogs.

According to the data obtained via the PetDialog app, there
is evidence of some variation in three of the HRQL domains
(Energetic and Enthusiastic, Happy and Content and Active and
Comfortable) according to the explanatory variables studied. In
each of these domains, age was a significant factor - there was a
general decline in score with advancing age, albeit that the rate
of decline was very low. This is understandable given that the
prevalence of health problems is higher in older animals and a
corresponding decline in HRQL would therefore be expected.
It is also in line with similar findings in human studies where
older subjects tend to attain slightly lower mean scores for
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TABLE 2 | HRQL domain scores across 2959 young and middle-aged dogs considered in perfect health according to owner.

Mean SE mean* Std dev** Q1*** median Q3**** IQR***** n

Energetic/enthusiastic

young 3.78 0.01 0.46 3.60 3.93 4.15 0.55 2,045

middle-aged 3.62 0.02 0.52 3.32 3.75 4.07 0.75 914

Happy/content

young 5.69 0.01 0.48 5.44 5.92 6.00 0.56 2,054

middle-aged 5.63 0.02 0.53 5.39 5.90 6.00 0.61 914

Active/comfortable

young 5.72 0.01 0.48 5.57 5.91 6.00 0.43 2,054

middle-aged 5.62 0.02 0.54 5.40 5.89 6.00 0.60 914

Calm/relaxed

young 3.58 0.02 0.77 3.19 3.77 4.26 1.07 2,054

middle-aged 3.57 0.03 0.77 3.10 3.77 4.26 1.16 914

*Standard error mean, **standard deviation, ***quartile 1, ****quartile 3, *****inter-quartile range.

Young refers to dogs aged 3–47 months; middle aged refers to dogs aged 48–95 months.

TABLE 3 | Summary of significant effects of Age, Sex and Breed on HRQL domains.

Energetic and Enthusiastic Happy and Content Active and Comfortable Calm and Relaxed

Age category Mean score Young > Mean

score Middle-aged (p ≤

0.001);

Average difference between

scores in Young and

Middle-aged dogs = 0.16

Mean score Young > Mean

score Middle-aged (p ≤

0.002);

Average difference between

scores in Young and

Middle-aged dogs = 0.06

Mean score Young > Mean

score Middle-aged (p ≤

0.001);

Average difference between

scores in Young and

Middle-aged dogs = 0.10

No significant difference in

mean score;

Average difference between

scores in Young and

Middle-aged dogs = 0.01

Age as continuous covariate Mean score declined with

advancing age at a rate of

0.003582 per month (R-sq

adjusted = 3.65%);

predicted decline in score over

12 months = 0.04

Mean score declined with

advancing age at a rate of

0.001515 per month (R-sq

adjusted = 0.71%);

predicted decline in score over

12 months = 0.02

Mean score declined with

advancing age at a rate of

0.002217 per month (R-sq

adjusted 1.3%);

predicted decline in score

over 12 months = 0.03

Not statistically significant

Sex No significant difference in

mean score

Mean score Female > Mean

score Male (p = 0.039)

No significant difference in

mean score

No significant difference in

mean score

Breed No significant difference in

mean score

No significant difference in

mean score

Significant difference in rate

of decline of mean score

with advancing age

amongst different breeds;

predicted decline in score

over 12 months ranged from

0.01 to 0.12 in all breeds;

No significant difference in

mean score

HRQL domains such as physical wellbeing, energy/vitality, social
wellbeing and pain than younger adults (6). The fact that the
fourth factor (Calm and Relaxed) does not show a similar trend is
not unexpected because it shows more variability in healthy dogs
than was apparent for the other three domains, which is perhaps
not surprising given the spectrum of excitability in the healthy
dog (3).

In companion animal studies, the effect of sex can be difficult
to establish because of the high number of animals that are
neutered. However, in this study 91% of males and 89% of
females were entire, possibly as a consequence of the young age
of many of the dogs. Sex was a statistically significant factor in
one domain only (Happy and Content), with females scoring
slightly higher on average than males. This is in contrast to

studies in human healthcare where women have reported poorer
health on all variables of the SF36 than did men (p < 0.001)
except for general health perception (6). However, in the study
reported here it should be noted that the magnitude of difference
in mean score was very small and therefore probably of little
practical significance.

There was some evidence of significant breed differences in
HRQL score in the domains “Energetic and Enthusiastic” and
“Active and Comfortable,” where small differences in mean score
between breeds were found. The rate of decline with advancing
age in “Energetic and Enthusiastic” was the same for each breed
group. However, for “Active and Comfortable” the rate of decline
in HRQL with advancing age was greater in certain breeds. This
finding is, perhaps, to be expected, given that there are well
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FIGURE 3 | Regression model of the “Energetic and Enthusiastic” HRQL domain, according to age in months and breed for 20 breeds of dog, each represented by at

least 30 individuals.

TABLE 4 | Owner Opinion on their Dog’s Health Status versus Clinical Evidence.

Evidence of disease

in case record

No evidence of disease in

case record

All ages Old All ages Old

Owner said dog is not in

perfect health

32 18 21 7

21.1% 36.7% 13.8% 14.3%

Owner said dog is in perfect

health

31 14 68 10

20.4% 28.6% 44.7% 20.4%

Total 63 32 89 17

41.4% 65.3% 58.6% 34.7%

Bold indicates where there was disagreement between owner opinion of health status

and clinical evidence.

documented breed differences in longevity (16, 17) and therefore
those breeds of dog with shorter average lifespans would perhaps
be expected to develop age-related health issues that affect activity
at a younger age. Unfortunately there were no Great Danes,
whose short lifespan is attributed to faster aging (18), represented.
In general, these data suggest that there is a decline in score
with advancing age in most breeds and some variability in the
rate of decline between breeds. Despite the low breed numbers

and restricted breeds studied, the authors consider that these
data suggest that further investigation of the effect of breed on
HRQL/aging is warranted. For example, in this limited study the
mean (confidence intervals) annual rate of decline in healthy
dogs for A/C across breeds was 0.03 (−0.05, −0.01) and a
notably faster rate of decline could be indicative of an underlying
asymptomatic health issue.

There remained considerable variability in HRQL domain
scores unexplained by age, sex, and breed in this owner identified
“perfect health” sample of dogs, for whom it is likely, given
the results of study 2, that as many as 20% may have had
underlying health conditions not recognized by the owner. It
has been demonstrated that dog owners often underestimate
the impact of health issues on the well-being of their pet, even
where they are aware of their clinical signs and have knowledge
of veterinary interventions. The complexity of the relationship
between dog owners and their pets has been cited as one of the
reasons for this apparent contradiction, with owners’ emotions
potentially influencing their response when asked to comment
their dog’s state of health (19, 20). Further, it has been suggested
that owners’ ability to recognize signs of ill-health in elderly dogs
is particularly poor and that veterinary surgeons cannot rely on
owners to report important signs of disease in these animals (21).
The observation that owners often reported their dog to be “in
perfect health” despite the presence of evidence to the contrary in
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TABLE 5 | HRQL domain scores in 152 dogs for whom clinical data was available.

Mean SE mean* Std dev** Median IQR*** n

Energetic and enthusiastic

Disease recorded 3.10 0.10 0.76 3.18 1.06 63

No disease recorded 3.24 0.08 0.76 3.45 0.93 89

Difference in mean scores (95% Confidence Interval) 0.143 (−0.105, 0.391) p = 0.255

Happy and content

Disease recorded 5.15 0.10 0.79 5.30 0.96 63

No disease recorded 5.33 0.08 0.75 5.45 0.94 89

Difference in mean scores (95% Confidence Interval) 0.178 (−0.073, 0.430) p = 0.163

Active and comfortable

Disease recorded 4.59 0.11 0.90 4.60 1.45 63

No disease recorded 5.26 0.08 0.73 5.41 1.04 89

Difference in mean scores (95% Confidence Interval) 0.675 (0.404, 0.946) p ≤ 0.001

Calm and relaxed

Disease recorded 3.12 0.11 0.88 3.20 1.26 63

No disease recorded 3.23 0.10 0.93 3.43 1.55 89

Difference in mean scores (95% Confidence Interval) 0.117 (−0.177, 0.410) p = 0.433

*Standard error mean, **standard deviation, ***quartile 1, ****quartile 3, *****inter-quartile range.

the clinical records and further, that this applied more in owners
of older dogs, is in concordance with these previous reports. It is
interesting to note that in a study of childhood obesity, parents
of overweight children invariably underestimated their children’s
weight, despite being knowledgeable regarding healthy eating
patterns and fully conversant with the health risks associated with
obesity (22).

In this study, chronic disease was chosen as the focus when
clinical records were examined because of the likely associated
slow rate of change in health status over time. However, the
potential time difference of up to 6 months between owner
assessment and clinical examination allows for the possibility
that the dog’s state of health was genuinely different at these
assessments and may explain some of the variation between
owner opinion and clinical evidence. It is also possible that
despite suffering from a chronic disease, some dogs’ clinical signs
may have been well controlled such that owners perceived their
health to be very good on the day of the assessment. Similarly,
some dogs with no evidence of chronic disease according to
the case records may have experienced minor acute trauma or
self-limiting infectious disease close to the time of the owner
assessment which did not necessitate a visit to the veterinary
practice andwas not therefore recorded. Thismay in part account
for the large numbers of low score outliers shown in Figure 2.
Nevertheless, it is possible that around 600 dogs in the 2,959 dogs
classified as “in perfect health” by their owners may not have
been, and this may have accounted for some of the unexplained
variability in HRQL domain scores.

A question often asked of the authors, who developed
VetMetricaTM, is “Will the scoring be affected by the owner’s
mood?” and we have no data available to answer that question.
Since the scale is developed with the express intention of
decreasing respondent bias, it is to be hoped that any such effect is
minimized (23). However, there is a growing literature to support

the fact that dog behavior can be influenced by human emotion
through facial, voice and olfactory cues (24–26) and therefore it
is not inconceivable that on any one assessment day the owner’s
emotional state may have affected their dog’s behavior sufficiently
to affect the HRQL domain scores. Accordingly, the owner’s
emotional state could possibly be added to age, gender, breed, and
health status as factors accounting for the variability in the HRQL
domain scores in this study.

Although not statistically significant in 3 of 4 domains, the
general trend toward greater mean HRQL domain score in
those dogs with no clinical evidence of disease suggests that the
instrument may be discriminatory. This concurs with previous
findings where the tool was shown to distinguish healthy from
sick dogs (2, 3). It is interesting to note that there was a
statistically significant difference between dogs with evidence of
disease and those without such evidence in the domain “Active
and Comfortable.” This may be a reflection of the fact that 30
of the 63 dogs with evidence of disease were suffering from
osteoarthritis which would be likely to affect their activity and
pain levels.

The work described here was not a prospective study, but
rather a retrospective analysis of data and the authors accept
that there were clear limitations to their study. Dogs of 8 years
and older were excluded from the analysis which is a significant
limitation in the context of the investigation of natural aging.
However, the fact that more than 1/4 of owners of these older
dogs seemed to be incorrect in their interpretation of “perfect
health” compared with 1/5 owners of the younger dogs suggests
that the decision to restrict this study to dogs under 8 years was
appropriate. In the younger cohort studied, the age distribution
was heavily skewed to the right with the majority of the 2,959
dogs being between 3 months and 4 years of age. Furthermore,
the owner impression of perfect health underpinned Study 1 and
Study 2 demonstrated that this might be unreliable in ∼20%
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of cases in the age group studied. A veterinary assessment of
health status would have resulted in more dependable results, but
this was not possible in this study. These limitations contribute
to the fact that the results of Study 1 are not generalisable
to the healthy dog population per se. Nevertheless, some of
the findings in Study 1 regarding the effect of age, gender
and breed on HRQL, though preliminary, suggest that some
variation exists and that further study is warranted. Study 2
provides evidence to support the fact that owners cannot be
relied upon to report accurately the health status of their dogs,
especially when they are old. In cat studies the disagreement
between owner and vet in terms of health status was 29 and
26% which is slightly higher than the 20% reported here for dogs
(27). However, the cat study used direct vet clinical assessment
compared with case record entries and this may account for
the difference.

These limitations notwithstanding, to the authors’ knowledge,
this is the first study of its kind to generate any detailed
information relative to HRQL in a large population of dogs,
and additionally to collect data direct from owners by means
of digital technology, to provide baseline HRQL data for future
studies. The incorporation of the HRQL feature (VetMetricaTM)
in the PetDialog app for dogs was first reported in 2015 and
since that time data has been gathered for over 9,000 dogs.
The results described in this paper suggest that a large number
of dog owners were willing to use an app to complete an
HRQL questionnaire based on their dog’s behavior. However,
we have no evidence as to how many owners did not take
the opportunity to complete the questionnaire on the app.
Nevertheless, the authors are of the opinion that the study has
shown the technology to be a useful means of owner engagement
and a valid method of obtaining HRQL data remotely. This
is significant because owner involvement is a key part of
monitoring pet wellness and telehealth is likely to increase as
veterinary practices increase their use of digital technologies post
Covid19. By providing an app which is easy to use and accessible
to owners it should be possible to obtain such information
in future in order to track well-being in individual animals
as well as for the purpose of surveillance, without reliance
on owners and their pets requiring to attend the veterinary
surgeon’s premises.

In human healthcare it has been reported that in longitudinal
studies within person declines (worsening health) with age
were greater than estimated by cross sectional data alone (28).
Accordingly, determining longitudinal within dog changes with
age in a healthy cohort will be important in order to inform the
interpretation of interventional studies conducted over time.

In conclusion, this exploratory study has generated valuable
information regarding the natural history of HRQL in healthy
dogs that lays the foundations for controlled studies to inform the
interpretation of population studies as well as treatment effect in
longitudinal interventional studies.
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Many factors can lead to an inadequate development of piglets during their first days of

life, including poor maternal behavior, which can be due to pain caused by farrowing,

and reduced colostrum ingestion. This study investigates the action of meloxicam

administered orally at farrowing on piglet weight gain and immunity transfer. Thirty-five

multiparous sows were divided into two groups and treated with 0.4 mg/kg of oral

meloxicam (oral meloxicam group; n = 18) or with a mock administration (control group;

n = 17). A total of 382 piglets were individually weighed on the farrowing day (day 0), as

well as on days+9 and+20. Immunoglobulin G (IgG) and A (IgA) concentrations in piglet

serum and in sow’s saliva, colostrum and milk were measured. Additionally, Interleukin-2

(IL-2), Interleukin-4 (IL-4) and Interferon gamma (IFN-g) in serum of piglets and in sow’s

milk or colostrum were studied. All samples were obtained on days +1, +9, and +20.

Piglets from sows in the oral meloxicam group tended to grow faster from day +9 to

day +20 than did piglets from control sows (p = 0.059), and this difference was also

observed in piglets with low body weight (BW) at birth (p = 0.056). The oral meloxicam

group sows tended to increase the colostrum levels of IgA and IgG, as compared with

control sows on day +1 (p = 0.068 and p = 0.072, respectively). IgA levels in piglet

serum from the oral meloxicam group were significantly higher than in the control group

on day +1 and +9 (p = 0.019 and p = 0.011 respectively). Furthermore, IL-2 and IL-

4 levels in the serum of piglets from sows in the oral meloxicam group tended to be

higher than that in the control group on day +9 (p = 0.078 and 0.056, respectively).

The administration of meloxicam orally at the beginning of farrowing in multiparous

sows increased immunoglobin and cytokine concentrations in colostrum, improving both

humoral and cellular immune response of piglets. Pre-weaning growth of piglets born with

a low BW improved in the meloxicam-treated group.

Keywords: pain, farrowing sow, piglet, immunity transfer, weight gain, meloxicam, immunoglobulin

INTRODUCTION

Piglets are born agammaglobulinemic because of the epitheliochorial placentation of swine (1, 2).
An early and sufficient intake of colostrum is crucial for piglet growth and survival (3, 4), as it

is the source of energy as well as active and passive immunity. Colostrum is a complex mammary
secretion released from the time of farrowing (early-colostrum) to 12 h (mid-colostrum) and up
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to 36 h post-farrowing (late-colostrum) (5). Early-colostrum is
mostly produced before farrowing and contains up to 75% of
Immunoglobulin G (IgG) and 20% of Immunoglobulin A (IgA),
which are central elements of humoral immune responses. After
farrowing, IgG concentration drastically drops, whereas IgA
reduction during lactation is more gradual due to its role in the
regulation of piglet intestinal microbiota, which is critical for the
prevention of digestive problems (5).

Colostrum-associated cellular immunity has been overlooked
for a long time. It contains around 106 cells/mL, up to
25% of them being lymphocytes (6, 7). Immune responses
are orchestrated via complex signaling pathways within cells
mediated by cytokines, which are small proteins with a plethora
of effects. IL-2, IL-4 and IFN-g are important cytokinemediators
of the adaptive immune response, thus their quantification
allows for partial characterization of the immune response.
IL-2 is mainly produced by T lymphocytes and induces the
proliferation of T and B lymphocytes and the activation of
Natural Killer cells (NK) (8–10). IL-4 triggers differentiation
of T helper lymphocytes toward the Th2 subset, which is
related to humoral and anthelmintic responses (8, 10), while
IFN-g activates macrophages and elicits the differentiation of
T helper lymphocytes toward the Th1 subset, thus favoring
cellular responses and boosting protection against intracellular
microbes (10).

Non-steroidal anti-inflammatory drugs (NSAIDs) have
analgesic, anti-inflammatory, anti-endotoxic and anti-pyretic
effects. It has been proven that NSAIDs administered to sows
help them recover from a painful situation such as lameness
(11) or post-partum dysgalactia syndrome (12, 13). NSAIDs also
decrease the mortality rate at weaning in litters from healthy
sows (14) and in sows with dysgalactia syndrome (13). However,
studies on the effect of NSAIDs, on sow welfare, piglet growth
and immunity transfer in healthy sows show discrepancies.
Meloxicam administered to healthy sows around farrowing
improves post-farrowing sow recovery (15, 16) and enhances
piglet growth, especially at weaning (17, 18) and in piglets with
low body weight (BW) at birth (18, 19). Nevertheless, other
studies administering NSAIDs to healthy sows around farrowing
did not find enhanced sow welfare and recovery post-farrowing
(20) or improve piglet growth (15, 21).

To our knowledge, only two studies have looked into the
effects of NSAIDs administered to sows around farrowing
and have assessed passive immunity transfer via colostrum
and immune system development in piglets (18, 20). Both
studies recorded IgG transfer measured in piglet serum without
exploring immunoglobulins in sow colostrum or milk. These
studies did not measure other relevant immune factors for piglet
growth and survival, such as IgA or cytokines. Mainau et al.
(18) demonstrated that the administration of meloxicam orally
at the beginning of farrowing in multiparous sows increased
the concentration of IgG in piglet serum and enhanced their
pre-weaning growth.

The present study aims to evaluate the effect of meloxicam
administered orally to healthy sows at the beginning of farrowing
on piglet growth, also including the effect of sex and immune
transfer via colostrum of immunoglobulins (A and G) and

cytokines (Interleukins IL-2 and IL-4, and Interferon Gamma
IFN-g), taking into account the sow parity effect.

MATERIALS AND METHODS

The experimental protocol described in this experiment was
approved by the Institutional Animal Care and Use Committee
of the Universitat Autònoma de Barcelona (CEEAH-1591) and
the Generalitat de Catalunya (DMAH-6720). Written informed
consent was obtained from the owners for the participation of
their animals in this study.

Animals, Housing and General

Management
Sample size was calculated by means of ENE 3.0. The sow was
the experimental unit. Based on two previous studies carried
out by Mainau et al. (18, 19), a reference mean average daily
gain (ADG) of 0.2 kg/day was established at sow level for the
control group and an expected mean ADG of 0.225 kg/day
was considered for the treatment group. An overall standard
deviation of 0.025 kg/day (at sow level) was assumedwith a power
of 80% and confidence level of 95%. A prevision of 17 sows per
group was predicted.

The experimental procedure was carried out on a commercial
farm (Heura S.L.; Santa Perpètua de Mogoda, Barcelona, Spain),
with 9 farrowing barns equipped with an evaporative cooling
system each. From December 2017 to March 2018, a total of 35
hybrid (Landrace x Duroc) multiparous sows from 2nd to 7th
parturition were randomly selected the day of farrowing. At least
5 replicates with 5 to 10 sows per replicate were studied.

On day 109 of gestation, sows were moved to the farrowing
barn and were housed in individual farrowing crates (1.95 ×

0.60m) built with steel bars. Farrowing crates were centrally
located in farrowing pens (2.40× 1.80m) with fully metal-slatted
floors for sows and plastic-slatted floors for piglets. A metal pad
ensured 36◦C of heat for the piglets during the first week of life,
and heat lamps were placed over the metal pad the first day of
life. The temperature in the farrowing barn was kept constant
at ∼20◦C, and the light was on from 07:00 to 17:00 h every
day. Sows were offered 2.6 kg of feed per day, divided into two
meals (07:00 and 15:00 h) and water was available ad libitum
from drinkers.

Thirty days before farrowing, all sows were vaccinated with
Clostridium novyi (2 mLSuiseng R©, Hipra SA; Girona, Spain).
Sixteen days after farrowing, sows that were not expected to
be culled (n = 31 sows) were vaccinated with Parvovirus and
Erysipelothrix rhusiopathiae (2mL Eryseng R©parvo, Hipra SA;
Girona, Spain) and with Leptospira spp (2mLAutovacuna R©syva,
Syva SAU; León, Spain). On day 113 of gestation, farrowing was
hormonally induced with 2mL of Planate R© (Cloprostenol 0,092
mg/mL, MSD Animal Health; Friesoythe, Germany) divided into
two injections of 1mL (07:00 h and 11:00 h). Only hormonally
induced farrowings that started on the morning of day 114 of
gestation were included in the study. Lame sows or those with
any kind of visible disease symptoms such as mastitis, diarrhea,
fever, or respiratory problems were not included in the study.
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Treatments and manual interventions during farrowing
followed the usual routine of the farm and were performed
by the same person. The following treatments were allowed
during farrowing and were administered intramuscularly (IM)
in the neck. When the time interval between the birth of
two piglets exceeded 1 h and the cervical canal was dilated,
1mL of Oxytocin (Hormonipra R©, HipraSA, Girona, Spain) was
injected. When the cervical canal was not sufficiently dilated,
sows were treated with 200mg of Vetrabutine hydrochloride
(Monzal R©, Boehringer Ingelheim España; SA, Barcelona, Spain).
When sows were very nervous around farrowing Carazolol
(Suacron R©, Divasa Farmavic SA; Barcelona, Spain) or Azaperone
(Stressnil R©, Janssen Animal Health, Elanco; Brussels, Belgium)
were administered.

A total of 382 piglets, identified individually by a numeric
ear tag, were included in the study. Piglets were weaned at
21 days of age, according to veterinary recommendations, and
moved to another barn of the farm equipped with conditioned
infrastructures for very young piglets.

Experimental Procedure
In each replicate, sows were randomly allocated into two
homogeneous groups, regarding parity, and treated with either
0.4mg/kg bodyweight ofmeloxicam (Metacam R© 15mg/mLOral
Suspension, Boehringer IngelheimVetmedica GmbH; Ingelheim,
Rhein, Germany) or a mock administration with an empty
syringe. Treatments were administered at the beginning of the
farrowing, between the first and the third piglet. If any further
anti-inflammatory treatment was required, the sow was excluded
from the study.

Litter size was standardized at 11–12 piglets by cross-fostering
within 6–8 h post-farrowing. Cross-fostering was carried out
within each treatment. Each treatment was identified with two
different colored cards in order to make the treatment blind to
farm and laboratory staff.

Data Collection
For each sow, the following parameters were registered during
farrowing by direct observations: the duration of farrowing
(defined as the period of time between the first and the last
piglet born), the condition of each piglet at birth (born alive,
stillborn or mummified fetus), the piglet’s sex (male or female),
the number of treatments and manual interventions during
farrowing, and the number of piglets cross-fostered and weaned.
The presence of placenta retention was also recorded. During
lactation, piglet mortality was registered. The number of sows
culled after weaning and the interval between farrowing and the
following fertile insemination were recorded.

One and 9 days after farrowing (day +1 and day +9) and the
day before weaning (day+20), saliva samples were collected from
all sows using Salivette R© tubes (Sarstedt; Nümbrecht, Germany).
Each tube contained a cotton swab, which was clipped with a
Kocher clip, and sows were allowed to chew it for around 1min.
Then, the cotton swab was placed in the tube and centrifuged
at 6,048 × g for 13min. Saliva samples (∼1–2mL per cotton
swab) were stored in Eppendorf tubes and frozen at−80◦C until
analysis. Colostrum and milk samples were collected from all

sows on day +1 (colostrum) and on days +9 and +20 (milk).
Sows were injected with 0.7 mLof Oxytocin IM (Hormonipra R©,
Hipra SA; Girona, Spain), and 30 s later, 2mL of colostrum
and milk were collected into sterile tubes. Colostrum and milk
samples were immediately frozen at−20◦C until analysis.

Each pig was individually weighed at farrowing (day 0), and on
days +9 and +20. One day after farrowing, during one suckling
event, 3–4 piglets of each litter were selected for blood sampling.
Piglets were chosen so that at least one of themwas suckling from
the sow’s craneal teats, another one from middle teats and yet
another one from caudal teats. The same piglets from each litter
were blood sampled on days +1, +9, and +20. Blood samples
(1–2mL) were collected into heparinized tubes from the anterior
vena cava. Samples were centrifuged for 6min at 2,058 × g and
plasma was stored in Eppendorf tubes at−80◦C until analysis.

All samples were analyzed at theMurcia University Veterinary
Hospital Laboratory. Immunoglobulin G (IgG) and A (IgA)
concentrations in piglet serum and sow saliva, colostrum and
milk were quantified by using two commercially available
sandwich ELISAs (IgA and IgG ELISA Quantitation Kit; Bethyl
Laboratories; Montgomery, TX, USA). Interleukin-2 (IL-2),
Interleukin-4 (IL-4) and Interferon gamma (IFN-g) in piglet
serum, sow saliva, milk or colostrum were analyzed using
MILLIPEX R© MAP Porcine Cytokine/Chemokine Panel Kit
(EMDMillipore; Darmstadt, Germany).

Statistical Analysis
Data were analyzed using the SAS software (SAS Institute Inc.;
Cary, NC, USA). The experimental unit for data analysis was the
individual sow. All descriptive values in the Results section are
shown as the mean± standard error (SE). Significance was set at
p < 0.05, and tendency at p < 0.1, in all cases.

The Mann-Whitney Wilcoxon test was used to test whether
the performance values (other than piglet weight and average
daily gain) obtained at the individual sow level were significantly
different between treatments.

Normality tests of residuals were performed for each
dependent variable. Weight of piglets and ADG (From birth to
day+9, from day+9 to weaning and from birth to weaning) were
normally distributed without data transformation. A general
linear mixed model (proc MIXED) for repeated measures was
used. Model included the fixed effects of treatment (control
vs. oral meloxicam), day (at birth, day +9 and at weaning),
sex (males vs. females) and their pair interactions. Day and
piglet within sow were introduced as repeated effects. Weight
at birth was introduced as a covariate for the analysis of weight
at day +9 and at weaning, and litter size was introduced as a
covariate in all the models. The residual maximum likelihood
was used as a method of estimation. Differences in least-square
means were investigated after using a Tukey adjustment for
multiple comparisons. The same models were used to study the
performance of piglets categorized by quintiles according to their
weight at birth: very light (from 0.670 to 1.294Kg), light (from
>1.294 to 1.492Kg), mid (from>1.492 to 1.625Kg), heavy (from
>1.625 to 1.878Kg) and very heavy (from >1.878 to 2.427 Kg).

IgG and IgA concentrations in piglet serum, sow saliva and
colostrum or milk, IL-2, IL-4 and IFN-g in colostrum or milk,
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TABLE 1 | Mean, standard error (SE), median (MED) and 95% confidence intervals for median (95% CI) of performance parameters and treatment records studied in the

control and oral meloxicam groups during the whole trial period (from farrowing to weaning at 21 days).

Control

(n = 17 sows)

Oral meloxicam

(n = 18 sows)

P-value

Items Mean SEa MED 95%CI Mean SE MED 95%CI

Parity 4.06 0.441 3 2–7 4.28 0.394 4 2–7 0.582

Piglets born at the moment of the treatment 1.70 0.143 2 1–3 1.78 0.117 2 1–3 0.856

Total duration of farrowing (h) 3.27 0.328 3.47 1.12–5.47 3.31 0.387 3.06 1.38–7.28 0.817

Total piglets born per litter 13.47 0.912 13 6–21 12.73 0.576 13 9–17 0.621

Live born per litter 11.88 0.624 12 6–18 11.36 0.584 11 8–16 0.489

Stillborn per litter 0.94 0.358 1 0–6 0.83 0.259 0.5 0–4 0.986

Mummified fetus per litter 0.65 0.226 0 0–2 0.55 0.217 0 0–3 0.815

Cross-fostered piglets per litter 11.18 0.231 11 10–13 10.67 0.256 10.5 8–12 0.209

Crushing deaths per litter 0.47 0.229 0 0–3 0.17 0.121 0 0–2 0.322

Total liveborn mortality 0.76 0.304 0 0–4 0.61 0.282 0 0–4 0.662

Total weaned piglets 10.41 0.193 10 9–12 10.06 0.338 10 6–12 0.569

Manual intervention per sow 0.47 0.174 0 0–2 0.38 0.230 0 0–4 0.422

Oxytocin treatment per sow 0.24 0.106 0 0–1 0.17 0.900 0 0–1 0.637

Total treatments per sow 0.24 0.106 0 0–1 0.33 0.140 0 0–2 0.731

A total of 35 sows and 354 piglets were included in the study. P-value from Mann-Whitney Wilcoxon test is shown.
aSE, standard error.

and IFN-g in serum of piglets were normally distributed after
a log transformation. IL-2 and IL-4 in piglet serum followed a
normal distribution without data transformation. Additionally,
extreme outliers detected by proc UNIVARIATE box plot
procedures were deleted.

Immunity measurements in piglets and sows were analyzed
using general linear mixed models (proc MIXED) for repeated
measures. Models for immunity sow measurements included
the fixed effects of treatment (oral meloxicam vs. control), day
(day +1, +9, and +20), parity (from 2nd to 7th) and their pair
interactions. Day was introduced as a repeated effect. Models
for immunity piglet measurements included the fixed effects
of treatment (oral meloxicam vs. control), day (day +1, +9,
and +20), sex (male vs. female), the position at the udder
(anterior, middle and posterior teats) and their pair interactions.
Day and piglet within sow were introduced as repeated effects.
The residual maximum likelihood was used as a method of
estimation. Differences in least-square means were investigated
after using a Tukey adjustment for multiple comparisons. All
general linear mixed models included replicate (from 1 to 5) and
farrowing barn (from 1 to 9) as random effects.

RESULTS

Performance Parameters and Treatment

Records
Results on performance and treatment records at the individual
sow level are summarized in Table 1. Both treatment groups
(oral meloxicam vs. control) were similar when the experimental
procedure started in terms of performance data recorded
during farrowing.

TABLE 2 | Mean and standard error (SE) of the piglet weight at birth, 9 days after

farrowing (day + 9) and at weaning (day + 20) in Kilograms and the Average Daily

Gain (ADG) of piglets from birth to day + 9 after farrowing, from birth to weaning

and from day + 9 to weaning in Kilograms per day for 354 piglets regarding

treatment (control vs. oral meloxicam).

Control Oral meloxicam

Mean SE Mean SE P-value

Weight at birth (Kg) 1.510 0.065 1.600 0.063 0.996

Weight at day +9 (Kg) 3.556 0.071 3.499 6.538 0.909

Weight at weaning (Kg) 6.479 0.109 6.538 0.103 0.644

ADG from birth to day +9 (Kg/day) 0.218 0.010 0.217 0.010 0.981

ADG from birth to weaning (Kg/day) 0.243 0.006 0.251 0.006 0.275

ADG from day +9 to weaning (Kg/day) 0.261b 0.007 0.275a 0.007 0.059

Different superscripts (a, b) in the same row indicate significant differences within each

effect (p < 0.05). Tendency has been shown at p < 0.1.

Treatment did not have an effect on the time interval between
weaning and the following fertile insemination (4.769 ± 0.121
days in oral meloxicam group vs. 7.071 ± 1.811 days in the
control group; p = 0.893), or on the number of sows culled after
weaning (0.111 ± 0.076 in the oral meloxicam group vs. 0.176 ±
0.095 in the control group; p= 0.608).

Twenty-four piglets died during lactation, which represents
6.28% of mortality. Oral meloxicam treatment of sows did not
significantly affect piglet mortality (6.84% from the control group
and 5.73% from oral meloxicam group; p= 0.661).

The mean and standard error (SE) of weight at birth,
weight on day +9 and weight at weaning are summarized in
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Table 2. Piglet weight at birth, on day +9 and at weaning
was not different between the control and the oral meloxicam
group. Piglet sex had a significant effect on the weight of the
piglets, males being heavier than females at weaning (Table 1,
Supplementary Material).

Average daily gain (ADG) data are also summarized in
Table 2. Oral meloxicam treatment of sows tended to increase
piglet ADG from day +9 to weaning. Piglet sex had a significant
effect on the ADG, males growing faster than females from birth
to weaning and from day+9 to weaning.

Piglet weights (at birth, on day +9 and at weaning) and ADG
(from birth to day +9, from day+9 to weaning and from birth
to weaning) were not affected by treatment in piglets born with
light, mid, heavy or very heavy weight at birth. Piglets with very
light weight at birth tended to have a higher ADG from day+9 to

weaning in the oral meloxicam group (267.93± 7.793 gr) than in
the control group (240.11± 9.207 gr) (p= 0.056).

Immunoglobulins G and A Concentrations

in Saliva and Colostrum or Milk of Sows

and in Piglet Serum
Immunoglobulin G andA (IgG and IgA) concentrations in saliva,
colostrum or milk of sows and in piglet serum by treatment effect
on days+1,+9, and+20 after farrowing are shown in Figure 1.

IgG levels in sow saliva (µg/mL) were affected by day after
farrowing (day +1: 44.89 ± 4.486; day +9: 9.08 ± 1.810 and
day +20: 3.28 ± 0.475; p < 0.001 in all pair comparisons), but
were not affected by treatment (p = 0.547) irrespectively of the
day studied.

FIGURE 1 | IgA and IgG at days +1, +9, and +20 after farrowing regarding treatment received by sows (control vs. oral meloxicam) in sow saliva (A,B), sow

colostrum and milk (C,D) and piglet serum (E,F). Significant differences were established at p < 0.01(**) and tendency was set at p < 0.1(#). Boxes represent the

interquartile range (IQ = Q3-Q1), horizontal lines inside the boxes represent the median and the cross (+) represents the mean values of the data. Whisker bars were

calculated from the IQ (Upper: Q3 + 1.5 × IQ; lower: Q1 – 1.5 × IQ), and reflect the variability of the data outside Q1 and Q3. Points outside the box-and-whiskers

plot represent extreme values of the population.
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IgA levels in sow saliva (µg/mL) were affected by day after
farrowing (day +1: 239.64 ± 21.202, day +9: 118.477 ± 12.267
and day +20: 60.81 ± 7.295; p < 0.001 in all pair comparisons),
but were not significantly affected by treatment; (p = 0.704)
irrespective of the day studied.

IgG levels in colostrum or milk of sows (mg/mL) were affected
by day after farrowing and were higher on day +1 (24.48 ±

1.484) than on days +9 (3.75 ± 0.953) and +20 (1.77 ± 0.298)
(p < 0.001 in both cases). IgG levels in colostrum from the
sows treated with oral meloxicam tended to be higher than in
the control group on day +1 (p = 0.072). However, on days
+9 and +20, IgG concentration in sow milk was not affected
by treatment.

IgA levels in colostrum or milk of sows (mg/mL) were affected
by day after farrowing and were higher on day+1 (7.48± 0.577)
than on days+9 (4.41± 0.347; p< 0.001) and+20 (3.72± 0.315;
p < 0.001). IgA concentration on day +9 and +20 were similar
(p= 0.246). Furthermore, IgA levels in colostrum of sows treated
with oral meloxicam tended to be higher than in the control
group on day+1 (p= 0.068), but on day+9 and+20, IgA levels
in sow milk were not affected by treatment.

IgA and IgG concentrations in saliva and in colostrum or milk
were not affected by parity (saliva: p = 0.290 and p = 0.192,
respectively, and colostrum or milk: p = 0.127 and p = 0.232).
The interaction between treatment and parity was not significant
(saliva IgA p = 0.113; IgG p = 0.925 and colostrum or milk IgA
p= 0.239; IgG p= 0.112).

IgG levels in piglet serum (mg/mL) were affected by day after
farrowing (day+1: 29.93± 1.377; day+9: 20.26± 0.935 and day
+20: 11.48± 0.466; p< 0.001 in all pair comparisons). IgG levels
in piglet serum were not significantly affected by treatment (p =
0.963), sex (p= 0.189) or piglet position at the udder (p= 0.811)
irrespective of the day studied.

IgA levels in piglet serum (mg/mL) were affected by day after
farrowing (day +1: 20.63 ± 1.314, day +9: 1.36 ± 0.080 and
day +20: 0.27 ± 0.018 p < 0.001 in all pair comparisons), and
there was an interaction between treatment and sampling day
(p = 0.020). IgA levels in piglet serum from sows treated with
oral meloxicam were significantly higher than in piglets from
the control group on day +1 (p = 0.019) and day +9 (p =

0.011). However, on day +20, IgA level in piglet serum was not
significantly affected by treatment (p= 0.943). IgA levels in piglet
serum were not significantly affected by sex (7.79 ± 0.944 in
females vs. 7.89± 1.001 in males; p= 0.633) or by piglet position
at the udder (anterior teats: 7.67 ± 1.048, middle teats: 7.17 ±

1.328 and posterior teats: 9.07± 1.448, p= 0.725) irrespective of
the day studied.

Concentration of Cytokines (IL-2, IL-4 and

IFN-g) in Colostrum or Milk of Sows and in

Piglet Serum
Concentration of interleukins (IL-2 and IL-4) and interferon
gamma (IFN-g) in colostrum ormilk of sows and in piglet serum
by treatment effect on days +1, +9, and +20 after farrowing are
shown in Figure 2.

IL-2, IL-4 and IFN-g concentration in colostrum or milk of
sows (ng/mL) were affected by day after farrowing (p < 0.001
in all cases). IL-2, IL-4 and IFN-g in sow colostrum on day +1
(IL-2: 1.51 ± 0.166; IL-4: 10.12 ± 1.289; IFN-g: 62.99 ± 5.505)
showed higher concentrations than in sow milk on day+9 (IL-2:
0.50 ± 0.079; IL-4: 2.60 ± 0.540; IFN-g: 24.31 ± 3.827) and on
day +20 (IL-2: 0.73 ± 0.089; IL-4: 4.02 ± 0.641; IFN-g: 41.86 ±
4.585), whereas concentrations on day +20 were higher than on
day+9.

IL-2, IL-4, and IFN-g concentrations in colostrum or milk
of sows were not significantly affected by treatment (p = 0.206,
0.142, and 0.322 respectively).

IL-2, IL-4 and IFN-g concentrations in colostrum or milk of
sows were affected by parity (p = 0.010, p < 0.001 and p = 0.008
respectively). The general pattern was that sows in their second
parity showed lower levels of cytokines than did older sows (three
parturitions or more). Specifically, IL-2 levels in colostrum or
milk of sows in their second parity were lower than those in sows
in their fourth (p= 0.016) and fifth parity (p= 0.023) and tended
to be lower than in sows in their seventh parity (p = 0.098). IL-4
levels in colostrum or milk of sows in their second parity were
lower than those in sows in their third (p = 0.005), fourth (p
= 0.001), fifth (p = 0.001), sixth (p = 0.035) and seventh parity
(p = 0.002). IFN-g levels in colostrum or milk of sows in their
second parity were lower than those in sows in their fourth parity
(p = 0.008) and tended to be lower than in sows in their sixth
parity (p= 0.070).

IL-2 and IL-4 levels in piglet serum (ng/mL) were affected by
day after farrowing, and were higher on day +9 (IL-2: 2.40 ±

0.173; IL-4: 17.15 ± 1.442) than those on days +1 (IL-2: 1.33
± 0.070; IL-4: 8.53 ± 0.526; p < 0.001 in both cases) and +20
(IL-2: 1.55 ± 0.145; IL-4: 10.67 ± 1.156; p < 0.001 and p =

0.001, respectively).
IL-2 and IL-4 levels in piglet serumwere affected by treatment,

and tended to be higher in the oral meloxicam group than
those in the control group on day +9 (p = 0.078 and p =

0.056, respectively). IL-2 and IL-4 levels in piglet serum were not
significantly affected by sex of piglets (p = 0.596 and p = 0.868,
respectively) or by piglet position at the udder (p = 0.888 and p
= 0.715, respectively) irrespective of the day studied.

IFN-g levels in piglet serum (ng/mL) were affected by day
after farrowing, and were lower on day +1 (6.00 ± 0.334) than
those on day+9 (10.74± 0.654) and day+20 (12.07± 0.758) (p
< 0.001 in all cases).

IFN-g levels in piglet serum were not significantly affected by
treatment (p= 0.409), sex of piglets (p= 0.858), or piglet position
at the udder (p= 0.320), irrespective of the day studied.

DISCUSSION

In the present study, both treatment groups (oral meloxicam
and control) were well-matched in terms of performance
variables recorded during farrowing. Early administration of
oral meloxicam treatment did not negatively affect total piglets
born alive per litter, total duration of farrowing, treatments
administered during farrowing (such as oxytocin) or the number
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FIGURE 2 | Concentration of IL-4, IL-2, and IFN-g at days +1, +9, and +20 after farrowing regarding treatment received by sows (control vs. oral meloxicam) in sow

colostrum and milk (a, c, e) and piglet serum (b, d, f). Tendency differences were established at p < 0.1(#). Boxes represent the interquartile range (IQ = Q3 – Q1),

horizontal lines inside the boxes represent the median and the cross (+) represents the mean values of the data. Whisker bars were calculated from the IQ (Upper: Q3

+ 1.5 × IQ; lower: Q1 - 1.5 × IQ) and reflect the variability of the data outside Q1 and Q3. Points outside the box-and-whiskers plot represent extreme values of the

population.

of manual interventions during farrowing. Hence, it appears that
the use of oral meloxicam during parturition (more specifically
between the first and the third piglet born) did not interfere with
the progression of the birth process.

Piglet Mortality and Growth
In agreement with other authors that studied the effect of
NSAIDs around farrowing (17, 18, 20, 21), oral meloxicam
administered to healthy sows did not show an effect on pre-
weaning piglet mortality. On the contrary, Homedes et al. (14),
in a large-scale study on commercial farms with a high incidence
of pre-weaning mortality (±10%), showed lower pre-weaning
piglet mortality after ketoprofen administration to sows within
12 h after farrowing. Homedes et al. (14) explained such an
effect due to higher milk production by the sow ketoprofen-
treatment group. We assume that a larger sample size enrolling
different farms with high pre-weaningmortality would be needed

to observe differences in piglet mortality (piglet mortality in our
study was 6.8%).

Piglet weights at birth were similar (16, 17) or slightly
higher (3, 22, 23) than values reported in other studies. The
administration of oral meloxicam at the beginning of farrowing
tended to enhance the ADG of piglets from day +9 to weaning,
and particularly for the lightest piglets. A similar effect was
described by Mainau et al., in two studies (18, 19), treating
the sows around farrowing with injectable and with oral
meloxicam. Tenbergen et al. (17), injected meloxicam intra-
muscularly within 12 h of farrowing and found that piglet ADG
tended to be higher for piglets from the meloxicam group
sows than for control piglets in medium-sized litters (11–13
piglets). Ketoprofen is another AINE used in pig production,
but Viitasaari et al. (21) and Ison et al. (15), who both injected
sows with ketoprofen during farrowing, did not find that it
had any effect on piglet average daily gain to weaning. These
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discrepancies in the effects of NSAIDs administered to healthy
sows around farrowing on piglet growth could be due to different
factors such as the active principle administered. Meloxicam is a
selective COX-2 inhibitor and may be a more specific treatment
for inflammation caused by farrowing than a non-selective COX
inhibitor, like ketoprofen (24). The time of administration is
another important factor to take into consideration. Studies
administering meloxicam at the beginning of farrowing (17–19)
show the effect on weaning weights of piglets and ADG. Thus,
the active ingredient administered (preferably a selective COX-2
inhibitor) and the administration time (as soon as possible after
farrowing starts) are presumably important factors to improve
piglet growth and weight at weaning.

Transfer of Passive and Active Immunity
Colostrum intake is crucial for development of piglet immunity.
In this study, and in accordance with normal colostrum and
milk immunoglobulin kinetics (5), sow colostrum and milk
IgG and IgA showed an abrupt and steady decrease respectively
(Figures 1C,D). Interestingly, colostrum immunoglobulin
content on day +1 was higher in the oral meloxicam group then
in the control group. The difference between groups was more
pronounced in IgA than in IgG, which could be explained by
the switch between the IgG/IgA ratio after farrowing (5). One-
hundred percent of colostrum IgG and 40% of colostrum IgA
come from sow blood via an Ig receptor, whereas up to 60% of
IgA is directly synthesized in the mammary gland (1). Our data
support the local role of oral meloxicam in the mammary gland,
which likely decreases local inflammation, thus favoring both
immunoglobulin recruitment from plasma and local production
of IgA in plasma cells (1). Indeed, in vitro studies developed in
cattle have shown the anti-inflammatory effect of meloxicam in
mammary epithelial cells (25). Furthermore, mastitis in cows has
been associated with reduced pre-weaning immunity, growth,
and health of the offspring (26, 27), so the anti-inflammatory
effect elicited by meloxicam treatment is presumed to have the
opposite effect.

In comparison with blood sampling, saliva sampling is
generally considered to be a non-invasive and stress-free
methodology (28). IgG levels in sow saliva are directly
proportional to the levels in sow serum, whereas IgA in saliva
is mostly produced locally, so IgA levels are highly variable
in response to environmental factors such as stress and oral
infections (29). In our study, saliva IgG levels, a marker of
plasma IgG levels, showed no differences between groups,
which probably rules out a systemic effect of oral meloxicam
administration on the Ig increase in piglets from treated sows.

IgA and IgG concentration in piglet serum during lactation
is the result of intake of immunoglobulins from colostrum.
The quick drop of IgA and the slow drop of IgG in piglet
serum is likely explained by the different half-lives of these
immunoglobulins in serum, being 6 days for IgA and 21 days
for IgG (30). IgA concentration was higher in piglet serum in
the oral meloxicam group on days +1 and +9. Interestingly,
diarrhea of newborn piglets is one of the biggest health issues
in pig production, and increased IgA levels could play a major
role in preventing these problems by their protective effect

on the intestinal mucosa (1). Mainau et al. (18) found that
the administration of meloxicam orally at the beginning of
farrowing (on average, when 2.6 piglets had already been born)
increased the concentration of IgG in the serum of piglets. In
the present study, sows were treated early at the beginning
of farrowing, when early colostrum (with the highest IgG
levels) has already been produced and thus the influence of
treatment on the IgG serum levels of piglets fed with this
colostrumwas lower. Nevertheless, weaker piglets and those born
later during parturition are known to suffer from delayed and
reduced colostrum intake (31). These animals have lower survival
and growth rates, which may be improved by treatment with
meloxicam, as shown by our results with piglets born with a
very light weight at birth, as well as by other studies (31). These
differences could be explained by a higher IgG and IgA immunity
transfer in the treatment group in these weaker animals, which
are likely to consume a smaller quantity of early-colostrum and a
larger proportion of mid- and late-colostrum. Unfortunately, in
this study a low percentage of piglets with low BW at birth were
blood sampled, thus hampering a proper analysis of their serum
IgG and IgA levels.

Regarding colostrum and milk cytokines, higher levels of IL-
2, IL-4, and IFN-Y were found on day +1, which is likely to
be related to pain and to contamination of the reproductive
tract induced by farrowing. Milk cytokine levels moderately
decreased between day +1 and +9 and increased again between
day +9 and +20, likely in response to the vaccination given
to sows on day +16. Cytokines and lymphoid cells have been
demonstrated to cross the intestinal barrier of newborn piglets
(32–34). In piglet serum, cytokine levels measured on day +1
are expected to be the result of both colostrum-derived cytokines
and cytokines produced by the piglets. In contrast, taking into
consideration the short half-life of these cytokines (minutes
for IL-2 and IL-4 and a few hours for IFN-g) and the loss
of piglet intestinal permeability, cytokine levels on days +9
and +20 reflect only the activity of the piglet immune system.
Higher concentrations of all cytokines were found on day +9,
likely due to the immune challenge elicited by tail docking (in
both sexes) and castration (in males), which were performed
on their second day of life. Interestingly, higher IL-4 and IL-
2 levels were measured in piglets from the meloxicam treated
group on days day +9 (Figures 2B,D). Increased secretion of
IL-4 and IL-2 in piglets has been related to better Th2 and
Th1 immune responses, respectively (8). Moreover, IL-4 induces
antibody production and tissue repair, whereas IL-2 plays a
major role in the activation of NK-cells and the generation
of effector and memory cells (9, 10). This positive influence
of colostrum on the immune system development could be
related to the transfer of colostrum-associated immune cells,
which are absorbed selectively in the newborn gut, although the
precise mechanisms remain unclear (1). Therefore, it could be
hypothesized that meloxicam treatment around farrowing had an
impact on the concentration of immune cells in colostrum, but
further studies are needed to investigate this hypothesis.

This study was developed on a commercial farm with
really good sanitary and husbandry conditions. Further
research is required to determine if these positive results on
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piglet welfare can be even more pronounced by studing a
larger set of commercial farms with higher mortality rates
and lower growth rates during lactation. In summary, the
results of this study show that early administration of oral
meloxicam improves some aspects of piglet performance
and welfare. Further research is needed to study whether
these effects are also observed in primiparous sows or could
be improved by administering meloxicam before the onset
of farrowing.

CONCLUSIONS

The administration of meloxicam orally at the beginning of
farrowing in multiparous sows increased the concentration of
immunoglobins and cytokines in sow colostrum and improved
both humoral and cellular immune response in piglets. Pre-
weaning growth of piglets, especially in piglets born with low BW,
tended to be higher in the meloxicam-treated group than that in
the control group.
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INTRODUCTION

Fish are themost phylogenetically ancient vertebrates and themost varied group in terms of genetic
and morphological diversity. Hence, the considerations about fish welfare and the physiological
bases for such welfare have been adopted always later than higher vertebrates and it has been
more difficult to generalize protocols and methodologies. In recent years there has been a greater
social sensitivity in terms of fish welfare, which has been reflected in an increasingly protective
(European) legislation of fish, whether they are for aquarium trade (006/88/EU), production
(standing committee of the European convention for the protection of animals kept for farming
purposes: recommendation concerning farmed fish adopted by the standing committee on 5
December 2005) or research, (2010/63/EU https://eur-lex.europa.eu/eli/dir/2010/63/oj). This social
defendant has been associated to a change in the growing scientific perspective and research
regarding animal welfare. The development of different indicators for evaluating the status of the
fish has resulted in a quantifiable set of parameters, either individually or for a given population.
But some questions arise regarding welfare during earlier fish stages: When and how the fish start
to experience stress and pain along development? Are stress and pain experiences in mature fish
applicable to the earliest stages of development? In this contribution, we review the state of the
art regarding the studies dealing with stress and welfare in eggs, larvae and early stages of fish.
Provided that zebrafish, Danio rerio is, by far, the most used species in biomedical research, we
focused this opinion paper in this species, although most of the conclusions can be applied to other
species, such as medaka or killifish. By law only welfare of fish with independent feeding, should be
considered, as they are protected by European directive, and considered legally as research animals.
But the implications on welfare during the early stages (no independent feeding), can affect to
the adults and further generations. Early stages welfare is not required by law but will affect the
normal development and reliability of the research. Our conclusion is that current protocols of egg
transport and larval handling, lack of solid analytical background and therefore there is a need of
specific studies (1, 2) (Table 1).

Welfare during early stages begins with the paternal welfare. The experiences of the parents
(nutritional, social, environmental), especially during the gametogenesis period, are of great
importance for the progeny. During the gametogenesis the DNA will be reprogrammed, so this
information will be transmitted to the progeny, thus involving transgenerational effects with a
direct impact in the quantity, viability, social status, neurogenesis, and adaptation of the further
generations (3–5). Welfare has to be understood as continuous and intergenerational, linking
progeny adaptation to parents resources.
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TABLE 1 | Type of protocol and the variables that should be considered to

preserve welfare and normal development.

Protocol Variables Author

Environmental

parameter

Oxygen Reed et al.,

Aleström et al.

Temperature Sfakianakis et al., Scott et

al., Long et al.

Light and photoperiod Villamizar et al.,

Basili et al.

Nitrogen compounds Lin et al.

Noise and vibrations Lara et al.,

Bhandiwad et al.

pH Reed et al., Aleström et al.

Conductivity Reed et al.,

Aleström et al.

Hardness/alkalinity Reed et al., Aleström et al.

Incubation of eggs Density

Egg and gametes quality Yilmaz et al.,

Labbé et al.

Time to be collected Lin et al.

Environmental parameters

Transgenerational effects Wang et al.,

Labbé et al.,

Long et al.

% Renovation water Water quality

Larval rearing Environmental enrichment Lee et al.

Maternal social status Best C. et al.

Social and schooling

parameters

Gerlach et al., Biechl et al.,

Groneber et al.

Diet and nutrition Monteiro et al.,

Martins et al.,

Chang et al.

Water flow Oteiza et al.

Rearing larval density Ribas et al.

Behavior Tudorache et al.

Microbiota Davis et al., Basili et al.

Environmental parameters

Transport of embryos Acclimation period Dhansari et al.

Insulation Barton et al.

Disinfection method Barton et al.

Environmental parameters Barton et al.

Handling Analgesics Lopez-Luna et al.

Refinement technique Oteiza et al.

Environmental parameters

Anesthesia and

euthanasia

Type of anesthesia Felix et al.,

Strikowski et al.,

Collymore et al.

Refinement technique

Environmental parameters

EGG QUALITY AND DEVELOPMENT:
HANDLING AND ENVIRONMENTAL
EFFECTS

Fish have been able to colonize many ecological niches, so
they have developed multiple adaptive strategies, thanks to their

genetic plasticity. Thus, when the environmental parameters are
not optimal, they try to adapt to the new conditions. If the
adaptation is successful, no welfare problems will arise, but some
alterations can often occur. The genetic quality of embryonic eggs
is determined by the gametes, which results from the parents plus
any own experience. Assessing the protein and genetic profiles of
the eggs, may help to predict their quality and the viability of the
embryos (6). In this way, altered embryos can be identified and
discarded avoiding further welfare implications.

During their development, embryonic eggs are very sensitive
to environmental influences (7). To ensure its correct embryonic
development and to avoid future alterations in the juvenile or
adult stages, the environmental conditions must be adjusted
to the optimal ranges. But how can we assure it along all the
development period? Adult zebrafish are kept under recirculation
but not when they are mating (1, 2). Zebrafish eggs are usually
obtained under static conditions, so water has low oxygen and
high ammonia values and kept in these conditions 4 h affecting
their normal development, but this is not usually taken in account
in the protocols (8).

Environmental influences on embryogenesis vary between
species and individuals, thus modifying the normal development
of fish larvae and, so the animal may not be able to cope with
some environmental conditions. Regarding zebrafish, no studies
have been done to stablish a proper protocol of incubation.
Thus, the influence conditions like the use of fungustatics or
disinfectants, density of eggs, % of water removal, type of water
or type of incubator (with or without photoperiod control) have
not been established. The influence of environmental conditions
is not a trivial issue and should be investigated before stablishing
the protocols in order to assure the normal development and
avoid further welfare problems (1, 2) (Table 1).

LARVAL RESPONSES

The alteration of appropriate conditions during development
will produce changes in DNA methylation, with the consequent
physiological change (7), that may remain for all live stages and
the offspring. In zebrafish larvae, an inadequate density induces a
stress response and can influence sex determination (9). Also like
in previous stages, water quality and light conditions modulates
gene expression and development (10, 11).

Zebrafish larvae are able to process external stimuli, thanks
to the presence of neural centralized circuits, and not by
automatic or ecotaxic processes as it was previously thought
(12). For example, zebrafish larvae adapt their swimming
depending on water flow (13, 14) thanks to the integration of
the stimuli perceived by the lateral line. During the early stages
of development, the nociceptive pathways are already active,
allowing the larvae to escape from painful stimuli. This is possible
thanks the activation of oxytocin neurons, which produce a
locomotor reaction, whose activation can be modulated by
analgesics (15–17). So analgesic drugs could be used in zebrafish
larvae in order to avoid pain and preserve welfare, but also
their impact in the larvae, as bioactive molecules, should be
studied (18). As fish develop they are able to process more
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environmental stimuli and elaborate a strategy to cope with them.
If the environment during early stages is complex they will have
more strategies and less anxiety. So enrichment and complexity
of environmental conditions during early stages should be taken
in consideration in order to help their adaptation strategies and
improve welfare.

Another way for fish larvae to avoid external dangers such
as predation is schooling, especially in social fishes such as
zebrafish. In order to develop this aggregation mechanism, they
need to differentiate their congeners from other fish. Thus,
the olfactory cues (19–21) are key signals, and these have
been found in zebrafish brain from day 6 of development,
allowing them to recognize their siblings and perform the
schooling pattern. This process would be impossible without
memory, that performs the integration of the stimuli and the
identification of the habitual environment (22). The social
conditions of early stages should be also considered in protocols,
as they are developing social patterns: schooling and social
avoidance (23).

Zebrafish larvae can sometimes adopt different coping
strategies in front of the same stimulus. The stimuli can
be processed as an opportunity, as for proactive fish, or
like a risk, as for reactive ones, so they develop anxiety.
These differences may be determined by the paternal
genetic load, as well as the experiences of the embryo
or larva during development (24), The use of substrates
and enrichment makes the ambient more complex and
reduces anxiety, improving the boldness (proactive) (25).
Environmental enrichment is not common in zebrafish tanks
because of technical implications but this may result in more
anxious fish.

Nutrition has a direct impact in animal welfare especially
during the growing o development period. The use of life preys
in zebrafish (Artemia, paramecium, and rotifers) allows to display
the natural behavior as a predator and also use them as vehicle for
different nutrients such as polyunsaturated fatty acids. So new
protocols have been developed using life preys and special dry
foods that help zebrafish larvae to grow and develop faster (26–
28). The use of probiotics has been tested in zebrafish larvae as a
way to improve welfare by modulating anxiety, immunity, or gut
function (29).

WELFARE IN EARLY FISH STAGES AND
THE ANTHROPOGENIC IMPACT

Transport is a highly stressful process for adult fish (30) if
environmental conditions are not properly controlled. Zebrafish
eggs are commonly transported between facilities as they are
cheaper and easier to ship than adults. If there is an improper
isolation and no heater or chiller inside the box, during the
transport, eggs can be exposed to extreme temperatures (higher
or lower than their optimal range). Till the eggs arrive to
the new facility no water or air is exchanged, as they are in
watertight containers, and no light is received. Although the
importance of the photoperiod, for the activation of circadian
rhythms (11, 31, 32), and the importance of temperature

for a normal development (33–35) has been widely studied
in zebrafish, none of these factors are usually considered
for the shipping protocols of embryos neither the relevance
of the acclimation period afterwards. The evaluation and
standardization of environmental conditions during transport
of the early stages of zebrafish should then be revisited (1,
2, 36), as it should be during the standard incubation period
(Table 1).

Fish experimental facilities usually involve noises
and vibrations produced by water pumps or working
routines that will affect the normal development
of fish (37, 38). Fish husbandry facilities could be
designed in order to minimize noise impact, removing
pumps, machines from the facility. The routines have
to be also reduced to minimum, especially in the
breeding area.

Visual techniques are very common in zebrafish research, due
to the translucency of embryos. It is useful for developmental
studies, but it usually requires immobilization of the
larvae or embryos with an anesthetic. Nevertheless, the
use of anesthetics, especially in the early stages, has a
broad implication on the present and future welfare of
the individual. So, it must be carefully considered when
carrying out the experiments even if these early phases are
not protected by welfare laws. For instance, the most common
anesthetic for zebrafish, Tricaine metanosulphonate (MS-
222), is capable of generating oxidative stress, altering the
normalized development of cartilage and inducing apoptotic
processes (39–41).

In terms of euthanasia, an anesthetic overdose is the usual
procedure, but its efficiency in larvae is very limited. Since
oxygen is taken by zebrafish through the skin until day
14 for respiration, it makes them resistant to most of the
anesthetics, as the muscular contraction is not related to
respiration. Furthermore, it should be taken into account that
cessation of the heartbeat, usually taken as an indicator of
death, could not be considered as such, since heart fibers
are capable of beating for more than 20min after death (42,
43). For these reasons, especial euthanasic protocols and more
clear death indicators should be addressed for zebrafish early
development stages.

CONCLUSION

In conclusion, the investigations carried out up to now
demonstrate that during the early stages fish show high sensitivity
to many types of stressors involving an array of responses
to overcome alterations that could affect the animal and be
transmitted to the progeny. Welfare in eggs and larvae is a
continuous process that involve both parental experience and
development, so environmental parameters have to be controlled
during all the life time, especially during the gamete and
organogenesis stages. Standard protocols should be developed
including all environmental parameters by studying not just
the zoothecnical indexes but also stress and welfare-related
indicators such as behavioral traits, stress hormones, or the
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expression of genes associated to them. In our opinion, the
results of the research on these early stages also points out
a lack of adequate standards for reliable welfare results in
relation with the procedures for maintenance, husbandry or
transport (Table 1).
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Assess the Welfare Impacts of a New
Virtual Fencing Technology
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Virtual fencing involving the application of audio cues and electrical stimuli is being

commercially developed for cattle. Virtual fencing has the potential to improve

productivity through optimized pasture management and utilization by grazing animals.

The application of virtual fencing initiates public concern for the potential welfare impacts

on animals due the aversive nature of using an electrical stimulus. It is therefore important

to provide welfare assurance of the impacts of virtual fencing on livestock. In this paper,

we provide an overview of the welfare assessment and validation stages for virtual

fencing which could be applied to other new technologies utilizing novel systems. An

understanding of stress measures and their suitability for use in specific contexts is

discussed, including the use of glucocorticoids to measure both acute and chronic

stress, and behavioral responses and patterns to indicate welfare states. The importance

of individual differences in relation to learning and cognition are also highlighted. Together,

this multi-disciplinary approach to welfare assessment provides a tool kit that may be

applied for welfare assurance of some new technologies and systems for farm animals.

Keywords: animal welfare, behavior, cattle, cortisol, cognition, stress, sheep

INTRODUCTION

Utilization of livestock by humans has depended on the capacity of animals to adapt to new farming
technologies like herding, milking and harvesting of fiber and eggs. Further advances in husbandry
systems and management technologies, such as virtual fencing, intensive housing, and automated
milking parlors have increased complexity of the environment farmed animals must learn to engage
with. Adaptation to new systems involves cognitive evaluation of environmental stimuli which
influences the stress response and subsequent adaptation (1). Assessment of the welfare impacts
of implementing new technologies and systems is needed to ensure welfare is acceptable.

Virtual fencing involves the containment of animals without the use of a physical fence by using
signals from a device that is attached via a neckband. Using GPS technology to monitor animal
movement and behavior, an audio cue signal warns the animal that it is approaching the virtual
boundary, and this is followed by an electrical pulse only if the animal does not respond to the audio
cue (2–5). The device applies an electrical pulse sequence in the kilovolt range with an intensity that
is lower in energy than an electric fence (6). Successful learning occurs when the animal responds
to the audio cue to stay within the boundary and avoids receiving the electrical pulse. On some
occasions, an animal may cross the virtual fence line and no stimuli are applied if the animal turns
andmoves toward the inclusion zone to encouragemovement back within the boundary (7). In a 44
day study, the virtual fence was 99.8% effective at preventing cattle accessing a sapling regeneration
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area (8). As the virtual fencing is not 100% effective at containing
livestock, fixed fencing should be used for external boundaries
and the virtual fence should only be used for internal fencing to
reduce the risks of animals accessing roads or public areas. When
the virtual fence location is moved, both cattle (9) and sheep
(10) enter the new paddock area within hours, demonstrating
that they learn to respond to the audio cue and not the location
that cues are given, this has important implications for pasture
management and strip grazing applications. Virtual fencing has
the potential to transform livestock (cattle and sheep) farming
(11, 12) by optimizing pasture management, managing weeds
in mixed farming systems, maintaining separation to prevent
fighting (13) and protecting environmentally sensitive areas (7,
8). Removal of physical fencing also has the potential to benefit
wildlife conservation (14). The virtual fencing technology is being
commercialized by Agersens (Melbourne, VIC, Australia) and
a product for cattle (eShepherd R©) will be released imminently.
However, the use of an aversive electrical pulse generates concern
from the public in relation to animal welfare impacts and science-
based evidence to provide welfare assurance is required (15).

Assessing the welfare impacts of virtual fencing in livestock,
requires a multi-disciplinary approach to account for the
complexity of the animal interacting with and learning about
a new technology autonomously, while in a field situation.
Consideration of physiological indicators of acute and chronic
stress, behavioral responses and patterns, cognition, associative
learning, and social learning are all necessary. This review
will discuss and highlight the challenges of providing a
comprehensive assessment of animal welfare in relation to a
new livestock farming technology. The findings from studies
investigating the effects of virtual fencing on measures of acute
and chronic stress and animal learning will be considered in
relation to the welfare implications of this technology and ethical
assurance for stakeholders.

STAGES OF LEARNING

We propose that the stress responses of livestock differ in
relation to the stages of virtual fence learning. The first stage of
virtual fence learning requires the animal to experience both the
audio cue and the aversive electrical pulse to enable subsequent
associative learning to occur (Figure 1). In this initial period,
animals cannot avoid receiving the electrical pulse [but see (16)
for impacts of social facilitation on behavioral responses], and
so the relative aversiveness of the electrical pulse will determine
the intensity and duration of the acute stress response (17, 18).
Following this, there is a period of adaptation (stage 2) to the
virtual fencing system where animals may be in an aroused
state until they have learnt to respond to the audio cue and are
able to avoid receiving the electrical pulse. Finally, stage 3 is
where learning has occurred, and the animals are able to predict
and control their interaction with the fence. In this final stage,
the fence position is indicated by an audio cue and may shift
location. Thus, cattle need to rely on responding correctly to the
sound to avoid the electrical pulse without any accompanying
visual information which contrasts with being able to see the

visual barrier of a standard (electric) fence. For each of these
stages, the timelines vary, and different measures are relevant.
The acute stress measures are applicable to the initial learning
period which typically has a duration of minutes and the chronic
stressmeasures are applicable to later stages of learning. The stage
2 period of adaptation may last for a few hours up to a few days,
but stage 3 implementation of a virtual fence could be weeks,
months, or potentially years. For welfare to be assured, the effects
of virtual fencing on key measures during stage 1 and 2 should be
minimal and in stage 3, should not differ from control treatments
or normal baseline measures.

PHYSIOLOGICAL INDICATORS OF STRESS

Physiological measures that have been applied to assess acute
stress responses to virtual fencing include circulating plasma
concentrations of stress hormones, such as cortisol and β-
endorphin, measures of heart rate and body temperature
increases that may indicate stress induced hyperthermia. To
ensure that the stress response measured is due to the exposure
to the virtual fencing stimuli themselves and not due to other
factors, it is important to have in place a robust experimental
design including a control treatment, minimal handling and/or
habituation. Controlled studies are necessary where the stimuli
are manually applied to account for potential variation in
self-exposure to stimuli among individual animals. Other
physiological measures that could be applied to the assessment
of stress include infrared thermography (19), functional near-
infrared spectroscopy (20), and electroencephalography (21).

Concentrations of Stress Hormones
The hypothalamic-pituitary-adrenal (HPA) axis is activated in
response to a stressor with a clear relationship between stressor
intensity and duration and the HPA axis activation. Stress
hormones including glucocorticoids (e.g., cortisol) and opioids
(e.g., β-endorphin) are released as part of a cascade when
stressors are perceived by the brain (22, 23). As handling
itself is stress inducing, blood samples should be collected
within 2–3 mins of restraint, before the adrenal cortex has
been activated (23). An alternative is to habituate animals to
handling prior to the study and include a control treatment
to show that cortisol responses are not elevated by handling
itself (18). These considerations for the measurement of acute
stress hormone concentrations in the context of controlled
experimental studies enables comparisons to be made between
treatments. To demonstrate this, plasma cortisol and β-
endorphin concentrations were assessed in beef cattle receiving
an electrical pulse compared with a range of common husbandry
procedures and this showed that the stress response to an
electrical pulse was not different to being restrained in a crush
(17). In a similar comparison study with sheep, a mild cortisol
response to an electrical pulse was shown and this was similar
to hearing a barking dog (18) and sheep did not differ in their
cortisol responses to the audio cue once they had successfully
learnt the virtual fence (24). Overall, these results indicate that
while the electrical pulse is aversive, it is not more stressful than
common handling procedures in both sheep and cattle.
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FIGURE 1 | Proposed relationship between learning the virtual fence and stress in livestock. Stage 1 represents the acute phase of learning when animals cannot

avoid receiving the electrical pulse and this induces an acute stress response. Stage 2 describes animals adapting to the virtual fence. Stage 3 is where associative

learning has occurred, and animals can control their interaction with the fence and avoid receiving the electrical pulse. Relevant measures for acute and chronic stress

responses are listed within the text boxes.

While plasma stress hormones are good measures of arousal
in short-term controlled experiments, they are less suitable for
measurement of chronic stress in field-based studies. Plasma
cortisol is affected by the sampling procedure itself and levels
usually decline after the acute response so are not very
informative for states of chronic stress (23). In addition, chronic
stress can modify the responsiveness of the HPA axis, with a
range of effects, including both an increase in the responsiveness
(25) and a decrease in the sensitivity of the HPA axis following

negative events (26, 27). Measurement of cortisol metabolites in
feces, hair or milk are more stable and therefore are practical
options for assessment of chronic stress in longer-term field
studies (28, 29). When virtual fencing was compared with
conventional electric fencing, fecal cortisol metabolites did not
differ over a 4-week period, indicating that there were no
differences in stress responses over that period between fencing
groups although the metabolites did reduce across time (6).
Similar findings were reported in dairy cows, with no differences
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between virtual and conventional electric fencing on milk
cortisol concentrations for a 5-day period, however longer-term
assessment is needed (30).

Heart Rate
Other physiological measures of stress include heart rate and
heart rate variability (HRV), which indicate a change in cardiac
function and provide an early indicator of stress responses (31,
32). A heart rate device is strapped around the girth area of
an animal and the area is shaved to enable close contact of the
electrodes with the skin. While heart rate and HRV measures
are feasible in controlled experimental contexts, they are not
yet practical for longer-term field deployment mainly due to
issues with attachment (33). However, progress in developing
heart rate measures in cattle with high accuracy for use in
the field is occurring (34). In addition, heart rate is affected
by locomotion (35) so care should be taken when designing
studies using this measure. In the cattle study that measured
stress hormone responses to the electrical pulse and common
husbandry procedures, a second experiment assessed heart rate
responses and found that they did not differ between any
treatments which confirmed the stress hormone findings (17).

Stress-Induced Hyperthermia
Stress-induced hyperthermia (SIH), a rapid increase in core body
temperature due to exposure to a stressor, can be used to measure
acute stress responses (31). Small temperature loggers collect
data and are placed in the vagina or rectum of the animal
(36, 37). SIH has been demonstrated in sheep during shearing
(38), isolation (39) and when anxious (40–42), and in cattle
during handling (43) or when anxious (44). However, SIH was
not observed in sheep exposed to virtual fencing stimuli either
in a controlled experiment (18) or in the field (45). This may
have been due to the stimuli intensity or duration not being
sufficiently aversive to induce a stress response. Thus, while SIH
has been an accurate and practical measure of stress response
deployed in both experimental and field contexts, its relevance to
welfare assessment of virtual fencing is uncertain. The short-lived
duration (<1 s) of electrical pulse exposure and the substantial
variation in self-exposure both within and among individuals
may limit interpretations of this measure.

Body Weight
A coarser indicator of welfare is changes in body weight over time
where a lower body weight gain may be indicative of a welfare
issue (46). But this can be influenced by many factors, including
feed and water availability, health, climate, and physiological
status and thus may be most informative if paired with other
simultaneous welfare measures. If used as part of a controlled
study, it may be a valuable measure but to date has not provided
consistent indications of welfare impacts of virtual fencing (6).

BEHAVIORAL INDICATORS OF STRESS

Behavioral Responses
Immediate behavioral responses specifically to the stimuli
provide an indicator of their aversiveness and effectiveness. The

audio cue alone should be benign, eliciting no specific reaction
beyond ear movement until it has been associated with the
electrical pulse. This has been observed when cattle first hear
the audio tone (4) although sheep appear more sensitive to
the audio signal with first exposure (5, 47). With the electrical
pulse, it needs to be aversive enough that it deters the animal,
but extreme and extended behavioral responses such as leaping
forward, vocalizing, and jumping are undesirable andmay reduce
an animal’s learning ability while in such a heightened state (2).
A stimulus that is highly aversive is inappropriate to use (2, 5),
and in the case of developing the virtual fencing pre-commercial
prototypes in cattle, alternative pulse durations and intensities
were tested to optimize the electrical pulse (4). Additionally,
poor or inconsistent pulse delivery may result in animals that
show a minimal behavioral response (e.g., head tossing or
turning in cattle) to both the audio and pulse stimuli whilst
continuing to move past the virtual fence (8). Ultimately, this
could have welfare consequences if they attract others to follow,
thus increasing stimuli delivery for some individuals, potentially
causing confusion, frustration and stress. Individual variation in
skin sensitivity and pain perceptionmay increase the aversiveness
for some animals with some evidence of variation in dairy cows
(48, 49) but further investigation into this is required.

Behavioral Patterns
Monitoring of behavioral patterns of the individual and the herd
are a practical indicator of welfare to deploy in field studies.
Although precise behavioral patterns vary among individuals
and herds, and within herds relative to season or across age
(50), deviations from what is expected to be “normal” for that
species may be indicative of chronic stress. With the availability
of increasing numbers of off-the-shelf monitoring products
such as IceQubes R© and Moomonitors R© (51) for cattle (6) and
HOBO’s for sheep (45) that have relatively long battery life, long-
term monitoring of cattle and sheep behavior is now possible.
Disturbances in normal behavioral patterns over time may
indicate that welfare is not optimal, for example, lying time has
been demonstrated to indicate comfort of lying surfaces in cattle
(52). In a study using pre-commercial eShepherd R© prototype
devices for cattle where virtual fences were moved at regular
intervals for a 22-day period, behavioral time budget changes
were minor (9). Similarly, minimal behavioral pattern changes
were reported in a longer 4-week study using the virtual fencing
system in beef cattle (6) or for a shorter 5-day period with dairy
cows (30). Further assessments of behavioral time budgets over
longer periods would be recommended in future research to
confirm these findings.

GPS Location Data
GPS location of individual animals can be used to assess if
animals show a lack of understanding of where the virtual fence
is located as evidenced by thigmotaxis, a tendency to move
toward physical contact, such as an increased following of fixed
fences. Rodents show thigmotaxis when anxious (53) and it is
thought to be a protection against predators (54). No evidence
has been reported of thigmotaxis in any of the virtual fencing
studies using the Agersens system (eShepherd R©) and manual
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dog collars. All GPS plots to date of sheep and cattle locations
in the presence of a virtual fence indicate usage of all paddock
areas including those immediately in front of the virtual barrier
(6–10). Interpretation of GPS data showing spatial distribution
of animals should consider the uniformity of the paddock and
position of preferred resources as these will influence the time
animals spend in certain areas.

COGNITIVE MEASURES OF WELFARE

Associative Learning
The ability of animals to predict and control their situation
in the long term is strongly related to welfare outcomes (55).
Consideration of the impact of sudden changes to predictable
routines such as feeding times, and regrouping can have negative
impacts (56). As proposed in a welfare assessment framework of
virtual fencing (57), once animals learn the association between
the audio and electrical stimuli, the cues are both predictable (the
audio cue always precedes the electrical pulse) and controllable
(animals can choose to avoid the electrical pulse by stopping
or turning), thus minimizing negative welfare impacts. Indeed,
cattle learn rapidly after an average of 2.5 interactions with
the virtual fence before responding to the audio cue alone (6).
This hypothesis was tested Kearton et al. (24) in a study that
assessed the influence of controllability on stress responses to
virtual fencing stimuli. Sheep that had learned to predict and
control receiving the electrical pulse through their behavioral
responses, did not differ in their cortisol, core body temperature
and behavioral responses compared with a control treatment that
did not receive any cues. This shows that the sheep perceived the
audio cue as benign once they had successfully learnt.

Inclusion of a measure that indicates learning of the virtual
fence such as the relative proportions of audio and electrical pulse
cues is of value for welfare assessment. This could be used to
ensure all animals are learning and have reached set thresholds
within a certain number of interactions with the virtual fence.
Additionally, it would allow confirmation that all animals being
managed by the system have successfully learnt to respond to
the audio cue so that it is both predictable and controllable.
Identification of animals that are not learning (as indicated by
an audio cue always being followed by an electrical pulse) may
indicate a learning or equipment failure and providing an alert
will enable the animal to be checked and if necessary, removed
from the virtually fenced paddock.

Social Learning
Livestock are social animals that are typically managed in
groups forming dominance relationships and social networks
(58–60). Associative learning of the virtual fence occurs more
rapidly when applied to a group of cattle (7–9, 61) or sheep
(10, 47) than when applied to individuals (3, 4). It is likely
that the social attraction to remain with the group provides
encouragement to respond by turning and re-joining the herd
or flock. Previous experience can also affect learning of the
virtual fencing stimuli, with pre-exposure to an electric fence in
dairy heifers resulting in more rapid associative learning (62).
Recently, social facilitation of virtual fence learning was reported

in cattle (16) with animals responding when others interacted
with the fence. Social influences on the effectiveness of the virtual
fence were also shown in sheep, with collaring two thirds of
the group with virtual fence collars being equally as effective
at containing sheep as having all animals collared (45). More
research is needed to understand social learning aspects of virtual
fencing, particularly in larger, commercially relevant group sizes.

OTHER CONSIDERATIONS

With the identification of distinct personalities (63) and coping
styles in sheep (64) and temperament in cattle (65), consideration
of individual differences is recommended in evaluating welfare
impacts of management practices and new technologies such
as virtual fencing. In addition, further research to investigate
application of virtual fencing to different stock classes such as
cows and calves or ewes and lambs and the impact on animal
welfare is needed.

CONCLUSIONS

Welfare assessment of a virtual fencing system requires
consideration of the nature of the stress response during the
different stages of learning and adaptation to the system. Amulti-
disciplinary approach applied to assess both acute and chronic
stress is needed that also accounts for individual differences in
cognition, physiology and behavioral responses. Of importance
is the assessment of the chronic stress measures as the acute
stress response is short lived and animals quickly adapt. Welfare
assessment and validation that focusses on the longer-term
impacts across different situations is needed for welfare assurance
of new technologies and systems. Application of a range of
measures over the short and longer term, have confirmed
that welfare impacts of virtual fencing on cattle and sheep
are minimal. Further studies to assess the impacts over even
longer periods are recommended to confirm these findings in a
commercial setting.
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In order to base welfare assessment of dairy cattle on real-time measurement, integration

of valid and reliable precision livestock farming (PLF) technologies is needed. The

aim of this study was to provide a systematic overview of externally validated and

commercially available PLF technologies, which could be used for sensor-based welfare

assessment in dairy cattle. Following Preferred Reporting Items for Systematic Reviews

and Meta-Analyses (PRISMA) guidelines, a systematic literature review was conducted

to identify externally validated sensor technologies. Out of 1,111 publications initially

extracted from databases, only 42 studies describing 30 tools (including prototypes)

met requirements for external validation. Moreover, through market search, 129 different

retailed technologies with application for animal-based welfare assessment were

identified. In total, only 18 currently retailed sensors have been externally validated (14%).

The highest validation rate was found for systems based on accelerometers (30% of tools

available on the market have validation records), while the lower rates were obtained

for cameras (10%), load cells (8%), miscellaneous milk sensors (8%), and boluses

(7%). Validated traits concerned animal activity, feeding and drinking behavior, physical

condition, and health of animals. The majority of tools were validated on adult cows.

Non-active behavior (lying and standing) and rumination were the most often validated

for the high performance. Regarding active behavior (e.g., walking), lower performance of

tools was reported. Also, tools used for physical condition (e.g., body condition scoring)

and health evaluation (e.g., mastitis detection) were classified in lower performance

group. The precision and accuracy of feeding and drinking assessment varied

depending on measured trait and used sensor. Regarding relevance for animal-based

welfare assessment, several validated technologies had application for good health

(e.g., milk quality sensors) and good feeding (e.g., load cells, accelerometers).

Accelerometers-based systems have also practical relevance to assess good housing.

However, currently available PLF technologies have low potential to assess appropriate

behavior of dairy cows. To increase actors’ trust toward the PLF technology and prompt
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sensor-based welfare assessment, validation studies, especially in commercial herds,

are needed. Future research should concentrate on developing and validating PLF

technologies dedicated to the assessment of appropriate behavior and tools dedicated

to monitoring the health and welfare in calves and heifers.

Keywords: PLF, accelerometer, camera, milk sensor, scale, bolus, dairy cow, calf

INTRODUCTION

Recently introduced concept of One Welfare recognizes the
interconnections among animal welfare, human well-being, and
the environment (1). Better understanding of the values of high
welfare standards can, among others, support food security,
improve productivity, reduce antimicrobial use, and greenhouse
gas emission [e.g., (2–4)].

Animal welfare is also a highly interesting topic for European
consumers (5, 6). This interest is seen in production statistics
and consumer purchases decisions. Consumers are willing to pay
a premium price for credence attributes of milk (7, 8), such as
organic, environmentally friendly, or high animal welfare (on
average 28, 25, and 31% of premium). Moreover, consumers
appreciate proactive approach to managing animal health and
welfare (9), and there is evidence that the animal-friendly
marketing strategies influence the uptake of products (10).

Animal welfare friendly products can be identified through
labeling. Most dairy welfare labeling schemes in Europe have
requirements concerning resource-based welfare indicators such
as space allowance, provision of bedding and enrichments,
minimum transportation time, outdoor access, or absence
of mutilations (8). Recently, animal-based indicators have
gained more attention, especially following the publication of
Welfare Quality R© (WQ R©) protocols and a few labeling schemes
highlighting animal-based measures have been introduced
during the past years (e.g., AENOR welfare certificate in Spain,
Arla one farm milk in Finland, and ClassyFarm in Italy).
However, existing animal welfare assessment protocols show
some inaccuracies as: (1) they are only applied at group level,
(2) are unable to continuously monitor animal welfare, and (3)
they rely on human judgments and decisions-making facilitating
some degree of subjectivity on the assessment. Moreover, those
protocols are not practical for detecting early-warning signals
which could result in implementation of preventive measures.
Abovementioned limitations could be, at least partially, solved by
application of precision livestock farming (PLF) technologies.

Different PLF techniques have been developed for monitoring
dairy cattle production. Sudden change in the activity, feeding
and drinking, physical condition, and health of animals can be
detected by different sensors [e.g., radio-frequency identification
(RFID), accelerometers, load cells, and cameras]. Change in
behavior or in physical state may indicate problems related to
management (e.g., feeding system failure) or disease, as well
as can signal specific physiological status such as estrus. PLF
technologies can potentially add value to the farm management
process by improving data processing, decision making, and
implementation of everyday herd management decisions (11).

Moreover, PLF technologies could also be applied for monitoring
animal welfare [e.g., (12)]. On the other hand, as demonstrated
by large-scale studies (13, 14) investment in sensor systemsmight
not necessarily lead to the economic gain for farmers. Therefore,
the merits of each sensor system need to be assessed individually
and the performance should to be verified before the promise of
improved management can be realized.

Research groups and companies around the world has been
engaged in developing new PLF sensors, however, not all PLF
solutions developed in a lab environment can be successfully
implemented as commercial products on dairy farms. The reason
can be that some technologies will still be too expensive or
will perform better in an experimental setting, where conditions
are controlled, and sample size is small, compared to the
farming environment. Therefore, for successful assessment of
on-farm welfare using PLF technology, it is essential to validate
this technology at the commercial level (external validation).
Furthermore, applying sensor-based welfare assessment for
labeling schemes or welfare support payments should be based
on widely available and validated technologies.

The main goal of this review was to assess which welfare
aspects of cows’, heifers’, and calves’ husbandry can be addressed
by available (and validated) technologies. To reach this goal,
commercially available and/or externally validated technologies
with potential use for animal-based welfare assessment in dairy
herds were first identified. Validated technologies were later
grouped according to their performance. Finally, possible gaps
between available and validated tools and needs for animal-based
welfare assessment were identified based on the principles of the
WQ R© protocol, including appropriate nutrition, housing, health,
and behavior.

MATERIALS AND METHODS

Market Availability Search
A broad market research (using web Google search) on
commercially available PLF systemswith potential application for
animal-based welfare assessment was conducted. This research
was done by exploring the assortment of technology providers
that cover a wide range of sensors which could provide
information on animal base indicators for welfare. The search
criteria used included “dairy cow” and one of the following
terms describing sensors: (automatic drinker OR automatic
waterer), (automatic feeder), (activity sensor OR activity monitor),
(RFID), (Global Positioning System OR GPS), (thermal camera),
(thermography), (mastitis sensor), (automatic mastitis detection),
(somatic cells counter), (milk analyzer), (automatic weigh scale
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OR automatic weigh), (lameness sensor), (automatic lameness
detection), (pressure mat OR force sensor), (body condition score
sensor OR automatic body condition score), (body condition
camera), (rumen bolus), (milking robot), and (accelerometer).
Also, search for calf automatic feeder was performed. As an
example, the following word combinations were used to look
for feeding equipment available on the market: “dairy cow” plus
“automatic feeder.” The first five pages (50 hits) from Google
search were scanned. Additionally, the availability of sensors
was scanned using dedicated on-line marketplace for providers
(https://www.agriexpo.online/). Search was performed between
March and May 2020. Tools with exclusive use for reproduction
(for estrus detection or calving alarms) were excluded from the
final list. Information on sensor name, provider name, internet
link, sensor type (with attachment position to animal when
applicable), aim, and country of origin (headquarters) for 129
technologies are provided in Supplementary Table A1.

Literature Search and Exclusion Criteria
To explore technology limitation, a systematic literature search
based on Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) methodology (15) was conducted.
Literature search was conducted through Web of Science and
Scopus. Altogether, 147 different search terms were used.
Each search included terms describing different phases in the
production cycle (“cow” OR “calves” OR “calf ” OR “heifer”) and
validation (“test” OR “assess∗” OR “evaluat∗” OR “validat∗”) as
well as several exclusion terms: NOT (“review” OR “survey”
OR “beef” OR “sheep” OR “goat∗” OR “hors∗” OR “buffalo” OR
“steer∗” OR “ewe” OR “leg calf ” OR “muscle∗”). Additionally,
each search was supplemented with physiological and behavioral
term (e.g., feeding behavior), or sensor type (e.g., camera), or
the commercial name (e.g., CowView). For physiological and
behavioral term as well as sensor types the following terms
were used: (“feeding behavior” OR “feeding behavior” AND
“monitoring”), (“monitoring feeding”), (“drinking behavior”
OR “drinking behavior” AND “monitoring”), (“vocalization”),
(“vision”), (“camera”), (“accelerometer∗”), (“temperature AND
sensor”), (“mastitis AND sensor”), (“image analyses”), (“scale
AND body weight”), (“pressure mat”), (“bolus”), (“indoor
AND position”), (“in-line”), (“tracking system”), (“RFID”), and
(“microphone”). The commercial names used in the search are
presented in Supplementary Table A1, column A.

The example search looked as follow: (“cow” OR “calves”
OR “calf ” OR “heifer”) AND (“test” OR “assess∗” OR “evaluat∗”
OR “validat∗”) AND (“camera”) NOT (“review” OR “survey” OR
“beef” OR “sheep” OR “goat∗” OR “hors∗” OR “buffalo” OR
“steer∗” OR “ewe” OR “leg calf ” OR “muscle∗”).

Only studies in peer-reviewed scientific journals published in
English between January 2000 and May 2020 were included to
this review. Since this review focuses on dairy production, all
validation trials conducted on beef breeds or steers were omitted.
Articles were excluded if not dealing with aspects directly related
to the welfare of dairy cows (e.g., reproduction related problems
such as estrus detection, and environmental aspects such as
methane emission, etc.). We further excluded papers with only
internal validation, which was defined as validation data set used

to assess the performance originating from the same animals or
herd/herds as used in the developing of the technology (16).

Study Classification
This review includes papers presenting the higher standards of
objective validation, which is external validation. Based on the
approach presented by Altman et al. (16) we have defined two
levels of external validation:

1. External self-validation was defined for studies where the
system was evaluated using a fully independent data set, that
means data was collected from different herds not used for
system development. Research was conducted by the same
scientist (at least one author involved in developing and
validation) or had been validated by at least one author
representing a company providing a technology.

2. External independent validation was defined for studies where
the system was evaluated using a fully independent data set,
which means data was collected from different herds not used
for system building. Research was conducted by scientists not
involved in technology development.

In order to determine the validation level, both origin of the
technology and validation location (herd) needed to be known.
Technology was identified through commercial name or based on
studies describing building phase (for prototypes). Origin of the
validation herd was identified through information on location
(country), and type (if a herd was commercial or research). We
have assumed that criteria of external validation were fulfilled if
commercially available technology was validated in a commercial
herd or a research herd (different from the company/developer
own research herd). For prototypes, the criteria of external
validation were fulfilled only if the scientific paper clearly
described where technology was validated, and validation place
was different from the herd used for technology building (based
on information from scientific publication describing building
phase). If both country and herd specifications (commercial or
research) could not be identified, then the study was excluded
from this review (due to not enough information inmaterials and
methods). However, papers stating that herds used for validation
were different than those used for technology development
(without mentioning location, for example due to privacy
concerns) were included into this review.

Performance Measures for Validated Trials
In this review, we distinguished regression and classification
measures for performance reporting. Regression measures,
reflects the agreement between a continuous trait measured
by validated technology (predictor) and the golden standard
(outcome). For example, the agreement between body weight
measured by a conventional scale and partial scale attached
to a milk feeder. Regression measures can be presented using
any of the following measures including Pearson correlation
coefficient (r), Spearman’s rank correlation coefficient (rs),
coefficient of determination (R2), mean bias from the Bland–
Altman plots (B–A plots), significance tests for intercept and
slope of linear regression (I/S), or concordance correlation
coefficient (CCC). Classification measures refers to the ability of
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a technology to predicting categorical outcomes e.g., locomotion
score. Classification performance was usually reported using
either area under the receiver operating characteristics curve
(AUC) or sensitivity (Se) and specificity (Sp) or Cohen’s kappa
coefficient (κ).

In this review, we have distinguished tools validated for high
performance and lower performance. It was assumed that high
performance was reached when all indicators defined/selected
by authors of studies fulfilled following criteria: r, rs, CCC,
Se, and Sp, or AUC was >0.9, R2 and κ was >0.81, I/S did
not differ significantly from 0 or 1, respectively, and B–A plot
included zero with the 95% interval of agreement. Criteria
for high performance (precision and accuracy) were accepted
similarly to those referred by studies assessing technology
performance (17–19).

Assessment of Welfare Relevance
Welfare Quality R© is a scientifically rigorous animal welfare
assessment protocol (20), which follows four animal welfare
principles (good housing, good feeding, good health, and
appropriate behavior). WQ R© principles were used as a reference
to classify indicators measured by technologies. In this review,
members of the ClearFarm project with expertise in animal
welfare were asked to evaluate the relevance of each indicator
measured by the PLF technologies listed in this review for
assessing WQ R© principles. Possible scores were: “relevant”
and “not relevant.” For example, the panel was asked to
evaluate whether grazing time is relevant for the principles
of good feeding, good housing, good health, and appropriate
behavior. Experts votes were categorized based on “relevant”
votes, so that all traits with more than 80% votes were
grouped in “very relevant” category, traits receiving from
above 20% up to 80% votes were in “moderately relevant”
category, and all traits with 20% or less votes were in “not
relevant” category.

RESULTS

Technologies Commercially Available
The full list of commercially available technologies is presented
in the Supplementary Table A1. In total, 129 technologies were
found from 67 different providers located in 21 countries. The
United Kingdom, the Netherlands, and the United States, are
the leaders for providing technologies with potential use for
animal-based welfare assessment. Technologies were grouped
according to the used sensor. Accelerometer-based technologies
and load cells were the largest group on the list (37 different
products for each group) and constituted 57% of all found
tools. Commercially available accelerometers were offered with
different animal attachment solutions (collar, leg, ear, and halter),
and some companies offered products with more than one
attachment option. The collar was the most popular solution
(65%, N = 24), while leg (30%, N = 10), ear (14%, N = 6),
and halter (3%, N = 1) were less frequent. We have identified
14 boluses and 10 products using vision-based monitoring.
Regarding milk quality, 25 sensor technologies (19% of a
market share) for health monitoring were identified (including

13 milking robots). GPS sensors were used in eight different
products offering the possibility to locate animal position.
Additionally, two systems using microphone, as well as one
mobile app for body condition scoring was identified. All
products based on accelerometers offered health alerts. Only
one accelerometer-based product was dedicated for calves, the
remaining products were advertised for cows or heifers. Systems
based on load cells in combination with RFID were most
often used for managing and tracking the feeding program
of individual animals. Also, few systems were used for body
weight monitoring. Boluses were advertised as tools to measure
body temperature, pH, and rumen activity as well as for
animal identification. Among cameras, seven were dedicated
for body temperature monitoring (thermal cameras), two were
used for body condition scoring (BCS), and one camera for
feeding monitoring.

Peer-Reviewed Records on Technology
Validation
The literature search resulted in 1,111 titles, but after duplicate
removal and exclusion criteria throughout the review process,
1,069 papers were omitted. A modified PRISMA flow diagram
provides information on the number of excluded papers and
reason for exclusion (Figure 1). A total of 42 articles satisfied
the selection criteria, and 38 publications validated commercially
available technologies. Moreover, we have identified four studies
on prototype validation (Table 1). Only two papers validated
more than one product, however several papers validated more
than one indicatormeasured by the technology. The performance
of technologies with accelerometer sensors were the most often
assessed (26 technology validation trials). Validation trials for
load cells (N = 6), bolus, and camera (four trials each), RFID
(N = 3), microphone and viscosity sensor (two trials each), and
conductivity and spectroscopy (1 trial each) were less frequent
(Table 1). Regarding accelerometers, the precision and accuracy
of products offering different attachments to the animal were
assessed in 11 sensors [leg (N = 5), collar (N = 3), ear (N =

2), and halter (N = 1)]. The most often validated technology
originated from Itin+ Hoch GmbH, Liestal, Switzerland (six
trials), Afimilk, Kibbutz Afikim, Israel (five trials), and Agis,
Harmelen, the Netherlands (five trials). Information on the
study design (herd type, size, and location) for all qualified
papers is presented in Supplementary Table A2. In total, 28
studies presented validation trials conducted on research farms.
The remaining studies (33%, N = 14) were conducted on
commercial herds. The sample size used in validation trials
varied substantially. In general, the smallest sample size was
selected for experiments concerning cannulated cows [below
10 animals for bolus validation, e.g., (52)], while the highest
sample size was selected for experiment testing performance
of online somatic cell count (SCC) estimation in automatic
milking system [above 4,000 milking cows (43)]. When it comes
to the geographical location of the herds, most technologies
were validated in the United States (11 studies) and Canada (5
studies). The performance of tools was assessed using regression
measures (27 papers), classification measures (7 papers), and
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FIGURE 1 | Modified Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram (15) with the systematic review search strategy

and study selection.

both measures (8 papers). Most of the reviewed papers were
classified as full independent validation, and only 33% (N = 14)
of reviewed papers were self-validated.

Validation Rate
According to the obtained results, only 18 commercially
available sensors listed in the Supplementary Table A1 have been
externally validated (14%). The highest validation rate was found
for systems based on accelerometers (30% of tools available on
the market have validation records), while the lower rates were
obtained for cameras (10%), load cells (8%), miscellaneous milk
sensors (8%), and boluses (7%).

Performance of Technology Validated for
Dairy Cows
Table 2 summarizes tools with available validation trials which
could have practical application in welfare assessment for dairy
cows. Validated animal-based traits concerned animal activity
(walking, number of steps, lying, lying and standing, and
standing), feeding and drinking behavior (feeding time, presence
at feeder, intake, grazing, rumination, drinking duration,
presence at a drinker, and water intake) physical condition, and
health (locomotion score, BCS, rumen pH, body temperature,
health disorder detection, and milk quality).

Non-active behavior (lying, lying and standing, and standing)
as well as rumination and feeding time were the most often
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TABLE 1 | Summary of externally validated technologies with potential use for dairy welfare assessment.

Technology name Technology provider No. of validation trials

for technology

provider

Used sensors and

attachment positiona

Independent

validationb

Self-validationc

AfiAct Pedometer Plus,

AfiTagII, Pedometer Plus

Afimilk, Kibbutz Afikim, Israel

(S.A.E.Afikim, Israel)

5 Accelerometer, leg (21–24)

AfiLab real-time milk analyzer Spectroscope (25)

CowAlert IceQube, IceTag IceRobotics Ltd., Edinburgh, Scotland 4 Accelerometer, leg (21, 26–28)

Track A Cow ENGS, Rosh Pina, Israel 1 Accelerometer, leg (21)

MooMonitor+ Dairymaster, Tralee, Ireland 2 Accelerometer, collar (18, 29)

HerdInsights Alanya Ltd., Cork, Ireland 1 Accelerometer, collar (30)

Hi-Tag SCR Engineers Ltd., Netanya, Israel

(currently Allflex)

2 Microphone, collar (31, 32)

RumiWatch Itin+ Hoch GmbH, Liestal, Switzerland 7 Accelerometer and

pressure sensor, halter

(29, 33–37), halter and

leg (38)

(34, 35) (29, 33, 36–38)

CowScout Leg GEA Farm Technologies, Bonen,

Germany

1 Accelerometer, leg (27)

CowManager SensOor Agis, Harmelen, Netherlands 5 Accelerometer, ear (21, 39–41) (17)

The Smartbow Smartbow GmbH, Jutogasse, Austria 1 Accelerometer, ear (21)

Lely activity Lely, Maassluis, the Netherlands 2 Accelerometer, collar (42)

Lely- on-line California

mastitis test

Viscosity meter (43)

GrowSafe GrowSafe Systems Ltd., Airdrie, AB,

Canada

1 RFID (neck collar), load

cell

(44)

Insentec Insentec, Marknesse, the Netherlands

(now Hokofarm group)

1 RFID (ear), load cell (45)

Intergado Intergado Ltd., Contagem, Minas

Gerais, Brazil

2 RFID (ear), load cell (46, 47)

Body Condition Scoring DeLaval International AB, Tumba,

Sweden

2 Camera (48)

Combi Load cell (49)

eCow Farmer bolus eCow, Dekon, UK 2 Bolus (reticulum) (50, 51)

KB 3/04 bolus Kahne Limited, New Zealand 1 Bolus (rumen sac) (52)

Bella Ag Cattle Bella Ag LLC, USA 1 Bolus (reticulum) (53)

Stepmetrix BouMatic, Madison, USA 1 Load cell (54)

Optris Optris, Berlin, Germany 1 Camera (55)

Prototypes—locomotion

score

ns 2 Camera (19, 56)

IMAG model—prototype

mastitis detection

ns 1 Conductivity meter,

thermometer (milk

temperature)

(57)

Prototype-mastitis detection detection model (prototype) and online

cell counter, DeLaval International AB,

Tumba, Sweden

1 Viscosity meter (58)

Prototype-activity ns 1 Accelerometer (59)

aSensor location is provided only for sensors attached to the animal.
bValidated using independent data set (different animals and herd than for technology building) and co-authors were not involved in technology development.
cValidated using independent data set (different animals and herd than for technology building) and was developed and validated by at least one the same co-author (based on the

authorship of papers) or have been validated by at least one co-author representing a company providing a technology.

validated attributes (20, 15, and 11 trials, respectively). There are
several different commercially available technologies classified
with high performance for non-active behavior (Table 2). For
active behavior (walking, number of steps), lower performance

of tools was reported. Regarding feeding and drinking, the
performance of the tool varied depending on measured
traits and used sensor. Feeding time, which was monitored
using accelerometer-based sensors, was validated for lower
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TABLE 2 | Results of validation trials for dairy cows in respect to measured traits.

Category Measured trait Validation

place (farm)

Technologies validated for high performancea Technologies validated for lower

performanceb

Activity Non-active behavior

(lying, lying and

standing)

Research AfiAct Pedometer Plus (21), AfiTagII (22), CowAlert

IceQube (21), CowManager SensOor (17, 39), Track

A Cow (21), RumiWatch (38)

CowManager SensOor (40), Lely activity (42),

MooMonitor+ (18), Pedometer Plus (23)

Commercial CowScout Leg (27), Ice Tag (26, 27), prototype (59)

Standing—identified

as a separate

behavior

Research RumiWatch (38) Lely activity (42)

Commercial CowScout Leg (27), Ice Tag (26, 27)

Active behavior

(walking, no. of steps)

Research CowManager SensOor (17, 39, 40), IceTag

(28), Lely activity (42), RumiWatch (38),

Commercial CowScout Leg (27), Ice Tag (26, 27)

Feeding

and

drinking

Feeding time Research CowManager SensOor (17, 21, 39, 40),

MooMonitor+ (18), RumiWatch [V0.7.0.0 (33)

and V0.7.4.5 34], Track A Cow (21)

Commercial RumiWatch V0.7.3.2 (36) prototype (59), RumiWatch V0.7.2.0 (36)

Presence at the

feederc
Research GrowSafe (44), Insentec (45), Intergado (46)

Feed intake (kg) Research Insentec (45), Intergado (46)

Grazing time Research MooMonitor+ (29), RumiWatch (29, 38)

Rumination Research CowManager SensOor (17)

MooMonitor+ (18, 29), Rumi Watch (29, 33–35, 38),

Smartbow (21), Hi-Tag (31)

CowManager SensOor (21, 39, 40), Lely

activity (42)

Commercial Prototype (59), Rumi Watch (36)

Drinking time Research Rumi Watch [V0.7.0.0 (33) and V0.7.4.5 (34)]

Commercial RumiWatch (36)

Water intake Research Insentec (45)

Presence at the

drinker

Research Insentec (45)

Physical

condition

and

health

Locomotion score Commercial Prototype (19), prototype (56), Stepmetrix (54),

Body condition

scoring

Commercial DeLaval Body condition scoring (48)

Rumen pH Research eCow bolus (50, 51), KB 3/04 bolus (52)

Body temperature Research KB 3/04 bolus (52), OPTRIS (55)

Health disorderd Commercial HerdInsight (30)

Milk qualitye Research AfiLab real-time milk analyzer (25)

Mastitis detection Commercial Lely-on-line California mastitis test (43),

prototype -IMAG model (57), prototype (58)

aAll indicators defined/selected in validation trail (by authors of studies) were above high-performance threshold. High precision threshold was reached when Pearson correlation,

Spearman’s rank correlation, concordance correlation coefficient, sensitivity, specificity, area under the curve (AUC) was higher than 0.9, regression coefficient and Kappa coefficient

is higher than 0.81, significance tests for intercept and slope of linear regression did not differ significantly from 0 or 1, respectively, and Bland–Altman plot included zero with the 95%

interval of agreement.
bAny indicator validated with lower performance (below threshold defined above).
cAnimal identification and time.
de.g., mastitis or pneumonia.
eFat, lactose, and protein as indicator for mastitis.

performance. Conversely, presence at the feeder and feed intake
(observed in feeding stations) and grazing time (monitored
through accelerometer-based sensor) were evaluated for high
performance, but only in the research farm conditions. Drinking
time was assessed using accelerometer-based tools, and the
pressure sensor was evaluated for lower performance. All tools
used for physical condition evaluation and health were classified
under lower performance. Assessment of locomotion score
varied between presented tools [poor (54) or fair classification

performance (19, 56)], and in general, none of reviewed
technologies was able to outperform the human observer.
Regarding BCS, the technology was reliable for dairy cattle with
average body condition (scoring between 3.00 and 3.75 on the
five-point scale) but did not score accurately for thinner or
fatter cows. The only validated study on the accelerometer-based
system used for health alarms (30), reported a high number of
false positives, but the true health disorders were alerted by the
system before the farmer noticed them. Regarding technologies
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applied for monitoring milk quality and mastitis, real-time milk
analyzers agreed moderately with SCC (43), protein, lactose, and
fat determined in the laboratory (25), while mastitis detection
models have acceptable results for sensitivity, specificity, and
error rates (57, 58).

Performance of Technology Validated for
Calves and Heifers
Table 3 summarizes the tools with available validation trials
which could have practical application in welfare assessment
for young cattle (calves and heifers). Validated traits concerned
active behavior (walking), non-active behavior (lying), feeding
(time, presence at the feeder, and intake), rumination, drinking
(presence at the drinker and intake), body weight, and body
temperature. For calves and heifers, rumination and body
temperature were the most often validated traits (three and
two trials, respectively). Tools measuring active and non-active
behavior (lying and walking), feeding and drinking behavior
(feed and water intake and presence at the drinker or feeder),
and body weight were validated for high performance. Feeding
time, rumination, and body temperature were validated for
lower performance.

Experts’ Assessment
Answers from animal welfare experts concerning the relevance
of the indicator in assessing good feeding, housing, health,
and appropriate behavior are summarized in Table 4. For
good health, nine traits received “very relevant” evaluation
(body temperature, BCS, lameness, mastitis, water consumption,
rumination, rumen pH, feed intake, and non-active behavior).
Regarding good feeding, seven traits were categorized as “very
relevant” (BCS, water consumption, rumination, rumen pH,
grazing, feed intake, and feeding time). For good housing
evaluation, experts agreed on the usefulness of non-active
behavior monitoring. While, for appropriate behavior, only
grazing monitoring was evaluated as “very relevant.”

DISCUSSION

Retailed and Validated PLF Technologies
for Welfare Assessment
The aim of this review was to identify validated and/or
commercially available technologies for measuring animal-based
welfare indicators in dairy cattle. Currently, farmers can select
from at least 129 different sensors to monitor animal-based
indicators of health and welfare in dairy production. However,
there is still limited information on the performance of these
tools. According to our results, only 14% of commercially
available sensors have external validation trials available, which
may thwart confidence on these technologies.

We identified four potential reasons for such a small number
of validation trials: (1) insufficient reporting (2) low scientific
interest for validating technology not for research (3) high cost
and labor intensity of data collection (4) reluctance to publish
negative results.

Regarding reason (1), altogether six studies reporting
validation trails were excluded from this review due to
insufficient information provided about study design.

Reason (2), there might be lower scientific interest to validate
technologies that are not used for research experiments or
are not yet integrated as data sources for other systems. For
example, for many commercially available sensors based on
scales (like individual feed intake measurement), there are no
validation trials available. However, the required precision for
feeding monitoring tools (as well as the interest in validation)
might increase if the data from these tools, as in the example
from pig production (60), would be integrated into marketing
or health monitoring systems. Furthermore, the validation rate
could be increased if technologies, similar as medical industry,
receive specific certification [e.g., International Organization
for Standardization (ISO) standards]. Currently, devices and
systems used for the purposes of official milk recording (e.g.,
milk meters, samplers, and milk analyzers) need to meet the
requirements specified in ISO standards and must be tested to
achieve approval from The International Committee for Animal
Recording (ICAR) (61). However, the data from the validation
process conducted by ICAR are not publicly available. This could
also explain a low number of validation records in peer-reviewed
literature for milk recording devices and systems.

Reason (3), validation studies can be labor intensive and
costly, due to the need to collect the reference data set.
For example, accelerometer-based systems are the most widely
available and validated among all PLF technologies. But, as
demonstrated in this review, the majority of the accelerometer-
based validation studies concerned behavioral monitoring and
only one validation study for the performance of accelerometer
system for health monitoring was found. Validation of health
monitoring technology requires obtaining reference data set
containing data on veterinary examinations and blood or milk
samples to detect among others lameness, mastitis, ketosis, and
pneumonia. The substantial costs needed for the reference data
set might affect the number of available publications.

Finally, for reason (4), it could be pondered, if the reason
behind the relatively small number of validation studies is
due to reluctance in publishing negative results. Technology
providers are involved in the validation process and altogether,
about one-third of all validation studies presented in this review
were classified as self-validation. Self-validation could raise the
question of conflict of interest in reporting negative results.
However, it is impossible to conclude how many of the negative
results were never published due to the conflict of interest.

Certainly, technologies which are commercially available may
not all have been identified in this study. The search was
conducted using internet websites in English, therefore all tools
without English marketing material or presented in printed
company catalogs were omitted. The biggest producers will
have information provided in English, but smaller companies
offering products for local markets or startups might not yet
have information available for international buyers. Therefore,
a constructed list of retailed products is an approximation of
the current market. Our goal was not to identify every single
technology but to use this list to identify tendencies on the
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TABLE 3 | Results of validation trials for calves and heifers in respect to measured traits.

Category Measured trait Validation

place (farm)

Technologies validated

for high performancea

Technologies validated for lower

performanceb

Activity Non-active behavior (lying time, lying

bouts)

Research AfiTag II (24)

Active behavior (walking, no. of steps) Research AfiTag II (24)

Feeding and drinking Feeding time Research CowManager SensOor (41)

Presence at the feeder Commercial Intergado (47)

Feed intake Commercial Intergado (47)

Rumination Research CowManager SensOor (41), Hi-Tag

(32), RumiWatch (37),

Water intake Commercial Intergado (47)

Presence at the drinker Commercial Intergado (47)

Physical condition Body weight Research Combi DeLaval (49)

Body temperature Research Bella Ag Cattle (53), OPTRIS (55)

aAll indicators defined/selected in validation trail (by authors of studies) were above high-performance threshold. High precision threshold was reached when Pearson correlation,

Spearman’s rank correlation, concordance correlation coefficient, sensitivity, specificity, are under the curve, is higher than 0.9, regression coefficient and Kappa coefficient is higher

than 0.81, significance tests for intercept and slope of linear regression did not differ significantly from 0 or 1, respectively, and Bland–Altman plot included zero with the 95% interval

of agreement.
bAny indicator validated with lower precision and or accuracy (threshold defined above).

TABLE 4 | Indicator evaluation for relevance in assessing good feeding, housing,

health, and appropriate behaviora.

Indicator Good

feeding

Good

housing

Good

health

Appropriate

behavior

Body temperature +− +− + –

Body condition scoring + – + –

Lameness – +− + –

Mastitis – +− + –

Water consumption + – + +−

Drinking duration +− – +− +−

Rumination + +− + +−

Rumen pH + – + –

Grazing time + +− +− +

Feeding intake + – + +−

Feeding time + – +− +−

Active behavior – +− +− –

Non-active behavior – + + +−

aSymbols +, +−, – refer to “very relevant,” “moderate,” and “not relevant”

evaluation, respectively.

market and set possiblemarket constraints for developing sensor-
based welfare assessment. One must also remember that not all
validation studies available for a device were reported in this
review. We have included only validation studies for attributes
related to animal welfare, therefore, some validation studies for
performance of estrus detection on accelerometer-based devices
[e.g., (62)] or pregnancy detection from in-line analyzer [e.g.,
(63)] were excluded.

Precision livestock farming uses technology for real-time,
continuous monitoring of individual animals and/or groups of
animals, which provides an opportunity to improve welfare

assessment. Applying sensor-based welfare assessment for
labeling scheme or welfare subsidies should be based on
widely available technologies. This review shows that reliable
technologies for monitoring welfare-related traits exist, however,
there are areas concerning sensors and algorithms which require
further developments. For example, based on the presented
summary, it can be concluded that while recording behavior of
farm animals using machine-vision has shown great progress in
research (64, 65), it is only entering the commercial market, and
external validation will be needed to confirm the performance.
Furthermore, according to our results, the performance of
existing health and welfare monitoring systems was sporadically
tested on young animals (heifers and calves). Validation studies
with accelerometers based on collar were rare and only 14%
of validated traits for activity monitoring was obtained from
the collar devices. On the other hand, this was the most often
marketed attachment point for the accelerometer. Therefore,
further validation studies for collar-based systems are needed.
To successfully assess welfare of young animals, more work on
dedicated systems might be required. Further technological and
validation gaps regarding assessment of welfare will be discussed
according to the principles defined in the WQ R© protocol.

Sensor-Based Welfare Assessment for
Dairy Cows and Young Cattle—How Far
Are We?
The concept of welfare has multidimensional nature, there is
no one indicator that can be used to assess the welfare of
an animal, but there are some indicators which are linked
to several aspects of welfare. Quite often, welfare assessment
is performed using a combination of animal and resource-
based indicators (as in WQ R© protocol, for instance) and the
evaluation is performed by a human observer. Some of the
aspects which are evaluated using welfare protocols could be
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addressed by sensor-based technologies. Below, we will discuss
the availability of technologies for the assessment of each
welfare principle:

Good Feeding
To fulfill the good feeding principle, animals should not suffer
from prolonged hunger or thirst. For prolonged hunger, the
WQ R© protocol adopts animal-based indicator. Regarding thirst
criterion, only resource-based indicators are evaluated (20).
Therefore, PLF technologies can provide additional single-
animal level information for good feeding evaluation.

There were several attributes monitored by PLF technologies
(BCS, rumination time, rumen pH, grazing time, feed and
water intake, and feeding time), which have high potential for
“good feeding” assessment. Some of the attributes (rumination
time, rumen pH, grazing time, feed and water intake, and
feeding time), when frequently monitored, can be used for
designing early warning systems for disease detection and/or
feeding system failures [e.g., (66)]. On the other hand, BCS,
which assess the proportion of body fat, can have practical
application for decision support systems (e.g., predicting the risk
of cow developing ketosis or having reproduction problems)
(67). The good feeding assessment might be hampered by the
commercial availability of technologies. Based on our search,
only two providers offered a camera-based sensor used for
BCS monitoring. There is also a shortage of tools able to
assess grazing time (only two technologies had validation studies
for grazing monitoring). Finally, measurements on individual
feeding and drinking were performed at feeding stations, mostly
used for research (feeding experiments), and due to the high
costs of equipment might have little relevance for commercial
application. Potentially, systems based on cameras can also
have application for feed availability and intake monitoring
(68). However, these systems are still in development and
only one commercial camera-based system for feed accessibility
monitoring was identified. There are several providers of boluses
for rumen pH monitoring, but still, relatively little is known
on the performance of the detection models (with alarm-
based monitoring) for rumen pH monitoring. Additionally,
short functional life of the pH boluses [around 40 days due
to loss in accuracy of the electrode (69)], does not allow long
lasting individual-animal based assessment. Animal presence
at the feeding trough or water bin, can be monitored using
RFID technologies [e.g., (46)], but available technologies have
been tested mostly in experimental farms, and examples with
commercial farm validation are rare. Increased competition
among cattle at the feed bunk can be currently detected in
experimental settings [e.g., (70)] and can indicate shortage of
food (decrease feeding time or dry matter intake). However,
there is a need for further validation studies on systems
based on RFID for detecting food or water shortage at an
individual level.

According to our results, good feeding assessment based on
animal indicators in commercial settings could be primarily
conducted using accelerometer technologies. Accelerometers-
based systems are easily available and can assess rumination (with
high performance) and feeding time (with lower performance).

Moreover, accelerometers together with noseband pressure
sensors were used to measure drinking duration [e.g., (36)]. In
the future, good feeding assessment could be further improved
by integrating information from emerging technologies (such as
video-based assessment of BCS).

Good Housing
In order to ensure good housing, animals should have thermal
and resting comfort as well as enough space to move freely (20).
For assessing comfort around resting, the WQ R© protocol uses
animal-based (e.g. time to needed lie down, animals colliding
with housing equipment during lying down, animals lying
partially or completely outside the lying area) and management-
based indicators (e.g., presence of tethering and access to outdoor
loafing area or pasture). Therefore, measuring the activities
of animals and the physical state using PLF technologies can
provide a more accurate assessment at an individual level.
Regarding the evaluation of experts, non-active behavior (lying
or standing still) has the highest potential to be used for the
assessment of good housing. Allowing dairy cows adequate
space and facilities to lie down is considered an important
aspect for production as well as animal welfare (71). As
recently reviewed, the lying time will depend on individual cow-
based factors (reproductive status, age, and milk production),
health status (lameness and mastitis), and the comfort of
housing facilities (72). For example, pasture-based cows are
characterized by longer, undisrupted lying times compared to
cows kept in cubicles (73). Lameness can result in longer lying
times while mastitis can reduce it (72). For this reason, to
avoid confounding factors between animal health and housing
conditions, an integration with other data sources, such as
milking or breeding records, presence of lameness or mastitis is
necessary. Non-active and active behavior as well as grazing time
can be assessed using accelerometers. However, performance of
technologies varied in different farm conditions. For example,
CowManager sensor was evaluated for high (17, 39) and lower
(40) performance in measuring lying behavior of cows. High
performance was obtained in tie stall and free stall barn and
lower performance for grazing cattle. These somehow varying
performance results raise the question, if sensor systems should
be adjusted (and also validated) for different environmental/
housing conditions. Cleanliness of udder, cleanliness of flank,
and cleanliness of upper and lower legs are other animal-
based indicators recorded in the WQ R© protocol to assess
the criterion of comfort around resting and consequently the
principle of good housing (20). To the best knowledge of

authors, currently there are no available technologies able to

assess the cleanliness of animals. However, rapid development in

vision-based monitoring for automatic individual identification
[e.g., (74)] can prompt the development of algorithms capable
of evaluating this welfare aspect. Thermal comfort can be
assessed on an individual basis by application of invasive (e.g.,
boluses) and non-invasive sensors (thermal cameras). Both
options are available on the market; however, there is a clear
shortage of validation studies for monitoring systems based on
those sensors.
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Good Health
For good health, animals should be free from physical injuries
(like lameness and integument alterations) and disease and
should not suffer pain induced by inappropriate management
or handling (20). As agreed by experts, several traits measured
by PLF technologies have a potential application for assessment
of good health (body temperature, BCS, lameness, mastitis,
water consumption, rumination, rumen pH, feed intake, and
non-active behavior). The listed attributes can be categorized
as direct or indirect health indicators. Indirect indicators, such
as active and non-active behavior, rumen pH, and feeding
quantity, on its own does not indicate health status of an
animal, but changes in the behavior of animals possibly in
combination with other data sources (e.g., lactation status
and reproduction) can be processed to obtain early-warning
signals for health problems (e.g., lameness, mastitis, and ketosis)
and potentially prevent them. Direct welfare indicators, like
the number of cows with increased SCC, brings knowledge
on health (if an animal is sick or not), and can be
useful for operational decisions (e.g., antimicrobial treatment).
Injuries, such as lameness, can be detected measuring animal
behavior (accelerometers), gait (load cells), posture (cameras),
and increased body temperature (thermal camera). Though,
the performance of accelerometer-based systems and thermal
cameras for lameness detection is unknown (we have not
identified external validation studies for lameness detection
using those techniques), while the commercial availability and
performance of two remaining methods are still low. According
to our knowledge, there are no commercially available systems
able to detect skin lesions; however, similar to cleanliness
evaluation, development in camera-based monitoring systems
could in the future allow identification of animals with
such problems.

Assessment of good health (and especially presence of
diseases) should be based on integrating and analyzing data from
different sources. There are commercially available examples
of systems using multiple sensors (e.g., milking robots and
activity collars) which provide data on milk production,
SCC, and animal behavior. System using both an automatic
milking system and an activity collar was presented by Elischer
et al. (42). However, there are no external validation studies
on the performance of these systems for disease detection.
There are already examples of flexible models able to handle
different sensor or non-sensor data for disease detection [e.g.,
for mastitis prediction (75)] but the performance of these
tools need still to be tested in commercial settings. Even if
a technology is not able to provide highly accurate health
data on individual level, it could still be useful to estimate
herd level prevalence of health problems. Potential integration
could concern milk sensor data, accelerometer data, load cells
with RFID, boluses (for body temperature and rumen pH),
cameras (for body temperature, gait, BCS), and microphones
(cough detection).

Appropriate Behavior
Appropriate behavior concerns expression of social behavior,
expression of other behaviors, good human-animal relationship,

and positive emotional state (20). Based on the answers of
experts, it can be concluded that PLF technologies currently
have a low potential to address appropriate behavior. With the
exception of grazing behavior, none of the evaluated attributes
was evaluated as “very relevant” by all the experts. However,
some of the attributes related to activity as well as feeding
and drinking monitoring were evaluated as moderately relevant.
From all available technologies, only two tools were tested
for evaluation of appropriate behavior (namely, for grazing
monitoring). There is, however, a substantial scientific interest
in developing research tools aiming to address this welfare
principle. For example, accelerometer-based tools were already
applied to monitor social behaviors, such as discriminating
spontaneous locomotor play (76) and licking/suckling (77) in
dairy calves. Also, data from feeding and drinking stations
were applied for monitoring social competition (70, 78, 79). In
recent years, scientists pointed out the importance of positive
emotions as key elements to ensuring good animal welfare (80).
In experimental conditions, both ear postures (81) and nasal
temperature (82) have been proven to be useful measures of a
change in emotional state of cows. For example, the drop in
nasal temperatures of cows can be a result of the experience
of a positive, low arousal experience. However, further research
is needed to design systems able to monitor positive emotional
state in commercial settings. Also, there is a technological gap
concerning monitoring good human-animal interaction with no
retailed technologies intended for this purpose. There is also
very scarce information on any experimental techniques for
measuring avoidance distance (which is used to assess good
human-animal interaction) at the individual level (12). Human-
animal relationship could be automatically monitored using 3D
cameras, which can capture the distance between a target and
camera. However, application of vision technologies requires
more research effort.

Performance Results—Quality and
Quantity of Validation Studies
Validation studies are essential for further use of the tool
in scientific experiments as well as for welfare labeling or
subsidy payments. Therefore, there should be more emphasis
on the quantity and quality of conducting and reporting
of validation studies for PLF technologies. The results of
validation studies are quite often presented as technical notes
or short communications with rather limited space for detail
description; however, this does not absolve authors from
presenting information necessary for readers to assess the risk
of reporting bias. Based on this review, similar suggestions to
those presented by Hendriks et al. (83) on how to improve
reporting can be made. The location of the trial (commercial vs.
experimental herd), criteria for animal selection (e.g., random
or based on a stage of lactation), building and management
characteristics (e.g., floor type and grazing), and feeding system
should be always reported, since results obtained in the different
production settings might not be comparable. Furthermore,
the validated tool, especially if not commercially available,
should be described in enough detail for correct technology
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identification. Also, when possible, the software version should
be reported.

In this review, we have grouped tools based on reported
performance measures. Threshold for high performance was
selected based on available literature and represents very good
agreement. Here, it should be noted that tools which did not
fulfill high performance criteria still have practical relevance. For
example, online California Mastitis Test performed by milking
robots, agreed only moderately with laboratory measurements on
SCC. Even though this data was not very precise, nevertheless
can be very useful for on-farm decision making, due to the
high sampling frequency (43). Therefore, the practical relevance
of tools need to be assessed based on their objectives (84)
and judged one by one. The results from a single validation
trial are not yet conclusive regarding the tool performance.
Ideally, tools should be validated in different production
conditions (e.g., different countries and housing). According
to our results, some of the traits were validated multiple
times, by different research groups around the world. And as
expected, some presented performance results were inconsistent
(as in the example of the CowManager sensor evaluated in
different housing conditions). Also, as seen from the example of
Supplementary Table A2, authors varied in reported statistics.
There seems to be no clear guideline on sufficient level of
information regarding performance which should be reported.
For example, for classification models, reports should not be
based on presenting only sensitivity and specificity of the
model without information on selected thresholds for detection.
Instead, the performance of the classification model should be
preferably presented in receiver operating characteristic curve,
which is the overall performance indicator (85). Regarding
regression models, the adequate statistical tests are presented for
example in Tedeschi (84). Including only Pearson correlation
coefficient allows assessing precision of the tool, while nothing
is known about its inaccuracy (the systematic deviation from
the truth). Testing for tool performance is especially important
for technologies from which data will be post-processed and
used for building further algorithms. In this review, we have
not removed or distinguished in result table studies which
provided somehow limited information on the tool performance
(for example, only results on Pearson correlation). It could
be possible to set additional exclusion criteria for papers
selection; however, one must remember that even in the limited
form, these studies provide some partial information about
the validity.

Application of Sensor-Based Technology
for Welfare Assessment on Farms and
Beyond
The primary goal of a sensor system is to improve animal
management. Sensor systems provide information for decision
making which may, among others, influence farm profitability
and animal health and welfare as well as have environmental
impact (11). However, potential application of sensor systems can
go beyond a single farm level. There are studies demonstrating
that data routinely recorded from milking robots provide

information which can assist in genetic evaluation [e.g., (86)].
Moreover, production data could be utilized for designing health
surveillance systems. For example, an attempt was made to
use milk yield data to detect outbreaks of Bluetongue and
Schmallenberg viruses (87). PLF technologies may provide
evidence-based approach to the monitoring and surveillance of
animal welfare not only at the farm but also during transport
or at slaughter (88). Already now, in some countries, there
are suggestions to base the certification system of livestock
farming on real-time measurements and using animal behavior
as a criterion for quality labeling (89). This kind of policy
could increase transparency of the sector and could result in a
wider selection of welfare friendly products. As demonstrated
in a previous review, data routinely collected on the farm
(e.g., on milk yield, culling, and reproduction) and available
in national data base, were associated with dairy cow welfare
(90). Also, meat inspection data can have practical application
for welfare assessment (91). This review demonstrates that data
collected during on-farm monitoring has high potential to assess
different aspects of dairy cow welfare, and that currently available
technologies can provide animal-based welfare information.
However, for the data to be fully utilized for this purpose, there
is a need to develop new methodologies for data integration
and processing. Data collected from various automatic recording
technologies need to be processed and integrated into a single
outcome of animal welfare (which is easy to understand by
the consumer). This challenging task will be considered by
the ClearFarm project, which aims to develop a platform to
control animal welfare in pig and dairy farming. The integration
of technologies for welfare, health surveillance, or breeding
evaluation will require access to a vast amount of PLF data from
different devices and different users. The utilization of these data
requires that data ownership rights, privacy, and confidentiality
issues are resolved and agreed between the parties involved.
For example, for the EU markets, non-binding guidelines on
data sharing from PLF technologies are available (92) and
cover, among others, ownership, access, control, and privacy.
However, according to the recent review on digital agriculture,
the area of data ownership regulations could receive more
attention (93). Another challenge concerns data storage capacity
and strong computational power. However, there are already
efforts to design a set of industrial, large-scale high-performance
computing solutions to support the processing of very large PLF
data sets from different users (94).
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Blood analyses provide substantial information about the physiological aspects of animal

welfare assessment, including the activation status of the neuroendocrine and immune

system, acute and long-term impacts due to adverse husbandry conditions, potential

diseases, and genetic predispositions. However, fish blood is still not routinely analyzed

in research or aquaculture for the assessment of health and/or welfare. Over the

years, the investigative techniques have evolved from antibody-based or PCR-based

single-parameter analyses to now include transcriptomic, metabolomic, and proteomic

approaches and from hematological observations to fluorescence-activated blood cell

sorting in high-throughput modes. The range of testing techniques established for

blood is now broader than for any other biogenic test material. Evaluation of the

particular characteristics of fish blood, such as its cell composition, the nucleation of

distinct blood cells, or the multiple isoforms of certain immune factors, requires adapted

protocols and careful attention to the experimental designs and interpretation of the data.

Analyses of fish blood can provide an integrated picture of the endocrine, immunological,

reproductive, and genetic functions under defined environmental conditions and

treatments. Therefore, the scarcity of high-throughput approaches using fish blood as

a test material for fish physiology studies is surprising. This review summarizes the wide

range of techniques that allow monitoring of informative fish blood parameters that are

modulated by different stressors, conditions, and/or treatments. We provide a compact

overview of several simple plasma tests and of multiparametric analyses of fish blood,

and we discuss their potential use in the assessment of fish welfare and pathologies.

Keywords: erythrocytes, hematology, leukocytes, teleost fishes, well-being, transcriptomics, proteomics, stress

INTRODUCTION

A significant segment of the constantly growing aquaculture sector is represented by intensive
farming practices (1) aimed at meeting the increasing demand of a growing world population.
However, at the same time, this emphasis raises many concerns due to the competition for
resources and the negative impact of intensive aquaculture on the environment and fish welfare
(2). Consequently, the visionary concepts for future fish farming include welfare-friendly systems
that can monitor animal-based parameters and quickly regulate disruptive environmental variables
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when necessary (3, 4). Certified farming procedures should
be based on a comprehensive, science-based understanding
of how teleost fish respond to anthropogenic environmental
disruptions and challenging aquaculture-related conditions. This
requires multidisciplinary investigations to define and evaluate
optimal species-specific husbandry conditions, especially for
newly introduced aquaculture species (5). Consequently, research
groups and large scientific consortia are currently studying
the influences of a variety of factors, ranging from global
climate change, ocean acidification, and eutrophic habitats to
introduced pathogens and pollution by environmental toxins
or microplastics, on fish breeding and wild fish stocks. The
use of more extensive research approaches to screen the effects
of environmental conditions can increase the probability of
detecting disturbances and even dangerous confounding factors,
thereby allowing the discovery of relevant diagnostic biomarkers
for fish health.

One favorable option for rapid and non-lethal sampling of
large numbers of fish individuals is blood analysis. Blood is
a complex mixture of heterogeneous cell populations (6–8)
that include erythrocytes (red blood cells), leukocytes (white
blood cells), and thrombocytes (analogs of mammalian platelets)
(9). These fish blood cells are broadly similar in function
to their mammalian counterparts and are found in all other
tissues and organs throughout the body. Blood transports an
immense variety of substances (gases, water, minerals, nutrients,
hormones, immune effectors, toxins, microbial structures,
or waste products), so its analysis can provide a wealth
of information about fish physiology and health status.
Alterations in informative blood-based indicators like metabolite
concentrations, hormonal profiles, and transcript abundances
can reflect systemic reactions to changes or disturbances in
homeostasis that can alert scientists and veterinarians (as well
as fish farmers), who monitor the physiological status of an
individual fish or an entire population.

Blood tests on fish have been carried out for decades (10) in
laboratory and field settings to assess endocrine, reproductive,
and immune functions; maturation; nutrition and health status
or to perform genetic studies (11). More analysis techniques
have been established for blood as a test material (Figure 1) than
for any other tissue or fluid sample. Nevertheless, interpreting
the obtained data to extract meaningful information on the
individual condition remains difficult. On the one hand, a few
excellent reviews have recently updated the history of selected
hematological techniques (12, 13); however, remarkably, blood
analyses using systems biological approaches or even PCR-based
techniques are still underrepresented in fish physiology (14). On
the other hand, the omics-based hypotheses put forward by fish
geneticists andmolecular biologists are correlated only on a small
scale with non-transcript parameters extracted from fish blood.

Abbreviations: ACTH, adrenocorticotropic hormone; CRH, corticotropin-

releasing hormone; Hb, hemoglobin; HSP, heat-shock protein; IL, interleukin;

KEGG, Kyoto Encyclopedia of Genes and Genomes; MHC, major

histocompatibility complex; NOD, nucleotide binding oligomerization domain

containing protein; NADH, Nicotinamide Adenine Dinucleotide - Hydrogen;

RIA, radioimmunoassay; RNA-seq, RNA sequencing; scRNA-seq, single-cell RNA

sequencing; TLR, toll-like receptor.

A growing part of the research on farmed fish focuses
on “animal welfare” involving optimization of husbandry
conditions, stress avoidance, and improvement of fish quality of
life (15, 16). The focus is largely on the ability of domesticated fish
populations to cope with environmental and/or anthropogenic
challenges (17). In general, animal-welfare programs aim to
ensure freedom from (i) thirst, hunger, and malnutrition;
(ii) discomfort; (iii) pain, injury, and disease; (iv) restriction
of normal behaviors; and (v) fear and suffering (18). These
basic aspects also apply to some extent to the welfare of
fish in aquaculture. However, fish require different treatment
than terrestrial animals in many ways due to their aquatic
nature and differences in their anatomy and physiology, as
well as in their required husbandry conditions. According to
Huntingford et al. (19), fish welfare can be expressed by (i)
a feelings-based definition, focusing on a reduction in pain
and negative emotions, and/or increased access to positive
experiences; (ii) a nature-based definition assuming that every
fish species must express its inherent biological nature; or (iii) a
function-based definition targeting the ability of fish to adapt to
environmental demands.

The well-being of fish in aquaculture is impaired by acute
environmental changes, coupled with husbandry practices, such
as sorting, grading, and transport that can induce stress
responses. Most research studies are based on the third concept
(iii), which involves fish health and the adequate functioning of
fish biological systems, especially those involved in managing a
compromised homeostasis imposed by aquaculture conditions.
The physiological state of a fish with disturbed homeostasis is
usually captured by observing and recording indicative signs
and measurable characteristics of the response to environmental
challenges or stressors. Restoration of homeostasis usually
requires the invocation of complex behavioral and physiological
adaptive responses (20).

Primary stress responses are characterized by the release
of catecholamines and corticosteroids (21). The subsequent
secondary stress responses have a multitude of actions in
many tissues, including blood, and can range from accelerated
mobilization of energy via glucose, altered hydromineral balance,
and increased lactate levels to decreased blood pH, hematocrit,
and sodium levels and lower liver glycogen levels (20, 21).
Increased cardiovascular activity and breath rate that enhance
the uptake and transport capacity for oxygen are accompanied
by a redistribution or suppression of immune functions (21,
22). Tertiary responses are reflected by behavioral adaptions,
inhibited growth, decreased reproduction, and a compromised
capacity to endure any additional stressors. The repeated
exposure to a low-intensity stressor triggers the development
of an adaptive response over time and attenuates acute stress
reactions, whereas the exposure to harmful, persistent stressors is
likely to intensify the physiological response (23). When stressors
co-occur with a high pathogenic pressure, they provoke serious
diseases (24) and strongly impair fish welfare (25).

Many previous and current studies on fish welfare have
measured the main components of the primary physiological
stress response, largely plasma cortisol and glucose (26–
28). Both components are informative stress markers, but
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FIGURE 1 | Graphical overview of the selected analysis techniques used with fish blood.

they have limitations (29). The current scientific consensus
is that the assessment of fish welfare is a complex task
(30), in part because the absence of a physiological stress
response does not necessarily imply adequate welfare (31).
Each fish species has distinct “ecological and behavioral
demands” (15); therefore, the responses to adverse conditions
vary across taxa (32, 33). In recent years, the scientific
evaluation of fish physiology has shifted from the conventional,
limited biomarker approach to comprehensive and rather
holistic approaches (34, 35). The spectrum of the parameters
now recorded has expanded and is accompanied by an
increasingly well-equipped fish-specific toolbox (Figure 1).
These advances now facilitate the generation of weighted welfare
scores (36, 37) that can integrate operational and laboratory-
based parameters.

Laboratory data, such as gene expression studies (30, 38, 39),
are based on RNA specimens that are mostly obtained from the
organs of previously killed fish. By contrast, fish blood collection
can be conducted non-lethally (11); therefore, blood represents
an alternative and preferable matrix for ethical reasons. Though
relatively non-invasive, blood sampling is generally stressful for
fish, but repeated blood sampling from the same individual
provides the possibility of tracking the time course of various
processes after the treatment or determining fish welfare during
the developmental stages. Other operational parameters, such
as the monitoring of exploratory and swimming behavior (40,
41) or the rate of gill ventilation (42), can readily be recorded
on commercial farms, even those that lack the well-equipped
wet laboratories.

This review compiles themost commonly reported techniques
for obtaining chemico-physical, cellular, metabolic, and
transcriptional information from fish blood. It also provides
interpretations of the various methods in terms of their
importance in assessing the impact of changing environmental
conditions or experimental treatments and the intensity and
duration of the response of fish.

ANESTHESIA AND BLOOD SAMPLING
PROCEDURES

For gentle handling and for safety reasons, fish should be
sedated prior to and during blood sampling to minimize pain
or discomfort and to prevent defensive or flight reactions and
subsequent injuries. An analgesic alone may mask the sensation
of pain but will not prevent the perception of subsequent
treatments. A loss of consciousness, therefore, ensures the
welfare of the fish during blood collection. The most commonly
used anesthetic is MS-222 (also known as Tricaine-S or 3-
ethoxycarbonylaniliniummethanesulfonate) (43), although clove
oil (containing eugenol, 4-allyl-2-methoxyphenol), quinaldine
(2-methylquinoline), 2-phenoxyethanol, and benzocaine (ethyl
4-aminobenzoate) are also commonly used to stun fish (44). The
legal provisions of a given country determine the circumstances
that justify the use of particular fish anesthetics. Anesthetics are
usually administered as an immersion bath, but the capture of the
fish and its transfer to the anesthetic bath, with the brief exposure
to air, are likely to evoke a stress reaction (45, 46). Therefore, these
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FIGURE 2 | Schematic illustration of different cannula placements for blood

collection from fish (created with BioRender.com).

steps should be carried out quickly. The anesthetic per se can also
act as a stressor on the individual fish being treated.

MS-222 blocks the sodium channels and action potentials of
neurons, but concentrations of up to 300mg MS-222 per liter
were shown to have no significant impact on the plasma cortisol
levels of South American silver catfish (Rhamdia quelen) (47). By
contrast, gilthead sea bream (Sparus aurata) showed significantly
increased cortisol levels following the exposure to even 25 mg/L
MS-222 or 0.075 mg/L 2-phenoxyethanol (48). In zebrafish,
15 mg/L of buffered MS-222 altered various hematological
characters, including hematocrit, coagulation, and the amount
of blood collected (49). The influence of a given anesthetic
on the biochemical profile of a sample obviously depends
on the dose and on the treated species. These considerations
should therefore be taken into account during the evaluation
of fish blood parameters. Nevertheless, the anesthesia certainly
facilitates the blood collection and prevents a more pronounced
stress response, so these advantages may outweigh the potential
difficulties related to stress diagnostics.

Optimal blood collection depends on the size and anatomical
characteristics of the investigated individual (11). The least
traumatic and most widely used blood sampling procedure is to
withdraw blood from the caudal vessels—laterally or ventrally—
using a cannula and syringe filled with an anticoagulant (sodium
citrate, heparin, or potassium ethylenediaminetetraacetic acid)
(Figure 2). Some analyses require quite large amounts of blood,
which creates difficulties when the blood is collected from small
teleosts with an estimated whole-blood volume of 3–7ml per
100 g (50–52). Fish smaller than 8 cm in length are difficult to
bleed, but one option is to sever the fin of an anesthetized small
fish and then centrifuge the fish at low force (14). Larger teleosts
may also be bled by puncture of the cardiac ventricle or other
vessels, such as gill-blood vessels (Figure 2) (53).

These blood sampling techniques are reserved for studies
aimed at answering distinct research questions (54), as they
bear a high risk of late complications. In this context, a point
worth noting is that the site of blood collection often influences
the obtained biomarker profile (55). More detailed information
on blood collection techniques has been provided in recent
review articles (45, 56). After blood sampling, the fish should
be transferred to an aerated recovery tank to allow it to regain
perception, awareness, and ability to react. Immediate return of a

fish to its usual environment poses a risk that it may be attacked
by its tank mates if it remains in a state of non-reactivity.

The liquid part of the blood—the plasma fraction—transports
diverse metabolites of interest, including hormones and catabolic
products, such as proteins, amino acids, glucose, lipids, and
organic acids. For this reason, many researchers separate the
plasma via centrifugation with an anticoagulant or obtain the
serum after blood clotting and subsequent centrifugation (57).
Hence, plasma contains natural coagulation factors, whereas
serum contains all plasma components except the coagulation
factors. Thus, the choice of using plasma or serum depends
largely on the research question and its related need for
coagulation factors.

IMMUNOASSAYS AND CLINICAL TEST
KITS

Many studies that have evaluated fish welfare in aquaculture
have revealed that aversive husbandry conditions alter
the stress-hormone levels in the farm fish. Stressors and
adverse conditions can trigger the chromaffin cells of the
head kidney to rapidly release catecholamines, such as
noradrenaline/norepinephrine and adrenaline/epinephrine.
These reactions may also occur in direct response to the
catching process, the subsequent anesthesia, and/or the blood
sampling, so they complicate the evaluation of experimentally
induced challenges. However, the hypothalamus generates
a parallel production of corticotropin-releasing hormone
(CRH), which then stimulates the pituitary gland to release
adrenocorticotropic hormone (ACTH) (19, 58, 59). This is
followed by the synthesis and secretion of cortisol by the
interrenal tissue in the head kidney. Many scientists prefer to
measure cortisol or ACTH as blood-based indicators of acute
stress responses due to the slow increase (within minutes) of
these compounds.

Cortisol is probably the most commonly measured molecule
for determining the effects of stress in fish (16, 35). Cortisol
and ACTH are commonly measured using radioimmunoassays
(RIAs). Typically, RIA incorporates a radioactive iodine isotope
due to its decay properties. However, the higher technical effort
required in an isotope laboratory has led to an increasing
preference for ELISAs (60) as an alternative non-radioactive
method for the cortisol and ACTH measurements. Both
RIAs and ELISAs are antibody-based detection methods, but
ELISAs use specific antibodies that bind to the substance
(antigen) and rely on an enzymatic color reaction for antigen
detection. Electrochemical immunoassays (61), gas or liquid
chromatography (62), mass spectrometry (63), and fluorescence-
based methods (64) are alternatives to RIA and ELISA for
determining blood cortisol levels.

Increased cortisol levels stimulate a number of metabolic
processes, such as glucogenolysis and gluconeogenesis, to
mobilize and allocate energy reserves (e.g., glucose release into
the bloodstream) (21). Increased, as well as decreased, glucose
levels are considered signs of stress (Table 1) (88), as stress-
induced alterations in muscle activity accelerate the conversion

Frontiers in Veterinary Science | www.frontiersin.org 4 March 2021 | Volume 8 | Article 61695585

https://BioRender.com
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Seibel et al. Welfare Indicators in Fish Blood

TABLE 1 | Overview of the selected physiological parameters that change in blood, plasma, or serum in response to stressful conditions in various fish species.

Stressor/condition Speciesa Duration of challenge Putative indicator Direction References

Handling:

Transportation I. punctatus 20min Circulating granulocytes and T cells Up (65)

Transportation I. punctatus 20min Circulating B cells Down (65)

Catching, sorting,

transportation

R. rutilus,

A. brama

3 h Sodium-ion contents Down (66)

Handling (15 s) S. salar 2 weeks O-phosphocholine, lactate,

carbohydrates, alanine, valine,

trimethylamine-N-oxide

Up (67)

Handling (15 s) S. salar 4 weeks Di-O-acetylated sialic acids Up (68)

Transfer to another tank S. trutta 1min Cortisol, glucose, lactate Up (69)

Aerial exposure H. sabinus 30min Lactate, acidosis, glucose Up (9)

Aerial exposure S. senegalensis 3min Cortisol, glucose, lactate, osmolality

levels

Up (70)

“Hook and line” stressb O. mykiss 2min Cell counts, hematocrit, glucose,

thrombocytes

Up (71)

“Hook and line” stressb O. mykiss 2min Clotting time Down (71)

Manual stripping procedure O. mykiss 5 days Cortisol, TNF Up (72)

Temperature

16◦C G. morhua 5 days B2M, MHC-I, IGL mRNA Up (73)

20◦C C. catla 12 h TLR2,−4,−5 and NOD1,−2 mRNA Up (74)

23◦C D. labrax 12 h Cortisol, glucose, superoxide

dismutase activity

Up (75)

30◦C P. mesopotamicus 5 days Glucose Up (76)

35◦C C. catla 12 h TLR2,−4, and NOD1,−2 mRNA Up (74)

36◦C R. holubi 7 days Cortisol Up (28)

37◦C E. coioides 1 h Immunoglobulin M Up (77)

Oxygen saturation

0.3 ppm O. niloticus 3 days Heat-shock protein 70 Up (78)

1.0 ppm C. catla 1 h HMBG1, TLR4, MYD88, NOD1,

RICK, IL6, CXCL8, IL10 mRNA

Up (79)

1.3 ppm S. aurata >11 h Hematocrit, hemoglobin, glucose,

lactate

Up (80)

1.3 ppm S. aurata >11 h UCP2 mRNA Down (80)

1.3 ppm S. aurata 4 h GST3, UCP2, ATPAF2, SCO1,

MIRO1a, TIM44, TIM10, ACAA2

mRNA

Down (81)

1.3 ppm S. aurata 4 h Glucose, lactate, hematocrit,

hemoglobin

Up (81)

2.3 ppm coupled with

stocking of 19 kg/m3

S. aurata 22 days NDUFAF2 mRNA Down (82)

2.3 ppm coupled with

stocking of 9.5 kg/m3

S. aurata 22 days Hematocrit, growth hormone, lactate,

erythrocyte number

Up (82)

Stocking:

30 kg/m3 S. salar 10 weeks Alkaline phosphatase Up (83)

30 kg/m3 S. salar 10 weeks Immunoglobulin M Down (83)

30 kg/m3 S. salar 10 weeks Cortisol Up (83)

30 kg/m3 S. salar 10 weeks Maleic dialdehyde Up (83)

34 kg/m3 S. aurata 15 weeks Cortisol, plasma proteins, hematocrit,

hemoglobin, erythrocyte number

Up (84)

40 kg/m3, 80 kg/m3 O. mykiss 9 months Cortisol Down (85)

45 kg/m3 O. mykiss 1 month Cholesterol Down (86)

45 kg/m3 O. mykiss 1 month Glucose Up (86)

45 kg/m3 O. mykiss 1 month Triglyceride Down (86)

70 kg/m3 O. mykiss 2 days Lactate Up (87)

(Continued)
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TABLE 1 | Continued

Stressor/condition Speciesa Duration of challenge Putative indicator Direction References

100 kg/m3 C. maraena 9 days Circulating myeloid cells Up (32)

100 kg/m3 C. maraena 9 days Circulating thrombocytes Down (32)

120 kg/m3 S. fontinalis 1 month Glucose Down (88)

Nutrition:

Food deprivation O. mykiss 28 days Very-low-density lipoproteins Up (89)

Food deprivation O. mykiss 28 days High-density lipoprotein, choline,

β-glucose, lactate

Down (89)

Plant-based diet with yeast

fraction

O. mykiss 84 days Histidine Down (90)

Food supplementation with

menthol oil

O. niloticus 15 days Hematocrit, erythrocytes, leukocytes,

globulin and albumin content, protein

concentration, lysozyme and

phagocytic activity

Up (91)

Food supplementation with

roselle powder

O. mykiss 60 days Erythrocytes, hematocrit, activities of

superoxide dismutase and catalase

Up (92)

Pollution

Metallic/organic compounds D. labrax 15 days Glucose, cortisol, superoxide

dismutase activity

Up (75)

Oxytetracycline O. mykiss 14 days Sodium dismutase, erythrocyte and

leukocyte number

Down (93)

Nitrite P. fulvidraco 4 days Sodium- and chloride-ion contents,

erythrocyte number, hemoglobin, total

antioxidant capacity, activities of

superoxide dismutase and catalase

and glutathione peroxidase

Down (94)

Nitrite P. fulvidraco 4 days Sodium- and chloride-ion contents,

leukocyte number, malondialdehyde

content

Up (94)

Polystyrene nanoplastics C. idella 20 days Erythrocyte nuclear abnormalities,

altered erythrocyte morphometry

Up (95)

Other environmental conditions

Low-dose ultraviolet B

radiation

C. carpio 6 weeks Total protein concentration, oxidative

burst activity

Down (96)

Low-dose ultraviolet B

radiation

O. mykiss 6 weeks Oxidative burst activity, cortisol,

lymphocyte number

Up (96)

High CO2 levels H. hippoglossus 14 weeks Complement C3, fibrinogen Up (97)

Low salinity D. labrax 12 h Glucose, cortisol, hemoglobin,

peroxidase and

superoxide-dismutase activity

Up (75)

Open field (absence of

shelter)

B. episcopi 2min Cortisol Up (98)

aAbramis brama (A. brama), Brachyrhaphis episcopi (B. episcopi), Catla catla (C. catla), Coregonus maraena (C. maraena), Ctenopharyngodon idella (C. ide), Cyprinus carpio (C. carpio),

Dicentrarchus labrax (D. labrax), Epinephelus coioides (E. coioides), Gadus morhua (G. morhua), Hippoglossus hippoglossus (H. hippoglossus), Hypanus sabinus (H. sabinus), Ictalurus

punctatus (I. punctatus) Oncorhynchus mykiss (O. mykiss), Oreochromis niloticus (O. niloticus), Pelteobagrus fulvidraco (P. fulvidraco), Piaractus mesopotamicus (P. mesopotamicus),

Rhabdosargus holubi (R. holubi), Rutilus rutilus (R. rutilus), Salvelinus fontinalis (S. fontinalis), Salmo salar (S. salar), Salmo trutta (S. trutta), Solea senegalensis (S. senegalensis), Sparus

aurata (S. aurata).
bHook insertion into the caudal peduncle forcing fish to swim for 2min by applying tension to the line.

of glucose to lactate (or alternatively to pyruvate) by anaerobic
glycolysis. The resulting plasma levels of lactate and glucose
are often used in conjunction with cortisol levels to establish
the physiological state and to assess the severity of a stress
response (9, 87, 99–101). Some studies have demonstrated
that even the removal of an individual S. aurata fish evoked
an acute stress reaction in the remaining fish in the tank.
The plasma cortisol levels in the tank fish returned to the
initial level after 8 h, whereas the plasma glucose and lactate

levels and other hematological parameters required 24 h for
recovery (102). The plasma triglycerides or cholesterol levels can
also reflect the metabolic changes and serve as physiological
indices (86), as these lipids can be used as alternate sources
of energy by the fish (103–105). Blood glucose, lactate, and
triglyceride levels can be determined easily and quickly using
appropriate cuvette tests or test strips in portable devices
designed for clinical test kits (also known as point-of-care
tests) (76). The advantages of point-of-care tests are their
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time-saving and simple operation, with their reliable and easily
readable results.

Changes in cortisol levels indicate the magnitude of a primary
stress response, but usually do not provide sufficient information
to gauge the ability of an animal to cope with a challenging
condition (106). Notably, cortisol levels can vary widely among
individuals in response to diurnal or seasonal fluctuations and
the ambient temperature (107–109) or according to gender and
maturity (58, 106, 110, 111). The cortisol level depends on many
factors that can have diverse interactions (29). In optimal cases,
the cortisol level rises in correlation with the intensity of a
stressor and returns to its baseline level if the stressor does not
persist. Multiple stressors occurring simultaneously or persistent
chronic stress conditions can complicate the interpretation of a
measured cortisol level, as cortisol release might be suppressed
by feedback interactions through the activated stress axis. In
particular, differences in treatments can complicate comparisons
between experiments (112); therefore, we recommendmeasuring
other parameters of the secondary and tertiary stress response to
establish the ability of the animal to cope with stressors and to
assess its well-being.

HEMATOLOGICAL PROFILING AND
BLOOD CELL SORTING

The original technique for obtaining a differential blood count
is simple and relatively inexpensive, but time-consuming and
tedious (113). Hematological evaluations are usually based
on blood smears and require a sound knowledge of blood
cell morphology.

The vast majority of blood cells are erythrocytes, which
ensure a sufficient supply of oxygen in the various body
tissues. Metabolic alterations associated with physical work,
excitement, and stress responses increase the tissue oxygen
requirements, so large numbers of erythrocytes are additionally
recruited and mobilized from depots in the spleen (114).
For instance, rainbow trout (Oncorhynchus mykiss) responded
to a 2-month food supplementation with roselle (Hibiscus
sabdariffa) meal by significantly increasing the number of
erythrocytes in the blood and simultaneously lowering the
blood cortisol and glucose levels (92). By contrast, Indian
major carp (Labeo rohita) exposed to water 6◦C warmer
than usual showed significantly increased glucose levels and a
reduction in erythrocyte counts (115). A recent examination
of the erythrocytes from grass carp (Ctenopharyngodon idella)
did not reveal any significant alteration in numbers after 20
days of exposure to polystyrene nanoplastics, but numerous
abnormalities were observed regarding the shape and size of the
cells and their nuclei (95).

Adverse environmental conditions can affect the numbers
and shapes of circulating erythrocytes, but they can also
change the composition of leukocytes in circulation (58, 116,
117). Leukocytes are generally subdivided into monocytes,
lymphocytes, and granulocytes (118). Granulocyte staining with
Romanowsky/Wright or May–Grünwald–Giemsa stains can
differentiate the eosinophilic, basophilic, and neutrophilic types

(119, 120) that occur in tetrapods. Some fish species possess
heterophilic granulocytes that are characterized by the presence
of additional eosinophilic granules (121, 122).

As reported in other vertebrates (123), the ratios of certain
leukocyte populations in fish blood can provide insights into
the response to defined treatments or environmental variables.
Stress hormones inhibit the proliferation of lymphocytes (58), the
apoptosis of granulocytes (124), and the emigration of monocytes
and neutrophilic granulocytes from the hematopoietic tissue
of the head kidney into the peripheral blood (125). A high
number of circulating leukocytes (leukocytosis) can therefore
reflect an increased number of monocytes (monocytosis)
and neutrophilic/heterophilic granulocytes (neutrophilia)
and a concomitant decrease in the number of lymphocytes
(lymphopenia) (126). The resulting dysregulation of the immune
system can lead to a persistent inflammatory state in fish (127).

Although the neutrophil/heterophil-to-lymphocyte ratio is
considered as an important indicator of distress across vertebrate
species, it does not necessarily correlate with stress-hormone
levels (128). The delayed mobilization of immune cells following
the cortisol peak has been regarded as a mechanism that enables
the immune system to respond once the primary threat has
been overcome (129). The response of the neutrophil/heterophil-
to-lymphocyte ratio to long-term environmental stressors is
detectable over relatively long periods of time, in contrast to
the temporary increase in hormone levels (130). Infections also
have a decisive influence on the proliferation and trafficking
of leukocytes (131), and the coincidence of stress and immune
responses can have an antagonistic effect on the ultimate number
of peripheral leukocytes (132).

Differential blood counts have been used to assess the effects of
acute and chronic stress events, such as heavy metal exposure in
common carp (Cyprinus carpio) (133), organochloride herbicide
exposure in African catfish (Clarias gairepinus) (134), or
crowding in Atlantic salmon (Salmo salar) (135). Nevertheless,
conducting a differential blood count in fish is not very common
in clinical laboratory diagnostics, often because reference values
are missing.

Flow cytometry is an alternative method for studying the
blood cell composition and has the advantage of high sample
throughput. In the flow cytometer, individual blood cells
successively pass by a laser beam, and the light they scatter
is characteristic for a specific blood cell population, allowing
their separation. The use of specific antibodies facilitates a more
precise determination of the proportions of specific immune cell
subpopulations in the blood. Fish cell sorting has depended more
on cell characteristics, such as size and granularity, because of a
general lack of fish-specific antibodies except for a few model fish
species (7, 136).

Similar alterations in blood cell composition have been
studied in different fish species exposed to various types of
stress (137). For instance, in channel catfish (Ictalurus punctatus),
the number of circulating neutrophil granulocytes increased
after transportation stress (138), while the overall number of
leukocytes (including lymphocytes) decreased. Another study
on I. punctatus confirmed the occurrence of the previously
observed neutrophilia simultaneously with decreasing numbers
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of peripheral B-lymphocytes in response to handling and
transportation (Table 1) (65). In Gulf killifish (Fundulus
grandis) and sea trout (Cynoscion nebulosus), the response
to crude-oil pollution was characterized by a significantly
decreased number of circulating lymphocytes and an increased
number of monocytes and eosinophilic granulocytes, respectively
(139). Maraena whitefish (Coregonus maraena) exposed to
high stocking densities (100 kg/m3) showed strong increases
in the numbers of myeloid cells (granulocytes, monocytes,
myeloid dendritic cells, and mast cells), whereas the number
of thrombocytes was significantly reduced (Table 1) (32).
Overall, different types of stress apparently trigger an increased
mobilization of myeloid cells and a reduction in the levels of
lymphocytes in the circulation of the affected fish.

HEMATOCRIT MEASUREMENTS

As outlined in the previous section, the stress-related secretion
of cortisol might provoke contractions of the fish spleen to
induce the release of stored erythrocytes into the peripheral
blood (114). This would then elevate the volume percentage
of erythrocytes, also referred to as the hematocrit value. Along
with the hemoglobin (Hb) content and the leukocyte count, the
hematocrit is regarded as a key indicator of the secondary stress
response. The hematocrit measurement is easy and relatively
inexpensive, as the collected whole blood is simply centrifuged
in heparinized micro-hematocrit capillaries that are then read
off a measuring template (140). A substantially greater effort is
required to establish leukocyte profiles; consequently, hematocrit
measurements are about 50 times more common in fish studies,
as evident from our recent literature search in theWeb of Science.

One important aspect for fish physiologists is the association
between the hematocrit and the blood viscosity (141, 142). Wells
and Weber measured the blood viscosity in O. mykiss kept under
stressful conditions and found that a 30% hematocrit indicates
an optimal relative oxygen transport capacity in the presence of
a blood viscosity with a variable hematocrit but a constant Hb
concentration (142). The hematocrit in S. salar ranges between
44 and 49% (143); however, the levels depend on the temperature
(115, 144), fish strain (145), diet (91), and body weight. Large,
active fish generally have a high muscular oxygen demand, which
can lead to a stimulation of erythropoiesis in the head kidney
(146, 147). Accordingly, the physiological hematocrit differs
between fast-swimming pelagic fish and fish living sedentarily or
in benthic habits (148).

Anesthesia can increase the hematocrit (149), while
malnutrition, infection, or environmental toxins can reduce
hematocrit and Hb values in fish (150). Non-physiologically
low hematocrit values are considered hallmarks of anemia, a
specific pathophysiological stress response. Anemia in fish can be
easily diagnosed by examining the gills, although more detailed
blood analyses help to identify the cause of anemia (53). A
significantly reduced hematocrit and an increased erythropoietin
production, for instance, can be observed with experimental
hemolysis induced by the hemolytic compound phenylhydrazine
in S. salar (151).

The hematocrit and Hb values associated with erythrocyte
count can also depend on the electrolyte–water balance of the
fish blood (152). Stressed freshwater fish undergo a drop in their
plasma sodium concentrations, and this drop activates counter-
transporting ion channels on the erythrocyte membranes (66).
The rising ion concentration then induces an inflow of water,
causing the erythrocytes to swell and increase their binding
capacity for oxygen. These responses are accompanied by
the release of additional erythrocytes from splenic stores to
compensate for the increased oxygen demands.

MEASUREMENTS OF OSMOLALITY AND
ION CONTENTS

The electrolyte–water balance in the body is termed its
osmolality. The plasma osmolality and osmotic regulatory
capacity are measured with an osmometer, whereas a
spectrophotometer can identify the contributing ions; these
are predominantly sodium, chloride, calcium, magnesium,
potassium, and phosphate (46).

Freshwater fish species are hyperosmotic in relation to
their habitat, whereas marine fishes are hypo-osmotic to the
surrounding sea. The resulting differential osmotic pressures
force teleost fishes to undergo continuous osmoregulation.Water
and ions are exchanged primarily via the skin, gills, intestines,
and kidneys (52, 153, 154), though freshwater and marine
fishes have developed different strategies to maintain their
internal blood osmolality within narrow limits. Osmoregulation
is a persistently energy-intensive process, even in the absence
of additional stress. However, since stress hormones control
both the hydromineral balance and energy metabolism in fish,
variations in the osmolality of the blood plasma, including
changes in the ion composition, are part of the secondary stress
response (155, 156). In general, aversive conditions decrease
the osmolality in freshwater fish and increase osmolality in
marine fish (Table 1) (59, 69, 70, 145, 157, 158). The exposure
to high nitrite concentrations, for example, caused a significant
reduction in sodium and chloride ion contents in the blood of
the freshwater species yellow catfish (Pelteobagrus fulvidraco)
(94). Catching and a subsequent 3-h-long transportation of
freshwater roach (Rutilus rutilus) and common bream (Abramis
brama) reduced the level of plasma sodium by one-third (66).
By contrast, the osmolality significantly increased in the plasma
of the marine Japanese flounder (Paralichthys olivaceus) after the
acute exposure to air (159).

Adverse environmental conditions (e.g., hypoxia, which is
often associated with high ambient temperature) require an
increased branchial activity to enhance the uptake of oxygen. In
(hypotonic) freshwater, this hyperventilation accelerates the loss
of osmolytes. The conflicting demands of osmoregulation and
respiratory gas exchange cause an increased oxygen uptake and
loss of ions from the plasma in freshwater fishes. This concept of
the “osmorespiratory compromise” has been well-researched in
salmonids (160, 161) and hypoxia-tolerant and euryhaline fishes
(162). The salinity level (162, 163), the species-specific cellular gill
architecture (164), and various extreme environmental variables
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(165) influence the osmoregulatory ability of fishes under
stressful conditions and can maintain physiological osmolality
(166, 167) and ion levels (168) in response to diverse challenges
in freshwater and saltwater species in their native osmotic
environments. For example, ion concentrations were unaffected
in Pacific hagfish (Eptatretus stoutii) exposed to hypoxia (169) or
in Gulf toadfish (Opsanus beta) stimulated with spill oil (170).

Some fishes compensate relatively quickly for increased ion
flux rates within a certain range; therefore, ion concentrations
and osmolality can serve as suitable indicators of acute
environmental stressors (140). On the other hand, both
parameters change less rapidly compared to the dynamics of
stress-hormone levels, making this difference advantageous for
recording post-stress responses.

ASSESSMENT OF THE HUMORAL
IMMUNE CAPACITY

The response to distinct external signals involves the
neuroendocrine system and the immune system (171). For
decades, researchers have extracted various immune-relevant
parameters from fish blood and evaluated their potential as
indicators for compromised homeostasis (172). The central
question addressed by these studies is the extent that stress and
related adaptive responses influence immunocompetence in fish.

An initial test for assessing immunocompetence is to record
the bacterial growth rate in blood plasma from treated vs.
control fish (173–176). For example, the growth of the bacterium
Aeromonas salmonicida after a 24-h incubation was significantly
enhanced in plasma from O. mykiss with impaired immune
capacity due to the exposure to high temperature coupled with
crowding (177). By contrast, the non-stressed fish clearly showed
potent bactericidal mechanisms that depended mainly on the
concentration of a range of immunocompetent macromolecules
known as humoral factors. These humoral factors consist of
antimicrobial peptides, antibodies, and complement components
(178) that circulate in the body fluids. Many fish physiologists
have therefore examined the activity of these specific humoral
factors rather than the general bactericidal activity of the plasma.

The bactericidal enzyme lysozyme and the microbe-clearing
complement components are important humoral molecules
of the teleostean innate immune defense (179, 180) and are
frequently used as non-specific immune markers (181). In fish,
lysozyme has a broader activity than its mammalian counterpart,
and several complement components are present as multiple
isoforms in bony fishes (182). Lysozyme and complement
components are mainly synthesized by leukocytes and the liver,
respectively (183–185), but they are secreted into the blood to
eliminate invasive pathogens and harmful agents. However, the
actual concentrations of the multiple immune factors that are
synthesized and secreted into the blood of various fishes at
different stages of an infection process or during a challenging
situation are not known. Therefore, the measured values for
supposedly one factor could actually represent multiple variants
and should be interpreted with caution.

The activity of lysozyme and the complement system are
measured using turbidimetric assays (186), lysoplate assays
(187), lysorocket electrophoresis (188), or microplate assays
(189). These assays have demonstrated, for example, that acute
handling increased the activity of lysozyme in O. mykiss (181)
and goldfish (Carassius auratus) (190). By contrast, lysozyme
activity decreased in Siberian sturgeon (Acipenser baerii) after
heat stress (189), in sheatfish (Silurus glanis) after exposure to
intense halogen light (191), in Nile tilapia (Oreochromis niloticus)
after exposure to the pesticide chlorpyrifos (91), and in O. mykiss
after transport and exposure to chemicals (192, 193) or low
stocking densities (85). Subordinate O. niloticus individuals had
lower lysozyme activity levels than their dominant conspecifics
(194). Overall, stress seems to dampen the lysozyme activity in
fish (193).

The influence of stress on the complement system is
ambiguous. For example, heat-stressed A. baerii (189) and
acutely stressed S. aurata (195) showed increased complement
activity, whereas this activity decreased in European bass
(Dicentrarchus labrax), red porgy (Pagrus pagrus), and S. aurata
exposed to crowding (84, 196–198). The complement gene
families are expanded in several fishes (180, 185), and this
has often been associated with newly acquired or partitioned
functions of the original complement factors. Consequently,
complement-involving events are likely to be more complex than
indicated by the snapshot provided by a complement test result.

Other parameters have also proven significant for the
assessment of fish welfare. These include the coagulation capacity
of the blood (71), the antibody titer (83, 96), the phagocytic
activity (32, 91), or the oxidative burst (199, 200), including the
activities of the myeloperoxidase (201), superoxide dismutase
(75, 202), glutathione peroxidase (93, 94), or glutathione
reductase (152). Together with the bactericidal activity, these
parameters provide valuable downstream information about the
effects of stress hormone release on the immune performance
under challenging conditions. Hormones are also likely to induce
rather subtle changes in the activity of these immune parameters,
either daily or seasonally, and between the sexes (203–205). Most
of these analyses are carried out ex vivowithin a limited time after
the previous collection. The oxidative burst assay or phagocytic
tests can also be performed in vitro on cultured cells (206).

IN VITRO TESTS ON PRIMARY BLOOD
CELL CULTURES

The development of in vitro systems has allowed testing
of the effect of certain stressors or challenging conditions
delivered in defined doses, intensities, time frames, and/or
time points. The dominant model systems for primary fish
cell cultures are still derived from the head kidney and spleen
(207–209); however, many protocols for blood cell cultures
from different fish species have been established (210–213).
These models are mainly used to investigate the influence
of microbial structures/vaccines and viruses on particular
immune cascades (212, 213). In addition, blood cells from
fish are useful for investigating the influence of drugs or
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environmental toxins on the cellular homeostasis. For example,
low concentrations of a halogenated hydrocarbon (once used
as the insecticide lindane) were shown to increase intracellular
calcium levels in peripheral blood leukocytes of O. mykiss,
whereas high concentrations reduced the synthesis of vital
cytokines and induced cell death (214). The polycyclic aromatic
hydrocarbon 3-methylcholantrene stimulated the proliferation of
blood leukocytes from C. carpio, but inhibited the lymphocyte
proliferation in response to immunostimulants (215). Similarly,
the toxin microcystin-LR (produced by cyanobacteria) and
bisphenol A (themonomer component of polycarbonate plastics)
modulated the proliferation of lymphocytes isolated from the
blood of O. mykiss (216) and C. auratus (217), respectively.
Leukocytes from C. carpio subjected to the “alkaline comet assay”
have been used to assess the genotoxic potential of organic
sediment by determining the DNA damage (218).

Apart from these toxicological studies, blood cell cultures
are actually not suitable for modeling aquaculture-relevant
problems, such asmalnutrition or stocking density stress. For this
reason, generalizing the data obtained from in vitro systems to an
entire organism or a population is controversial, as the response
to environmental stress is usually systemic and involves complex
cellular networks and tissue systems that communicate with each
other via stress-inducible mediators, such as steroids and amines.
Only a few studies have investigated how stress hormones affect
events like the in vitro proliferation of blood cells (219). The
further development of three-dimensional cultures from fish cells
(220) will bring in vitro data one step closer to their practical use
as fish model systems.

EXPRESSION PROFILING OF SELECTED
GENES IN BLOOD CELLS

Quantitative PCRs (qPCRs) detect the smallest alterations in
the expression of genes (221) that are subject to modulation
by environmental challenges or stressors. Importantly, gene
expression profiles rarely allow absolute statements about the
functioning of biological systems, for a number of reasons.
One is that many genes are not completely switched on
or off in response to a specific treatment or under certain
environmental conditions. Instead, most treatments induce a
stronger (upregulated) or a reduced (downregulated) expression
of a distinct set of genes, and these expression changes only
become evident when treated cells are compared with an
untreated matching control. One case in point is the expression
of potential thermal indicator genes that correlate with the well-
studied response of many fish to suboptimal water temperatures
(189). Heat stress is well-known to induce the expression of
certain heat-shock protein (HSP) genes, such asHSP70 (HSP1A1)
and HSP90 (HSP90AA1) (189, 222, 223), whereas hypothermia
also induces the copy number of HSP90 in the blood of C. carpio
(224). The HSP-encoding transcripts have also been proposed as
indicators of the potentially destructive effects of environmental
toxins and pollutants. For example, the level of HSP90 copies
dropped almost by half in the blood cells of C. carpio exposed to
cadmium for 24 h (224). By contrast, the abundance of HSPA8

copies increased, together with the HSP70 level, in silver sea
bream (Sparus sarba) exposed to sublethal concentrations of
cadmium for only 2 h (225).

Several investigations have also demonstrated that thermal
stress modulates the expression of immune genes in the
blood cells of different fish species. In particular, cytokine-
encoding transcripts appear to mirror the immune status
during stress (226). The classic cytokines, such as interleukins
(IL), tumor necrosis factor α (TNF), interferon (IFN), and
transforming growth factor (TGF), are relevant in this context
(72, 226, 227). The head kidney, spleen, and liver are the
usual tissue choices for quantifying immune-relevant transcripts
in stimulated or stressed fish, whereas the skin, gills, and
blood are used to detect impaired homeostasis. For instance,
a temperature study exposed Atlantic cod (Gadus morhua)
to water temperatures rising from 10◦C to 16◦C or 19◦C
and reported slightly increased plasma glucose and cortisol
levels (73). In parallel, upregulated expression was observed
for the genes encoding interleukin-1β (IL1B), β2-microglobulin
(B2M), major histocompatibility complex class I (MHC-I), and
immunoglobulin M light chain (IGL) in leukocytes of the
thermally challenged G. morhua (Table 1). These findings were
partly confirmed by a report of increased IgM-transcript levels
in blood cells of orange-spotted grouper (Epinephelus coioides)
after heat shock (77). The Indianmajor carp (Catla catla) exposed
to temperatures above and below the optimum temperature of
25◦C showed a significant increase in blood expression levels of
immune genes coding for toll-like receptors (TLR2,−4,−5) and
nucleotide binding oligomerization domain containing proteins
(NOD1,−2) (Table 1) (74).

An expanded set of immune genes was profiled in C. catla
exposed to an oxygen saturation below 3 ppm for 1 h (79). The
increased expression of the genes coding for the transcriptional
regulator high-mobility-group-box-1 protein HMBG1, the
receptors TLR4 and NOD1, and their associated adapter proteins
myeloid differentiation primary-response protein 88 (MYD88)
and receptor interacting serine/threonine kinase 2 (RIPK2),
as well as the cytokines IL6, CXCL8, and IL10 suggested an
activation of early innate immune mechanisms by hypoxia
(Table 1). Other hypoxia studies reported that considerably
fewer genes were regulated in fish blood cells, and most were
downregulated. For example, a 1-h exposure of S. aurata to
hypoxic conditions with an oxygen saturation of 1.3 ppm
increased hematocrit, Hb content, glucose and lactate levels,
but the level of uncoupling protein 2 (UCP2) transcripts in
the blood cells was strongly decreased (Table 1) (80). Another
research group also investigated S. aurata under similarly acute
hypoxic conditions but with an extended set of qPCR assays (81).
They reported a significant downregulation of UCP2 along with
reduced levels of transcripts coding for antioxidant enzymes
(GST3), outer and inner membrane translocases (TIM44 and
TIM10), respiratory enzyme subunits (SCO1 and NDUFAF2),
and also markers of mitochondrial dynamics (MIRO1a) and fatty
acid β-oxidation (ACAA2) (Table 1). A subsequent experiment
by the same group exposed S. aurata to a lowered oxygen
saturation of 2.3 ppm combined with crowding (82). The slightly
higher oxygen concentration (compared with the previous
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hypoxia experiment) or an antagonistic effect of hypoxia and
density stress was proposed as reasons for the unexpected lack of
modulation of either UCP2 or 42 other profiled genes (Table 1).
The exception was NDUFAF2 (Table 1), which codes for an
assembly factor of the Nicotinamide Adenine Dinucleotide -
Hydrogen (NADH): ubiquinone oxidoreductase complex and
had been included in the list of differentially regulated genes in
their previous hypoxia experiment.

Gene profiling can significantly extend the list of stress
response parameters beyond hematological, immunological, and
metabolic types by identifying negative biomarkers whose values
drop below the control levels (39, 80). A key advantage of gene
profiling over the detection of stress hormones is that the stressful
events that occur immediately prior to sampling (e.g., due to
the capture, stunning, and killing of the animal) are usually not
reflected in altered transcript levels, while the levels of ACTH
or cortisol increase promptly (see section Immunoassays and
Clinical Test Kits). Stress hormones are stored as preformed
molecules that can be released within seconds, whereas several
minutes are required for activation of the appropriate signaling
pathways that culminate in the activation and nuclear transfer
of the respective transcription factors that initiate the gene
transcription process (228). Nonetheless, stress is mechanistically
defined by a hormonal response (229), and this response cannot
be adequately demonstrated at the transcript level. Without
accompanying data on stress hormone levels, alterations in
gene expression might only reflect the adaptive changes in the
pathways that reestablish homeostasis.

A shortcoming of transcript-specific assays is that the selection
of supposedly suitable parameters is left to the skill and
knowledge of the experimenters. Studying the complete set of
transcripts facilitates the identification of novel indicators that
may not previously have been recognized as relevant. However,
in truth, exploratory omics approaches are less effective in
elucidating mechanistic insights than they are in generating
hypotheses on how subsequent experiments can validate a
selection of meaningful biomarkers.

BLOOD TRANSCRIPTOMICS

High-throughput transcriptomic approaches, such as microarray
or RNA-sequencing (RNA-seq) analyses, allow monitoring of the
transcriptional changes in a comprehensive panel of potential
indicators for a defined research setting (230, 231). In this
way, transcriptomic approaches help to arrange traditional and
novel parameters into virtual pathways and/or gene networks.
RNA-seq is certainly the transcriptomic method of choice over
microarrays, which have only been available for a few fish
species for decades (230, 232, 233). This shortage is unlikely
to be overcome in the future since the availability of reference
genomes from a constantly increasing number of fish species
and the reduced costs of deep sequencing have now made RNA-
seq analyses highly attractive. Another benefit is that RNA-
seq analysis distinguishes between individual transcript variants
and ohnologous genes, whereas standard PCRs and microarrays
typically do not.

The blood cells of most fish species are nucleated (234),
whereas the mature erythrocytes and thrombocytes of mammals
lack nuclei. This fact alone makes teleostean erythrocytes
and thrombocytes highly interesting for (comparative)
transcriptomic analyses to record the constitutively expressed
transcripts in either cell type (8, 231, 235).Moreover, erythrocytes
have been proven to actively supplement allostatic reactions by
the induced expression of certain genes. Most investigations have
focused so far on the immune responses of erythrocytes after
stimulation with pathogen-associated microbial patterns (236),
bacteria (237), or viruses (238, 239).

Beyond this, the impact of only a few other stressors has
been investigated on the transcriptional response of blood cells.
Following an acute exposure of O. mykiss to a 25◦C water
temperature, the erythrocytes showed altered (at least 2-fold)
expression of 26 genes at 4 h and 33 genes at 24 h (240). The
panel of upregulated genes comprised a cluster of molecular
chaperones, including the genes coding for HSP70 (constitutive
and inducible forms), HSP90, and the heat-shock factor-binding
protein HSBP1. The genes HSP90, HSP70, and zinc-finger AN1-
type-containing protein 2B (ZFAND2B) were later confirmed by
literature-mining approaches to represent robust biomarkers for
temperature stress in different tissues of salmonid fish (241, 242).
Heat stress also increased the transcription of additional stress-
related genes, such as stress-induced-phosphoprotein (STIP1)
and JUN, and also immune-relevant features, including NF-κB
inhibitor α (NFKBIA) and interferon regulatory factor 1 (IRF1) in
erythrocytes fromO. mykiss, whereas immunoglobulin-encoding
genes were downregulated. This example once again points to
the close interdigitation of immune and stress pathways in teleost
fishes (171, 243, 244).

High water temperatures are often associated with oxygen
depletion as a co-occurring stressor. The schizothoracine fish
(Gymnocypris eckloni) is an established model for the study of
adaptation (245) and hypoxia tolerance (246). A comparison
of two G. eckloni cohorts exposed to water containing ∼8mg
oxygen per liter (normoxia) or ∼3mg oxygen per liter (hypoxia)
for 3 days revealed differential expression of about 70 genes in
the blood (q-value <0.05) of the stressed fish (246). Insulin-
like-growth-factor-binding protein 1 (IGFBP1) was among
the upregulated genes and had previously been identified in
the liver of hypoxia-stressed goby fish (Gillichthys mirabilis)
(247). The differentially expressed genes were assigned to nine
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
including hypoxia-inducible factor 1-alpha (HIF1α) signaling
and fructose/mannose metabolism. Both pathways are expected
to be regulated in the context of oxygen depletion in particular
and stress in general.

The transcriptome of blood samples from C. auratus was
analyzed to identify a suitable anesthesia method for routine
use in aquaculture (see section Anesthesia and Blood Sampling
Procedures) (248). This study revealed that most genes were
differentially regulated after percussive stunning (877 at least
2-fold regulated features, q-value <0.05), compared with two
chemical anesthetics, MS-222 (487 genes) and eugenol (208
genes). Handling of C. auratus triggered the upregulation of
a large cluster of genes involved in general stress responses
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(including heat and cold shock, oxidative stress, and endoplasmic
reticulum stress), whereas the anesthetized groups showed
comparably fewer differentially regulated stress genes. In
addition, all three anesthetics effectively maintained the serum
cortisol at low levels (<100 ng/ml).

Transcriptomic profiles are critical for understanding relevant
functional pathways and networks, but they also have limitations.
One serious problem regarding transcriptome analyses of blood
samples (and in other samples from whole tissues and organs as
well) is that blood is generally a very heterogeneous mixture of
cells, so the transcripts represent an average over a broad range of
populations. Single-cell RNA sequencing (scRNA-seq) is one step
beyond whole-transcriptome analysis, as it identifies the entirety
of the transcriptional changes at the level of an individual cell.
The use of an scRNA-seq approach in zebrafish provided novel
insights into the unique expression patterns of rare immune
cell subsets in the teleostean spleen (249) and documented
that scRNA-seq created multifold possibilities for recording the
tailored response of distinct blood cells to a defined stressor.

BLOOD PROTEOMICS

The debate regarding how well-transcript and protein levels
correlate (250, 251) is fueled by continuously published
confirmatory and contradictory results. Therefore, the safest
policy is to consider transcriptome and proteome datasets
as complementary. Before qPCR analyses became a standard
method in research, antibodies were exploited to record specific
biomarkers in blood. The parameters chosen for examination
were mostly the already established markers. An additional
limitation was that the antibodies, which had generally been
produced for mammalian antigens, needed to be cross-reactive
(i.e., be able to recognize well-conserved epitope sequences).
For instance, the elevated levels of HSP70 in the blood
of O. niloticus (Table 1) were reported to indicate acute
hypoxia (78), whereas the elevated levels of ubiquitin in the
erythrocytes of blue maomao (Scorpis violaceus) suggested
confinement stress (252). The protein analysis conducted by 2D-
or differential polyacrylamide-gel electrophoresis or by liquid
chromatography coupled to tandem mass spectrometry and
using matrix-assisted laser desorption/ionization and time-of-
flight-mass analysis, now provides more comprehensive insights
into the dynamic allostatic events occurring at the protein
level (253).

The effects of handling stress in S. salar were examined by
Liu et al. (68), who profiled the O-acetylation of sialic acids
in the serum. They found that the levels of di-O-acetylated
sialic acids increased (Table 1), whereas the levels of mono-O-
acetylated sialic acids decreased significantly in stressed fish (68).
The exposure of Atlantic halibut (Hippoglossus hippoglossus) to
an optimal temperature of 12◦C and a suboptimal temperature
of 18◦C in combination with high-CO2 water (1,000 matm)
for 14 weeks resulted in increased levels of the complement
component C3 and fibrinogen γ chain (FGB) in the plasma of
both high CO2-exposed groups (Table 1) (97). A synthesis of
these two factors is triggered very early after injury and pathogen

invasion. The plasma of salinity-stressed Mozambique tilapia
(Oreochromis mossambicus) also showed high concentrations
of C3, together with NADH dehydrogenase, Mg2+-dependent
neutral sphingomyelinase, semaphorin, and caspase-3 (254). The
phagocytic activity of leukocytes from the head kidney and spleen
also decreased in parallel, suggesting that both aspects might be
causally connected.

BLOOD PLASMA METABOLOMICS

Metabolome research is increasingly finding its way into
aquaculture research, but it still lags behind the metabolomic-
based research in mammalian models (46). Most metabolite
structures are identical across species, in contrast to gene and
protein sequences; therefore, the analytical assays do not need
to be customized for a particular investigated species (34).
The metabolites found in the blood plasma include various
intermediates from a wide range of biochemical pathways.
For this reason, metabolomic analyses of blood serum can
be used to understand nutritional (89, 90), developmental
(255), or pathophysiological (256) aspects of fish physiology
and are increasingly being used for disease diagnostics (257).
The most commonly used analytical techniques for studying
endogenous metabolite profiles are nuclear magnetic resonance
spectroscopy in combination with mass spectrometry or
vibrational spectroscopy (258). Most metabolomic studies that
have been conducted on plasma samples from fish have
dealt with toxicological questions (259–262). Application of
a five-percent-by-weight concentration of heavy oil has been
reported to increase the levels of several plasma metabolites,
including amino acids, butyrate derivatives, creatinine, glycerol,
and glucose, in C. carpio (259). These findings suggested a
perturbed tricarboxylic acid cycle of energy metabolism. A
similar conclusion was drawn following the analysis of plasma
samples from zebrafish exposed to the herbicide acetamiprid
(260). The insecticide chlorpyrifos was found to enhance
gluconeogenesis (glucose and glycerol), fatty acid metabolism
(3-D-hydroxybutyrates and acetoacetate), energy metabolism
(creatine), and glutamate generation (glutamine and proline) in
C. carpio (261). O. mykiss exposed to the synthetic contraceptive
estrogen ethinylestradiol revealed increased vitellogenin levels,
concomitant with significant changes in the plasma lipid profiles
that, in turn, were attributed to the high lipid content of
vitellogenin (262).

Metabolomic approaches for blood plasma analysis have
also been utilized to address aquaculture-related issues. Food
deprivation in juvenile O. mykiss increased the level of very-low-
density lipoproteins while reducing the concentrations of high-
density lipoproteins, choline, β-glucose, and lactate, in fasted fish
(Table 1) (89). The daily netting of juvenile S. salar for 2 weeks
disturbed the plasma metabolic balance, as reflected by altered
levels of lipoproteins, lipids, lactate, carbohydrates, and specific
amino acids (Table 1) (67).

The concentration of a particular enzyme does not necessarily
increase or decrease (coupled to an up- or downregulated
gene expression) due to varying environmental conditions,
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though the efficiency in converting certain metabolites may vary.
Therefore, metabolic profiling can provide an alternative list of
highly sensitive potential biomarkers (34) that can complement
the findings of PCR-based techniques and transcriptomics or
antibody-based techniques and proteomics. This type of holistic
approach can help to coordinate the differentially regulated
features in blood and plasma/serum samples in cases where
elevated concentrations of a certain metabolite co-occur with
increased levels of the associated catalyzing enzyme and with
upregulated expression of the enzyme-encoding gene. However,
these holistic high-level approaches (cf. Figure 1) remain to be
performed in fish.

CONCLUSIONS

Blood contains easily accessible information about the individual
physiological state of a fish. Nonetheless, blood is not the
appropriate matrix for every research question; for instance, not
all aspects of “welfare” can be detected in the blood. Several
studies have reported the isolation of steroids from matrices
other than blood (i.e., mucus, scales, feces, or water) (263–
266); however, the data obtained directly from blood are still
far more accurate, as the risk of rapid cortisol degradation
and contamination from external cortisol sources are evidently
lower (16). Most blood sampling techniques are considered
minimally invasive for fish above a given size, though sampling
activates primary stress responses within minutes. During the
experimental manipulations, the researcher should remain aware
that the sampling itself might conceal the hallmarks of a
(stress) response to previous treatments, thereby biasing the
interpretation of the extracted data. In general, the interpretation
of blood-derived parameters requires caution, since particular
physiological perturbations do not necessarily depend on a given
experimental protocol. The metabolic changes, for instance,
might also result from persistent chronic disturbances and/or
causally independent events (e.g., circadian rhythms, seasonality,
feeding times, conspecific aggressions, water quality, etc.) or
substandard sampling and laboratory-specific procedures. The
influence of sex and body weight/size of the individual fish
should also not be underestimated. Multiple parameters should
be recorded simultaneously, preferably from different analysis
techniques, to disclose unsuitable husbandry conditions and
to identify less obvious or previously unnoticed environmental
stressors that exceed the adaptive capacity of fish. This approach
supports identification of the comprehensive signature of a
distinct stressor, thereby allowing valid conclusions to be drawn
regarding fish welfare aspects. Unfortunately, the question of
which method(s) should be used to detect the signature of a
distinct stressor cannot be answered given the current state
of knowledge.

This manuscript reviews different methods for recording
welfare-related physiological processes in fish blood. Over the
past few decades, a broad repertoire of fish-specific tools and
methods has been established that enables the quantification of
the concentrations of numerous hormones, metabolites, immune
factors, and relevant transcripts that now supplement the panel of
traditional biomarkers in blood. In the future, high-throughput
-omics technologies (particularly transcriptomics, proteomics,
and metabolomics) are expected to provide holistic snapshots
of the physiological state of an individual. Assembling the ever-
growing number of -omics puzzle pieces will ultimately provide
a comprehensive picture of the metabolic, transcriptional, and
immunological activities in the blood (and other tissues) of
fish. Recent technological innovations, such as scRNA-seq and
spheroid cell cultures, will further boost the identification of
transcriptional signatures in blood cells of farmed and model
fish species.
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122. Dikić D, Lisičí D, Matić-Skoko S, Tutman P, Skaramuca D, Franić Z, et al.
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Much of the research done on aging, oxidative stress, anxiety, and cognitive and social

behavior in rodents has focused on caloric restriction (CR). This often involves several

days of single housing, which can cause numerous logistical problems, as well as

cognitive and social dysfunctions. Previous results in our laboratory showed the viability of

long-term CR in grouped rats. Our research has studied the possibility of CR in grouped

female and male littermates and unrelated CB6F1/J (C57BL/6J× BALBc/J hybrid strain)

mice, measuring: (i) possible differences in body mass proportions between mice in

ad libitum and CR conditions (at 70% of ad libitum), (ii) aggressive behavior, using the

number of pushes and chasing behavior time as an indicator and social behavior using

the time under the feeder as indicator, and (iii) difference in serum adrenocorticotropic

hormone (ACTH) concentrations (stress biomarker), under ad libitum and CR conditions.

Results showed the impossibility of implementing CR in unrelated male mice. In all

other groups, CR was possible, with a less aggressive behavior (measured only with

the number of pushes) observed in the unrelated female mice under CR conditions.

In that sense, the ACTH levels measured on the last day of CR showed no difference

in stress levels. These results indicate that implementantion of long-term CR in mice

can be optimized technically and also related to their well-being by grouping animals, in

particular, related mice.

Keywords: caloric restriction, groupedmice, littermatemice, adrenocorticotropic, eating behavior, social behavior

INTRODUCTION

Caloric restriction (CR) has been widely used in experimental research (1, 2). CR has been
used in different modalities (moderate, 70–80% and intense restriction, 50–60%), with respect
to the maximum ad libitum (AL) intake. It is proposed as a maintenance method between
6 and 24 months or more (3). Overfeeding is considered one of the most uncontrolled
variables in bioassays in general (4). The most commonly used in chronic (24 months)
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and/or subchronic (12 months) evaluation studies is the
moderate (70–80%) CR procedure (4–7). Traditionally, CR
research has focused on how it influences increased longevity
(2, 8, 9). CR has also been studied in relation to oxidative stress,
where it was found to have an antioxidant effect (10), or in
relation to the reduction of inflammatory processes induced by
aging and measured in microglia levels (11). Another context in
which CR has been studied is anxiety. Thus, CR has proven to
have an anxiolytic effect, tested in the open field and in elevated
plus maze (12, 13) and it enhances fear extinction learning (14),
but has no effect on post-traumatic stress disorder (15). CR
research also studies cognitive functions and social behavior. CR
has been observed to have negative effects on cognitive functions,
probably caused by lower glucose levels (16), and on maternal
care, inducing a decline in maternal behavior toward pups (17).
However, CR also has positive effects, such as heightened social
behavior between mice (18).

Typically, CR experiments require extended periods of time.
Body mass control and avoiding potentially aggressive behavior
(19–21) can force researchers to use single housing for animals.
Especially if the aggressive mice behavior is considered (22).
Single housing can cause many logistical issues (it requires more
cages and racks, space and maintenance staff, etc.) as well as
problems related to the well-being of animals (stress induction)
(23). Regarding the logistical problems, current legislation [for
a review see (24)] limits research installations and resources,
discouraging individual maintenance of animals for extended
periods of time. Single housing also impacts negatively on the
animal’s well-being [for a review see (25)], which could be a
potential confounding variable in future protocols applied to
animals in single housing. It is important to note that mice
display complex social behavior such as empathy [for a review
see (26, 27)], and the social deprivation associated with single
housing in CR research may therefore have severe effects on the
animal’s behavior, by denying the animal access–for example–
to the various benefits of social interaction. In this sense, social
interaction has been shown to improve memory processes,
reduce hippocampal damage in aged mice (28), induce brain-
derived neurotrophic factor (29), reduce the impact of CR (30),
induce higher food consumption (31), reduce anorexic behavior
in adolescent mice (32) and facilitate cognitive recovery after a
social defeat experience (33). All these aspects show the potential
benefits of carrying out abundant research into CR with grouped
animals. The benefits of grouping animals are not only logistical
and economic, they are also verymuch related to their well-being,
as described above.

Previous research in our laboratory showed the viability of
group-housing while sustaining CR for long periods in male rats
(34). Our results indicated the effectiveness of CR in different
groups, regardless of the relationship between the rats. No
extreme body mass changes were observed in CR rats, nor did
they display aggressive behavior or show alterations in their
corticosterone levels. To our knowledge, no similar data has
been reported about the possibility of group-housing mice under
CR. We decided to study CR in CB6F1/J mice for two reasons:
it is a inbred strain often used in experimental research (35)
and has a tendency to show aggressive behavior under grouped

conditions (22). Our main objective was to determine how CR
at 70% of ad libitum affects the body mass, relationships and
behavior of littermates and unrelated (male or female) grouped
mice, as well as to study as an indicator of stress, in relation to
animal welfare (36, 37) by analyzing serum adrenocorticotropic
hormone (ACTH) levels. It is expected that against aggressive
behavior in C57BL/6 mice (22), a normal interaction with
absence of significant aggressive behaviors will be observed in
the CR at 70% mice. Likewise, we expected to find no significant
differences in serum ACTH levels between the groups.

MATERIALS AND METHODS

Ethical Approval and Other Ethical
Considerations
Animals were kept in accordance with EU Directive 2010/63/EU
and Spanish Royal Decree 53/2013. The University of Granada’s
Research Ethics Committee and the Junta de Andalucía,
Consejería de Agricultura, Ganadería, Pesca y Desarrollo
Sostenible approved the experimental protocol with reference
number 09/08/2019/137. All animal procedures carried out for
this study were subject to review by Animal-Welfare Officials and
a designated veterinarian of the Animal Facility at CIBM/UGR.

Animals
The experiment used fifty-four CB6F1/J (#100007; F1 generation
hybrids from breeding of BALB/cJ females and C57BL/6J males
from Jackson Laboratories)mice (27 female) from the Biomedical
Investigation Center (CIBM) of Granada. Mice were divided
into groups of three and kept in transparent methacrylate cages
(215 × 465 × 145mm) in rooms at 22 ± 1◦C and with a
12-h light/darkness cycle (lights on at 7:30 AM). Standard Type-
II Tecniplast LTD 370 cm2 cuvettes -allowing a maximum of 5
mice- were used for the maintenance of mice in the experimental
phase, with pine wood shavings from Rettenmair Ltd, and
enrichment elements (pieces of paper). This is the usual size used
in the experimental maintenance of chronic and subchronic mice
at the SPEA/IC/CI/CIBM facilities. The experimental subjects
came from a 10 monogamous breeding pairs, in which the
offspring were separated into groups of three after weaning in
separate cages into males and females of the same litter, with
ad libitum feeding for the littermate groups. For the unrelated
groups, males and females were randomly selected from the cages
of unrelated individuals. At the beginning of the experiment, the
average bodymass was 20.9± 1.13 g for females and 27.2± 1.53 g
for males. Throughout the 23 days of the experiment, water was
accessible ad libitum and a standard laboratory pellet diet (Harlan
Teklad Research diet, Madison, WI, USA) was administered as
described in the “Method” section below.

Method
Cages with CR and ad libitum groups had the same body
mass proportions and housekeeping conditions. To control the
effectiveness of the restriction process, 18 unrelated mice (Group
ad libitum; nine females and ninemales housed in groups of three
mice per cage) were designated as control groups. Since there
was an absence of interaction during feeding in these unrelated
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controls groups, we consider not necessary to include another
18 littermate mice control group. Thirty-six mice (18 females
and 18 males) were exposed to 70% food restriction. Each cage
held a group of three mice, and they were distributed into four
groups. In two groups, 18 unrelated mice (Group Restricted
unrelated; nine females and nine males) were subjected to 70%
food restriction, and 70% food restriction was also introduced in
the other two groups of nine littermates mice (Group Restricted-
Related; nine females and nine males). The tails of mice from each
cage were marked in different colors (red, blue or no mark) to
identify them.

Recording Body Mass and Observing
Behavior
Every day at 1:00 p.m., each mouse was weighed on a scale
and food was administered. The ad libitum group was given
200 g of food, and groups on food restriction were given 70%
of the food eaten each day by the ad libitum group of mice
(The uneaten food from the ad libitum group was weighed). The
remaining food (pellets) was removed before the CR groups had
access to their food, to ensure there was a 70% food reduction.
The order in which food was administered was rotated each
day, thus producing parity between groups with regard to the
time that mice had to wait for food (and the resulting added
stress). After calculating the mean and standard deviation from
the recorded body mass the body mass proportion between the
three animals in each cage was calculated by considering the
weight of the heaviest cage-mate mouse as 100% and applying
the following equation:

% Body Mass =
mouse weight

(

g
)

∗ 100

heaviest mouse weight(g)

The greater differences between mice weight, the lower the
average % Body mass per cage.

Animals were recorded in their respective cages for 15min
every day, using a digital JVC camera model Everio HDD GZ-
MG680BE, immediately after making the food available to both
groups under CR. Of that time, the first 5min were used to
analyze behavior. At the end of the experimental procedure,
a global analysis of social behavior was performed with the
recorded material by using Behavioral Observation Research
Interactive Software (BORIS) (38). Based on data obtained with
rats in past research (34), the behavioral analysis focused on
the number of times each mouse pushed its cage companions
while eating. This push action can be compared to wrestling
behavior observed in other studies (39, 40); a form of defense
from other mice, using the front or back paws to indicate fighting
behavior, or an attempt to force the mouse who is receiving
the push to submit (submission response) (41). However, our
previous results with rats (34) showed that pushes, under CR
conditions, can be interpreted as social behavior. Also, potentially
aggressive behavior (26) was recorded during the 15min after
food was made available to CR mice. Whenever such behavior
was observed, the cage was eliminated from the experiment and
CR was suppressed to prevent physical injuries.

In addition to the measurement of pushes, two additional
behavioral from the total of 15min recorded were analyzed. On
the one hand, and within the aggressive behaviors, there was the
recording of chasing behavior, understood as the time in which
at least two mice chased each other to get a piece of food. On the
other hand, and as part of the recording of more social behaviors,
we measured the time in which the three animals were eating at
the same time under the feeder without the presence of pushing
and shoving. There were no other significant behavior to analyze.

Hormonal Analysis
On the 23rd day of the experiment, after being deeply
anesthetized with isoflurane, fifty microliters of blood were
extracted intracardially from the 44 mice (10 samples were
not collected due to the elimination of the Unrelated Male
CR (9 samples) and the insufficient volume of blood for one
female from the Unrelated CR group). To acclimatize mice to
the procedure, they were previously exposed to the isoflurane
box on two occasions. After the blood draw, animals were
sacrificed with a cervical dislocation. Of the 44 mice, 18 were
unrelated mice with food ad libitum (nine females and nine
males), and another eight were unrelated, female mice on 70%
food restriction. The remaining 18 were littermates on 70%
food restriction (nine females and nine males). Serum was
obtained from these blood samples for the hormonal analysis.
Hormonal analyses were performed using the Milliplex map
pituitary magnetic bead panel kit (MPTMAG-49K-01) for ACTH
and the Luminex 200TM HTS, FLEXMAP 3D. Preparation of
serum samples was performed as follows: blood was allowed
to clot for at least 30min before centrifugation, for 10min at
1,000 x g. Serum was removed and assayed immediately. For
each serum sample, 150 µl of the antibody-bead and assay
buffer were added to the mixing bottle, resulting in a total
volume of 2,850 µl. Next, samples were incubated overnight on
a shaker at 4◦C. Samples were then measured on the Lumina
200TM. Median Fluorescent Intensity (MFI) was recorded
using a weighted 5-parametrer logistic or spline curve-fitting
method to analyze concentrations in samples. The validation
of the measurements made on the hematology counter was
performed with a commercial artificial blood. Specifically, Myt-
5D Hematology controls (normal control) from ORPHEE SA
(CH-1228 Geneva/Pla-les-Quates SWITZERLAND) were used.

Statistical Analysis
Statistical analyses were performed using JASP version 0.10.2.
Behavioral data were analyzed considering the cage-mate
mice as non-independents. Rest of the analyses were done
considering each mouse as independent. Body mass and body
mass proportion were compared using repeated measures (RM)
Analyses of Variance (ANOVA) and Chasing behavior and Time
under the feeder were analyzed by one-way ANOVA since the
normality assumptions (sphericity and the equality of variances)
were respected. Kruskal-Wallis non-parametric analysis was
applied for ACTH levels and Total number of Pushes since the
criteria of normality were not assumed in these cases. Whenever
a significant difference between groups was found, the Bonferroni
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correction was applied in a post-hoc derived from the main
analysis. The significance level in all cases was p < 0.05.

RESULTS

On the second day of CR, intensely aggressive behavior (26) was
observed in two cages (six mice) of the group Restricted unrelated
males. There was fierce fighting between animals, with blood and
several skin injuries. This forced us to apply the ethical protocol
and, as was mentioned above under Method, the nine animals
of the group Restricted unrelated males were discarded from the
experiment and CR was interrupted to avoid further fighting and
possible injuries to mice.

Body Mass and Body Mass Proportion
Figure 1 shows body masses for the five groups of mice (ad
libitum unrelated male and female, Restricted unrelated female,
and Restricted related male and female) throughout the 23 days
of the experiment (for statistical analyses, first day was treated
as a covariate factor). Application of RM-ANOVA here confirms
the sphericity and equality of variances (Levene Fs < 2.03,
df = 42; p > 0.09). Results showed a significant main effect
of Group (ANOVA Between Subjects Effect: F = 131.517, df =
5; p = 0.001; η² = 0.79) and the interaction between Group
and Day (ANOVA Within Subjects Effect: F = 15.171, df =

105; p = 0.001; η² = 0.078). However, the variable Day did not
exert significant main effect (ANOVA Within Subjects Effect:
F = 1.553, df = 21; p = 0.054; η² Magnitude of the effect =
0.002). Analysis of the interaction (keeping the first day as a
covariate factor) shows that ad libitum Females have a significant
higher body mass than Restricted related Female since D3 to D23
(Bonferroni p = 0.001), Restricted unrelated Female since D4
to D23 (Bonferroni p = 0.001) and Restricted related Male D4
(Bonferroni p = 0.001), D5 (Bonferroni p = 0.002) and since
D6 to D23 (Bonferroni p = 0.001). Ad libitum Males have a
significant higher body mass than Restricted related Female D3
(Bonferroni p = 0.003), D5 (Bonferroni p = 0.002), and since
D6 to D23 (Bonferroni p = 0.001) except D15 (Bonferroni p =

0.079). Ad libitum Males have a significant higher body mass
than Restricted unrelated Female and Restricted related Male
D3 (Bonferroni p = 0.011), and since D5 to D23 (Bonferroni
p = 0.001). Restricted related Male have a significant less body
mass than Restricted related Female Days D15 (Bonferroni
p = 0.04), D17 (Bonferroni p = 0.02) and D21 (Bonferroni
p = 0.006). The rest of the days no differences between these
groups were significant. Restricted relatedMale have a significant
less body mass than Restricted unrelated Female only days D19
(Bonferroni p = 0.048) and D21 (Bonferroni p = 0.005). Finally,
Restricted related Female and Restricted unrelated Female did
not have any significant difference in their body mass. This result
shows the effectiveness of CR in male and female mice.

Regarding body mass proportions, after first checked the
sphericity and equality of variances (Levene D1-D23 Fs < 2.178;
p > 0.08), RM ANOVA showed that Group (ANOVA Between
groups effect: F = 0.315, df = 5; p = 0.832; η² = 0.02) and
Day (ANOVA Within groups effect: F = 0.315; df = 22; p =

0.401; η² = 0.004) variables had no effect, and nor did their

interaction (F= 0.286; df= 110; p> 0.8; η²= 0.019). This means
that body mass proportions were similar throughout the days of
the experiment.

Pushes
Figure 2 shows the number of pushes under the feeder for
Restricted unrelated and Restricted related mice. Due to the total
absence of activity under the feeder when food was administered,
the ad libitum groups were eliminated for analysis. A one-way
ANOVA of the mean of the sum of pushes for each group
(Unrelated female, Related female and Relatedmales) throughout
the days of the experiment showed a violation of the equality
of variances (Levene F = 6.557; p < 0.04). The Kruskal-Wallis
analysis showed significant differences between groups (K-W =

6.489, df = 5; p < 0.04). Comparing groups while applying the
Kruskal-Wallis analysis shows a higher number of pushes in the
group of unrelated females than in Related females and Related
males (K-W= 3.857, df= 2; p= 0.05). No differences were found
in the number of pushes between Related females and Related
males (K-W = 2.33, df = 2; p = 0.12). Subsequent analysis of
the cumulative frequencies of the pushes over the days showed
for Restricted unrelated females (p = 0.029) and Restricted
related males (p = 0.005) a significant linear component was
observed (no stabilization of the number of pushes over the
days). Quadratic or cubic component was not significant (p >

0.09). However, this linear, quadratic or cubic component was
not significant for the group of sister females Restricted related
females (p > 0.06).

Chasing Behavior and Time Under the
Feeder
Analysis of the total chasing behavior through the 23 days was
done for Restricted unrelated and Restricted related mice after
the absence of activity in the ad libitum groups. Application of
ANOVA here confirms the sphericity and equality of variances
(Levene F = 0.703, df = 2; p = 0.532). Analysis showed no
significant effect of Group (OneWay ANOVA: F= 0.290, df= 2;
p= 0.748. η²= 0.088). Similar, for the time under the feeder was
done for Restricted unrelated and Restricted related mice. Due
to the total absence of activity under the feeder when food was
administered, the ad libitum groups were eliminated for analysis.
Application of ANOVA here confirms the sphericity and equality
of variances (Levene F = 1.697, df = 2; p = 0.261). Analysis
showed no significant effect of group (One Way ANOVA: F =

1.395, df= 2; p= 0.318. η²= 0.318).

Adrenocorticotropic Hormone Levels
Figure 3 shows the adrenocorticotropic hormone values
obtained for the five groups. A one-way ANOVA revealed the
violation of the equality of variances (Levene F = 3.329; p <

0.03). Kruskal-Wallis analysis shows the absence of significant
differences between groups (K-W = 0.721, df = 5; p > 0.9).
Additional analysis of the magnitude of the effect using the
Cohen’s d shows values between the groups negative or under 0.2
(lower effect). Only the differences between the restricted related
female with the restricted related male and restricted no-related
female had a Cohen’s d of 0.242 and 0.221, respectively. This
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FIGURE 1 | Mean (±SEM) body mass (g) throughout the 23 days (D) in ad

libitum unrelated female and male (Adl.Unrel.), restricted unrelated female (Res.

Unrel.) and restricted related female and male (Res.Rel) mice. Results showed

the significant main effect of the variable group and the interaction between

group and day. However, the variable day did not exert a significant main

effect. Analysis of the interaction (keeping the first day as a covariate factor)

shows that ad libitum Females have a significant higher body mass than

restricted related female (days 3–23), restricted unrelated female and restricted

related male (days 4–23). Ad libitum males have a significant higher body mass

than restricted related female (days 3, 5, 6–14, 16–23). Ad libitum males have

a significant higher body mass than restricted unrelated female and restricted

related male (days 3, 5–23). Restricted related male have a significant less

body mass than restricted related female (day 15, 17, 21). Restricted related

male have a significant less body mass than restricted unrelated female

(days 19, 21).

means that the CR procedure produced no significant increases
in adrenocorticotropic hormone levels in any group.

DISCUSSION

The first result that requires comment is the impossibility of
applying CR in unrelated male mice, contrary to the lack
of aggressive behavior observed in unrelated rats under CR
conditions (34). This data supports the greater aggressiveness
previously observed in mice (42), and particularly in BALB/C
mice (22, 43, 44). This greater aggressiveness in males toward
other males (45) made CR impossible among unrelated males.
However, in littermates, and in unrelated female mice the
aggressiveness does not appear and neither does clear a type
of considered cooperative social behavior such as the time
under feeder of all the animals at the same time. This possible
absence of social behavior (measured in our experimental
conditions) can also be interpreted as a sign of less complex
empathy in mice. Although mice display empathy (27) and
social behavior (46), it seems that under CR conditions this
social and cooperative behavior does not appear even though
the mice lived together after weaning for 7–8 weeks. Groups
of littermates showed lower levels of aggressiveness, confirming

FIGURE 2 | Mean (±SEM) of total number of pushes during the 23 days in

restricted unrelated female (Res.Unrel) and restricted related female and male

(Res Rel) mice. Restricted unrelated females showed a higher number of

pushes than restricted related females and males as indicated by (*) sign.

FIGURE 3 | Mean (±SEM) of adrenocorticotropic hormone concentration

(pg/mL) in ad libitum unrelated female and male (Adl.Unrel), restricted

unrelated female (Res Unrel) and restricted related female and male (Res.Rel)

mice collected on the 23rd day of the experiment. No significant differences

between groups are observed.

previous observations in mice (47) and this was demonstrated
in the non-aggressive behavior observed under CR conditions
in male and female mice. In the case of unrelated females, the
correct development of CR conditions was facilitated by levels of
aggressiveness that were lower than usual among non-pregnant
females (45). However, an analysis of the pushes, shows a higher
total number of pushes in unrelated female mice under CR
conditions than in related female and male mice. This was an
unexpected result. In previous research, aggressiveness implies
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another kind of behaviorsmore violent (attacks, bites or squeaks).
In our experiment, this kind of behavior was only showed in
the restricted unrelated mice, but was not observed in
the rest of the restricted groups. Only chasing behavior
was observed and the differences between groups were no
significant between restricted unrelated female and the restricted
female and male littermates. Differences were observed only
in pushing. The pushes observed in unrelated female mice
did not imply aggressive behavior, causing (sometimes) other
mice to shuffle or fall. Perhaps this low aggressive behavior
is explained considering that it was observed in females.
Another possible explanation for this behavior could be the
7–8 weeks that unrelated female mice were housing together.
This previous cohabitation and the grouping right after weaning
might perhaps mitigate this aggressive response that have
been observed in restricted unrelated males (47). These data
open the possibility to considerer other variables such as
time of cohabitation apart and not only the strain or the
characteristics of grouping (22, 35). Likewise, consideration
of the possible influence of environmental changes on the
induction of aggressive behaviors (e.g., as the observed in
transportation to research facilities) or housing conditions (42)
should be noted.

These positive effects have been observed in the
adrenocorticotropic hormone analysis. An absence of significant
differences between groups, which could be interpreted as an
indirect measure of the absence of alterations in stress levels
(36, 37, 48). It is also true that samples were taken at the
end of 23 days under CR conditions, and these levels could
therefore actually be associated with other biomarkers. In this
respect, the possible role played by orexin has been studied as
a neuropeptide that might connect prolonged food restriction
periods, aggressiveness and social behavior (46, 49–51). The
long time period between the CR and the adrenocorticotropic
measure has perhaps have produced an adaptation as probably
other biomarkers such as feeding times, usually done in the
dark period [for a review see (52)]. It might be interesting to
further investigate in this area, to clarify not only the aggressive
response associated to CR in unrelated mice, but also changes
in biomarkers. However, in our study the objective was just to
evaluate the viability of applying long CR in mice despite its
inherent aggressiveness (22).

Lastly, and regarding the effectiveness of CR, while there
was a 21% reduction in body mass in related males under CR
relative to ad libitum males, which is consistent with previous
results in rats (34, 53, 54), body mass reduction associated
with CR in females was lower (13%). This result can be
attributed to differences observed between female and male
metabolism (55, 56).

CONCLUSIONS

Our results have important implications, particularly in relation
to the difficulties attached to long-term CR in unrelated male
mice. In that context, and based on the results observed in terms
of aggressiveness, the best option when implementing CR inmice
would be to group-house littermates.
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Dairy goat animal welfare assessment protocols have been developed and conducted

in Europe and the United Kingdom for dairy goats; however, there are no published

reports of large-scale welfare assessment for dairy goats on farms in the Midwestern

United States (US). Therefore, the objective of this study was to perform welfare

assessment of lactating dairy goats and identify the most prevalent welfare issues on

30 farms across the Midwestern US. Thirty dairy goat farms (self-selected) were enrolled

in the study if they shipped milk for human consumption (regardless of herd size). The

number of lactating does on each farm ranged from 34 to 6,500 goats, with a median

number of 158 lactating does (mean ± SD: 602 ± 1,708 lactating does). The protocol

used was developed from available literature on goat welfare assessment but modified for

use in the Midwestern US. Observations were made without handling the animals and

included 22 animal-based indicators evaluated at the group- and individual-level. The

observations were conducted during ∼3–5 h during a milking session (either morning or

afternoon) and time in the home pen. Principal components analysis (PCA) was carried

out on the welfare assessment data from each farm. The first two dimensions of the

PCA explained 34.8% of the variation. The PCA biplot indicated correlations between

indicators. The most prevalent conditions observed across the 30 farms included any

knee calluses (80.9%), any claw overgrowth (51.4%), poor hygiene (14.9%), skin lesions

(8.9%), poor hair coat condition (8.3%) and any ear pathology (8.0%). These results are

the first to provide the Midwestern US dairy goat industry with information to improve

commercial dairy goat welfare.

Keywords: animal welfare, animal husbandry, welfare assessment, well-being, goat, caprine, dairy

INTRODUCTION

Defining animal welfare is difficult because there are multiple interpretations (1). An early
interpretation of animal welfare was formulated by the Farm Animal Welfare Council,
named the “Five Freedoms,” and outlined the basis of acceptable levels of welfare (i.e.,
freedom from hunger or thirst, discomfort, pain, injury or disease, fear and distress and
the freedom to express normal behaviors (2). Since then, other viewpoints have been
developed such as the “three overlapping dimensions” of welfare where an animal’s quality
of life relates to basic health and functioning, affective states, and natural living (3),
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or the “Five Domains” model, whereby an animal experiences
good welfare if its nutritional, environmental, health, behavioral,
and mental (i.e., affective state) needs are met (4). However,
regardless of how animal welfare is defined, the development of
an on-farm monitoring system or welfare assessment protocol,
which encompasses multiple indicators of welfare can be
developed and utilized for small ruminants (5).

Early research on development of protocols to assess welfare
at the farm-level for dairy goats evaluated multiple animal-based
indicators of welfare and highlighted the major welfare issues
across 24 farms in the UK (6) and 30 farms in Norway (7).
Since then, the European Animal Welfare Indicators Project
(AWIN) developed a science-based, step-wise welfare assessment
protocol for species (including goats, sheep, horses, donkeys,
and turkeys) that had until then, been largely excluded from
welfare assessment projects such as Welfare Quality R© (8).
Welfare Quality R©, a large-scale science-based European program
designed to assess the welfare of cattle, swine, and poultry
used a framework consisting of 4 key principles (i.e., good
feeding, housing and health, and appropriate behavior), with
12 criteria (e.g., absence of prolonged hunger, comfort around
resting, expression of social behavior) (9). AWIN was based
on the same such principals and criteria as Welfare Quality R©

as they are considered necessary to cover all aspects of animal
welfare (8). Some examples of animal-based indicators of welfare
used by AWIN include hair coat and body condition, fecal
soiling, udder asymmetry, overgrown claws, and lameness (10).
Development and testing of the AWIN protocol for dairy goats
has since demonstrated valid, reliable, and feasible animal-based
indicators of welfare in a European setting (11–15). However,
to the authors’ knowledge, no such on-farm welfare assessment
protocols have been designed for, or undertaken on dairy goats
in the Midwestern US.

In the US, there are welfare assessments of commercial swine
[see review by (16)], poultry [see review by (17, 18)], dairy
cattle (19) and turkey (20) farms. However, welfare assessment
data for dairy goats in the US is scarce. In 2020, there were
∼440,000 dairy goats in the US, and of those, 135,000 (∼31%)
were populated in theMidwestern region comprisingMinnesota,
Iowa, Wisconsin, and Illinois (21). Dairy goat welfare assessment
data can help inform producers on areas of deficiency and
consequent improvement, promotion of good welfare policies,
and can add to the growing body of science-based research on
welfare assessment of dairy goats worldwide.

The objective of this study is to perform welfare assessment of
dairy goats and identify the most prevalent welfare issues on 30
farms across the Midwestern United States (US).

MATERIALS AND METHODS

This study was approved by the Institutional Animal Care and
Use Committee at Iowa State University prior to data collection
(Protocol number: IACUC-18-341).

Farm Recruitment
Advertising material was distributed to farms by a milk
company operating in the Midwestern region on our behalf.

Additionally, farms were visited by study personnel (with a feed
representative) and advertising material was distributed directly
to farm owners. Participation was incentivized by receipt of
compensation associated with participation on the study. Once
30 dairy goat farm owners had voluntarily completed an online
application form (Smartsheet Inc., Bellevue, WA), their farms
were enrolled in the study if they shipped milk for human
consumption (regardless of herd size) and were situated within
the Midwestern states: Minnesota, Iowa, Wisconsin, and Illinois.
Farm owners were asked to complete a survey independently
of on-farm assessment, which focused on farm owner attitude
to goat behavior and welfare, husbandry practices, goat-specific
information and other details of the farm (Hempstead et al.,
unpublished data).

Protocol Development
The protocol was developed from the available literature on goat
welfare assessment (5, 10, 22) including assessment protocols
that had been used previously (6–8, 12, 14). The protocol
was designed for use on adult lactating does and comprised
22 animal-based indicators of welfare at the individual- (9
indicators; Table 1) and group-level (13 indicators; Table 2) that
were decided for inclusion by a small committee of veterinary
practitioners and an animal scientist.

Sampling periods included (1) assessments of individuals
in the milking parlor during routine milking and (2) group
assessments, which were carried out in the home pen. The order
of these sampling periods (i.e., at milking or the home pen),
depended on whether a morning or afternoon milking session
was attended. Within each sampling period, the indicators were
assessed in the same order for each farm (Tables 1, 2); for
example, if the morning milking session was observed (between
0400 and 0700 h), then the group-level assessment took place
following milking. However, if an afternoon milking session was
observed (between 1400 and 1800 h), the group-level assessment
was carried out prior to milking. The separate sampling periods
were chosen in order to facilitate multiple farm visits within
1 day. The time of feed distribution relative to assessment of
the home pen was not recorded. Observations were performed
without animal handling. Indicators were excluded if they (i)
required laboratory analysis, or specific instruments to be used
on the animal (e.g., stethoscope, thermometer), (ii) were overly
time consuming and could not be carried out on the day of
observation (i.e., requiring post-observation video analysis), (iii)
were reported to have low prevalence [e.g., oblivion, abnormal
lying (12)], or (iv) necessary training was not available [e.g.,
qualitative behavior analysis (7, 12)]. Resource-based indicators
that provided information on environmental conditions such as
space allowance per goat and bedding material were collected.

The initial protocol was tested over multiple visits to a
local farm in Iowa over a 2 week period. Two observers
tested the protocol in the milking parlor and home pen to
ensure the definitions accurately reflected the observations made,
and the length of time required to perform the assessments.
Where differences in the results between observers were
observed, further training was provided to improve agreement
on subsequent visits.
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TABLE 1 | Descriptions of the individual-level welfare indicators and the order of which they were assessed for the dairy goat welfare assessment protocol.

Order Welfare indicator Description

1 Ear pathology

Ear tear

Missing ear tag

Infected ear tag

Frostbitten ears

Complete or partial tear of the pinna.

A hole in the pinna from a missing ear tag.

Ear tag with evidence of infection (e.g., swelling, pus).

Any amount of pinna is missing (appears as a straight cut).

2 Ocular discharge Moist (or dry) fluid from the eye(s) that is clear or colored fluid, thick, or runny.

3 Nasal discharge Moist (or dry) fluid from the nostril(s) that is clear or colored fluid, thick, or runny.

4 Skin lesion Any broken skin, abscess or ulceration (fresh or in the process of healing, i.e., crust). Regions that were observed for

skin lesions included the head or neck, and the rump or thigh. Fully re-epithelialized tissue was excluded.

5 Knee callusing

Mild Thickened skin (with hair loss) covered part of the knee. The score of the worst knee was recorded. Knees were not

scored if calluses were not clearly visible (i.e., too dirty).

Severe Thickened skin covered the entire knee (with hair loss) and may have had broken skin. The score of the worst knee

was recorded. Knees were not scored if calluses were not clearly visible (i.e., too dirty).

6 Poor hygiene The presence of any fecal material (or dirt) on the hind quarters (i.e., rump, thigh, rear legs, udder) that can be dry or

moist. Goats that kidded recently (i.e., visible afterbirth or blood) were not scored.

7 Fecal soiling Presence of feces around the anus or sides of the tail. Goats that kidded recently (i.e., visible afterbirth or blood) were

not scored.

8 Udder asymmetry One side of the udder was >25% longer than the other side (from the udder attachment to udder floor; excluding teat).

9 Overgrown claw

Mild

Only the rear claws were assessed.

Overgrowth beyond the triangular shape of the claw, but no change in hoof conformation. The score of the worst claw

was recorded.

Severe Extreme claw overgrowth with loss of the triangular shape and conformational changes of the hoof, which may include

weight bearing on the heel. The score of the worst claw was recorded.

Both sides of the animal were assessed for all indicators.

On-Farm Assessments
Assessments were performed by a single assessor between March
and August 2020. The assessor wore the same colored clean
coveralls and used disposable boot covers and gloves between
farms. Observations weremanually recorded using a tablet (10.2′′

iPad, 8th Generation, Apple Inc., Cupertino, CA) equipped
with data collection software (REDCap, Vanderbilt University,
Nashville, TN). Due to equipment malfunction after seven farm
visits, data was then recorded onto printed record sheets and then
manually entered onto REDCap software after completion of the
farm visit.

The temperature and humidity were measured 10min after
arrival to the pens using a temperature and humidity logger
(WD-20250-42; Digi-Sense, Vernon Hills, IL). Temperature and
humidity ranged from −7.6 to 34.7◦C with an average of 21.4◦C
(SD: 10.2) and 20.7% rh (relative humidity) to 80.6% rh with an
average of 51.5% rh (SD: 13.7), respectively.

Intra-observer reliability was completed pre- and post-
observation and was assessed by scoring 50 images of goats
collected prior to farm visits (with some images collected during
farm visits) and then re-examined. Percentage agreement for pre-
and post-observation reliability (respectively) was as follows: 98%
for ear pathology (pre- and post-observation), 94 and 98% for
ocular discharge, 96 and 98% for nasal discharge, 96 and 98%
for skin lesion, 92 and 90% for knee callusing, 97% for hygiene
(pre-observation reliability not completed due to lack of images
of goats with poor hygiene), 98% and 100% for fecal soiling, 98%
and 94% for udder asymmetry, 92 and 94% for overgrown claw,

100% for horn growth (pre- and post-observation), 98 and 90%
for poor hair coat condition, and 90 and 94% for body condition.
Inter-observer reliability was not conducted for some indicators
(e.g., queuing behavior, thermal stress, kneeling, and lameness)
that showed low occurrence rates or were difficult to photograph.

Group Assessments
The number of pens (and animals) assessed was determined at
each farm visit and depended on the number of lactating goats
on farm (Table 3). All pens that housed <230 lactating does
were observed unless the farm had more than 600 lactating does.
In this case, either one pen of goats was observed or as many
pens that could be evaluated in a 2 h period. After observing all
pens on the farm, the assessor chose the pen(s) to be assessed
based on being representative of the farm and containing mobile,
and lactating goats (i.e., not the sick pen). Note that pens were
selected in this way on only three farms. The group assessments
took place in the goat barn after a short acclimatization period
of ∼5min. Depending on the number of animals in each pen,
the group-level assessments of the goats were observed for up
to 2 h. Due to inconsistencies in recording of the durations of
animal observations at each farm, this information will not be
reported. During this period, the assessor moved slowly along
the outside rail of each pen recording observations. Once outside
pen observations were complete, the assessor entered the pen
and began the latency to approach test; this involved moving
to a predetermined location adjacent to a pen wall and while
remaining motionless and without making eye contact with the
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TABLE 2 | Descriptions of the group-level welfare indicators and the order of which they were assessed for the dairy goat welfare assessment protocol.

Order Welfare indicator Description

1 Queuing at feed rack(s) Goat standing behind another goat at the feed rack(s) within 1m with head oriented toward the feed rack(s) during

feeding time. The number of goats queuing was counted over 16min (scan sample every 2min).

2 Queuing at drinking place(s) Goat standing behind another goat at the drinking place(s) within 1m with head oriented toward the drinking place.

The number of goats queuing was counted over 16min (scan sample every 2min) during feeding time.

3 Horn growth

Horn Horn(s) with normal growth. Horns with the tip mechanically removed were included.

Scur Soft, partially formed horn that is not attached to the underlying frontal bone.

4 Poor hair coat condition Dull, rough, and shaggy hair coat that may be longer on some parts of the body than others.

5 Thermal stress

Cold Cramped posture (arched back) raised hair along the neck and spine (i.e., horripilation), limited movement and may

include shivering. Goats that were involved in agonistic interactions (with associated horripilation) were excluded.

Heat Accelerated respiration rate, open mouth panting with or without drool from the lips.

6 Kneeling

In pen

At feed rack(s)

Transitions between lying and standing were excluded.

Knees touching the pen floor at the lying area (≥5 s/bout).

Knees touching the pen floor at the feed rack (≥5 s/bout).

7 Latency to approach test Time taken for a goat to contact any part of a novel person in the pen (including clipboard). The assessor moved to a

predetermined location in the pen, usually with their back to the wall or gate. The test ended after a non-contact time

of 5 min.

8 Body condition

Overweight Hip and pin bones were difficult to identify and the line between them was convex.

Underweight Hip and pin bones were prominent and the line between them was concave.

9 Lameness Abnormal gait and curvature of the spine that may have included head nodding (bobbing). Goats were encouraged to

walk by the assessor. Those that did not stand or had any obvious injuries were excluded.

goats. Once stationary the assessor started a stopwatch and the
time taken (in seconds) for the first goat to contact any part
of the assessor (including recording devices) was recorded. The
assessor then moved slowly throughout the pen assessing body
condition and lameness. All goats within the pen were made to
walk, except those that did not stand or had obvious injuries
and were excluded from lameness scores. The assessor avoided
contact with the goats as much as possible.

Individual Goat Observations
The number of does on each farm assessed at the individual-
level depended on the number of lactating does and is presented
in Table 3. When the number of lactating does was <230, all
does were assessed. For farms that had more than 230 does,
the assessor observed as many does as could be observed in a 2
h period.

The assessor moved slowly between each goat, making sure to
observe both sides of the head and neck region at the front of the
goat and the dorsal view of the legs and both sides of the rump at
the back of the goat.

Data Management and Statistical Analysis
The data was exported from REDCap software as a comma-
separated values file and used with Excel (Microsoft Corporation,
Redmond, WA). The data has been presented as a mean with
standard error (SE) or median with interquartile range (IQR),
where appropriate. The individual- and group-level data was
calculated as the number of animals displaying each indicator out
of the number of animals observed per farm.

The individual assessment data from one farm was excluded
from analysis as the goats were not individually observed
in the milking parlor due to logistical constraints. In some
instances, milking parlor layout prevented observations from
being recorded (e.g., rotary parlors prevented the front and back
end of the goats from being observed of the same animal) and
consequently some individual assessment data were not collected
on three farms. Body condition scoring and lameness data were
excluded from one farm as it could not be assessed as the pen
was spread across multiple buildings making clear identification
of goats difficult.

A principal component analysis (PCA) biplot (based on a
correlation matrix) was used to explore the relationships between
the farms, and their characteristics with respect to the welfare
assessment variables. Missing data (4% of the dataset) was
imputed using themean value of the variable. Heat and cold stress
data were excluded from the PCA due to the variation in seasons
(i.e., temperature) across farms over the study period.

RESULTS

Welfare assessment was performed on 30 farms in the
Midwestern US and the characteristics of those farms are
presented in Table 4. The number of goats assessed individually
and at the group-level was 4,777 goats and 6,593 goats,
respectively. The number of lactating goats ranged from 34 to
6,500 goats, with a median herd size of 158 goats (IQR = 80.8;
mean ± SE: 533.9 ± 243.3 goats). The individual-level welfare
assessment data are presented in Table 5 and the group-level
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TABLE 3 | The number of total pens and lactating does on-farm, the number of pens assessed (and number of does within pens) and does individually assessed in the

milking parlor on each farm.

Farm Total pens on farm Total lactating does on farm Number of

Pens assessed Does within pen(s) assessed Does in milking parlor assessed

1 1 36 1 36 36

2a 9 6,500 1 168 510

3d 1 70 1 70 67

4b 5 179 5 172 179

5c 1 142 1 142 139

6 2 178 2 178 178

7d 1 110 1 140 110

8 5 857 5 857 158

9 1 1,000 1 1,000 243

10 3 128 3 128 128

11 2 140 2 140 140

12 2 172 2 172 172

13 2 125 2 125 125

14 3 207 3 207 207

15 3 227 3 227 227

16 1 180 1 180 180

17b 7 157 7 151 157

18e 1 266 1 266 NA

19c 3 34 3 78 34

20 3 158 3 158 158

21 2 700 1 322 246

22 2 118 2 118 118

23c 1 180 1 185 180

24 2 91 2 92 92

25d 2 121 2 162 121

26 12 3,960 2 440 216

27d 5 204 5 204 179

28 1 145 1 145 145

29 3 144 3 144 144

30 1 187 1 187 187

a includes separate observations of the front of 257 goats and the rear of 253 goats as the front and back of the same animal could not be observed; bsome goats were not observed

during pen assessment; cnon-lactating goats were housed in the pen with lactating goats; dsome goats were not observed in the milking parlor; e individual assessments in the milking

parlor were not carried out.

welfare assessment data are presented in Table 6. The average
latency for goats to approach the assessor was 33.6± 12.0 s (mean
± SE), with a range of 2.0 s to 300.0 s (note that the test ended at
300 s).

Results of a PCA biplot on the welfare assessment data from
each farm are shown in Figure 1. The overall welfare state of
the goats on each farm was described using 19 animal-based
indicators (latency to approach test, and heat and cold stress
were not included). The first 2 dimensions of the PCA (PC-
1 and PC-2) explain 34.8% of the variation. For each variable,
the direction of its biplot axis is indicated by an arrow. Axes
of welfare indicators that are close to one another (and in the
same direction) indicate these variables are positively correlated
(e.g., severe claw overgrowth and poor hygiene); axes with
arrows in opposing directions indicate negative correlations

(e.g., overweight and horns), and perpendicular axes indicate no
correlation (e.g., ocular discharge and any ear pathology). The
individual farms are represented by points. The predicted value
of a welfare indicator for a farm is given by projecting the point
onto the axis (i.e., drawing a perpendicular line from the point
to the axis). Thus, farms that cluster together (e.g., Farms 17 and
19) are predicted to have similar characteristics with respect to
the welfare indicators, and those far apart (Farms 17 and 29) are
predicted to be dissimilar.

Farms with a high number of goats that have horn growths
(scurs or horns), ear pathologies, fecal soiling, poor coat
condition, are underweight, and kneel at feed racks are on the
right side of Figure 1 (e.g., Farms 3, 7, 10, 11, 24, and 29).
Conversely, farms with a low number of goats with these welfare
issues are scattered on the left side of Figure 1 (e.g., Farms 1, 17,
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TABLE 4 | Characteristics of 30 dairy goat farms in the Midwestern United States.

Farm characteristics Value

Breeds (No. of farms)*

Saanen 28

Alpine 28

American LaMancha 18

Anglo-Nubian 11

Toggenburg 10

Oberhasli 6

Sable 2

Kiko 1

Feed space/goat (mean ± SE; min-max; ft) 1.0 ± 0.1 (0.3–1.8)

Total space allowance/goat (mean ± SE;

min-max; ft2/goat)

108.3 ± 43.7 (14.0–1282.0)

Indoor (mean ± SE; min-max; ft2/goat) 29.3 ± 4.8 (7.4–132.7)

Outdoor (mean ± SE; min-max; ft2/goat) 78.8 ± 41.2 (0–1178.7)

Type of feed (No. of farms)*

Hay 27

Grain/concentrate 27

Fermented forage (e.g., silage) 7

Total mixed ration 3

Fresh cut grass 2

Corn 1

Bedding material

Straw (No. of farms, %) 24 (80.0)

Corn husks (No. of farms, %) 3 (10.0)

Soy fodder (No. of farms, %) 1 (3.3)

Straw, wood shavings, corn husks (No. of farms, %) 2 (6.7)

Milking procedure

Mechanical (No. of farms, %) 28 (93.3)

Hand-milking (No. of farms, %) 2 (6.6)

Access to outdoor space (No. of farms, %) 22 (73.3)

Outdoor space surface

Earthen (No. of farms, %) 19 (86.4)

Pasture (No. of farms, %) 13 (59.1)

Concrete (No. of farms, %) 6 (27.3)

Rock (No. of farms, %) 2 (9.1)

No. of permanent staff (mean ± SE; min-max) 6.3 ± 0.9 (1.0–25.0)

*farms provided more than one type of feed and raised more than one breed of goat.

and 19). Farms scattered near the top of Figure 1 have a high
number of goats that are lame, have severe claw overgrowth,
perform queuing at the drinking place, experience heat stress,
poor hygiene, severe knee callusing and skin lesions, but a low
number of goats with that experience cold stress, have nasal
discharge, perform kneeling in the pen and queuing at the feed
rack (e.g., Farms 4, 9, 12, and 24).

DISCUSSION

The objective of this study was to perform welfare assessment
of dairy goats on 30 farms across the Midwestern US and
identify the most prevalent welfare issues. Based on the results

of our study, the most prevalent welfare issues observed were
knee callusing, claw overgrowth, poor hygiene, skin lesions,
poor hair coat condition, and ear pathologies. The collected
data was processed and then provided to the producers in the
form of benchmarking reports. These reports contained the
range of values across farms, the median value, and each farms’
average for the welfare indicators. Thus, producers were able
to visualize their farms’ comparative success (or failure) to the
other farms in the study. It was hypothesized that provision of
benchmarking reports would encourage producers to alter their
farm practices to improve goat welfare in the areas identified
as being deficient in comparison to the other farms. Farm visits
to conduct secondary welfare assessment and evaluate the effect
of the benchmarking reports was delayed due to COVID-19
restrictions on travel.

On-farmwelfare assessment of dairy goats has been previously
conducted in Europe (7, 12, 14), the United Kingdom (6), and
more recently, Mexico (23); however, to the authors’ knowledge,
these are the first data on dairy goat welfare assessment on
farms across the Midwestern US. In 2017, Europe produced
15% of global dairy goat milk production, compared with 4%
from the Americas (24). There are differences (and similarities)
that exist between North American and European dairy goat
industries and associated farming practices (e.g., intensive vs.
semi-intensive farming, breeds raised, pain management for
painful husbandry practices). In Europe, dairy goat production
is highly specialized for milk production likely associated with
the higher demand for goat milk products; whereas dairy goat
production is comparatively less well-developed, and relatively
small by global standards in the US (24). Information on dairy
goats in the US is limited due to the viewpoint that goats
are a minor species in comparison with cattle, creating issues
for farmers, veterinary practitioners, and policy makers (24).
Although there are large-scale, commercial dairy goat farms in
operation (e.g., 9,000-goat herds), the majority are still small (25).
Recent data from the National Animal HealthMonitoring Survey
(NAHMS), Goat Study 2019 shows that the average herd size
across the US is approximately 20 goats (26). For a review of
recommendations on dairy goat kid husbandry practices under
intensive production systems in Canada, US and France please
refer to Bélanger-Naud and Vasseur (64).

Mild or moderate knee calluses are a common occurrence
among dairy goats [99.3% of 575 goats (7)], and can reflect
the type(s) of surface or amount of bedding available, but it
is the severity of knee callusing (i.e., thickness, full width of
the knee, broken skin) that may be a welfare concern. Severe
knee calluses can be indicative of excessive kneeling, insufficient
or inadequate bedding (discussed later) and may be associated
with lameness (6). However, the PCA in the present study,
showed a negative correlation between severe knee callusing and
kneeling in the pen (and only a weak positive correlation with
lameness). Additionally, kneeling at the feed rack appeared to
show no relationship with severe knee calluses (or kneeling in
the pen). This result contradicts our assumption that increased
time spent on the knees would result in knee calluses. Anzuino
et al. (6) reported that 79.2% of 24 farms in the UK had goats
kneeling at the feed trough, but that this was not correlated with
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TABLE 5 | Individual-level welfare indicators observed for 4,524 goats on 30 farms across the Midwestern United States during on-farm welfare assessment at milking.

Indicator Number of Variation in indicator occurrence (% of goats) across farms

Goats (%) Farms (%) Median IQR Maximum

Any ear pathology 361 (8.0) 23 (85.2)9 6.5 1.5–12.7 38.6

Frostbitten ears 151 (3.3) 17 (65.4)9 1.1 0–3.1 29.3

Torn ears 94 (2.1) 17 (65.4)9 1.1 0–3.6 6.7

Missing ear tags 110 (2.4) 18 (69.2)9 0.8 0–3.4 11.7

Infected ear tags 6 (0.1) 5 (19.2)9 0.5 0–2.5 3.9

Ocular discharge 132 (2.9) 22 (81.5)* 1.6 0.8–3.8 17.6

Nasal discharge 313 (6.9) 25 (92.6)* 3.5 1.4–8.5 38.5

Skin lesionsη 427 (8.9) 26 (96.3)* 10.4 4.5–14.5 40.0

Any knee callusing� 3,657 (80.9) 26 (100)9 96.8 82.8–99.1 96.8

Mild� 2,516 (55.7) 26 (100)9 63.8 53.4–75.4 63.8

Severe� 1,141 (25.2) 26 (100)9 29.2 14.9–41.6 53.1

Poor hygiene (dirty)� 674 (14.9) 24 (82.8)U 9.6 3.3–23.7 43.1

Fecal soiling� 157 (3.5) 24 (82.8)U 1.6 0.5–6.3 20.9

Udder asymmetry� 147 (3.3) 24 (82.8)U 2.9 1.2–4.8 11.1

Any claw overgrowth� 2,325 (51.4) 28 (96.6)U 48.6 20.6–75.6 98.3

Mild� 1,527 (33.8) 28 (96.6)U 30.0 14.8–46.6 67.8

Severe� 798 (17.7) 21 (72.4)U 6.6 0–28.7 69.9

Total number of goats observed for indicators: Ω = 4,520, η = 4,777.

Data was excluded from:1 farmU , 3 farms*, 4 farmsΨ .

TABLE 6 | Group-level welfare indicators observed for 6,593 goats on 30 farms across the Midwestern United States during on-farm welfare assessment.

Indicator Number of Variation in indicator occurrence (% of goats) across farms

Goats (%) Farms (%) Median IQR Maximum

Queuing at feed rack(s)� 247 (6.8) 22 (75.9)* 5.0 0.4–11.7 35.6

Queuing at drinking place(s)� 73 (2.0) 14 (50.0)U 0.0 0.0–2.9 11.1

Horn growth

Horns 79 (1.2) 11 (36.7) 0 0–0.9 16.0

Scurs 365 (5.5) 28 (93.3) 2.9 1.8–8.0 24.2

Poor hair coat condition 545 (8.3) 30 (100) 6.9 4.9–12.1 27.3

Thermal stress

Cold stress 4 (0.1) 2 (6.7) 0 0 4.3

Heat stress 243 (3.7) 12 (40) 0 0–3.6 50.8

Kneeling

In pen 17 (0.3) 8 (26.7) 0 0–0.2 2.3

At feed rack(s) 43 (0.7) 11 (36.7) 0 0–0.6 5.7

Body condition

Overweight 256 (3.9) 26 (92.9)U 4.1 1.7–5.7 15.2

Underweight 264 (4.0) 26 (92.9)U 2.8 1.0–9.2 22.9

Lameness 99 (1.2) 22 (75.9)* 1.2 0.5–2.3 4.3

Total number of goats observed for indicators: Ω = 3,606.

Data was excluded from: 1 farm*, 2 farmsU .

lameness. Although observing kneeling behavior on farms is a
valid and feasible indicator of discomfort at the feed trough,
whether it has good intra- and inter-reliability remains unknown
(10). In the present study, the assessor observed the goats in the

home pen for up to 2 h, which may not have been enough time
to adequately sample kneeling behavior. Further, the assessor
observed the goats during two different time periods (i.e., before
or after milking), whichmay affect our ability to directly compare
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FIGURE 1 | Principal components biplot of welfare indicators of dairy goats across 30 farms in the Midwestern United States.

differences, but was utilized for feasibility in relation to assessing
multiple farms per day. We observed mild knee calluses in just
over half of the animals assessed with a further 17.7% of goats
with severe knee calluses. Severe knee calluses have been reported
previously and range from 8.9 to 18.3% (6, 12). The relatively
high proportion of goats with severe knee calluses in the present
study may be associated with bedding-related factors such as
type, depth, dirtiness, or wetness of the bedding. The majority
of the farms in this study used straw bedding, similar to those
involved in the study of Anzuino et al. (6), which demonstrated
that severe knee calluses were positively correlated with dirty
limbs. Bedding that is wet, dirty or with poor drainage can
increase the risk of developing skin lesions in swine (27) and
dairy cattle (28, 29). Cows bedded on sand presented lesions of
lower severity and were less dirty than those bedded on straw
(30). Future research on the effect of bedding or lying surfaces
on hock or knee calluses or skin lesions for goats is required to
improve bedding management and goat welfare.

Severely overgrown claws typically result from a lack of wear
of the claw or insufficient foot trimming. To reduce the risk

of welfare problems such as lameness, which correlates with
claw overgrowth (6, 31, 32), trimming should be undertaken at
least twice yearly in intensive farms, where movement is limited
(10). In the present study, we observed relatively low rates of
severe claw overgrowth (17.7%), compared with previous studies,
which ranges from 16.8 to 55.5% (6, 7, 12, 14, 32). Anecdotally,
producers may be hesitant to perform frequent claw trimming
as they believe that this encourages growth. More research is
required demonstrating the benefits of regular foot trimming
practices in preventing welfare issues such as lameness (discussed
below). In addition, the provision of abrasive surfaces in the
home pen or parlor that may encourage natural hoof wear should
be considered. Further, environmental enrichment (e.g., rocks)
can improve welfare outcomes by allowing for expression of
natural behavior although not validated.

Hygiene or cleanliness is considered a valid indicator of
welfare in dairy cows (29, 33), poultry (34) and goats (6,
12). Goats generally prefer not to lie in wet bedding, and
goat feces is dryer than cattle; therefore, goats with poor
hygiene may be indicative of poor environmental cleanliness and
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management practices (e.g., inadequate bedding management)
(10). At high ambient temperatures (e.g., 38.0–39.5◦C), goats
generally show increased water intake and experience diuresis
(35), which may result in a wetter environment; therefore, a
higher ambient temperature may explain the increased rates of
dirtiness with heat stressed goats. Increased lying duration has
been reported in goats experiencing high ambient temperatures
and with restricted water supply (36). A further explanation
for a relationship between heat stress and poor hygiene is that
to reduce the negative effects of heat stress, goats may lie in
wet bedding to increase heat loss. Cows spend less time lying
down during periods of heat stress to expose more body surface
area for evaporative cooling (37); however, cows will actively
avoid wet bedding to reduce the effects of conductive heat loss
when experiencing cold temperatures (38). Observations of poor
goat hygiene range from 2.4 to 36.4% (6, 7, 12, 14). In the
present study, we observed 14.9% of goats had poor hygiene. It
is important to note that the definition used in the present study
included the presence of any fecal material (or dirt) and therefore
the number of animals in the study with poor hygiene may be
over-represented. The wide variation in the amount of goats with
poor hygiene observed across studies may be associated with
how the body areas were classified; for example, whether separate
anatomical areas were hygiene scored (6, 12) or collective regions
were scored together (i.e., rump, thighs, udder, and rear legs) as
has been done in the present study.

Poor hair coat condition has been demonstrated as a reliable
and valid indicator of welfare in goats; goats with poor hair
coat condition had lower body condition (underweight), mineral
deficiencies, presence of ectoparasites, and higher prevalence
of abnormal lung sounds (11). Poor hair coat condition can
be defined as uneven or shaggy and matted, that is frequently
longer than normal, whereas a normal coat is shiny, smooth
and adheres to the body’s surface (11). We observed 8.3% of
goats with poor hair coat condition, which is far lower than
the reported ranges in Europe of 22.9 to 24.1% (12, 14). The
comparatively lower rate of poor hair coat condition is likely
associated with differences in sampling methodology. Battini
et al. (12) and Can et al. (14) selected the pens with the
worse welfare conditions (e.g., high stocking density, horned and
hornless animals together, limited access to resources), which
likely captured a greater number of animals with poor hair
coat condition, compared with the present study, which used a
different strategy.

Ear pathologies were observed on farms in the present
study. The most common ear pathologies were characterized
as damage associated with ear tags (either missing or torn
ears), and frostbite. The majority of the farms involved in
this study used ear tags as a form of identification (18/30;
Hempstead et al., unpublished data). Incorrect placement of
ear tags that are not in the center of the ear may result in
inflammation or ear tears (6, 39). Ear tags may be ripped out
as goats move their heads in and out of the feed troughs.
In the present study, 2.1% of 4,524 (94 goats) goats had ear
tears, which is in line with Anzuino et al. (6), who reported
that 6.2% of 1,520 (∼94 goats) goats had ear tears. Frostbitten
ears are generally the result of extended exposure to low

temperatures when the animals are first born. Care must be
taken to ensure newborns are dried (especially the ears and
feet) shortly after birth, and/or by moving newborn kids to
temperature controlled environments to reduce the incidence of
frostbitten ears (40). The extent of pain or discomfort associated
with ear tears and frostbite is not well-understood and requires
further investigation.

Skin lesions such as abscesses, swellings, or broken skin and
hair loss can be indicative of many health issues including
caseous lymphadenitis (CL), or other dermal skin infections,
ectoparasites and tissue injury from animals with horns, or
environmental structures (40–42). There is a wide range of
prevalence rates of skin lesions from 0.3 to 35.5% (6, 7, 12,
14), and our data appears to be on the lower end of the
range (8.9%); this may have multiple explanations. First, there
were differences in research methodologies between studies: skin
lesions were categorized into anatomical regions of the body
in earlier studies, whereas we evaluated skin lesions together
without specifying the location on the body. Sampling strategies
across studies also differed as we observed the goats in the
parlor at the speed they were milked, whereas Can et al. (14)
and Battini et al. (12) observed the goats restrained whilst
in the pens. The best location for assessing skin lesions on
dairy goats requires further validation. Second, there are likely
differences in management practices such as utilization of a
vaccination program for CL, minimization of pen structures
that can cause skin lesions (e.g., protruding wire or sharp
objects), treatment for ectoparasites or disbudding practice
(discussed later).

Body condition scoring evaluates the level of muscle and fat
development and is a reliable and valid method of monitoring
fluctuations in fat reserves (10, 43, 44). A numerical rating scale
of 5 points is commonly used across ruminant species (7, 45, 46).
Until recently, the most accurate form of body condition scoring
goats involved palpation of the lumbar and sternum regions due
to differences in the amount of visceral and subcutaneous fat
deposits with other species (47); however, valid and reliable BCS
can be conducted from observations of the rear of the animal
either in person or from digital photos (43, 44), which removes
the need for individual restraint. Furthermore, identification
of animals experiencing extreme nutritional deficiencies (e.g.,
overweight/too fat or underweight/too thin), compared with
assigning a score (i.e., from 1 to 5), may reduce the time required
and hence improve on farm feasibility and reliability (10).
Underweight animals may have decreased feed intake where their
energy expenditure exceeds nutritional status, which may reflect
an inadequate feed supply or increased energy output, whereas
overweight animals are generally the result of overfeeding or
excessive confinement (5). In the present study, the amount of
underweight and overweight goats appeared similar (4.0 and
3.9%, respectively), indicating that feed management is an area
of potential improvement for farm managers. However, some
caution should be taken when interpreting our results as due to
the sampling strategy (i.e., sampling animals in the home pen
where animals are free to move around), some animals may
have been missed or counted twice. Other studies have reported
overweight goats ranging from 2.7 to 18.2% and underweight
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goats ranging from 3.4 to 13% (6, 12, 14). The PCA shows
that there was a positive correlation between underweight, fecal
soiling, and poor hair coat condition, which may be associated
with disease. Paratuberculosis or Johne’s disease is a chronic
wasting disease that affects ruminants and causes persistent
diarrhea, progressive weight loss and may lead to death (48,
49).

Disbudding is a common husbandry procedure carried out
to prevent horn growth that can result in injuries [see review
by (50)]. If incomplete disbudding is performed (i.e., not
enough horn bud tissue removed), then scurs will likely result.
Scurs are partial horn regrowth’s that are not fused to the
frontal bone of the skull. Animals that have been disbudded
unsuccessfully and have scur development or not disbudded
at all and have horns, can have injurious interactions with
conspecifics (51). Furthermore, horned and hornless goats show
differences in their behavior toward each other, in that horned
goats display more threat behavior compared with hornless
goats, which attack others more frequently (52, 53). Previously
reported rates of scurs range from 6.4 to 12.7% (6, 12, 14)
and a single study reported 1.5% of goats assessed (∼23 of
1,520 goats) were not disbudded and had horns (6). We
observed scurs and horns at a rate of 5.5 and 1.2%, respectively,
which showed a positive correlation in the PCA. Together,
these results demonstrate firstly, the difficulty in preventing
horn regrowth in goats, and secondly, deficiencies in adequate
training and practice of the operators performing disbudding,
which is an area gaining attention for dairy calves (54, 55),
but is still required for the dairy goat industry. In addition,
extended iron application can cause brain injury in goat kids
(56), which may mean that disbudding operators use less
application time than required to adequately destroy the horn
buds to avoid brain damage. Therefore, alternatives to cautery
disbudding that reduce or eliminate pain and brain injury should
be investigated.

Lameness is a debilitating condition that is associated with
pain (57) and is a common issue on dairy goat farms with a
range of 9.1 to 24% (6, 31, 32) and 1.7 to 3.1% in the UK
and Europe, respectively (7, 12, 14). Lameness can be caused
by multiple factors including overgrowth of claws (with or
without conformational changes of the hoof) associated with
infrequent hoof trimming or lack of natural wear, or diseases
such as interdigital dermatitis, foot rot, foot lesions or caprine
arthritis encephalitis (31, 32, 58). Furthermore, lameness is a
useful behavioral indicator of pain in sheep (59, 60) and cattle
(57, 61, 62), but studies on pain associated with lameness in
goats are limited. Scoring systems for evaluating lameness in
goats typically use a 4-point scale (7, 31, 63). Although, more
recently, Deeming et al. (65) developed a 5-point scoring system
to identify initial signs of lameness in goats (i.e., uneven gait)
allowing for early intervention. Gait scoring individual animals
was impractical in the present study due to the high number of
animals observed, therefore only goats that were obviously lame
were quantified. We observed a relatively low number of lame
goats (1.2%), compared to the other studies described. Apparent
differences in lameness rates across studies may be associated
with different management practices, such as frequency of hoof

trimming, the availability of hard surfaces or outdoor spaces
to encourage natural wear of claws and how lameness was
evaluated (10). Anzuino et al. (6) assessed lameness whilst the
goats were exiting the milking parlor, whereas the other studies,
including the present study, assessed lameness in the pens, where
the soft bedding material may have concealed those goats with
minor or moderate lameness (6). Additionally, the use of level
surfaces (i.e., flat) for gait scoring may provide the most accurate
reflection of lameness (57), which may not always be present.
Another factor affecting the rates of lameness observed in the
present study is that due to the sampling strategy (as for BCS),
some animals may have been missed or counted repeatedly
due to sampling in the home pen with animals able to freely
move around.

We acknowledge that our study was not without limitations.
To our knowledge there were no publicly available databases
of dairy goat farms within the Midwestern US that we could
access, thereby preventing random selection of farms. Therefore,
farms included in this study were self-selected meaning that the
data collected may not be representative of the wider dairy goat
population in the Midwest US as a whole. However, our study
was able to provide useful education resources and information
on goat well-being for those producers that were involved. In
follow-up visits, we can evaluate whether the benchmarking
reports affected dairy goat well-being.We acknowledge that there
was likely an effect of how the data was collected in separate
sampling periods on our results; for example, queuing behavior
was observed prior to milking on some farms and following
milking on others and motivation to access the feed rack was
likely affected. Further, the time of feed distribution relative to
assessment of the home pen was not recorded, which may have
also influenced the level of queuing behavior observed as fresh
feed was likely not fed out at the same time across farms. Ideally,
all assessments would have been completed at the same time of
the day across farms, but this was not possible in the present
study due to logistical restraints of time and personnel. The
amount of time that the goats were observed in the pen was
not recorded consistently, however, these times generally differed
between farms, due to the difference in the number of animals
on each farm. This likely affected the number of animals across
farms observed for the various behavioral indicators assessed
(e.g., queuing, kneeling). In addition, the difference in time spent
in the milking parlor observing individual goats likely impacted
on our results, as goats that were slower to enter the milking
parlor for some reason (e.g., less dominant, sick, or injured), may
have beenmissed. There is need for a more standardized protocol
in relation to observations around feeding times and morning or
afternoon milking sessions as outlined above. Future studies on
welfare assessment are required that utilize a greater sample of
goat farms (than the present study) and those that are randomly
selected, to achieve a more accurate reflection of areas of dairy
goat welfare deficiency in the Midwestern US.

In conclusion, our developed protocol for evaluating dairy
goat welfare on farm in the Midwestern US identified areas
of deficiency including knee calluses, claw overgrowth, poor
hygiene, skin lesions, poor hair coat condition and ear
pathologies. Further, using this protocol to assess a combination
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of welfare indicators, we have identified farms that may require
changes to husbandry practices or the environment in order
to improve goat welfare. The results of this research can
be used by producers to improve dairy goat welfare and by
researchers to continue evaluating welfare assessment on-farm in
the Midwestern US.
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Several precision livestock farming (PLF) technologies, conceived for optimizing farming

processes, are developed to detect the physical and behavioral changes of animals

continuously and in real-time. The aim of this review was to explore the capacity of

existing PLF technologies to contribute to the assessment of pig welfare. In a web search

for commercially available PLF for pigs, 83 technologies were identified. A literature

search was conducted, following systematic review guidelines (PRISMA), to identify

studies on the validation of sensor technologies for assessing animal-based welfare

indicators. Two validation levels were defined: internal (evaluation during system building

within the same population that were used for system building) and external (evaluation

on a different population than during system building). From 2,463 articles found, 111

were selected, which validated some PLF that could be applied to the assessment

of animal-based welfare indicators of pigs (7% classified as external, and 93% as

internal validation). From our list of commercially available PLF technologies, only 5%

had been externally validated. The more often validated technologies were vision-based

solutions (n = 45), followed by load-cells (n = 28; feeders and drinkers, force plates and

scales), accelerometers (n = 14) and microphones (n = 14), thermal cameras (n = 10),

photoelectric sensors (n = 5), radio-frequency identification (RFID) for tracking (n = 2),

infrared thermometers (n = 1), and pyrometer (n = 1). Externally validated technologies

were photoelectric sensors (n = 2), thermal cameras (n = 2), microphone (n = 1),

load-cells (n = 1), RFID (n = 1), and pyrometer (n = 1). Measured traits included activity

and posture-related behavior, feeding and drinking, other behavior, physical condition,

and health. In conclusion, existing PLF technologies are potential tools for on-farm

animal welfare assessment in pig production. However, validation studies are lacking

for an important percentage of market available tools, and in particular research and
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development need to focus on identifying the feature candidates of the measures (e.g.,

deviations from diurnal pattern, threshold levels) that are valid signals of either negative

or positive animal welfare. An important gap identified are the lack of technologies to

assess affective states (both positive and negative states).

Keywords: PLF, sensor, validation, welfare, sows, piglets, fattening pigs

INTRODUCTION

Animal welfare comprises three components (1): natural living,
affective states, and basic health and functioning. Natural living
corresponds to the ability of animals to live according to their
behavioral needs. An affective state refers to animal’s emotions
and moods, which can go from negative (e.g., depressed) to
positive (e.g., pleasure). Basic health deals with the normal
biological functioning and fitness of animals.

These three components of animal welfare can be measured
by indicators based, primarily on the animal, but the surrounding
environment can also provide useful information. Animal-based
indicators provide a more direct measure of the welfare of the
animal compared with resource-based indicators. As an example,
to assess the absence of prolonged hunger, Welfare Quality R©

(WQ) (2), one of the most spread animal welfare assessment
protocols, uses the body-condition score as an animal-based
indicator. However, in the absence of a reliable animal-based
indicator for assessing the absence of prolonged thirst, a resource-
based indicator such as water supply, is used, which can only
inform about an aspect of the environment animals live in.

Knowledge on the welfare of pigs is important for producers
(3) and consumers (4). As an example, for producers, poor
health or the presence of damaging behavior such as tail biting
negatively impact growth performance (5, 6). Diseases and
injuries might urge producers to increase the use of antibiotics
(7). Regarding consumers, animal welfare is considered as an
important aspect of product quality (8), and studies indicate
their willingness to pay for pork produced with enhanced welfare
(9–11). Goods produced under improved welfare conditions
can be communicated to consumers by certification schemes
and associated labeling. Most animal welfare labels related to
pig farming in Europe have requirements concerning resource-
based welfare indicators such as a space allowance, provision
of bedding and enrichment, and minimum transportation
time (12). However, animal-based indicators have gained more
attention, especially after the WQ protocols were published.
For example, most pig welfare labels consider mother-offspring
interaction through setting a minimum weaning age (e.g., Mehr
tierwohl in Germany, Beter Leven in Netherlands, and Bedre
Dyrevelfærd in Denmark).

At present, an adequate assessment of farm animal

welfare requires a substantial amount of time and effort.

Furthermore, current welfare assessment protocols have some
other limitations. To mention a few, they do not contain all
three components of animal welfare (1), often lack animal-based
indicators, focus on expressing the welfare status at group (farm)
level instead focusing on the individual (13), and are largely

based on human observation (14), which might imply some
subjective judgements (15). This means that current protocols
provide a limited picture of the welfare of animals throughout
their life, restricting the capacity for early detection welfare
problems as well as overall life-time welfare.

The use of monitoring technology in animal production
systems to optimize farming processes and reduce human
workload, often called precision livestock farming (PLF), is
growing. According to Berckmans (15), the objective of PLF is
to provide the farmers with tools for online and continuous
monitoring of the status of the animals and their environment.
These tools may therefore help in decision-making and
management of the herd (16). Moreover, PLF could contribute
with relevant information related to animal welfare in an easier
and quicker manner, making continuous welfare assessments
more feasible.

Different sensors exist to measure features of individual
pig behavior, and/or physical conditions (e.g., accelerometers,
microphones, cameras) (17). PLF can add value for the welfare
assessment of animals by (1) allowing individual or sub-group
tracking, (2) avoiding stressful procedures involving an animal
handling during assessment (e.g., by body weight measurements
using video cameras instead of manual weighing), and (3)
allowing real-time monitoring. In addition, allows implementing
early-warning signals of suboptimal status of the animals, to
prevent welfare problems (18). PLF technologies have some
limitations though. Technologies are created by humans, who
set limits for specific problem detection (e.g., tail biting), so
could also be burdened with certain subjectivity (18, 19). Also, as
demonstrated in large-case studies for sensor profitability in dairy
farmers, investment in PLF technologiesmight not necessary lead
to economic gain (20, 21). In addition, not all PLF tools have
an automatic alert, making a gap between the time of problem
detection and the potential intervention of the staff. Reliability of
data management could be considered a further limitation, since
it is carried out by the PLFmanufacturing company, which in fact
are the data owners. To improve transparency, evaluation on the
PLF tools performance by external bodies is essential.

A procedure for validation in the real operation environment
of a technology is required before it is transferred to the market
(22). Validation is the procedure for evaluating the performance
of a technology contrasted with a gold standard to know if it
achieves satisfactory prediction accuracy of a measured trait (23).
For instance, how well a thermal camera detects fever, compared
with a standard thermometer, or how well an automatic feeding
system can detect feeding behavior. This validation procedure
should be performed internally (on a sample of individuals
during the system building), but also externally (on different
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individuals than those used during building phase) (24). For the
sake of transparency, buyers (i.e., farmers) need to know the
exact features of the technology they are buying and how accurate
they monitor a given condition. It is preferable that the external
validation need is carried out by independent bodies.

To the best of our knowledge, an overview of existing
PLF technologies that potentially can be used for pig welfare
assessments and the validity and reliability of these technologies,
is still lacking. The aim of this review is to explore market
available PLF technologies that are potentially applicable in
commercial pig production, and to review (1) their ability to
contribute to longitudinal welfare assessment, and (2) their state
of validation. This review focus on technologies that have been
validated (either internal or external) and which results have
been published.

MATERIALS AND METHODS

Search for Commercially Available
Technologies
A web search to identify commercially available PLF systems
for pigs was conducted by using Google search engine by
one researcher (YG), between February and April 2020. Search
terms included pigs (and related words such as sows, piglets),
and different technologies known to monitor animal-based
welfare indicators for pigs. Technologies provided by a wide
range of suppliers were scanned. More specifically, the search
criteria included the following animal categories: (pig), (piglet),
(weaner), (fattener pig), (sow), and the technology using one of
the following terms: (automatic drinker OR automatic waterer),
(automatic feeder), (electronic feeding station), (activity sensor
OR activity monitor), (RFID), (GPS), (thermal camera), (infrared
thermometer), (automatic weigh scale), (sorting scale), (weight
camera), (body condition score sensor OR automatic body
condition score), (body condition camera), (lameness sensor),
(automatic lameness detection), (pressure mat OR force sensor),
(automatic behavior analyzer), (image-based behavior analyzer),
(body-temperature sensor), (automatic sound analysis), (cough
sensor OR cough monitor). No boolean operators were applied,
except OR boolean, as Google does not allow the use of ∗ to
automatically fill the search term to include related words. The
example search looked as follows: pig automatic weigh scale OR
automatic weigher.

The first five pages (50 hits) of results in each search
were reviewed. Only commercially available technologies were
selected for further review, excluding prototypes or devices
in the building phase. If required, technology providers were
approached to clarify the stage of development. Information on a
sensor name, provider name, internet link, sensor type, aim, and
provider country were summarized. Information regarding the
production phase that the technology is applicable or designed
for, was also specified.

Literature Search
Following the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines (25), a literature search
was conducted by one researcher (YG), and verified by a

second researcher (AS). The search was focused on finding
external validation studies on PLF technologies for pig welfare.
In addition, the obtained data set (studies reporting different
validation levels) was used for checking internal validation to find
potential technologies for pig welfare monitoring that are not yet
externally validated.

The literature search was conducted through Web of Science
and Scopus databases, between the 1st of June and the 31st
of July 2020. Search terms included: different phases in the
production cycle of pigs, terms regarding validation, types of
sensor or their commercial names. Besides, some animal-based
welfare indicators were included as search terms, including
body temperature, body weight, and locomotion as physical
condition indicators; activity, feeding, drinking and vocalizations
as behavioral indicators; and cough and lameness as physiological
indicators. Search terms related to individual recognition and
animal location in the pen were also included.

Search terms were applied to title, abstract and keywords
as follows:

(pig OR sow OR weaner OR piglet OR fattenn∗)
AND
(validat∗ OR evaluat∗ OR assess∗ OR test∗)
AND (one of the following search combinations)

1. (accelerometer), ((“activity sensor” OR “motion sensor” OR
“locomotion sensor” OR “infrared motion” OR (activity
AND automat∗))

2. ((position∗ AND sensor) OR rfid OR “tracking system”)
3. ((vision AND camera) OR “image analysis”)
4. ((thermistor OR infrared) OR (body temperature) AND

(monitor∗ OR detect∗ OR sensor)
5. ((scale∗ AND weigh∗) AND automat∗)
6. (“body condition scor∗” AND sensor OR automat∗)
7. ((“feeding behavior∗” OR “feeding behavior∗”) AND sensor)
8. (“feeding station” OR “feed∗ meter” OR “water meter” OR

“automatic feeder”)
9. (“drinking behavio∗” AND monitoring)
10. ((sound AND sensor) OR (cough AND detect∗))
11. (respiratory AND distress AND monitor)
12. ((sound AND sensor) OR (vocali∗ AND detect∗))
13. ((gait OR lameness OR lame∗) AND (sensor OR “image

analy∗” OR image OR automat∗ OR mat OR “pressure mat”
OR “pressure sensor” OR “force plate∗”))

NOT (review OR beef OR sheep OR survey OR goat∗ OR hors∗

OR pipeline OR genom∗ OR “wild boar” OR “swine model” OR
“porcine model”).

To make sure that all technologies identified in the first search
were checked for validation, an additional search of literature
using the name of identified commercial sensors in Google
(Supplementary Table 1) was performed. An example of search
criteria for “FLIR T300” technology was: pig OR piglet OR weaner
OR fattener OR sow FLIR T300.

Inclusion and Exclusion Criteria
Only peer-reviewed articles, written in English and published
between January 2000 and July 2020 were considered. Articles
related to welfare assessment in species other than domesticated
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FIGURE 1 | Countries of origin of commercially available PLF technologies with potential use in pig welfare assessment. For companies with multiple locations,

address of the headquarter was used. Some companies have operations in more than one country.

TABLE 1 | Commercially available Precision Livestock Farming technologies categorized by the sensor type and measured trait.

Type of technology Animal-based measure Number of identified % over total commercial

technologies solutions (n = 83)

Load cells and flow meters Force plates Gait attributes 2 Load cells with

RFID

18

22% 45%

Load cells Feed intake 3

Flow meter Water intake 2

Load cells/Flow meter 1

Feeder/drinker Feed/water intake 5

Scale Body weight 5

Feeder/drinker/RFID Feed/water intake/body weight 15 Load cells without

RFID

19

23%

Scale/RFID Body weight 4

Cameras Body weight 14 22 26%

Behavior and activity 8

Thermal cameras Body temperature 10 12%

Microphones Cough 2 5 6%

Animals sounds 3

Accelerometers Activity 4 5%

Body temperature devices Contact-temperature device Body temperature 2 2%

Pyrometer Body temperature

Photoelectric sensors Lameness 2 2%

GPS Location 1 1%

RFID Individual identification and

tracking

1 1%
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FIGURE 2 | Modified PRISMA flow diagram (25) with the systematic review search strategy and study selection.

pigs (Sus scrofa) were excluded. Studies not addressing
technology development or validation, as well as studies using a
PLF technology, but not testing its performance or validating it,
were also excluded.

Only articles addressing automated and on-farm applicable
PLF technologies were included in this review. Studies testing on
pigs not meant for farm practices (e.g., minipigs) were excluded.

Articles neither dealing with aspects directly related to animal
welfare (such as estrus detection) nor with animal-based welfare
indicators (e.g., environmental measurements such as climatic
aspects) were excluded. Duplicates were also removed from the
data set.

Selected studies were grouped based on the type of PLF
technology [accelerometers, photoelectric sensors, RFID (Radio
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Frequency Identification), load-cells, flow meters, microphones,
cameras, thermal cameras, infrared (IR) thermometers,
pyrometers]. The final data set included sample size, production
phase, and the relevant animal-based indicator(s).

Study Classification
A gold standard is defined as a criterium by which given tool
was evaluated (26, 27). In the conducted review, there were three
possible options:

1) tool was validated against a human observer,
2) tool was validated against other tool with well-defined

performance record,
3) tool was validated based on its ability to detect change

in animal behavior or physical condition during
planned experiment.

As in Stygar et al. (28), a similar review but focusing on dairy
cattle PLF technologies to monitor animal welfare, and based on
Altman et al. (24), we defined the following levels of validation:

1) External self-validation: studies where the system was
evaluated using a fully independent data set, meaning
that data was collected from different herds not used for
system development. Validation was conducted by either one
scientist, at least, involved in the technology development
or by someone representing the company who owns
the technology.

2) External independent validation: studies where the technology
was validated using a fully independent data set, from different
herds than those used for technology development, and
research was conducted by independent scientists with no
relationship with the company that owns the technology.

3) Internal validation: studies where the technology was
validated using the same data set as for technology building,
or where the commercial name of the technology was not
specified, or the origin of the validation data set was unknown.

For determining the validation level within the literature search,
the technology and the validation location were identified. The
technologies were identified by looking for their commercial
names or papers describing its development phase (prototypes).
Studies where the specific location of herd was not mentioned
(for example due to privacy concerns), but clearly used different
herds than for system building, were included as external
validation level.

RESULTS

Commercially Available Technologies
All PLF technologies with a potential link to animal-based pig
welfare assessment are listed in the Supplementary Table 1. In
total 83 technologies were found, based on 10 different types
of sensors, from 46 different providers whose headquarters
are located in 17 countries. Figure 1 shows the origin of
the commercially available technologies. Most of the providers
are located in the United States of America (n = 22), the
Netherlands (n = 18), and Germany (n = 11), followed by
Belgium (n = 7), China (n = 5), and Canada (n = 4).

FIGURE 3 | Temporal distribution of validation studies on PLF technologies

included in this review, with potential use in pig welfare assessment.

Location of providers was identified in a minor extent in other
countries (including Spain, Australia, Slovakia, Scotland, Austria,
Switzerland, Turkey, Sweden and England).

As summarized in Table 1, load-cells based and vision-based
technologies were the largest groups of identified technologies.
Thermal-image technology was the third most common
type of sensor. Remaining identified technologies included
microphones, accelerometers, body temperature devices,
photoelectric sensors, GPS (Global Positioning System), and
RFID (for animal tracking). Most of the identified commercial
tools can be used for different pig production phases, however,
some are targeted at a specific production phase. Of the
commercially available technologies, 39% was used for fattening
pigs, 33% for sows, and 28% for piglets and weaned piglets.
Load-cells based and vision-based body-weight tools are mainly
used for fattening pigs. No technologies exclusively developed or
adjusted for piglets and weaners were found.

Literature Search on Validation Trials
The literature search through databases provided 2,463 results.
Nineteen studies used the commercial names of technologies
identified in the web search. After removing duplicates and
applying the inclusion and exclusion criteria, 111 studies
remained. The PRISMA flow diagram in Figure 2 describes the
stages of studies selection process and reasons for exclusion.

As illustrated in Figure 3, the number of publications on
PLF internal and external validation increased over the last
decade. Neither the internal nor the external validation studies
followed any particular pattern of temporal distribution of
the publications. Only eight (7%) of the 111 selected studies,
fulfilled the external validation criteria, whereas 103 (93%) were
classified as having an internal validation (Figure 4). Within
the internal validation studies, 23 (22%), did not meet the
criteria for external validation, but could be included as internal
validation. In 18 of those 23 studies, the name or origin of the
sensor was not provided; it was therefore impossible to identify
its commercial availability or development stage. This applied
to nine studies with camera-based technologies (29–37), three
studies on load-cells [a drinker (38), a scale (39), and a force plate
(40)], two on RFID (41, 42), two on accelerometer (including
one on accelerometer and microchip for body-temperature)
(43, 44), one study on microphone (45), and one on load
cells with RFID (46). In the other five of those 23 studies,
the origin or location of the herds used, or the origin of the
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FIGURE 4 | Number of studies classified as internal or external validation for different sensor categories.

TABLE 2 | Number of peer-reviewed validation studies on sensor technologies used in pig production, categorized by sensor type and validation level (internal or external).

Type of sensor Number of internal validation studies Number of external validation studies Total number of validation studies

Camera 45 0 45

Load-cells With RFID- 8 (Feeders-9 Drinker-1) With RFID- 1 (Feeder-1) With RFID- 10 (Feeders-10 Drinker-1)

Without RFID- 7 (Force plates-5 Scales-2) Without RFID- 0 Without RFID- 7 (Force plates-5 Scales-2)

Accelerometer 14 0 14

Microphone 13 1 14

Thermal camera 8 2 10

Photoelectric

sensors

3 2 5

Flow meters 2 0 2

RFID 1 1 2

Non-contact

body-temperature

sensors

Infrared thermometer- 1 Pyrometer- 1 Infrared thermometer- 1 Pyrometer- 1

The bold numbers indicates the total sum of the number of internal and external validation studies on each type of sensor. In brackets: the specific sensors included in each sensor type

category.

sensor was not described [two studies on thermal cameras (47,
48), one on load cells with RFID in a feeding station (49),
one on cameras (50), and one on microphone (51)]. From
the obtained list of commercially available PLF technologies,
14% were validated in some identified papers of literature
search (12 of 83 technologies), of which 5% corresponded to
external validation (52–55).

An overview of internal and external validation studies
can be found in Table 2. Most internal validation studies
concerned camera-based technologies, followed by load-
cells based technologies. The next most frequent validated
type of sensors were accelerometers and microphones,
followed by thermal-cameras, photoelectric sensors,
flow meters, and RFID (for animal tracking). The
less common validated technologies were non-contact
body-temperature sensors (infrared thermometers,

and pyrometer). All validation studies, together with
performance indicators, are described in detail in
Supplementary Table 2.

Regarding the productive phase of animals used for the
studies, the most frequently used pigs were fatteners (51 studies),
followed by sows (28 studies), and weaners (21 studies). Sensors
for piglets and gilts were less frequent (eight and five studies,
respectively). In our results on commercial search, no PLF
solution developed or adapted exclusively for piglets or weaners
was identified. However, research on PLF solutions for piglets
exists, as studies on cameras, thermal cameras, feeders with RFID,
microphones, photoelectric sensors, pyrometers and RFID for
tracking were identified using young pigs (from birth to 10 weeks
old or up to 70 days old) as target animals. Five studies used
pigs in general, not specifying the productive phase. Sample size
used in the selected studies are illustrated in Figure 5. Some
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TABLE 3 | Studies on externally validated (independent or self-validated) sensor technologies with potential use in pig welfare assessment, specifying the sensor type,

commercial name, the animal-based indicator assessed and its evaluation level (individual or group).

Technology name Indicator Reason of use

(monitored trait)

Evaluation

level

Nr of

validation

trials

Used sensors Independent

validationa

Self-

validationb

OPTEX RX-40QZ Activity and

posture-related

behavior

Active and/or passive

(without distinguishing on

activity type)

Group 1 Photoelectric (56)

STREMODO

(commercially unavailable)

Physical condition Stress vocalization (due to

handling)

Group 1 Microphone (57)

FLIR E5 thermal imaging

camera

Physical condition Body temperature Individual 2 Thermal camera (53)

FLIR ThermoCAM S60 Physical condition Body temperature Individual (54)

FIRE Physical condition Body weight Individual 1 Load cells and RFID (52)

Feeding and

drinking behavior

Feed intake (kg)

Pyrometer Optris Physical condition Body temperature Individual 1 Pyrometer (55)

Prototype system Feeding and

drinking behavior

Feeding behavior, feeding

time and/frequency

Individual 1 RFID (58)

Standing lying sensor Activity and

posture-related

behavior

Posture change (between

lying, standing and sitting)

Individual 1 Photoelectric (59)

aExternal independent validation—validated using independent data set (different animals and herd than for technology building) and co-authors were not involved in

technology development.
bExternal self-validation—validated using independent data set (different animals and herd than for technology building) and was developed and validated by at least one the same

co-author (based on the authorship of papers) or have been validated by at least one co-author representing a company providing a technology.

patterns were observed in relation to the size of the samples
and validated technology. The smallest sample size (including
samples of <10 animals) was used in studies validating cameras
(eight studies), accelerometers (five studies), microphones (three
studies), RFID for tracking (one study), and force plates (one
study). However, most of the studies on accelerometers (11 out
of 14 studies) and force plates (four out of five studies) were
conducted using sample sizes smaller than 24 animals. Automatic
feeders and drinkers, with or without RFID, and sorting scales
systems, were mostly validated in studies using sample sizes from
55 to more than 1,000 animals. Three studies on drinkers with
RFID validated the technology using samples between 25 and 30
animals. Studies validating accelerometers, force plates, cameras,
microphones and RFID for tracking of animals used samples sizes
from 3 tomore than 500 animals. Studies on thermal cameras and
photoelectric sensors also were performed using varied ranges of
sample sizes (from 11 to 297 animals). In the external validation
studies sample sizes were between 20 and 63 animals.

Validation Studies and Technologies for
Welfare Assessment in Pigs
External Validation Studies
Table 3 summarizes the externally validated (self-validation and
independent validation) technologies with potential use for pig
welfare assessment.

Measured Traits and Technologies in Internal and

External Validation Studies
Table 4 provides an overview of technologies tested to monitor
different welfare indicators related to pig production. Validated

FIGURE 5 | Sample size (the number of animals) used for external or internal

validation in the reviewed studies.

traits were grouped in following categories: activity and posture-
related behavior, feeding and drinking behavior, other behaviors,
physical condition, and health-related traits.

Activity and Posture-Related Behavior
We identified five sensor types (cameras, accelerometers,
photoelectric sensors, thermal cameras, and RFID) that were
used for activity measurement (Table 4). The following traits
were monitored: general motion activity (active, inactive state),
walking (number of steps, identified as separate behavior),
tracking (identifying location or number of animals in this
location), postural state and transition between states (lying,
standing and sitting), as well as general motion activity and
tracking (studied in relation to thermal comfort). We identified
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TABLE 4 | Summary of internally and externally validated technologies to monitor different pig welfare indicators, classified by monitored trait and sensor type.

Indicator Reason of use (monitored trait) Technologies tested

Activity and

posture-related

behavior

Active and/or passive (without distinguishing on activity type) Accelerometer (60–65)

Photoelectric sensor (56)a, (66–68)

Camera (30, 69–71)

Lying Camera (72–76)

Accelerometer (43, 60–62, 77, 78)

Standing Camera (72–74, 79)

Accelerometer (43, 62, 77)

Sitting Camera (72–74)

Accelerometer (43, 77)

Kneeling Camera (73, 74)

Posture state and transitions between states (e.g., between lying and

standing)

Photoelectric sensor (59)a

Accelerometer (78)

Camera (74)

General motion activity and tracking (related to thermal comfort) Camera (34, 76, 80)

Accelerometer (78)

Thermal camera (81)

Walking (number of steps) Accelerometer (61)

Tracking (identifying location or number of animals) Camera (32, 82–84)

RFID (41)

Feeding and drinking

behavior

Feed intake (kg) Load cells with RFID (52)a, (49, 85)

Feeding time and/or frequency RFID (42, 58, 86)a, (87, 88)

RFID and environment temperature and humidity sensors (46)

Camera (37, 73, 74)

Accelerometer (61, 64)

Hunger stress identification Thermal camera (89)

Microphone (90–92)

Nursing, suckling Camera (37)

Drinking time and/or frequency RFID (93)

Accelerometer (64)

Camera (37, 73, 74, 94–97)

Thirst stress identification Thermal camera (89)

Microphone (90, 92)

Other behavior Nest- building behavior Accelerometer (98)

Aggressive behavior Camera (99–104)

Accelerometer (64)

Cascade defense (freezing and startle duration) Camera (105)

Rooting Accelerometer (61)

Mounting behavior Camera (97, 106)

Tail biting Camera (50, 107)

Water flow meter and environment temperature sensor (108)

Exploratory behavior Accelerometer (64)

Playing behavior Camera (96)b

Accelerometer (64)c

Physical condition Gait attributes Load cells [force plates, (35, 40, 109–111)]

Camera and accelerometer (112), Camera (113)

Cough detection Microphone (45, 51, 114, 115)

Body weight Camera (29, 33, 36, 116–122)

Load cells (scales) with RFID (52)a

Load cells (scales) (39, 123)

Muscle score Camera (124)

Body temperature Thermal camera (48, 53)a, (54)a, (125, 126)

Pyrometer (55)a

Stress (e.g., due to heat or cold, pain, fear) Microphone (57, 90)a, (91, 92, 127–130)

Thermal camera (89)

(Continued)
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TABLE 4 | Continued

Indicator Reason of use (monitored trait) Technologies tested

Health-related traits Lameness and claw lesions detection Accelerometer (131)

Camera (35)

Thermal camera (132)

African Swine Fever (sign: changes in activity level) Camera (31)

Accelerometer and microchip for body temperature (44)

Influenza A virus (signs: fever) and changes in activity level IR thermometer (133)

Respiratory disease Thermal camera (47, 134)

Microphone (135, 136)

General health problems RFID (137)

Diarrhea Water flow meter (38)

aExternal validation study.
bWater base play.
cUse of manipulating material.

five sensor types (cameras, accelerometers, photoelectric sensors,
thermal cameras, and RFID) that were used for activity
measurement. Studies on accelerometers were mostly developed
for sows, to classify postures and activity. Several studies
validating the use of image analysis for postural states monitoring
were found. For activity traits related to tracking (individual
recognition and pen location), two types of sensors were
identified: cameras and RFID. General motion activity and
tracking related to thermal comfort (clustering behavior) was
assessed using thermal-imaging.

Feeding and Drinking Behavior
Five types of technologies were identified for monitoring feeding
and drinking behavior: RFID (feeders and drinkers), cameras,
accelerometers, thermal cameras, and microphones (Table 4).
Measured traits were: feed intake, feeding and drinking frequency
and duration, stress related to hunger or thirst, as well as nursing
and suckling behavior. Sows’ nursing behavior was monitored
using cameras (37). The estimation of stress conditions related
to hunger and thirst was assessed by vocalizations (90–92)
using microphones and via skin temperature using thermal
cameras (89), applying different stressors to the animals. Feed
intake was monitored using RFID in an electronic feeding
station (52, 85). Evidence suggests that the performance of RFID
feeders for monitoring feeding behavior is negatively affected by
accumulation of debris under the feed trough, the large number
of pigs per feeder space and pen space allowance (52). Therefore,
frequent recalibration of the device is needed. Other studies
validated feeding stations for monitoring individual daily feed
intake (49). RFID systems were also validated for registering
feeding and drinking patterns of individual growing-finishing
pigs (58, 86, 93). Drinking patterns can be monitored using video
analysis for evaluating visits to the drinker and contact time
(94, 95), and for distinguishing drinking from drinker-playing
behavior (96). Cameras for the identification of behavior of sows
were used for identifying feeding and drinking behavior in the
farrowing crate (37, 73, 74), as well as in group-housed sows (97).

Other Behavior
For monitoring other behavior, accelerometers, cameras, and
water flow meters were used (Table 4). Cameras were the most

often tested for monitoring other behavior (n = 12), followed by
accelerometers (n= 5). Cameras were used for assessing behavior
as a predictor of tail biting outbreak (restlessness) (107), as well
as for recognizing high and medium aggression events based
on image detection of motion and acceleration (as displacement
in image) (100–103). Accelerometers were used for assessing
movement associated to nest-building (98) and aggression (64).
Water flow meters have been used in a study for predicting
tail biting outbreaks by combining the frequency of use of
water points and ambient temperature (108). Image analysis was
also used for recognizing movement and location associated to
walking, running, exploring, playing, nursing, feeding, urinating
and mounting. Image methods for analyzing low tail posture as
an early warning of tail biting have been studied (50). None of the
vision-based tools have been externally validated (see Table 2).

Physical Condition
The following technologies were identified for monitoring
physical condition: load cells (force plates, scales), load cells with
RFID, cameras, microphones, thermal cameras, and pyrometer
(Table 4). Measured traits included gait attributes (weight
distribution on legs, gait characteristics, axial body movements
trajectory during walking), cough, body temperature, stress (e.g.,
due to heat or cold, pain, fear), body weight as well as muscle
score (loss in muscle condition is associated to acute and chronic
diseases, and affects strength, immune function, and wound
healing). Body weight was the most studied attribute, followed by
stress and gait characteristics. Cameras were frequently used to
assess body weight. One study tested the potential of depth-image
analysis to evaluate axial body movements trajectory during
walking, as an early indicator of lameness (113). Microphones
were applied for evaluating the features of stress vocalizations,
applying stressors such as handling, cold, heat, pain, hunger and
thirst (eight studies) and for cough detection. Load cells (force
plates) were applied for gait characteristics assessment. Thermal
image was used for assessing body-temperature as an alternative
of rectal temperature measurement. Also, the usefulness of
thermal image to assess piglets’ stress by measuring body-
temperature changes when applying stressors (cold, pain, hunger,
thirst) was tested (89). One study was found using a pyrometer
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for continuously measuring body-temperature, showing negative
validation results (55). Load cells (scales) with and without RFID
were validated for assessing body weight.

Health-Related Traits
Seven technologies were identified for assessing health-related
traits: cameras, accelerometers, infrared thermometer, thermal
cameras, microphones, RFID, and water flow meters (Table 4).
The following health-related traits were assessed: lameness,
claw lesions, detection of signs of disease associated to African
Swine fever (decrease in activity), as well as Influenza A
virus (fever), respiratory disease, diarrhea, and general health
problems. Respiratory disease was the most frequent studied
health-related trait (four studies), followed by body-temperature
to detect fever (three studies), and lameness (three studies).
Acceleration in combination with body-temperature data was
tested for generating early alerts of disease (44). Acceleration
was also applied for lameness detection based on sows’ postures
(131). Thermal imaging for assessing health problems was
applied in three studies: one for detecting inflammation related
to lameness in pregnant sows (132), and two for respiratory
disease assessment (measuring skin-temperature at chest level
for detecting lung tissue damage) (47, 134). One study tested
the use of infrared thermometry for fever detection (133).
Microphones for cough detection to identify sick pigs was
applied in two studies. Moreover, RFID data were used to
detect deviations in individual pigs’ feeding patterns to point
diseases or other disturbances, correlating it with the Welfare
Quality R© protocol assessment (looking for skin, ear and tail
lesions, soiling, abnormalities in body condition, respiration,
locomotion, bursitis, lameness, or diarrhea) (137). Finally, water
usage data from flow meters have been tested as an early
indicator of potential presence of diseases at group level,
demonstrating that changes in diurnal drinking patterns of pigs
can predict, for example, a diarrhea outbreak before clinical signs
show up (38).

DISCUSSION

The aim of this review was to explore existing PLF technologies
that potentially can contribute to measure animal-based welfare
indicators of pigs and investigate their validation status. There is
a substantial number of PLF tools (83 in our commercial list) in
the market that can be potentially used to assess animal-based
indicators of pig welfare. However, only a limited number of
technologies have been internally validated, and only four market
available technologies were externally validated (two thermal
cameras, one pyrometer for monitoring body-temperature, and
one RFID feeding station for monitoring feed intake and body
weight) (52–55). Through this review, we identified important
gaps in terms of validation on commercially available sensors.
PLF tools that can identify stress due to hunger and thirst (90–92)
have been found in the literature search but not in the commercial
search. Similarly, tools that can assess play (64, 96), exploratory
behavior (64), and aggressive behavior (64, 99–104) as well as
models trained for recognizing specific diseases, such as African
swine fever (31, 44), are not yet commercially available. The

combination of different sensors as part of the same PLF solution
was identified in several studies of the literature search, but they
were not found as commercial solutions in our list (except for
the combination of RFID and load cells, and accelerometers with
body temperature sensors attached to ear tags).

Initially, we were searching for externally validated tools.
However, only eight tools with external validation records were
found. Therefore, the obtained data set has been used to find out
which technologies have potential to contribute to pig welfare
monitoring, but are not yet externally validated. Among the
market available PLF tools, only 14% were found in validation
studies. However, it needs to be noted that information obtained
from the market is an overview of available PFL tools, as only
products with websites and commercial information in English
were included. Besides, several solutions may have been left
out of the list, as we excluded technologies not addressing
animal-based welfare indicators, or without direct involvement
with animal welfare, for instance, those measuring reproductive
parameters [e.g., (138–141)], or animal identification, such as
facial recognition (142, 143).

Also, the literature search on validation studies may not have
included all relevant PLF technologies for measuring animal-
based welfare indicators. The reason for this was the choice of
search criteria. Our search criteria specified the type of sensor
applied to title, abstract and keywords. For this reason, some
studies which mention sensor type only in material and methods
section were omitted. This was the case for one study on image-
analysis, one on water meters and one on load-cells (144–146) for
instance. Pen fouling outbreaks, which can cause health problems
due to poor hygiene, can be predicted by analyzing lying behavior
using machine learning (144) and drinking patterns from water
meters (146). The usefulness of load-cells to detect abnormalities
in growth patterns of pigs at group level has been proved, even
if the animals are not individually identified, by measuring the
initial body weight, average daily gain and daily fluctuations
in body weight parameters (145). One of the exclusion criteria
was to remove articles not dealing with animal-based welfare
indicators. Hence, all papers that use environmental data for
welfare monitoring [e.g., (147), using ambient temperature data]
were excluded.

The recent development of certain technologies, such as
computer vision based technologies (analysis of static images
and video, 2D, 3D and thermal-imaging) begin to appear on
the market (148). In our review, vision-based PLF was the
type of technology that could have potentially assessed the
largest number of animal-based welfare indicators. However,
most studies using computer vision for monitoring measures
related to animal welfare assessment still report some need of
improvement. For instance, in automatic body-weight detection,
there is a need for development of algorithms accounting for
the effect of gender and genotype (118), and the refinement of
algorithms on automatic detection rate of pig boundaries (116).
Similarly, for lameness detection, some reports have suggested
the need for algorithms refinement to increase sensitivity and
reliability (113), and the need to incorporate additional elements
to the system, such as infrared lights (35). None of the reviewed
systems were externally validated.
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Performance of Validated and
Commercially Available PLF Technologies,
and Its Potential for Pig Welfare
Assessment
According to our results there are no guidelines on the reporting
of performance information in PLF validation studies. For that
reason, the differences in performance measures reported by
validation studies were not used as exclusion criteria. To be
considered valid and feasible in commercial conditions, the
performance of a technology should be tested in multiple
practical scenarios, in different types of production systems and
with different housing environments. In the reviewed studies,
external validation was only performed in 7% of studies. Low
number of validation studies can be explained by: (i) insufficient
reporting (e.g., lack of information on validation place), (ii)
low scientific interest (e.g., reluctance of scientific journals to
publish validation studies on tool not applied for research), (iii)
high costs and labor intensity of data collection, (iv) reluctance
to publish negative results, and (v) the recent development of
certain technologies. According to our results, validation trials
for commercial purposes were less common than for research
purposes, and it could be due to time and resources requirements
for validation. Besides, market available PLF technologies for pigs
are mostly calibrated by the providers, and its precision and
reliability on data management is assumed by them without an
independent validation (Table 3). The fact that PLF companies
perform validation trials themselves, and could obtain negative
results without reporting these, has to be considered as an
important reason for reluctance of dissemination.

Concerning the quality of reporting, external validation
requires specific information on the location of the trials,
the name of validated device, software provider, and studied
population, knowledge about the origin of the animals, if the
test procedure was applied in commercial or experimental
conditions, and clear information on which golden standard was
used for validation and how it was measured. Information gaps
in reporting were found in 22% of studies, for which reason were
classified as internal validation studies. Few examples are the
study of Petry et al. (48), and Guarino et al. (51), which despite
reporting their results under laboratory and practical conditions,
presented lacks of information in materials and methods
(regarding used animals, and study location, respectively).

In addition, internal validation studies with samples smaller

than 10 or 20 animals were very frequent (validating some

cameras, accelerometers, microphones, RFID for tracking, and

force plates). It was observed that larger samples (above 20

animals) were mainly used in studies validating feeders and

drinkers with or without RFID, and sorting scales. According to
Royston and Altman (23), an appropriate validation sample is
required to provide a reasonably accurate estimate of a measure
and to avoid the risk of false negatives. Thus, studies with limited
sample sizes could have low validity and are inconclusive (23).
However, at present, a standardized parameter is not known for
what could be considered a reasonable sample size (depending
on the type of technology to be validated). A remarkable lack
was found regarding technologies developed or with adapted

algorithms for young pigs exclusively. Thus, there is an important
concern in regard to the usefulness of PLF for monitoring the
welfare of young animals.

As stated by Stygar et al. (28), in the case of the dairy
cow industry, devices used for the official recording of milk
(such as milk samplers) must comply with the requirements
of the International Organization for Standardization (ISO)
to obtain the certification, and must be tested for approval
by the International Committee for Animal Recording and
Analysis (ICAR) (149). Recommendations on proper validation
procedures for PLF technologies for pig industry are still lacking.

There is a constant development of PLF technologies to
offer solutions for animal production including animal welfare.
Despite the lack of external validation for the majority of
technologies, the link between the feature measured by a sensor
and the state of the animal in terms of welfare is not always
clear. For instance, camera-based motion detection is often
mentioned as a tool for welfare assessment. However, few studies
have demonstrated a clear link between features of motion and
specific animal welfare problems, such as lameness (113), or
specific diseases (31). The performance of identified types of PLF
for monitoring animal-based welfare indicators and measured
traits in validation studies will be described below. The types of
sensors are listed in descending order, according to the number
of validation studies compiled for each. Supplementary Table 2

shows full information on the validation results of each study.

Camera-Based Technologies
Internal validation of the vision-based technologies inmany cases
reported very promising results with accuracy above 95% [e.g.,
(30, 33, 58, 73, 74, 93, 95, 97, 107, 145–147)]. However, none of
the outstanding performance results for vision-based monitoring
have been confirmed by external validation. Image-analysis has
been used for assessing sows’ postures, such as standing, lying,
and sitting (73), evaluating lying patterns in group-housed pigs
responding to thermal conditions of the pen (76, 80), detecting
animals’ location (32, 84), distinguishing drinking and drinker-
playing behavior (96), identifying feeding behavior (37, 73, 74,
97), recognizing aggression events (100–103) and tail biting (50),
estimating body weight (36, 118, 119), and detecting African
swine fever (31).

Changes in animals’ postures can be used as health indicators
(31). Although the assessment of certain postures (sitting,
kneeling) is not very accurate using vision based technologies
(72), it is possible to distinguish standing active behaviors,
such as feeding or walking, against resting patterns (30, 69).
Lying posture, predicted by image-analysis, can indicate health
problems. For instance, resting duration and frequency changes
due to diseases (31), lesions and stressful situations, are at the
same time associated to damaging behavior outbreaks (50, 107).
Similarly, resting can be used to extrapolate maternal ability of
sows, as it is associated to nursing behavior (37), and thermal
comfort in the pen (34). Lying posture can also be used for
assessing diurnal activity patterns of the animals (79). Image
technologies that detect locomotion and axial body-movement
are promising tools for assessing lameness, an important welfare
issue (113), especially in sows (35).
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Image based technologies are also able to accurately assess
drinking behavior and water usage, which are acknowledged to
be crucial for pig welfare (73, 74). Vision-based technologies
have great potential of assessing animal welfare by continuously
monitoring behaviors of pigs, which can be used to detect
changes and deviations in normal behavioral patterns related
to animals’ affective state (150). Some specific features such
as the posture of the tail can provide useful information in
relation to tail biting outbreaks or can even be related to the
affective state of the pig (150). Besides, computer vision can
provide information on behavioral changes such as interactions
between individuals, allowing the detection of aggressive events
and affiliative behaviors as nursing and playing (37). The use of
image-analysis to evaluate the cascade defense has been validated
in just one study, however, it still shows the potential of this tool
to assess fear and stress-associated conditions (105).

Body weight detection, individual recognition, behavior and
activity tracking are the most frequent uses of commercial image
PLF technologies. According to Wurtz et al. (148), one of the
difficulties of camera-based technologies is to monitor animals
at individual level. Nevertheless, results on studies validating
vision algorithms for individual identification and location, seem
to be promising (84). Image-based individual recognition is not
invasive, and can be used in real-time, helping to overcome some
of the limitations of RFID systems (stress to the animals when
attaching an RFID tag, and time requirements to the farmer
in attaching and reading). Current protocols, such as Welfare
Quality R© (2), assess the nutritional state of animals by the
body-condition. Image-analysis seems to be a promising tool to
improve the assessment of the nutritional status continuously, by
monitoring the body size (117, 122). Compiled results on camera-
based systems in farm conditions for pig weight estimation, show
potential of these tools for reducing the need of human-animal
interaction, reducing stress associated to an unfamiliar human
presence (118, 119, 124). Besides, camera-based PLF allows to
monitor specific situations as farrowing, and the detection of the
number of piglets in the farrowing pen, which has been studied
to prevent perinatal asphyxia and piglets’ crushing (83).

Load Cells and Flow Meters
Flow meters are discussed in the same section with load-cells,
as its application for welfare assessment is strongly related to
monitoring of feed-intake. Load-cells also include force plates.

Scales without individual identification have been used for
body weight measurement. Reported deviations are around 1 kg
at group (39) and individual level (123). In combination with
RFID, load-cells systems (electronic feeding stations), could
estimate body weight with a percentage error of 3% (52), showing
less accuracy than an ordinary scale. Monitoring the feed intake
by measuring the feed weight in an electronic station with RFID
was found to reach a 90% accuracy (85). An overestimation
of 1.1% of feed intake has been found in one study (49).
Feeding patterns (time and frequency) of individual growing-
finishing pigs can be analyzed by combining RFID and load-
cells, reaching an accuracy of 97% (58, 86). RFID data for
measuring the drinking behavior of individual pigs, showed 93%
of accuracy (93).

Load-cell technologies allow to monitor body weight and
growing patterns at group level. When working with RFID, load-
cells can monitor feeding and drinking patterns and growing
performance at individual level, overcoming one of the challenges
that cannot be achieved by current welfare protocols, which can
only monitor these aspects at group level. Although a normal
growth pattern may have little predictive value in terms of
good animal welfare, growth deviations or retardations have
been used to identify health issues and other welfare problems
(137). Automatic feeders with RFID are a promising technique
to understand animals’ requirements and anticipate welfare
problems based on feeding patterns deviations, allowing the
implementation of corrective measures and thus improving
animal health and welfare (46).

Force Plates
Lameness is a frequent and important welfare problem, because
of the intense pain it causes, the disadvantages that it brings
in terms of access to food and water (151, 152). Also, in the
normal housing conditions of a pig farm, which mainly use
slatted floor (151), may only exacerbate the problem. Due to
stocking density, and subjectivity of observations, the usual visual
diagnosis of lameness is challenging. The most affected animals
often lose feeding times, and consequently body condition
decreases, which gets the attention of farm staff, and that is when
observation is usually performed. Early diagnosis of lameness
can prevent the associated high culling and mortality rates,
especially for sows (152). Force plates are accurate for evaluating
gait characteristics and detecting lameness even at an early
stage (40). Several validation studies confirm their potential
(35, 40, 109–111, 153). Different features have been extracted
and validated using visual observation as a gold standard (109,
110, 153). Weight distribution of legs (percentage of weight, ratio
between the weights applied by contralateral legs, weight shifting,
amplitude of weight bearing and weight removing) significantly
correlated with the golden standard (CV= 5.22%) (111). Weight
shifting frequency and the ratio between the weights applied by
contralateral legs performed the best in terms of identifying lame
individuals (109).

Flow Meters
The use of flow meters to assess drinking patterns and water
usage, have proved useful for prediction of several welfare
conditions, such as presence of disease (38), and tail biting
outbreaks (108). Performance of warning algorithms based on
deviations from expected diurnal pattern in water consumption,
showed that the algorithms were capable to predict a diarrhea
outbreak 1 day before presentation of clinical signs (38).

Accelerometers
Accelerometers have been used to classify postures and activity
with a performance for detecting and classifying activity ranging
from 75 to 100% (60–64, 77). By classifying postures and activity
nest-building behavior can be monitored to predict farrowing
time with an accuracy of 86% (98). Acceleration data have also
been used to detect lameness based on sow postures with an
accuracy of up to 93% (131). Acceleration in combination with
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body temperature data was tested for generating early alerts of
disease, reaching 97% of sensitivity and 89% of specificity (44).

Deviations in activity pattern might point out to health issues
(44) and lameness (131). Accelerometers can therefore provide
useful information, but the application on pig farms will be
limited because sensors have to be attached to individual pigs,
implying handling stress. For instance, accelerometers may be
embedded in ear tags, which requires the perforation of an
animal’s ear for placement. Another alternative is the attachment
of the accelerometer on the animal’s back or leg, but ensuring
that the device remains in place can lead to complications.
Besides, the maintenance of a device attached to the pigs’ bodies
could be difficult under farm conditions, as it can motivate
other pigs’ chewing behavior in response to novelty of an object
(154). Short battery life of wearable sensors is also a limitation
of its applicability on farm. However, optimization of power
consumption and battery life are currently being improved (65).
For lameness detection, accelerometers can be mainly relevant to
be used in sows.

Microphones
Microphones accuracy for assessing and classifying vocalizations
was >73% (eight out of nine validation trials studies).
One sound-analysis algorithm reached an accuracy of 98%
distinguishing stress vocalizations associated to pain, using
duration and intensity of vocalization signal as a gold standard
(91). The detection of vocalizations related to hunger, thirst,
cold and heat conditions (ranged from 69 to 71%) (91). Cough
detection for localization of sick pigs at barn level using
microphones, reached an interval of confidence of 95% (135).
It was also found an accuracy from 73 to 93% for correct
identification ratio of sick pigs cough sounds (136).

Sound analysis has been used for detecting coughing pigs.
Coughing is a sign of respiratory problems or at least of poor
climate conditions (dust, ammonia). Measuring coughing is
therefore a relevant indicator contributing to animal welfare
assessment, although it cannot be done at the individual
level. Furthermore, if stress and pain related vocalizations
can be reliably identified, it could also be used to further
welfare aspects such as stress assessment and fighting events,
for instance. Distress vocalizations induced by hunger, or
extreme thermal discomfort seem to be more difficult to
classify than vocalizations due to pain (91). Future research
is needed in a larger vocal spectrum of vocal signals, not
only to assess negative welfare aspects but also for assessing
positive welfare.

Thermal Cameras
Thermal cameras are mainly used for remote sensing of body
temperature (17). Body temperature is relevant in relation to
animal welfare because over certain thresholds it can evidence
hyperthermia or hypothermia and may also reflect fever.
Besides, thermal imaging seems to be a promising tool for
monitoring physiological responses as inflammation related to
lameness (132), and animals’ distribution responding to housing
thermal conditions (81). Additionally, thermal imaging can be
a promising tool for assessing acute stress events by body

temperature changes (89). Thermal image for predicting stress
in piglets, reached accuracies of 50, 86, 91, and 100% when
stress was related to pain, hunger, thirst, and cold, respectively
(89). Thermal cameras for assessing animals’ space distribution
(clustering behavior) in function of body temperature and
radiated temperature, was validated showing a significant
correlation between clustering and temperature response (81).
Also, the correlation between thermal image measurements and
rectal temperature was high (r = 0.80) (126). Inflammation
related to lameness in pregnant sows was also detected using
thermal imaging, showing significant correlation between mean
upper metatarsal temperature and sows’ parity (132). Therefore,
thermal imaging allowed to differentiate between lame and
non-lame sows, and to detect temperature differences in the
affected leg. Hence, the welfare problem resulting from the pain
caused by the inflammation associated with lameness (151),
can be detected by thermal imaging. Thermal imaging at chest
level for the diagnosis of lung tissue alterations associated
with Actinobacillus pleuropneumoniae infection, by measuring
the body temperature at chest level, reached a specificity
of 100% (134).

Photoelectric Sensors
Photoelectric sensors, the only sensor group with external
validation records for activity measurements, showed a precision
lower than 90% (56, 66). The potential of these sensors to detect
position changes in puerperal sows showed 64% of sensitivity
and 88% of specificity (59). For monitoring activity levels in pigs,
photoelectric sensors detected movement in <1 s (67).

Photoelectric sensors can detect movement and therefore
provide useful information about the activity level and postural
transitions, which contribute to welfare assessment. According
to Besteiro et al. (56), these sensors work better with recently
weaned piglets and assessing play than feeding behavior. As
the body-weight of animals increases, the coverage area of
the photoelectric sensor decreases, resulting in less precise
measurements. In contrast, the detection of intense activity is
more precise than non-intense activity (56).

RFID
RFID technology used for individual recognition of multiple pigs
at the same RFID reader in the pen, can reach an accuracy
of 92% (41). It has been demonstrated that the use of two
RFID tags instead of one, increased the accuracy up to 97%
(58, 86). Deviations in feeding patterns as an indicator of disease,
monitored by RFID data, have showed an accuracy of 97%, and a
precision of 71% (137).

RFID is used for individual identification, and this is essential
if we want to opt for an increasingly individualized welfare
evaluation. RFID is very useful in combination with many other
devices such as scales and automatic feeders and drinkers. RFID
allows to track animals’ location. It may offer additional practical
applications such as monitoring social interaction as a possible
transmission path for diseases (155), as the contact intensity
and length between individuals may be an indicator for disease
transmission (156).
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Non-contact Body-Temperature Sensors
Non-contact body-temperature sensors revealed its limited
usefulness as an alternative to sensing temperature measurement.
The one study found on pyrometer for continuously measuring
pigs’ body temperature showed that the performance was not
reliable (55). Under fever-induced situations, comparing vaginal
thermometer data and pyrometer data in the orbital area of
animals in time periods from 0.25 to 5 h, a positive correlation
was found only in a third of the sample. The longer themeasuring
period, the fewer animals showed a significant correlation.
Similar conclusions were obtained from testing the accuracy
of infrared thermometers for body-temperature measurement,
compared to rectal temperature as a gold standard (133).
Several authors conclude that environmental conditions such
as ambient temperature, sunlight, air movement, barn and pen
configuration, and stocking density, have a significant impact
on the reliability of infrared thermometry to assess body-
temperature in pigs (133, 157).

Trends and Gaps in PLF Technologies for Pig

Welfare Assessment
To increase transparency of animal production, there is a need for
reliable data on the welfare of farmed animals. This information
is above all important for the animals as if used in a proper
way it can improve their lives. It can also assist both consumers
and producers to make decisions from an informed perspective.
For the sake of the animals and production efficiency, producers
need to monitor the health and welfare status of animals.
It may be done with reliable and up-to-date information
as early-warning systems, before implementing corrective and
timely measures. Consumers are demanding clear information
about farm animal welfare to assist them in identifying and
choosing enhanced welfare-friendly products. Recent advances in
sensor technologies increasingly allow systematic and automated
monitoring of several indicators that inform about the welfare
status of farm animals. This data could be transformed to useful
information for consumers as labeling.

However, there is a need to identify and select the most
appropriate indicators and the relevant PLF technologies to
assess them. This review, is the first of its kind, spotting
relevant technologies that can assist on this task. Nevertheless, we
identified some challenges and gaps that need to be addressed.
To date, welfare has been based on focal assessments, and
as information is mainly applicable to the day in which the
evaluation is carried out, a limited picture of welfare status
of animals is provided. PLF technologies dispense continuous
welfare information using both behavioral (e.g., activity) and
physiological indicators (e.g., body temperature and weight),
which could yield a continuous and systematic assessment at
different stages of their life, and in the future, may revolutionize
the way animal welfare is evaluated. This may allow to investigate
deviations from normality at the individual level, leading to one
welfare appraisal which is predominantly animal-based, and that
is less dependent on environmental-based indicators. Deviations
from “normal” patterns at individual level will account for
individual differences rather than trying to understand “average”
animals. Information on the evolution of animal behavior and

welfare throughout an animal’s lifetime and throughout the
chain may facilitate understanding of factors impairing or
promoting it. This understanding of animal welfare will further
be reinforced by accessibility to large data sets, only available with
the integrated automatic and systematic assessment.

There is thus a need for an integration of the different aspects
of animal welfare (i.e., health, nutrition, comfort, affective state
and natural behavior) into relevant information that could assist
stakeholders to make decisions. The combination of sensors
may provide more relevant information than if taken separately
as animal-based indicators can be related. For instance, the
use of one activity sensor may alert when an animal stops
moving, which could be a sign of different health problems
(e.g., lameness, disease), but if the activity sensor is combined
with a thermal camera informing about body temperature, the
welfare information delivered can be much more precise. In
order to cover these needs, block chain technology has been
judged useful to integrate information throughout the entire
production chain and monitor welfare at different stages of the
animal’s lives (158, 159).

Market availability and validation records of sensor
technologies dedicated to animal-based welfare monitoring
in dairy industry has been recently conducted (28). There are
clear differences between dairy and pig industry when it comes to
market availability, type of sensors used and validation records.
It seems that the pig industry is behind dairy regarding sensor
availability (and validation), especially when population numbers
are compared [pigs around 677.6 millions of heads (160) against
to 270 million oh head in dairy cattle (161)]. Looking on
the nature of production, pigs are mostly kept in groups,
and very often are not individually identified. Since lifespan
of a productive pig is limited (excluding sows), individual
identification is relatively expensive and more difficult to manage
(145, 162). Nevertheless, individual identification allows for a
more specific picture of any sub-optimal state of well-being,
which is not captured by group averages (46, 58, 85, 86, 93, 145).
There is a difference in the investment on individual animals’
identification in function of their productive objectives. Sows
are more commonly identified by RFID tags than fattening pigs,
especially in farms using electronic feeding stations, as their
productive lifespan is longer. In fattening pigs, group monitoring
is more common as it reduces the costs of assessment. This
might be a reason why some technologies, which would have
great potential for health and welfare monitoring, are so scarcely
represented on the market.

Based on market analyses, it is clear that availability of vision-
based monitoring for pigs are greater than in cattle production.
It could be due to cost concerns (163). For example, in order to
monitor the body weight of fattening pigs, few technologies could
be considered. Using a weight sorting system based on load cells
and RFID requires substantial investment on farms and might
only be feasible in newly constructed farms (164), while cameras
can be installed also to already operating systems with potentially
less financial input. Interestingly, neither of those systems are
validated externally.

In conclusion, existing PLF technologies are potential tools
for on-farm animal welfare assessment in pig production. A
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variety of animal-based welfare indicators can be monitored
on an individual scale, continuously and in real time, using
PLF. These tools had demonstrated potential for yielding a
continuous and systematic assessment at different stages of
animals’ lives, overcoming some difficulties and gaps of current
welfare assessment protocols. Thus, in the future, PLF may
revolutionize the way animal welfare is assessed and informed.
However, validation studies are lacking for an important
percentage of market available solutions, and in particular,
research and development need to focus on identifying feature
candidates of the measures (e.g., deviations from diurnal pattern,
threshold levels etc.) that are valid signals of either negative
or positive animal welfare. An important gap identified are the
lack of technologies to assess affective states (both positive and
negative states).

In this review, tools were validated against three possible
golden standards: human observer, other tool with well-defined
performance record, or based on the tool’s ability to detect
change in animal behavior or physical condition during planned
experiment. The need for an established protocol for the
validation procedures of PLF technologies can be noticed, as
the measurements presented in the performance reports are
very heterogeneous.
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The Welfare Quality® consortium has developed and proposed standard protocols

for monitoring farm animal welfare. The uptake of the dairy cattle protocol has been

below expectation, however, and it has been criticized for the variable quality of the

welfare measures and for a limited number of measures having a disproportionally large

effect on the integrated welfare categorization. Aiming for a wide uptake by the milk

industry, we revised and simplified the Welfare Quality® protocol into a user-friendly

tool for cost- and time-efficient on-farm monitoring of dairy cattle welfare with a minimal

number of key animal-based measures that are aggregated into a continuous (and thus

discriminative) welfare index (WI). The inevitable subjective decisions were based upon

expert opinion, as considerable expertise about cattle welfare issues and about the

interpretation, importance, and validity of the welfare measures was deemed essential.

The WI is calculated as the sum of the severity score (i.e., how severely a welfare problem

affects cow welfare) multiplied with the herd prevalence for each measure. The selection

of measures (lameness, leanness, mortality, hairless patches, lesions/swellings, somatic

cell count) and their severity scores were based on expert surveys (14–17 trained users

of the Welfare Quality® cattle protocol). The prevalence of these welfare measures was

assessed in 491 European herds. Experts allocated a welfare score (from 0 to 100) to

12 focus herds for which the prevalence of each welfare measure was benchmarked

against all 491 herds. Quadratic models indicated a high correspondence between these

subjective scores and the WI (R2 = 0.91). The WI allows both numerical (0–100) as a

qualitative (“not classified” to “excellent”) evaluation of welfare. Although it is sensitive to

those welfare issues that most adversely affect cattle welfare (as identified by EFSA), the

WI should be accompanied with a disclaimer that lists adverse or favorable effects that

cannot be detected adequately by the current selection of measures.
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INTRODUCTION

A tool to correctly assess and monitor animal welfare is key
to many initiatives to improve the welfare of livestock (1).
Obviously, the characteristics of this monitoring tool depend
on how it is to be applied. For example, the tool may be
very elaborate, refined, high tech, and comprehensive if it is
to be used in experimental animal welfare research or for in-
depth assessments of a limited number of focal herds by a
multidisciplinary team of highly trained specialists. The focus
of the current study, however, is on a tool that is to be taken
up widely by the food industry at large (e.g., for an animal
welfare label on food products). For this type of application, the
logistic feasibility, the costs, and the user-friendliness are major
constraints. At the same time, as socioeconomic stakes can be
high, decisions about the animal welfare status allocated to herds
or food products ought to be transparent, non-disputable, and
accepted as valid by the main stakeholders (e.g., farmer, auditor,
retailer, consumer).

Balancing these logistic and scientific requirements is a huge
challenge. As a multidimensional societal concept, the number
of ways that the welfare of livestock can be affected positively
or negatively, and how these effects can be assessed, is very
diverse and almost endless. The scientific ambition to accurately
document any small change in the status of any of these multiple
animal welfare aspects is poorly compatible with the industry
demand that the tool is cost efficient and easy to implement.
Hence, choices will need to be made about which aspects of
welfare to include and about the resolution by which these will
be documented. These choices will be subjective to some degree
because the conception of animal welfare is partly values based,
and people differ in what they consider important or desirable for
animals to have a good life (2).

Another characteristic of the monitoring tool that depends

on the intended application concerns the need to aggregate
the information from the individual welfare measures into an

integrated, balanced overall welfare index (WI). Such aggregation

may be redundant in case the tool is used to provide farm-specific
feedback on how certain welfare problems in a herd could be

addressed. However, it is essential for the purpose of the tool
developed in this study, namely, to inform consumers about the
general welfare status of the animals from which food is derived
(1). In fact, aggregating data from various welfare measures into
a WI reflecting the overall welfare status of the herd is one of the
most difficult challenges in animal welfare science (3). As there
is no “gold standard” for overall herd welfare, aggregating data
on various welfare measures into an overall index again requires
some degree of subjectivity (4).

Standardized methodologies for assessing the welfare of
various categories of farm animals, including broiler chickens,
laying hens, growing pigs, sows, veal calves, and dairy cattle,
were developed in the EuropeanWelfare Quality R© (WQ) project
(5). The WQ protocols have been praised for being very
comprehensive and for the implementation of a hierarchical
approach to integrate data on a multitude of predominantly
animal-based welfare measures enabling the assignment of
farms or herds to one of the four overall welfare categories

(not classified, acceptable, enhanced, and excellent). Although
issues about consistency over time (6–9) and about reliance on
complete and standardized farm/slaughterhouse records (10–
12) have been raised, the WQ protocols have been criticized
mainly with regard to the (i) the feasibility [mainly labor costs
per farm, e.g., (11, 13)], (ii) the variable quality of the welfare
measures included in the protocol (8, 10, 14), and (iii) the
way these measures are aggregated into an overall WI (15–
21). Indeed, uptake of the WQ protocols by the authorities
and food industry at large for improving and better marketing
of farm animal welfare has been below expectation. Although
stakeholders have expressed interest in welfare monitoring of
various types of farm animals, they have emphasized that the
labor demand of about one farm or herd per day per certified
assessor needs to be reduced. de Jong et al. (11) have addressed
these industry concerns by proposing time-saving simplifications
to the WQ broiler chicken protocol but—to our knowledge—
no such modifications have been shown promising for the other
protocols. This is particularly needed for the dairy cattle protocol
as it takes up to 4.4–7.7 h to complete for a herd of 25–200
cows, respectively, excluding the time needed for making the
appointment and for travel (22).

Criticisms on welfare measures often relate to their poor
reliability, validity, or feasibility (10, 11, 13, 14). There is
a growing consensus now that animal-based measures are
preferred for directly assessing the outcome of the complex effects
of the environment and management on the animal’s actual state
of welfare (1, 23, 24). Although one of the novel characteristics of
the WQ protocols was the emphasis on animal-based measures,
the WQ protocols also include resource- or management-based
measures that have been criticized for describing the potential
or risk for good or bad welfare rather than directly measuring
the welfare status itself. The dairy cattle protocol, for example,
relies on resource-based measures for assessing 3 of the 12
welfare criteria (water availability and cleanliness for the criterion
absence of prolonged thirst, tethering for the criterion ease
of movement, and pasture access for the criterion expression
of other behaviors). It is particularly worrying that sensitivity
analyses have revealed that a limited number of (often resource-
based) measures seem to have a disproportionally large effect on
the overall welfare categorization [e.g., 88% of the overall dairy
cattle welfare categorization is predicted by water availability
and cleanliness (17)], whereas some key (often animal-based)
measures such as lameness and mortality have a negligible effect
(16–18, 21). This appears to be an unwanted side effect of
the very complex and hard-to-understand (and hence poorly
transparent to most end-users) integration method, which was
needed to aggregate so many measures of different scales with
different thresholds.

Aiming for a wide uptake by the milk industry, in the current
study, we revised and simplified the WQ dairy cattle protocol
with a view to (i) drastically reduce the time needed to complete
an assessment, (ii) make use of a minimal number of key animal-
based measures, and (iii) transparently aggregate these measures
into a continuous (and thus discriminative) WI. We describe
and illustrate the steps in the development of this revised and
simplified protocol for quantifying the level of herd welfare, albeit
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without claiming to be exhaustive. The WI is based upon the
intuitively sensible method of Burow et al. (25) in which the
relative weight of each welfare measure depends on its severity
score (expert judgement of how severely a given welfare problem
affects the welfare of an individual cow) multiplied by the herd
prevalence for that measure. Moreover, we investigate the extent
to which the integration method should allow compensation
of poor scores with better scores. In some studies (4), it is
argued that such compensation should be restrained, as good
results on one aspect cannot compensate for poor scores on
other aspects (e.g., having a good body condition score cannot
compensate for being severely lame). Other studies, however,
indicate that compensation between welfare aspects may be
possible [reviewed by Leknes and Tracey (26)]. At present,
there is little evidence that compensation reduction is warranted,
let alone what type of compensation-reduction method best
corresponds with expert opinion. The latter is examined in one
of the proposed steps in this study. Some of the steps inevitably
demand subjective decisions. These were based upon expert
(defined as an animal scientist trained to use the WQ dairy cattle
protocol) opinion, as considerable expertise about cattle welfare
issues and about the interpretation, importance, and validity
of the welfare measures was deemed essential. For this study
we opted not to involve people without in-depth knowledge
and expertise in dairy cattle welfare and the measures involved
because of doubts about their ability to adequately balance the
importance of different welfare measures. Indeed, the relative
importance that ought to be allocated to a given welfare measure
could depend on how exactly it is measured on-farm (e.g.,
selection of and size of the sample, to what extent confounding
factors may influence the measures, objectivity of the measure).
Moreover, it has been shown that detailed information on how
data on welfare measures is collected on-farm can significantly
influence the relative weights they are given by experts (27).
Even for dairy cattle welfare experts, it can be a daunting task
to make decisions about overall welfare status by integrating the
scores of the various measures in such a way that the outcome
reflects the range of what can be expected among real farms
and allows realistic differentiation between these farms. Expert
welfare scoring of herds was, therefore, based on a large database
of WQ data that reflect a wide range of dairy herd types in
Europe and thereby ensuring a substantial but realistic spread in
observed values.

MATERIALS AND METHODS

Our approach to revise and simplify theWQ dairy cattle protocol
involved five steps. The same steps can be used to revise and
simplify the other WQ protocols or to add additional welfare
measures if this would be deemed desirable. The first four steps
inevitably require subjective decisions for which experts with
knowledge of the WQ dairy cattle protocol were consulted. We
emailed 31 researchers who were known to the authors, to our
network, or to the Welfare Quality Network to have been trained
to use the WQ dairy cattle protocol. These trained users were in
turn asked to provide contact details of any additional animal

welfare scientists who would be suitable (i.e., trained to use the
WQ protocol). Fourteen declined the invitation to participate
because they could not fill out the survey in time or did not
respond. All experts who agreed to participate in the current
study had experience with the WQ protocol for dairy cattle (i.e.,
were trained to perform theWQ protocol for dairy cattle and had
used it to assess the welfare of dairy herds), were animal scientists,
and had authored at least one peer-reviewed scientific paper
about dairy cattle welfare involving the WQ protocol. Although
we did not select for this, all participating experts were from
Europe (the WQ protocols are used predominantly in Europe),
and a total of eight nationalities were represented (British,
Spanish, Macedonian, Dutch, Finnish, Austrian, German, and
French). No experts whose input was used in the analyses were
involved in creating the surveys.

Step 1 entails selecting animal-based welfare measures to be
included in the protocol. At the core of Steps 2 and 3 is the
WI. Based upon Burow et al. (25), the WI was constructed
from perceived severity of welfare problems (“severity score”)
and observed prevalence of these welfare problems. The severity
scores for the various welfare measures were determined in Step
2 by asking the experts to score how severely each of the selected
welfare problems (that are quantified by the selected measures)
impairs the welfare of an animal. The following formula forms
the basis to integrate data on selected welfare measures into
one score:

Welfare index score =
1

nm
×

nm
∑

m=1

Sm× rPm

Here, n represents “number,” m refers to “measure,” S represents
the “severity score,” which ranged from 0 to 100, and rP refers
to “relative prevalence,” which is calculated as prevalence per
herd/prevalence at 97.5th percentile of that measure among all
herds in the EU database. In the proposed formula, rP rather
than absolute prevalence was used so each herd covered the
same possible spectrum for each measure. Prevalence of the
97.5th percentile was set as the maximum for each measure
score, to prevent an extreme prevalence value of single measures
from having a disproportionately large influence on the score.
Therefore, herds with values equal to or higher than the 97.5th
percentile were automatically given themaximummeasure score.
This allowed for a uniform method to determine thresholds for
the different compensation-reductionmethods (CRMs) that were
tested. To achieve a score on a scale of 0 (very poor welfare)−100
(excellent welfare) and to test various CRMs, the formula was
complemented as follows:

Welfare index score = 100−
100

Smax
×

nm
∑

m=1

Sm× rPm×Cm

Here, Cm is the “compensation-reduction factor” for measure
m (value between 1 and Cmax), and Smax is the sum of
the products of Sm and the maximal compensation-reduction
factor (Smax =

∑nm
m=1 Sm× Cmax). To gain input for this

formula, we performed two independent online surveys among
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FIGURE 1 | One of the graphs presented to experts in the second survey showing the distribution of all herds in the database (n = 491) for the six selected measures.

Colored triangles mark six (of the 12) focus herds.

the dairy cattle welfare experts. In Step 3, the WI is calculated,
and correspondence with expert opinion is analyzed. Similarity
between experts’ welfare scores for several fictitious herds and
integrated WI using the aforementioned formula with various
CRMs is analyzed. Step 4 consists of interpreting the WI (what
score indicates poor/good welfare). Step 5 comprises of checking
to what degree the selected welfare measures are associated with
factors that have the most severe impact on dairy cattle welfare.
The five steps are elaborated below.

Step 1: Selecting Welfare Measures
Welfare measures were selected from the WQ protocol for dairy
cattle (22). We used three criteria for selecting measures: (1) they
ought to be animal-based, (2) it must be possible to express them
as a percentage to allow using the proposed WI-formula, and (3)
they must be considered as important for dairy cattle welfare by
the experts. The importance of the measures was based upon an
online survey where 17 experts ranked all WQmeasures (n= 27)
on importance for the overall welfare status of a herd of dairy
cattle. Although the experts were presumed familiar with each
of these measures, the precise methodology could be consulted
in the WQ protocol for the assessment of dairy cow welfare
(www.welfarequalitynetwork.net). It was mentioned to the
experts that for ranking (inter alia) reliability, validity, perceived
relevance, and prevalence may be considered. Subsequently,
we compared compliance of these selected measures with the
outcomes of published studies in which expert opinion had been
used as well to rank cattle welfare measures on importance
(25, 28–30). Hence, in theory, measures could have been added in
the case that the literature search would have revealed important
animal-based measures that had not passed our initial selection
(but this was not the case in our study).

Step 2: Determining Severity Scores
To determine the severity scores for the selected measures, 14 of
the same aforementioned 17 experts completed a second survey.

In this second survey, they were asked to score how severely the
welfare of an individual cow is affected by each of the six selected
welfare impairments on a scale of 0 (totally not severe)−100
(extremely severe). The experts were informed that they may take
(their perception of) both the degree and duration of suffering
into account. In the ensuing Step 3, median severity scores were
used in calculating the WI.

Step 3: Calculating WI and Testing
Coherence With Expert Opinion
For checking correspondence between expert scores and
aggregated WIs, in the subsequent part of the second survey,
the 14 selected experts were presented with a graph showing
the observed prevalence distribution of all selected welfare
measures for 491 European herds that had been assessed using
the WQ protocol (Figure 1). To reflect the current range
present in Europe across various herding systems, existing
WQ datasets were collated from seven European research
institutes and included data from 10 countries [Macedonia, The
Netherlands, France, Belgium, Scotland, Denmark, Romania,
Northern Ireland, Spain, and Austria, more details in de Graaf
et al. (20)]. In the graph, six “focus herds” were highlighted
per expert (example: Figure 1; data shown in Table 1). These
focus herds were fictitious but were based upon real herd
data from the European dataset. In total, 12 focus herds
were created to fit the following descriptions: (1) two herds
that scored high in prevalence, taking the European dataset
as a reference (indicating poor welfare) on all measures; (2)
two herds that scored low (indicating good welfare) on all
measures; (3) two herds that scored medium on one-half of
the measures and high on the other half; (4) two herds that
scored the other half of the measures medium and the other
half high; (5) two herds that scored medium on all measures
except for one (high for somatic cell count > 400,000), and
(6) two herds that scored medium on all measures but high
for one (high for severe lameness). High scoring measures in
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TABLE 1 | Prevalences for the 6 selected dairy cattle welfare measures, for each of the 12 fictitious herds the experts (n = 14) allocated an integrated index score.

Herd Measure scores Very lean Severely lame Lesions and swellings Hairless patches SCC > 400,000 Mortality

1 All lowa 0 0 3 3 0 0

2 All lowa 0 0 0 0 0 0

3 All higha 46 33 92 92 38 10

4 All higha 37 30 90 74 33 9

5 Medium/higha,b 50 4 37 94 41 2

6 Medium/higha,b 41 4 37 88 35 2

7 High/mediuma,c 4 32 92 30 11 10

8 High/mediuma,c 4 44 100 30 11 16

9 Medium, high SCCa 4 4 37 30 35 2

10 Medium, high SCCa 4 4 37 30 38 2

11 Medium, high lamenessa 5 34 39 30 11 2

12 Medium, high lamenessa 4 33 37 30 11 2

aHighest scores belonged to the top 5% of herds in the European dataset (n = 491), medium between 40 and 60%, and lowest scores were from the lowest 5% of herds.
b“% of too lean cows,” “somatic cell count (SCC) > 400,000,” and “nHP” were high.
c“% of cows with lesions,” “% of cows with severe lameness,” and “% of mortality” were high.

FIGURE 2 | Illustration of the compensation reduction methods (except Veto) tested in this study with a maximal compensation of 3 and a threshold of 40. No

compensation reduction method (CRM, black line) results in the diagonal (value before and after compensation is the same). Discrete gives no compensation reduction

for measures up to a certain threshold of Sm*rPm, above which the Sm*rPm score is multiplied with maximum fixed value Cm. For linear CRM, Cm increases linearly

with an increasing Sm*rPm score of the welfare measures. The broken line CRM gives no compensation reduction for measures up to a certain threshold of Sm*rPm,

above which Cm increases in a linear manner. Exponential CRM increases Cm exponentially with an increasing Sm*rPm score of the welfare measures.

the latter two mentioned herds were chosen randomly from
the selected measures. Highest prevalence belonged to the top
5% for all welfare measures, medium between 40 and 60%,
and lowest scores were from the lowest 5%. Each expert
was presented with six focus herds, one of the two for each
category (Table 1). Experts were asked to allocate a welfare
score to each focus herd they were presented with using a
tagged visual analog scale from 0 to 100. Tags were “Not
Classified (<20),” “Acceptable (20–55),” “Enhanced (55–80),” and
“Excellent (>80),” following WQ categorization (22). Each of
the 12 focus herds was thus scored by six to eight experts.
Subsequently, the degree of correspondence between expert

scores and WI’s were calculated with varying CRMs. One of
the tested CRMs was “veto,” where thresholds are defined for
each measure above which a value cannot be compensated for.
This is achieved by automatically attributing the worst possible
welfare score to a herd, independent of the prevalence of other
welfare problems. The other tested CRMs use various formulas
to allocate increasingly more weight to worse scores on a certain
measure. Tested formula in the current study were “Discrete,”
“Linear,” “Broken line,” and “Exponential” and are illustrated
in Figure 2. In addition, scores were calculated without CRM
(“no CRM”), thus allowing full compensation between measures
as default.
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For discrete, broken line, and veto CRM, a threshold at which
compensation reduction starts needed to be determined. For
all CRMs apart from veto, it also had to be determined what
the maximum level of compensation reduction (Cmax) was.
We checked which threshold value of S∗rP (ranging between
5 and 70 in increments of 5) and which value for Cmax (set
at between 1.5, 2, 3, 5, and 10) corresponded best with expert
opinion based on model R2. For the 20 models with the highest
R2, we calculated also the Akaike information criterion (AIC) and
four additional metrics [root mean square error (RMSE), mean
absolute difference, Liao’s improved concordance correlation
coefficient [ICCC, (31), and the Bland–Altman 95% limits of
agreement [LOA, (32)] for quantifying the agreement between
the model prediction and the experts’ opinion. We ranked these
20 models according to the six agreement metrics and calculated
the mean rank (giving equal weight to each of the six metrics).
The model with the lowest mean rank was selected as the model
(i.e., type of CRM) that provided the best fit with the opinion of
the experts.

Statistical analyses were performed using the program R 3.2.2
(R Foundation for Statistical Computing, Vienna, Austria). Both
linear and quadratic models were used to test correspondence
between expert scoring and the integrated scores to determine if
adding a CRM to theWI formula generated a better fit for varying
thresholds and values of C. The Agreement Interval package was
used to calculate the measures of agreement.

Step 4: Interpreting the WI
To interpret theWI scores in terms of bad/medium/good welfare,
we asked the experts to score overall welfare for the 12 focus
herds on a tagged visual analog scale with labels for four welfare
categories following WQ categorization (“not classified” from 0
to 20, “acceptable” from 20 to 55, “enhanced” from 55 to 80, and
“excellent” from 80 to 100). To extrapolate thresholds of these
welfare categories, we (scatter) plotted the expert scores against
theWI scores for the 12 fictitious herds and added the best fitting
curve. We then identified the three points where the best-fitting
curve intersects with theWQ thresholds of the scale on which the
experts scored (expert scores 20, 55, and 80).

Step 5: Exhaustiveness Check
In Step 5, we assessed to what degree the selected measures are
indicative of the “worst adverse effects” (factors that have the
most severe impact) on dairy cattle welfare. For this end, we
compared the selection of welfare measures with a list of worst
adverse effects on dairy cattle welfare and associated animal-
based welfare measures in a European Food Safety Authority
(EFSA) report by Nielsen et al. (30). In this report, worst adverse
effects were selected based upon several other EFSA reports
(24, 33–37), Presi and Reist (38), Brenninkmeyer and Winckler
(39), and expert opinion (Table 2).

RESULTS

Step 1: Selecting Welfare Measures
Highest median expert importance ranking for herd welfare
was allocated to “lameness,” “leanness,” “mortality rate,” and

TABLE 2 | Summary of which of the “worst adverse effects” for dairy cattle

welfare are associated with the selection of welfare measures in the current study

based upon Nielsen et al. (30).

Adverse effects Associated welfare measures

Foot disorders Lameness, mortality, and lesions/swellings

Leg injuries Lameness, lesions/swellings

Mortality (unassisted) Mortality

Mortality (euthanasia) Mortality

Exhaustion (prolonged metabolic

demand)

Leanness, mortality, and lesions/swellings

Behavioral disruption—feeding

(including social stress, pain, hunger,

exhaustion, fear, and frustration)

Leanness, lameness

Behavioral disruption—rest (including

too little rest, pain, and fear)

Lesions/swellings, lameness

Behavioral disruption—flooring/space

(including fear, and pain)

Lesions/swellings, lameness

Thermal discomfort No associations identified

“integument alterations,” which were therefore selected to be
included in the protocol (Figure 3). The other measures among
the top 10 ranked welfare measures were considered for inclusion
as well: “time needed to lie down,” “tied vs. loose housing,”
“disbudding/dehorning,” “drinker space,” “somatic cell count
(SCC),” and “dystocia.” Only one of the latter measures (SCC
>400,000 as an indicator of mastitis) met all selection criteria.
Lameness is measured in WQ using a gait score with categories
“not lame,” “moderately lame,” and “severely lame” (22). As
we needed indicators that can be expressed as a percentage,
only severe lameness was used in the ensuing steps. Integument
alterations consist of both hairless patches and lesions/swellings.
As both may have different causes, we chose to separate the two
in the ensuing steps of this study.

Step 2: Severity Scores
Median expert severity scores were highest for severe lameness
(92, interquartile range = 90–97) and mortality (90, 69–100)
followed by leanness (61, 50–71) and SCC> 400,000 (73, 43–80),
and lowest for hairless patches (18–34) and wounds/swellings
(40–58).

Step 3: Calculating the WI and Analyzing
Coherence With Expert Scores
Welfare scores as indicated by the experts followed the patterns
anticipated for the 12 focus herds (Figure 4). Herds 1 and 2,
with a low prevalence for all measures, received a good score,
while herds 3 and 4, with high prevalence for all measures
(indicating poor welfare), received a bad score. Additionally, a
high prevalence of the measure “severe lameness” while all other
prevalences were medium (herds 11 and 12), lead to a lower
expert score than when only “% of cows with SCC > 400,000”
was high (herds 9 and 10), in line with the higher severity scores
for lameness than SCC.

Quadratic models consistently achieved a higher R2 than
linear models. Using R2 as a primary metric for agreement,

Frontiers in Veterinary Science | www.frontiersin.org 6 May 2021 | Volume 8 | Article 634470148

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Tuyttens et al. Abridged Protocol for Monitoring Dairy Cattle Welfare

FIGURE 3 | Median importance ranking for all WQ measures as judged by 16 dairy cattle welfare experts. Initial selection of 10 welfare measures for the WI indicated

using accolade.

the quadratic model with no CRM (i.e., full compensation)
provided the best fit with the experts’ scores (R2 = 0.91, F =

401.4, Figure 5). For the 20 models with highest R2, the full
compensation model was ranked first for four other agreement
metrics (AIC = 688.4, mean absolute difference = 18.23, RMSE
= 24.46, LOA = 46.21) and third for ICCC (0.737). The mean
rank for all six metrics was also lowest (i.e., best) for the full
compensation model (rank = 1.29), followed by two discrete
compensation reduction models (ranks = 2.57 and 3.64). We
thus conclude that full compensation provides the best fit with
expert opinion. As there is no evidence that a method of
compensation reduction improves the fit with the expert scores,
we can simplify the WI by removing Cm from the formula.

Step 4: Interpreting the WI
Based upon expert scores in the different welfare categories,
thresholds for the category “Not classified” ranged from 0 to 46,
for “Acceptable” from 46 to 77, for “Enhanced” from 77 to 93, and
for “Excellent” from 93 to 100 (Figure 5).

Step 5: Exhaustiveness Check
The welfare measures that were selected are all mentioned in
Nielsen et al. (30) as being associated with what they defined as
being the “worst adverse effects” based on expert opinion and
literature (Table 2). Some “adverse effects” and a single “worst
adverse effect” (thermal discomfort) were not associated with any
of our selection of measures.

DISCUSSION

Aiming for a better uptake by the milk industry, we followed
five steps to develop a thoroughly revised and simplified version
of the WQ protocol for monitoring the welfare of dairy cattle
herds. The main focus was to improve the cost effectiveness of
the protocol by collecting information on a limited number of key
welfare indicators in a much shorter time. The time needed for a
certified assessor to complete the protocol was reduced by a factor
of 2–3. For example, using the estimated time needed to assess
the various welfare measures listed in Welfare Quality (22, Table
12), an assessment of a herd of 100 cows takes approximately
6 h and 41min with the original WQ protocol vs. 2 h and 42min
with our simplified protocol. Our simplified tool for monitoring
and integrated labeling of dairy cattle welfare distinguishes itself
from the original WQ protocol (and most other protocols) in
four other important ways. First, the exclusive use of animal-
based measures implies direct assessment of dairy cattle welfare
(in contrast to the use of resource-based measures). Second,
the simple and transparent integration formula for calculating
overall welfare (WI) reduces the likelihood of unwanted side
effects that are more likely to occur when using more complex
aggregation procedures. The original WQ protocol is an example
of a complex integration method that was innovative in its use
of methods, where welfare measures are first integrated into 12
criteria scores and subsequently into 4 principle scores, which
are then used to determine the overall welfare category (22). The
welfare principles were separated to reflect different dimensions
of welfare, and the complex integration methods were necessary
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FIGURE 4 | Medians and interquartile range (box) of the welfare scores allocated by experts (n = 14) to the 12 focus farms (confer Table 2) using a 0–100 tagged

Visual Analog Scale. Whiskers: data within 1.5 × the interquartile range. Higher scores imply better welfare. QBA, Qualitative Behavior Assessments. Highest scores

belonged to the top 5% of herds in the European dataset (n = 491), medium between 40 and 60%, and lowest scores were from the lowest 5% of herds. 1“% of too

lean cows,” “SCC > 400,000,” and “number of hairless patches” were high, 2“% of cows with lesions,” “% of cows with severe lameness,” and “% of mortality” were

high.

FIGURE 5 | Expert (n = 14) welfare scores of the fictitious herds (n = 12) plotted against the calculated WI scores of these herds using no CRM, with best fitting

quadratic curve (R2 = 0.91). Higher scores indicate better welfare; category thresholds determined using the expert scores are indicated underneath the x-axis.
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to cope with the large number of measures included. However,
an unintended consequence of the large number of measures and
the method used to integrate them is that sensitivity of the overall
welfare category to changes in individual welfare measures partly
depends on the number of measures integrated into the criterion
and principle scores (18, 21). For our revised protocol, we opted
for a much simpler, but intuitively sensible and transparent,
method of integration using a single formula in which the relative
weights of the various measures directly reflect how severely they
affect cattle welfare (as judged by the experts). Third, the WI
was based upon, tested, and found to show high correspondence
with expert opinion. Finally, the integrated WI being expressed
on a continuous scale ensures a high degree of differentiation,
which enables detection of relatively small differences between
(or within) herds. This implies that even small improvements
in individual measures will lead to (slightly) higher integrated
scores. Such a high degree of sensitivity is likely more motivating
for farmers to implement on-farm welfare improvements than
a (categorical) WI, which changes only in response to very
drastic improvements.

The formula we eventually used for calculating WI also
directly reflects the experts’ opinion of how severely cattle welfare
is affected by the various welfare issues that are quantified by
the selected animal-based measures because the compensation-
reduction term could be removed. Models for none of the
compensation-reduction methods produced a better fit with the
overall welfare scores given to the focus herds by the experts
when compared to applying no compensation reduction. This
implies that our expert consultation provided no justification
to insert additional terms for calculating the WI so that the
lowest measure scores are given additional weight relative to the
other measure scores. Hence, we recommend using the simplest
formula for WI (i.e., without the Cm term, which is assumed to
equal one). The simplification of the original WQ protocol into
our WI has recently been shown to result in a better match with
five other (i.e., non-WQ based) dairy herd welfare assessment
metrics used in the Netherlands and with the consensus herd
welfare score given by at least five dairy cattle veterinarians that
visited the farms on a regular basis (40). These findings thus
provide some support for an improved concurrent and consensus
validity, respectively, of the WI as compared to the original WQ
overall categorization.

The time reduction and simplification of the protocol
inevitably comes at the expense of the comprehensiveness of
the assessment. It should be borne in mind, therefore, that the
aim of the revised protocol is not to detect all possible adverse
or favorable effects on dairy cattle welfare, which we consider
virtually impossible. Instead, we focused on an index that reflects
the worst adverse effects on welfare (according to literature and
experts). Incorporating an extensive list of welfare measures
would complicate step 3 of the process (comparing expert scores
with WIs) possibly leading to information overload. This occurs
when people are unable to distinguish relevant from irrelevant
information when presented with too much information (41, 42).
As we are aware that our limited selection of measures is not
sensitive to all possible adverse welfare effects, we strongly advice
to use a disclaimer indicating which adverse effects may not be

detected by the current selection of measures. This approach may
be considered as more fair than claiming exhaustiveness, which,
in our opinion, is close to impossible anyway. The proposed WI
does enable detection of all the worst adverse effects on dairy
cattle welfare according to Nielsen et al. (30). Nielsen et al. (30)
selected the worst adverse effects from a list of adverse effects
on dairy cattle welfare, based upon EFSA reports. Although this
list was not assessed for comprehensiveness—this remains to be
validated by future research—our current selection of welfare
measures likely lacks sensitivity for documenting some additional
(not-worst) adverse effects (i.e., reproductive disorders; thermal
discomfort; pain, fear, and frustration; abomasal displacement;
respiratory distress/pain; other adverse effects related to diseases
and other adverse effects related to injuries). We note that the
measures that were retained in the simplified protocol focus
on the impairment of the health and physical condition of the
animals. This focus partly reflects the approach in the original
WQ protocol, which includes only a single animal-basedmeasure
that could (arguably) provide information on positive affective
state, namely, the Qualitative Behavior Assessment (QBA). The
experts, however, allocated the least importance to this measure,
which probably reflects reservations about the reliability or
validity of this measure. In our opinion, this reflects a more
general problem in animal welfare monitoring that there is
a need to develop feasible, reliable, and valid measures that
better document the behavioral needs and (negative as well as
positive) affective states of the animals. Indeed, Knierim et al.
(43) also questioned whether health-centered welfare assessment
protocols that are implemented in the dairy industry, such as the
US-based FARM program (https://nationaldairyfarm.com/farm-
animal-care-version-4-0/) or the UK-based AssureWel protocol
(http://www.assurewel.org/dairycows) sufficiently take societal
expectations into account, which often relate to naturalness for
dairy cattle. Perhaps with the rapid advancements in the use of
automated sensor technologies for monitoring livestock behavior
and condition, such information may be incorporated in welfare
assessment protocols in the future (44–46). Such measures could
be added to the protocol by using the step-wise approach we
proposed. Such additions would make the assessment more
comprehensive and hedonic (47, 48) but at the expense of
simplicity and logistic feasibility.

Experts were stimulated in the survey to take validity and
reliability of the WQ measures into account for ranking of the
welfare measures. However, it still may be questioned whether
validity and reliability of all selected measures are truly adequate.
For example, mortality rate is based on herd records of which
reliability has barely been documented. As is the case for any
welfare assessment protocol, it is important to strive for high
reliability of the measures by training observers to achieve high
test–retest, inter- and intraobserver reliability, and by unbiased
sampling of animals.

Categorical differentiation between herds (i.e., welfare
categorization) is useful to interpret the WI in terms of which
scores indicate farms of poor or excellent welfare. In addition,
such welfare categories may be used for labeling purposes to
identify farms of varying welfare levels. In the current study, we
determined thresholds based upon expert scores in the different
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welfare categories for the 12 focus herds. These thresholds are
only indicative, given the limited number of herds and experts
that they are based on.

Two main inputs were used in the current study: expert
opinion and a European database of selected welfare measures’
prevalence. As expert opinion was vital in the current study,
we used stringent criteria to select experts. While this limited
the number of experts who could participate, it also ensured
adequate knowledge about dairy cattle welfare and the welfare
measures concerned. Still, it would be relevant to test whether
outcomes (in terms of selected welfare measures, severity scores,
and correspondence with expert opinion) would be similar with
a different composition or type of experts. Similarly, it would
be interesting as well to test whether another setting [e.g., a
workshop to achieve consensus like in Rodenburg et al. (27)]
would affect the outcomes. Moreover, it could be argued that in
order for the protocol to be perceived as being of high quality
and hence be advocated by the industry, other stakeholders ought
to have been involved in the selection of measures and the way
these are integrated. We opted to base our current study on
the opinion of scientific experts who are knowledgeable about
the WQ measures for assessing cattle welfare, rather than on
other stakeholders who do not have the same level of expertise
(e.g., consumers) or who might have non-scientific motivations
to bias the aggregation outcome in one way or another (e.g.,
milk industry). In our opinion, such in-depth knowledge was
essential important for making well-informed decisions about
which measures to retain, allocating the severity scores and
allocating overall welfare scores to the focus herds. It could
be verified in a follow-up study whether consumers and other
stakeholders accept or refute the authority and outcome of
these scientific expert judgements. If this would reveal important
discrepancies, we would face the dilemma of increasing social
acceptance either by adapting the protocol to better accord with
stakeholder opinion or by better clarifying and explaining the
decisions, outcomes, and credibility of the scientific experts to
the stakeholders.

The second important, and rather unique, input used in the
current study was the database containing prevalence data on
the selected measures of 491 European dairy herds. This dataset
allowed selected experts to benchmark results of the focus farms
based on awide range of data, which supported them in allocating
welfare scores that can realistically be attained on commercial
farms in Europe. Such a large database on other (non-WQ)
measures where a uniform protocol was used may be hard to
attain. As both the experts and the dataset were European,
caution is required when applying the protocol to dairy herds in

other parts of the world (where the welfare challenges for cattle
may be different).

CONCLUSIONS

The stepwise approach employed in the current study led to
thorough revision of theWQ protocol for on-farmmonitoring of
dairy herd welfare that is more user-friendly, more time efficient,
and exclusively relies on key animal-based welfare measures
(lameness, leanness, mortality, hairless patches, lesions/swellings,
and somatic cell count) that are integrated into a highly
differentiating, transparent, and continuous welfare index. In
addition, the resultingWI is highly coherent with expert opinion.
Although the reduction in the number of welfare measures
reduces the comprehensiveness of the assessment, the current
selection of six welfare measures are associated with all the worst
adverse effects for dairy cattle welfare as identified by Nielsen
et al. (30). Nevertheless, the integrated welfare index should be
accompanied with a disclaimer that lists adverse and favorable
effects that cannot be detected adequately by the current selection
of measures. However, the proposed method is flexible such
that measures can be replaced or added as deemed desirable by
repeating the proposed steps.
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Background: The approach to farm animal welfare evaluation has changed and

animal-based measures (ABM), defined as the responses of an animal or effects on an

animal, were introduced to assess animal welfare. Animal-based measures can be taken

directly on the animal or indirectly and include the use of animal records. They can result

from a specific event or be the cumulative outcome of many days, weeks, or months. The

objective of the current study was to analyze the use of general ABM codified terms in

the scientific literature, the presence of their definitions, and the gap mapping of their

use across animal species, categories, years of publication, and geographical areas

of the corresponding author’s institution. The ultimate aim was to propose a common

standard terminology to improve communication among stakeholders. In this study, data

models were populated by collecting information coming from scientific papers extracted

through a transparent and reproducible protocol using Web of ScienceTM and filtering

for the general ABM codified terms (or synonyms/equivalents). A total of 199 papers

were retained, and their full texts were assessed. The frequency of general codified ABM

terms was analyzed according to the classification factors listed in the objectives. These

papers were prevalently European (159 documents), and the most represented species

was cattle. Fifty percent of the papers did not provide a definition of the general ABM

terms, and 54% cited other sources as reference for their definition. The results of the

study showed a very low penetration of the general codified ABM term in the literature

on farm animal welfare, with only 1.5% of the papers including the term ABM. This does

not mean that specific ABM are not studied, but rather that these specific ABM are not

defined as such under a common umbrella, and there is no consensus on the use of

terminology, not even among scientists. Thus, we cannot expect the stakeholders to use

a common language and a standardized terminology. The recognition and the inclusion

of ABM in the lists of commonly accepted abbreviations of scientific journals could be a

first step to harmonize the terminology in the scientific literature.

Keywords: animal-basedmeasure, animalwelfare assessment, scientific literature, gapmapping, penetration level
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INTRODUCTION

The first animal welfare assessment schemes were developed in
the 1990s, and they were introduced within the organic farming
assurance protocols (1, 2). At that time, these assessment schemes
relied mainly on resources andmanagement-based parameters to
evaluate relations between environmental conditions and animal
welfare (3). The framework of the animal welfare assessment
was the evaluation of the farming conditions, and end-users
drew conclusions on animal welfare based on the estimated
relation between these conditions and the extent that these
fulfilled the needs of the animals. These needs were represented
by the Five Freedoms and their provisions: freedom from
hunger and thirst—by ready access to fresh water and a diet
to maintain full health and vigor; freedom from discomfort—
by providing an appropriate environment including shelter
and a comfortable resting area; freedom from pain, injury,
or disease—by prevention or rapid diagnosis and treatment;
freedom to express normal behavior—by providing sufficient
space, proper facilities, and company of the animal’s own kind;
and freedom from fear and distress—by ensuring conditions
and treatment which avoid mental suffering. In the meantime,
the animal welfare scientists started developing and testing for
application on farm measures based on direct observation of
the animals and on animal records. Several research groups
promoted indeed the need of an integrated approach in which
both resource/management and animal-based measures (ABM)
are necessary to assess animal welfare in a holistic way (4, 5).
This is, in particular, due to the fact that animal welfare was
recognized as a multidimensional concept that includes both
the physical and mental state of the animal and that the Five
Freedoms were considered as defining ideal states rather than
standards for acceptable welfare (6). Therefore, researchers have
probably used ABM as tools to assess animal needs long before
they were conceptualized and classified under the umbrella of the
general ABM codified term. The ABM were aimed at measuring
the welfare status of the animal by assessing the outcomes.
Indeed they can show the outcome of integrated resource and
management factors in the experience of the animal itself (7)
and can therefore be a more valid measure of welfare (8). In
dairy cows, for example, the approach changed in such a way
that the direct assessment of the animal, by measuring the
time needed to lie down, was preferred over measuring size,
softness, and other characteristics of the cubicles as it was more
valid in evaluating the real welfare state of the animal (9). The
development of several valid ABM and their classification under a
common terminology were themain achievements of theWelfare
Quality project. After Welfare Quality, other research projects
focusing on ABM were financed by the European Union (EU)
within the 7th and Horizon 2020 framework programs. Most
projects considered assessment of animal welfare on farm, either
directly or retrospectively at slaughter (e.g., AWIN, AssureWel,
PROHEALTH ClearFarm, different COST Actions, etc.). The
European Food and Safety Authority (EFSA) considered the use
of ABM in the assessment of animal welfare so relevant that
it commissioned a statement in order to establish a common
framework for future scientific opinions and to clarify some

common issues on the terminology and integration of concepts
(6). According to this statement, ABM are defined as the response
of an animal or an effect on an animal used to assess its
welfare. They can be taken directly on the animal or indirectly
and include the use of animal records. They can result from
a specific event, e.g., an injury, or be the cumulative outcome
of many days, weeks, or months, e.g., body condition. Further
pilot projects were commissioned by EFSA to point out the
need for context-specific ABM as, for example, the case of
small mountain dairy farms where ABM developed through
the Welfare Quality project were not directly applicable to this
context (10). Animal-based measures were also included in
some EU animal welfare legislative acts, commentary documents
from NGOs, and assurance schemes (e.g., those developed by
AssureWel, RSPCA, Biobord, RedTractors).

The rationale behind this study comes from the evidence of
the wide use of ABM by public institutions and governments, in
dedicated EU projects, in a range of quality assurance schemes,
in EU legislative acts for the protection of animals (11), and
by animal protection NGOs and from the increasing awareness
of the need for scientific validity of these measures. Therefore,
the objective of the current study was to analyze the use of
the general ABM codified terms in the scientific literature on
farm animal welfare since their first conceptualization, along
with the presence of their definitions and the gap mapping of
their use across different animal species, categories (e.g., within
cattle dairy, beef, calf), years of publication, and geographical
areas of the institution of the corresponding author. The
ultimate aim was to propose a common standard terminology
to improve communication and facilitate the connections
among stakeholders.

MATERIALS AND METHODS

Scientific Literature Search
A literature search protocol was set up by usingWeb of Science—
© 2020 Clarivate Analytics to identify peer-reviewed papers that
were written in English and that covered the topic of farm
animal welfare. The search was performed in June 2020. The basic
inclusion criteria for the selection of the peer-reviewed papers
were as follows:

• Timespan= 1990–2019
• Search language= English
• Search topics = title, abstract, author keywords,

keywords plus

The flow chart shown in Figure 1 describes the search protocol
that was developed through the following steps:

- selection of papers containing “animal welfare” OR “animal
well-being” OR “animal wellbeing” (first search string)

- exclusion of papers dealing with “animal welfare”, “animal
well-being”, or “animal wellbeing” in human-related studies.
The exclusion criteria adopted were based on a search string
that excluded “wild animal,” “marine mammal”, “pet animal”,
“laboratory animal”, “companion animal”, “zoo animal”,
“dog”, “cat”, “mouse”, “mice”, “rat”, or “rodent” (second
search string)
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FIGURE 1 | Flow chart graphically representing the search protocol. The dashed line represents the papers excluded at manual screening.

- selection of papers containing the general codified ABM term
or all the potential synonyms/equivalents of ABM (animal
related, welfare outcome, and outcome based) considered
by Gottardo et al. (11) within papers containing “animal
welfare,” “animal well-being,” or “animal wellbeing.” The
search string applied was (“animal welfare” OR “animal well-
being” OR “animal wellbeing) AND (((“animal based” OR
animal-based) NEAR/3 measure∗) OR ((“animal based” OR

animal-based) NEAR/3 indicator∗) OR ((“animal based” OR
animal-based) NEAR/3 outcome∗) OR ((“animal based” OR
animal-based) NEAR/3 parameter∗) OR ((“animal related” OR
animal-related) NEAR/3 measure∗) OR ((“animal related” OR
animal-related) NEAR/3 indicator∗) OR ((“animal related” OR
animal-related) NEAR/3 outcome∗) OR ((“animal related” OR
animal-related) NEAR/3 parameter∗) OR ((“welfare outcome”
OR “outcome based” OR outcome-based∗) NEAR/3measure∗)
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OR ((“welfare outcome” OR “outcome based” OR outcome-
based∗) NEAR/3 indicator∗) OR ((“welfare outcome” OR
“outcome based” OR outcome-based∗) NEAR/3 parameter∗))
(third search string). NEAR/x= finds records where the terms
joined by the operator are within a specified number of words
from each other. x is the maximum number of words that
separates the terms [i.e.,= (“animal based” NEAR/3measure∗)
finds all the records where in a given sentence they are
separated by nomore than three words as in the case of “animal
based welfare assessment measures”].

In line with the aim of this study, which is to standardize the
terminology, we refer to:

- “animal welfare” for the broad first-level set of terms “animal
welfare/animal well-being/animal wellbeing”

- “general ABM root term” for the second-level set of terms
“Animal based/animal-based (AB), Animal related/animal-
related (AR), Welfare Outcome (WO), and Outcome
based/outcome-based (OB)”

- “general ABM ending term” for the third-level set of terms
“Measure/Indicator/Parameter/Outcome”

- “general ABM codified term” for the combination of the
“general ABM root term” and “general ABM ending term.”
From here onwards, we will use this categorization.

The retained records were then submitted to a manual

screening that had different purposes. As graphically presented
in Figure 1, the first manual screening was performed to clean
the dataset, thus, to eliminate the records whose full text was
not in English, duplicates, anonymous authors, and/or that
were not pertinent to the topic. Once the eligible documents

were retained, the full text was analyzed to classify each paper
according to animal species and production category, type of

study, scenario, and application in organic farming. The levels
and the descriptions of the classification factors are reported in
Table 1. The further analysis of the full text included (1) the

identification of presence of one or more ABM general term
(yes/no/not reported for each of the codified terms reported
in Figure 1), (2) presence of a definition of the ABM general
term provided by the authors (yes/no) or definition referring

to a citation (yes/no), (3) in case the definition was referring
to a citation, the reference was copied and pasted, and (4)
presence of specific ABM in the full text, figures, or tables
(yes/no) regardless of the specific ABM name, form, or unit [e.g.,

a study dealing with lameness was reported as including a specific
ABM (yes), although it could include mild lameness, severe
lameness, lameness prevalence, lameness scoring, percentages
of lame animals within each score, and/or different scoring
systems]. Reporting the specific ABMwas not within the scope of
this paper. The full texts were assessed by four assessors trained

in a standard procedure to screen the papers and to fill in a
shared Excel document with drop-down lists in order to have a
common systematic criterion of evaluation and data collection.

Each assessor evaluated individually an equal number of records.
In case of doubts, the evaluators discussed among each other
to make a final decision. The full list of retained documents is
provided as Supplementary Material.

TABLE 1 | Factors used to classify the papers, the different levels, and the

explanation of how each paper was classified.

Factor Levels Explanation

Animal

species

Cattle

Equine

Fur

animals

Goat

Poultry

Rabbit

Sheep

Swine

Other

General

Each paper was classified according to the

main farm animal species it dealt with, and

each animal species was further classified

according to the animal category (e.g., cattle

was further subdivided in dairy, beef, and calf;

swine was further subdivided in fattening pig,

sow, piglet/other). A paper was classified as

other if it dealt with other minor animal species

or as general if it was of a general wide

approach and not involving given animal

species. A paper dealing with more than one

species was classified in more than one class

Type of

study

Methodological

Research

Assessment

Other

Each paper was classified as methodological if

it described a method applied or the

development of a methodology (e.g.,

validation), as a research if it was an original

applicative study with data produced by the

research, as an assessment if it described an

animal welfare assessment or its application,

and as other if it did not fall in any of these

classifications. A single paper was classified in

more than one class if it considered more than

one of the aspects listed

Scenario On farm

At

slaughter

During

transport

Not reported

Each paper was classified according to its

scenario of application or with the scenario it

dealt with: on farm, at slaughter, and/or during

transport. A single paper was classified in more

than one class if it considered more than one

scenario

Organic

farming

Yes

No

Not reported

Each paper was classified as dealing with

organic farming (yes) if it included the

application in organic farms (according to

organic principles) or of it dealt with

comparisons of conventional (no) vs. organic

production systems (yes) and as not organic

(no) if the application was on conventional

farms and as not reported if it was not specified

in the full text

Data were submitted to descriptive statistics by using
Excel/STAT and considering publication year, animal species
and category, scenario, and application in organic farming as
classification factors. This approach was adopted also in order to
carry out the gap mapping of the distribution of the ABM in the
scientific literature across the different classification factors.

The gap mapping was carried out over the following
subsequent steps: (1) identification of the problem area in the use
of terminology related to the general ABM term, (2) definition
of the goal for which at least animal welfare scientists could
use a common terminology worldwide, (3) determination of
the current use of the terminology within literature on animal
welfare, (4) determination of a potential desired homogeneous
use, and (5) identification of the gaps between the two uses.

An indication of how the use of terminology related to the
general ABM term penetrated the scientific literature dealing
with animal welfare was obtained by calculating the following
two ratios:
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FIGURE 2 | Percentage of papers including a general animal-based measures codified term according to the publication year.

- the ratio between papers with the general ABM term
(nominator) and the total number of papers on animal welfare
(denominator) and

- the ratio between total citations and the number of papers for
each general term: average number of citations per paper.

RESULTS AND DISCUSSION

The results of the literature search strings are reported in the flow
chart in Figure 1, along with the number of records per each
search combination. The final outcome of the set-up procedure
described in section “Materials and Methods” identified 199
scientific papers that were retained for data collection and
calculation of the penetration indexes. The ratio between papers
with the general ABM term over the papers on animal welfare
is 1.5%, and it is likely to indicate an overall low level of
penetration of the ABM general term in the scientific literature
on animal welfare. This result might not necessarily indicate a
low use of specific ABM (e.g., body condition score, mortality,
cleanliness, lameness) but rather that animal welfare scientists
do not classify the specific ABM as such using a common
terminology. Differences in the penetration of the use of the
general ABM terms in the scientific literature were observed
when analyzing the distribution of the papers in relation to the
geographical area of the institution of the corresponding author.
The majority of papers were from Europe (159 documents,
80%) followed by America (27 documents, 14%), Oceania (nine
documents, 4%), and Asia (four documents, 2%). None of the
documents, including the general ABM terms, were attributed to
correspondence of African institutions. This overview is likely to
reflect the fact that the European scientific community is more
used to network for applications to project funding from EU,
promoting a more homogeneous use of technical terminology.
Once the general ABM term was conceptualized (5), several
research groups probably started using it as an umbrella term.
Indeed, as reported in Figure 2, the papers including the general

TABLE 2 | Number and percentage of papers including a general animal-based

measures codified term published in the journals with more than five papers.

Journal Number Percentage (%)

Animal Welfare 54 27

Animals 16 8

Animal 15 7

Journal of Dairy Science 13 6

Italian Journal of Animal Science 11 5

Journal of Animal Science 7 4

Poultry Science 7 4

ABM terms were published as of 2001, and the first paper referred
to a European COST Action as funding source. The percentage
of selected papers according to the publication year is reported in
Figure 2. A peak was detected in 2009, when the Welfare Quality
project ended with the publication of the welfare assessment
protocols and most of the research groups active in the project
published their papers. This could have determined an increasing
trend in the subsequent years, with a new peak observed in 2019.
The documents were published on 54 different scientific journals,
making evident a scattered distribution of the general codified
term also in journals that are not specialized in the animal welfare
field. Eight journals published five or more papers containing
the general ABM codified term (Table 2). Animal Welfare of the
University Federation for Animal Welfare, a highly specialized
journal, was the most represented in this list. The other journals
have a more general approach, and they publish cross-cutting
topics on animal science.

The retained peer-reviewed papers were classified as original
research papers (63 documents, 32%), methodological studies (63
documents, 32%), assessments (57 documents, 29%), and/or as
other if they could not be characterized within any of the above-
mentioned macro groups (43 documents, 22%). We expected

Frontiers in Veterinary Science | www.frontiersin.org 5 June 2021 | Volume 8 | Article 634498159

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Brscic et al. General Animal-Based Measures Codified Terms

FIGURE 3 | Percentage of papers including a general animal-based measures codified term according to the animal species.

FIGURE 4 | Frequency distribution of papers including a general animal-based measures codified term according to the animal species within the year of publication.

a more homogenous use of terminology and a more frequent
appeal to the general ABM terms in methodological and in
assessments studies compared to original research papers. This
expectation was not met by our results, and the frequency
distribution did not show a high prevalence of specific types of
papers, probably indicating that scientists are still exploring all
these three aspects, the assessment scheme application (12, 13),
research on ABM (14–16), or development of methodological
aspects linked to ABM (17–19). However, listing a paper in only
one of these classification groups was sometimes difficult.

The number and percentage of papers per animal species are
reported in Figure 3. More than one species were included in
nine papers, while 24 papers were of a general methodological
approach (without any specific species analyzed). Cattle, poultry,
and swine are the most represented species in the literature

including a general ABM term. The first approach to the
definition of the general ABM term was addressed in cattle in
2001 (Figure 4). Thus, it is likely that this terminology was largely
used in literature on cattle, therefore causing this greater number
of documents. Among cattle, the largest number of papers with
ABM regarded dairy cows (67%), beef (11%), and calf (9%).
Papers dealing with calves were on dairy calves, not veal. These
results likely suggest that, in the past, cattle is the animal category
that, in fact, has shownmore need for ABM than other categories
for the wide options of their housing and rearing systems (e.g.,
from pasture-based to indoor loose cubicle housing) in which the
same evaluation method based on resource- and management-
based measures was not directly applicable (5, 20). Indeed
the literature on dairy cattle deals with the development of
assessment protocols in small-scale mountain farms (21, 22),
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TABLE 3 | Number and percentage of papers including a general animal-based

measures codified term according to the different scenarios.

Scenario Number Percentage (%)

On farm 154 77

At slaughter 12 6

During transport 2 1

More than one scenario 11 6

Not reported 20 10

pasture-based systems (23, 24), or specific problems in indoor
farms, e.g., lameness, mastitis, etc. (25–27). The second most
represented group of species is poultry. Among poultry, broiler
chicken (61%) and lying hens (39%) are involved in the vast
majority of the papers, whereas duck, goose, and turkey are
marginal (3% of the overall papers on poultry). This result does
not mean again that specific ABM are not used in studies on
these categories of animals, but only that they are not codified
as such. Documents on poultry deal with studies on different
husbandry systems including free-range and organic scenarios
(28–30). As shown in Figure 4, papers on sheep, goat, and equine
emerged in the timeframe that is subsequent to the outset of the
AWIN project that aimed at developing assessment schemes for
these species. As regards swine, the scientific literature focused
mainly on fattening pigs and piglets (70%) rather than on sows
and gilts. We expected a higher prevalence of papers on fattening
pigs, which is likely due to the awareness of public opinion about
tail docking and castration that promoted studies addressing the
development of alternative production practices (31). However,
the published papers including the general ABM term covered
topics that were mainly on assessment scheme applications on
farm, during transport, and at slaughter and the testing of intra-
and inter-observer reliability (18, 32, 33). It is likely that the
scientific studies on mutilations and pain management do not
refer to the general ABM terms.

The number of papers with different scenarios of application
is reported in Table 3. The large majority of the papers regarded
on-farm studies. Among the 11 studies applied on more than
one scenario, eight studies regarded activities on farm and at the
slaughter, and three studies were applied during transport and
at the slaughter. The frequency distribution of the scenarios is
likely reflecting the fact that assessment schemes implying the
use of ABM aim at evaluating the level of animal welfare on farm,
regardless of the site of its application. Specific ABMdeveloped to
be used at slaughter may aim either at a retrospective evaluation
of the welfare on farm (9, 34, 35) or during transport (36) or
at assessing the welfare at the time of slaughter and related
operations (37).

Organic farming systems are not significantly represented
among documents retained in this study (four documents, 2%),
whereas both organic and conventional systems were present
in 19 documents (9.4%). The adoption of the organic system
of production was not reported in almost 60% of the papers.
This result does not meet our assumption that papers describing
studies in organic production systems include the general ABM

term since the first animal welfare assessment schemes were
introduced within the assurances of organic farming. This might
be due to the evidence that organic assurance schemes relied
mainly on resources and management-based parameters as
required, for example, by EU legislation (38).

Among the different general ABM root terms searched in
the retained documents, AB was the most frequently used,
followed by WO and OB, whereas AR was the less used
one (Table 4). The most frequently used general ABM ending
term was measure(s) followed by indicator(s), parameter(s),
and outcome(s). Outcome was the less used term, which is
likely due to the lower number of combinations with the
general ABM root term for semantic reasons (e.g., WO and
OB outcome). The matrix of the general ABM codified term
made of combinations of roots (AB, AR, WO, and OB) and
endings [measure(s), indicator(s), outcome(s), and parameter(s)]
is reported in Table 4. The most frequent general ABM codified
term used in combination was Animal based/animal-based
measure(s), and this could be expected considering that the
Welfare Quality project opted for this terminology in its outputs.
On the other hand, Animal based/animal-based indicator(s) was
the terminology preferentially used in the AWIN project. Cross-
use of the terminology is not rare; indeed two or three general
ABM codified terms were used in 38 (19%) and 3 (1%) papers,
respectively, whereas still a single general codified term was used
in the majority of papers (154 documents, 77%).

Further indicators of the level of penetration of the general
ABM terms in the scientific literature, which reflect the interest
by the scientific community toward this topic, could be the total
citations and the average number of citations per paper. Total
citation is the number of times that a paper was cited in other
scientific publications from its publication year until 2019 when
the current literature search was carried out. The total citations
collected by the scientific corpus of the 199 retained papers was
2,983. The citation indicators according to the general ABM root
terms are reported in Table 4. The total citations were greater
for AB, although the average citations per paper were greater
for AR. Four documents had more than 100 citations (5, 39–
41). Fifty percent of the papers did not provide a definition
of the general ABM terms, and 54% cited one or more other
sources as reference for the definition of general ABM terms.
The most cited papers as reference for the definition with more
than five citations among the literature corpus used in this paper
are reported in Table 5. The mostly cited document is Welfare
Quality (9), and this could be expected considering the wide
use of the general ABM term compared to the other potential
synonyms/equivalents. Surprisingly, 67 papers (33.3%) did not
provide any explicit definition nor references to other sources.

In conclusion, the results of this study showed that the general
ABM terms are used in a very limited fraction of the literature
on animal welfare. In the scenario of the 199 papers including a
general ABM codified term, the Welfare Quality project had the
greatest impact; thus, the considered terminology and the species
and categories of its application were the most represented.
Fur animals, rabbits, and other niche farm animals were poorly
represented in the retained documents of this literature corpus
which could be expected by the limited number of farms and the
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TABLE 4 | Number of documents and percentage (in brackets), total citations, and average number of citations per paper according to the general animal-based

measures (ABM) root, ending and codified terms.

General ABM root termb

Papers in which the

general ABM ending

term is useda

Animal

based/animal-

based

(AB)

Animal

related/animal-

related

(AR)

Welfare

outcome

(WO)

Outcome

based/outcome-

based

(OB)

Number of papers in

which more than one

term was used

Papers in which the general

ABM root term is useda

172 (87%) 16 (8%) 25 (13%) 24 (12%)

General ABM

ending term

Measure(s) 139 (70%) 122 (71%) 3 (19%) 18 (72%) 21 (87%) 23

Parameter(s) 48 (24%) 43 (25%) 10 (62%) 0 (0%) 0 (0%) 4

Indicator(s) 74 (37%) 67 (39%) 6 (38%) 8 (32%) 3 (13%) 10

Outcome(s) 9 (5%) 9 (6%) 0 (0%) 0

Total citations (TC) 2,682 417 382 521

TC/number of

papers

15.6 26.1 15.3 21.7

aOverall percentage expressed on the total number of 199 retained documents.
bPercentage expressed on 172 (AB), 16 (AR), 25 (WO), and 24 documents (OB), respectively.

TABLE 5 | List of most cited papers (more than five times) as reference for the

definition of the general codified animal-based measures term and number of

documents in which they are cited in the corpus of the 199 retained papers.

Number of documents

Welfare Quality® (9) 22

Whey et al. (39) 15

EFSA (6) 14

Main et al. (7) 8

Main et al. (42) 8

Johnsen et al. (43) 7

Webster et al. (44) 7

Blokhuis et al. (5) 6

Capdeville and Veissier (3) 6

Botreau et al. (45) 5

Keeling and Veissier (8) 5

localized productions. A different reason could support the fact
that fish were almost absent, although there is a large number
of farmed species and ABM are under development for aquatic
organism. By looking at the source of the retained documents
(journal of publication), it seems that the general codified ABM
term is being used by experts involved in animal welfare studies,
but it has also permeated scientists involved in animal production
and other related topics where it could be expected that a
common use of single specific measures is adopted, such as
body condition, growth performance, cleanliness, and somatic
cell count.

The implications of this study are linked to the fact that
there is a huge amount of literature on animal welfare/well-being
and a large body of literature that includes specific ABM (e.g.,
lameness, lesions, body condition, somatic cell count, mortality,

etc.), but these specific ABM are not defined as such under a
common umbrella, and there is no consensus on the use of
terminology, not even among scientists. Thus, we could not
expect stakeholders to use a common language and terminology.
Going beyond the general terms, we expect that it could be
even more difficult to have common names of specific ABM,
which makes it even harder to define, standardize, or assess
them for reliability, repeatability, reproducibility, robustness,
feasibility, accuracy, sensitivity, specificity, and/or validity. In
order to achieve the use of a common standard terminology in
the future, some of the different possible ways forward could be
their use by authorities in animal welfare legislations, by scientific
societies dealing with animal behavior and welfare and animal
sciences in general, and by NGOs, companies, and institutions
involved in the development and application of quality assurance
schemes. Moreover, the recognition and the inclusion of ABM
in the lists of commonly accepted abbreviations of the scientific
journals could be a first step to harmonize the terminology in the
scientific literature.
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