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Abstract

Some processes and practices commonly used in pig production may be
experienced by the animals as stressful, negatively impacting pig
performance and welfare, as well as farm productivity and profit. Research in
rodents and humans has demonstrated that dietary magnesium is effective at
reducing stress. However, research in other species is limited. This thesis
investigated the impact of dietary magnesium supplementation on stress,
performance, and welfare during key life events in farmed pigs. A systematic
review indicated that magnesium supplementation can positively impact
welfare, stress, and behaviour, although the literature was limited. A survey of
farmers reflected this finding, but highlighted gaps between scientific research
and commercial application in the timing of supplementation. To examine the
effect of supplementary magnesium phosphate, with or without phytase, on
physiological and behavioural measures of stress during regrouping, a study
was conducted with 240 pigs over five weeks. In a separate study, two types
(phosphate and sulphate) and levels (0.2% and 0.3%) of magnesium were
supplemented in the diet of 240 pigs pre- and post-weaning. Magnesium
phosphate improved performance and reduced body lesions scores post-
weaning, but not in grower pigs. However, magnesium phosphate positively
impacted pig behaviour in grower pigs despite no difference in cortisol
measures. Despite an increase in dietary magnesium level, there were no
further benefits of supplementing magnesium phosphate with phytase. Post-
weaning, magnesium sulphate resulted in poorer performance and faecal
scores. Taken together, the results of these novel studies demonstrate that

dietary magnesium phosphate may improve or maintain performance post-



weaning, and can improve pig behaviour and welfare during stressful events.
The effects of magnesium phosphate on the stress response during these
events, and potential interactive effects with other nutrients, needs further
exploration. This thesis elucidates the benefits and advances understanding
of the impact of magnesium supplementation on pig welfare, stress, and

performance.
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Chapter 1. Introduction

Modern intensive farming systems are under increasing pressure to produce
meat and animal products for a growing global human population. As a
consequence, it has been predicted that by the year 2030 global meat supply
will reach 374 million metric tonnes, while pig meat output is projected to be
127 million metric tonnes (1). To meet this increasing demand, production
systems are required to be more sustainable, efficient, and productive than
ever (2,3), a challenge which is made all the more difficult with turbulent world
events (4,5). Ensuring good animal welfare remains a priority while increasing
outputs seemingly poses an additional demand (6,7). However, there is
evidence that good livestock welfare is not only good for the animal but often
goes hand-in-hand with farm efficiency and profit (8,9). Therefore, it is
important to assess and improve animal welfare within these farming systems
at the same time as ensuring production performance is maintained or
enhanced. This is particularly important during common stressful events, such
as weaning and regrouping, which have been shown to negatively impact

animal welfare and farm productivity (10,11).

1.1 Stress

Stress challenges the homeostasis of living organisms, and the consequent
stress response may be defined as a biological response aimed at restoring

this homeostasis (12-14). In general, stress can be caused by physical or



psychological events (stressors) which in turn initiate the stress response,
resulting in the activation of the hypothalamic-pituitary-adrenal (HPA) axis
which stimulates release of glucocorticoids from the adrenal cortex (14—16).
The stress response can be both acute, lasting minutes or hours, or chronic,
lasting days or weeks (17). Although stressors can be both positive and
negative, for example arousal due to fighting or excitement (18-20), for the
purpose of this thesis, stress and the stress response refers to the response

to a negative stressor.

1.2 Stress and Magnesium

Magnesium is an essential mineral involved in hundreds of enzymatic
processes and physiological functions in the mammalian body, including
adenosine triphosphate (ATP) production and immune function (21).
Magnesium has been shown to be closely linked with stress and mood via a
number of biological mechanisms. Magnesium is a N-methyl-D-aspartate
(NMDA) receptor antagonist, and this inhibitory effect on NMDA results in its
antidepressant-like effects on mood (22,23). It has also been proposed that
the anti-depressive effect of magnesium is due to interactions with the
serotonergic and dopaminergic systems (21,24). Magnesium has been shown
to interact with corticotropin-releasing factor (CRF), a key factor in HPA axis
activation (25). Similarly, magnesium can prevent over activation of the HPA
axis by reducing the release of adrenocorticotrophic hormone (ACTH) and
control adrenocortical sensitivity to ACTH and release of glucocorticoids

(21,26). Conversely, magnesium deficiency has been shown to be cause HPA



axis dysregulation, depression and anxiety in both humans (27-29) and
animals (23,30,31), once again demonstrating the role and potential of

magnesium in regulating the stress response (32,33).

1.3 Stress within Pig Production

Within pig production, acute stressors and chronic stressors, such as
transport, rough handling, and heat stress (34-36), impact on pig health,
welfare, behaviour, and productivity (17). Poor welfare can occur when the
animal struggles to adapt to a stressor, and if repeated or enduring, the
stressor can have a significant effect on the animal’s wellbeing. Furthermore,
when the body is under stress, nutritional energy is redirected away from
growth and the immune system to facilitate the stress response resulting in
reduced productivity (37). Stress can also result in a change in behaviour,
such as an increase in fighting and tail biting (38—40). These stress-related,
reactive behaviours not only require energy but can result in injury and iliness,
further impacting upon the animals’ health and welfare, and farm production

costs and profit (8,39).

In the UK, a wide range of different pig production systems are in operation.
All of these systems present different challenges for the pigs living and
growing within them, for instance pigs reared solely indoors may have a
carefully controlled climate but may lack space and/or varied enrichment, with
the opposite for outdoor bred or reared pigs (41). Yet despite these

differences, most pigs will experience the same key life events, including



weaning, regrouping, and transport. Therefore reducing stress during these
key life events should represent an improvement in welfare in multiple pig

production systems.

1.4 Pig Nutrition

Nutrition is an important factor in pig production. At the most basic level,
ensuring the animal receives the right type and amount of nutrients is essential
to ensure optimal growth and health. In pig production, precision nutrition is
becoming more common as this way of feeding allows the farm to specifically
tailor the diets to the needs of each group of pigs (42,43). This type of feeding
has been shown to be a successful way to lower production costs, increase
nutrient efficiency, improve pig welfare, and reduce the environmental impact
of the production system (42). Precision nutrition can also involve the inclusion
of specific supplementary components that may provide further benefits for
productivity, health and welfare (44—47), including magnesium (48). Typically,
due to the high amount of cereal components, the magnesium content of pig
feed is more than sufficient to meet their requirements (0.04% per Kg of feed)
and no supplementation is needed (49). In terms of nutritional physiology
(50,51) and stress (52), pigs are similar to humans. This similarity between
the two species suggests that additional magnesium in the diet should have a

similar effect on stress as has been observed in humans (50,53).



1.5 Conclusion

As consumer demand for high welfare pork products at an affordable price
increases, optimising welfare within intensive systems is crucial. Many key life
events in pig production are stressful for the pig and consequently can
negatively impact pig performance and welfare. The capacity for magnesium
to regulate the stress response may be beneficial in terms of pig production

by reducing stress during these key life events.

1.6 Thesis objectives, hypotheses and structure

1.6.1 Thesis Aim

The main aim of this thesis is to investigate the impact of supplementary
magnesium in the diet on stress, welfare, and performance during key life

events in pigs.

1.6.2 Thesis Objectives
Five main objectives will be addressed in this thesis:

(i) Conduct a systematic review of the current literature to
determine whether this supports the use of supplementary
dietary magnesium as an intervention to reduce stress in pigs.

(i) Conduct a survey of farmers to (i) explore current practice of pig

farmers regarding the use of magnesium in pig nutrition, and (ii)



explore current opinions of pig farmers on the potential use of
magnesium in pig nutrition.

(iii)  Investigate how supplementary dietary magnesium, with or
without phytase, may affect (i) pig performance; (ii) pen faecal
cortisol; (iii) focal pig salivary cortisol; and (iv) focal pig hair
cortisol, during regrouping in grower pigs.

(iv)  Investigate how supplementary dietary magnesium, with or
without phytase may affect (i) focal pig behaviour; and (ii) focal
pig skin lesion scores during regrouping in grower pigs.

(V) Explore how supplementary dietary magnesium may affect (i)
performance; and (ii) focal pig lesion scores, in pigs post-

weaning.

1.6.3 Hypotheses

| expect that stress and the secondary effects of stress during regrouping and
weaning will be reduced by supplementing farmed pigs’ feed with magnesium.
Therefore, | hypothesise that pigs that have had supplementary dietary
magnesium during a key stressful event will have reduced physiological
measures of stress, lower lesion scores, fewer instances of aggressive and
harmful behaviour, and improved performance in comparison with pigs on the
same diet without a magnesium supplement. Physiological measures of
stress will be assessed by focal pig salivary and hair cortisol, and pooled pen
faecal cortisol measures. Pig performance will be measured by average daily

gain, average daily feed intake, and feed conversion ratio.



1.6.4 Thesis Structure

In this thesis a background in the format of a systematic review shows the
current scientific evidence for the influence of supplementary magnesium on
stress and behaviour in pigs (Chapter Two). Following this, the results of a
survey of farmers explores their views and experience with supplementary
magnesium in practice (Chapter Three). | then investigate how adding
supplementary magnesium to pig feed before, during and after a regrouping
stressor can influence pig behaviour and skin lesion scores (Chapter Four),
as well as pig performance and cortisol levels (Chapter Five). In Chapter Six,
two different types and levels of magnesium are supplemented in the feed of
piglets before, during and after weaning, and its impact on performance and
skin lesion scores assessed (Chapter Six). The findings and their implication
for magnesium as a nutritional intervention to reduce stress during key life

events in farmed pigs is discussed as a whole (Chapter Seven).



Chapter 2. Is Magnesium Supplementation An Effective
Nutritional Method To Reduce Stress In Domestic Pigs? A

Systematic Review

2.1 Introduction

It is not uncommon for commercially farmed domestic pigs (Sus scrofa
domesticus) to experience negative stress during their lifecycle. Acute stress
(such as transportation or regrouping) and chronic stress (such as excessive
heat or over-stocking for an extended period of time) can both be detrimental
to the animal’'s health and welfare, and have economic impacts due to
increased susceptibility to disease, increased mortality, poor meat quality and
poor performance (54-56). To understand how an environment, situation or
event is affecting an animal, stress can be assessed by measuring
physiological, physical, and behavioural changes. Physiological measures of
stress, such as heart rate or cortisol, have typically been the most common
method of measuring a stress response in animals. For example, hair cortisol
has been shown to be a good marker for chronic stress (57), whereas blood
and salivary cortisol changes much faster in response to acute stressors (58).
However, whilst these measures assess the level of arousal of the individual,
they do not indicate valence — the physiological changes observed can be
the result of positive (excitement) or negative stress, making interpretation
difficult. These physiological measures are more easily interpreted and more
useful when used in conjunction with behavioural measures, allowing for the
valence of the animal to be assessed (59-61). Physical changes like skin

lesion scores can also be used. For example in pigs, lesions on the main body



are likely the result of fighting and aggressive interactions (62), whereas tail

lesions often signs of non-aggressive harmful behaviours (38).

Harmful social behaviours, such as tail and ear biting resulting in ear and tail
lesions, are often multifactorial with factors such as genetics, access to
enrichment and stocking density influencing the frequency and severity;
however, they can also be exacerbated by stress (63). Acutely stressful
events, such as transport or regrouping, can also lead to an increase in
aggressive behaviours such as fighting, due to the disruption and subsequent
re-establishment of the dominance hierarchy (39). Not only are these types of
harmful and aggressive behaviours detrimental to the pigs’ welfare but they
can have a huge economic impact for the farmer or producer. Performance
measures, including growth rate and reproduction (64,65), are all negatively
impacted by a high level of stress, as well as resulting damage and skin
lesions increasing the risk of disease and mortality. Later, aggression before
slaughter can cause carcass damage resulting in a penalty for the producer
(66,67), and higher stress levels have also been shown to negatively affect
meat quality causing, for example, pale, soft and exudative (PSE) meat that

is unattractive to the consumer (68,69).

Often acutely stressful events are unavoidable in current commercial farming
systems, such as key events that involve a change of environment or social
structure, including weaning, regrouping (also known as mixing), or

transportation, Therefore, research which focuses on improving the welfare of
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commercially farmed pigs, especially during these periods, is crucial for the

animals and producer.

The five freedoms (70,71) describe the basic needs of an animal to guard
against poor welfare. The five freedoms are the freedom from hunger and
thirst; freedom from discomfort; freedom from pain, injury or disease; the
freedom to express normal behaviour and freedom from fear and distress.
These basic requirements should be met before other areas can be addressed
to ensure a good, or even positive (72) welfare state is met. Providing a
nutritionally balanced diet with access to water meets the most basic
requirement. However, nutrition can also improve welfare beyond simply
meeting the animals’ basic needs. For example, providing a varied diet in
terms of texture and taste, allowing a choice of diet, or providing the diet in an
enriching and stimulating way will allow for the animal to express more of its
natural behaviour (73—75). Adding additional nutrients above the required
level to maintain bodily function and growth, such as increased tryptophan
(76) or fibre content (77), has also been shown to improve behaviour, welfare
and performance. In farmed animal species, supplementary magnesium has
been seen to improve productivity, including increased eggshell strength in
aged laying hens (78), reduced weight loss in heat-stressed hens (79),
improved growth rate in sheep (80), and reduced time between weaning and

next oestrous cycle in pigs and dairy cattle (81).

As a vital mineral for mammalian function, magnesium acts as a co-factor for

over 300 different enzymes and plays key roles in processes including ATP
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production and immune function (82-84). A large body of research also
suggests that magnesium may play a role in reducing stress, anxiety and
depression in humans via multiple mechanisms including the serotoninergic,
glutamatergic and adrenergic systems (21). Multiple reviews have concluded
that there is evidence for beneficial effects of magnesium despite the poor
quality of some experimental research (for reviews see: Stress and anxiety:
(27,85); Depression: (86,87)). In commercial pig production, magnesium may
be added to pig feed during a stressful event in an attempt to alleviate this
(88,89). Swine diets typically contain sufficient magnesium to maintain growth
and normal bodily function due to the level of magnesium in the cereal
components of the feed; however, supplementation can be implemented with
a range of different magnesium compounds or products. Although magnesium
is generally thought to be beneficial in reducing stress, there remains a lack

of substantive evidence to support its effectiveness in pigs.

Our aim was to conduct a systematic review to evaluate the available scientific
evidence and determine whether this supports the use of supplementary
dietary magnesium as an intervention to reduce stress in pigs. Included
papers could focus on chronic or acute stress but must include a dietary
magnesium treatment and at least one measure of stress, for example
physiological measures such as cortisol, adrenaline and heart rate; skin

lesions or observed behaviour.
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2.2 Method

2.2.1 Search

A systematic review was conducted in April 2020 using the search engine
Web of Science due to its wide range of source databases (90). The Web of
Science default time span of 1900 — 2020 was applied. The search terms
‘magnesium’, ‘pig’, ‘swine’, ‘livestock’, ‘behaviour’, ‘aggression’ and ‘stress’
were used in combination using Boolean operators. The search term string
used was “(magnesium OR mg) AND (behaviour OR behavior OR stress OR
aggression OR aggressive OR cortisol) AND (pig OR pigs OR swine OR

porcine OR livestock)”.

The references of the final corpus were checked to ensure no literature was
missed. Five further studies were found; however, one was a conference
abstract (91) and three were not accessible (92-94) and, therefore, are not
included in this review. The final paper found in the reference check was

included in the final corpus (95).

2.2.2 Inclusion and Exclusion Criteria

Duplicates were removed and the remaining papers were filtered in four
stages: (1) title; (2) abstract; (3) methods; and (4) full paper. Papers were
included if: (1) pigs were the main study species, with a focus on the whole
live animal; and (2) the study included dietary magnesium and at least one
measure of stress. Papers were excluded if they were: (1) review papers; (2)

conference abstracts; (3) in vitro; or (4) research not including a magnesium
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supplement or a measure of stress. Papers were also excluded if the abstract

or full text could not be accessed or was not in English (Figure 1).

2.2.3 Information Extraction

The following information was extracted from the final remaining papers: (1)
aim of study; (2) sample size, sex and age of individuals or stage of
production; (3) genotype; (4) experimental treatment(s); (5) dietary treatments
(type of magnesium supplement, dose, administration method); (6) measured

outcomes of stress; and (7) results.

2.3 Results

2.3.1 Characteristics of Included Studies

The initial search identified 2,379 studies that were filtered according to the
inclusion and exclusion criteria (as defined in 2.2.2), resulting in a final corpus

of sixteen papers (Table 1; Figure 1).
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Initial search
n=22379
Duplicates
removed
Titles screened n=2
n=22377

Irrelevant titles

n=2,329
Abstracts screened
n=48
Irrelevant
abstracts
n=16
Abstract
inaccessible
Methods screened n=8
n=24
Irrelevant studies
n==6
Full text
inaccessible
Included papers n=3
n=15
Full text
inaccessible during
reference check
Final papers after reference n=3
check
n=16

Figure 1. Flowchart to show the study selection process. Irrelevant studies
included those that did not have pigs as their study species or include a
measures of stress
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Five studies included male and female pigs, seven only used male animals
and four did not report the sex of the animals used (96-99). Sample sizes
(including all treatments and controls) across the studies were highly variable,
ranging from 10 to 448 pigs in total (average sample size of 124 with a
standard deviation of 150). Thirteen of the sixteen studies focussed on the
effect of magnesium in the finishing phase (approximately 50kg to slaughter)
and two in the grower phase (approximately 20kg to 50kg live weight); one

study did not specify the stage of production or age of the pigs used (96).

Six studies used Large White x Landrace pigs, three used a combination of
Landrace, Large White and Pietrain breeds, two used Pietrain x Hypor animals
and one used only Landrace and one a Duroc x Large White x Yorkshire. Two
studies did not specify breed, only that the animals were halothane gene

positive or negative (100,101).

Seven studies chose to include pigs that expressed or carried the halothane
gene (96,98-100,102—-104). This genotype results in the pigs being more
susceptible to porcine stress syndrome, a genetic condition characterised by
stress induced hypothermia (105). Three of these studies compared groups
of pigs positive for the halothane gene with animals either negative (102,103)
or carriers (100), whereas both studies by Peeters et al., (98,99) used only
carriers of the gene and one study did not state the genetic profile of the

animals used (96).
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2.3.2. Treatments

2.3.2.1 Dietary Treatment

A total of ten different magnesium supplements were used across the sixteen
studies. Four supplements were used in multiple studies; magnesium acetate
was used by both Peeters, et al., (2005) and (2006) (98,99). Two studies used
magnesium-rich marine algae extract with a magnesium level of 59,520mg/Kg
(88,89) and two used magnesium sulphate (95,103). Magnesium aspartate,
also known as magnesium aspartate hydrochloride, was another popular
choice with six studies choosing to use this supplement (95-97,100,106—-108).
Other magnesium supplements were magnesium mica (109), magnesium
fumarate (104), magnesium carbonate (102), magnesium oxide (110) and
magnesium chloride (95). The dose varied greatly between studies with
twenty different doses administered. The majority of studies included
magnesium at a level of <1g (31.25% of the studies) or between 1 and 5¢g
(50.00% of the studies). Only one used a dose between 5-10g and three >10g
(Table 1). Six studies compared two or more different amounts of the specific
magnesium supplement (97,100,104,106,108,110). There were ten different
durations of supplementation ranging from 2 to 115 days (average of all
durations in each study was 22.24 days with standard deviation of 33.65
days). One study supplemented during a live weight range (30-100kg) rather
than days (104), and two studies compared long and short-term
supplementation (97,100). Two different supplementation methods were
used. Thirteen studies opted to add the supplement to the pigs standard feed,
a further two added it to drinking water (98,99) and one supplemented both

feed and water depending on the length of application (97).
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2.3.2.2 Methods of Inducing and Measuring Stress

Stress was often induced by slaughter (100,102-104,110), and measured in
terms of behaviour and skin lesions in or following the lairage period (100),
handling and stunning procedures (95,102,103) or blood parameters following
slaughter (97,104,110). Transport, an acute stressor, was included in multiple
studies (97-99,101,107,108) during which some were transported within their
original groups (101); some were mixed and then transported (99) and some
experienced a transport simulation (98). Others used common stressors
experienced on a commercial farm, such as regrouping (88,89), withdrawal of

feed (89), handling technique (95,106) or exercise (96).

A total of thirteen studies used physiological measures to quantify stress and
six used behavioural measures with four studies employing both techniques
(Table 1; Table A 1). Stress was typically assessed by measuring cortisol, with
seven studies using plasma or serum (97,104,107,108,110) and three using
salivary cortisol (88,89,98). Other physiological measures used to quantify
stress included norepinephrine levels in two studies (104,106), adrenaline and
noradrenaline (95) and one study measured tachycardia and hyperventilation
(96). The level of aggression or harmful behaviours was assessed using
behavioural observations in six studies (88,89,98,100,102,103). Lesion

scores were used in a further four studies (88,89,99,103).
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2.3.3. Outcomes of Included Studies

Of the final corpus of studies (Table 1), ten found that supplementary
magnesium significantly reduced at least one measure of stress. A further two
studies found supplementary magnesium reduced serum cortisol levels,
although not significantly (107,108). Two studies found supplementary
magnesium resulted in a statistically significant increase in stress (100,103)
suggesting that it may be harmful in some instances. Two studies found no
difference in measures of stress between dietary treatments. Apple, et al.,
(101) showed that 25g/Kg magnesium mica had no effect on stress and
similarly, D’Souza, et al., (95) found no significant difference between a control
diet and three different magnesium-supplemented diets on adrenaline and

noradrenaline.

Sample size or power calculations were not reported and the total number of
animals used in the sixteen studies ranged from 10 to 448 with eight studies
using between 1 and 50 pigs, two using 51 to 100 and five having a total
sample size of over 100 animals (Table 1). Six of the 15 studies appear to
have less than ten animals per treatment group (including dietary, genotype
and stressor treatments) (96,101,102,104,107,108). Thus, the results from

studies with a low sample size should be interpreted with caution.

2.3.3.1 Cortisol and Physiological Measures

Salivary cortisol was reduced in two studies (88,89) and plasma or serum
cortisol in three (97,104,110). A further two studies found magnesium

aspartate reduced serum cortisol concentrations; however, these were non-
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significant trends (107,108). Porta, et al. (97) found mixed results depending
on the length of time and application method. They observed that serum
cortisol was decreased in pigs receiving 5mg/Kg of magnesium aspartate
hydrochloride in feed for 115 days; however, if magnesium was administered
at a higher level (40mg/Kg) in water for 5 days before slaughter serum cortisol
was increased in comparison to the control. Peeters, et al., (98) also added
magnesium to water and found pigs receiving magnesium acetate at 3g/L for
2 days before a transport stressor resulted in salivary cortisol level not
returning to baseline as quickly as in control pigs, suggesting that magnesium

did not positively influence stress.

O’Driscoll, et al., (89) showed that during the regrouping stressor,
supplemented females had lower cortisol levels than control females;
however, during a 21 hour feed withdrawal, there was no significant difference
in salivary cortisol between dietary treatments. In a second study (88)

magnesium also significantly lowered salivary cortisol levels.

Other physiological measures were also used to measure stress. D’Souza, et
al., (106) showed that overall boars fed supplementary magnesium aspartate
had significantly lower plasma norepinephrine than pigs that received the
control diet. Ehrenbergt and colleagues (96) found supplementary magnesium

reduced hyperventilation and tachycardia over a 24h period after stress.
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2.3.3.2 Behaviour

Magnesium was found to have a beneficial influence on aggressive or harmful
behaviours in three studies including reduced duration (but not frequency) of
aggressive behaviours (88), and pigs being slower to perform the first retreat
attempt in the abattoir stunning unit (102). Two found no effect of magnesium
in the diet on behaviour (89,103). Caine et al., (100) found supplementing feed
with 40mg/Kg of magnesium aspartate hydrochloride for 7 days resulted in an
increase in aggressive behaviours, although a long-term low-level of
magnesium in the diet (magnesium aspartate hydrochloride 5mg/Kg in feed
for 43 days before slaughter) had no effect. In another study, when pigs were
placed in a vibration crate designed to simulate transport the magnesium-

supplemented pigs were visibly calmer and spent more time lying down (98).

2.3.3.3 Skin Lesion Scores

All but one of the studies measuring lesion scores found reduced lesions in
supplemented pigs in comparison to the control (88,89,99). Panella-Riera, et
al. (103) on the other hand found the opposite effect. Panella-Riera, et al.
(103) found pigs had more severe skin lesions (typically due to biting during
an aggressive encounter) when they received a diet containing elemental
magnesium (1.2g/Kg) in combination with L-tryptophan (8g/Kg). Peeters, et

al. (99) found skin lesions in the loin area were reduced.

2.3.3.4 Halothane Genotype

Although now bred out of commercial pig herds, many studies in this review

focus on problematic halothane-genotype pigs. Two studies found halothane-
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genotype pigs responded positively to increased dietary magnesium,
evidenced by pigs taking longer to show the first retreat attempt in the abattoir
stunning unit (103) or reduced hyperventilation and tachycardia following
transport stress (96). One study showed no difference between genotypes
(102); however, others found that halothane-genotyped pigs had higher
plasma norepinephrine (104) and aggressive behaviours were more frequent
in pigs carrying the halothane gene in comparison to control or non-halothane-
genotype individuals (100). The final two studies involved only pigs that
carried the halothane genes and so no comparison could be made between

these and individuals with a different genotype (98,99).
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Table 1. Summary of extracted information for the final review corpus.

Wea Gro Finis Halotha Physiolo Behavio | Supple Supple Supple Supple | Reduct
ner wer her ne- gical ural ment ment ment ment ion in
Genoty Measure Measure | Dose Dose Dose Dose stress

pe s s p ) ) S measu
19 1-5¢g 5-10g 109 re?

Apple, X X X X
et al.,,
(2005)

Caine, X X X X
et al.,,
(2000)

D’'Souz X X X
a, etal.,
(1999)

D’'Souz X X X X
a, etal.,
(1998)

Ehrenb  Not reported X X X
ergt, et
al.,

(1991)

O’Drisc X X X X X
oll, et
al.,
(2013a)

O’Drisc X X X X X
oll, et
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Wea Gro Finis Halotha Physiolo Behavio | Supple Supple Supple Supple | Reduct
ner wer her ne- gical ural ment ment ment ment ion in
Genoty Measure Measure | Dose Dose Dose Dose stress

pe s s ) ) measu
<1g 1-5g 5-10g >10g re?

al.,
(2013b)

Otten, X X X X X
et al.,,
(1995)

Panella- X X X X X
Riera,
et al.,,

(2008)

Panella- X X X X
Riera,
et al.,,

(2009)

Peeters, X X X X X X
et al.,,
(2005)

Peeters, X X X X X X
et al.,,
(2006)

Porta, X X X X
et al.,,
(1995)
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Wea Gro Finis Halotha Physiolo Behavio | Supple Supple Supple Supple | Reduct
ner wer her ne- gical ural ment ment ment ment ion in
Genoty Measure Measure | Dose Dose Dose Dose stress
pe s s ) ) measu
<1g 1-5g 5-10g >10g re?
Tang, et X X X
al.,
(2009)
Tang et X X X
al.,
(2008)
Tarsitan X X X X X
o, et al.,
(2013)
Total % O 125 81.25 43.75 81.25 43.75 31.25 50.00 6.25 18.75 62.50
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2.4 Discussion

The aim of this systematic review was to examine the current scientific
literature exploring the use of magnesium to reduce stress in pigs. Sixteen
studies, published between the years 1991 and 2013, met the inclusion
criteria. Ten of these reported at least one positive significant effect of
supplementary magnesium on physiological measures of stress and/or
measures of harmful or aggressive behaviour (Table 1). Not all studies found
supplementary magnesium to be beneficial; including Caine, et al., (100) who
found that short-term, high doses of magnesium (40mg/kg for 7 days)
increased the frequency of aggressive, and Panella-Riera, et al., (103) who
reported that the carcases of pigs fed for 5 days before slaughter on a diet
supplemented with 1.2g of elemental magnesium and 8g of L-tryptophan had
an increased number of skin lesions, suggesting they were more active or
fought more during the transport or slaughter period. In both studies,
supplementary magnesium was only given for a very short period of time, five

and seven days before slaughter respectively.

A common theme throughout this literature was porcine stress syndrome, a
genetic condition characterised by hypothermia induced by stress (105) which
can often result in sudden death and poor meat quality. In the UK, the
halothane gene has now been removed from commercial pig production
through genetic selection, rendering the results from these studies less
relevant to current UK commercial pig production, although they may remain

relevant to pig production in other countries. Overall, the results of the seven
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studies focusing on porcine stress syndrome susceptible pigs, suggests that
magnesium supplementation in some cases may have a positive impact on
animals that are genetically susceptible to stress (Table A 1). Alternatively, if
focusing on the nine studies that did not include halothane-genotype pigs, five
studies found at least one measure of stress was improved when the pigs
received magnesium. One of these five studies however, also showed that
magnesium increased serum cortisol levels when given at a low-level for a
longer period of time (97). A further three found no significant effect. This
suggests that more research to determine appropriate dose regimens is

required.

There is also large amount of literature examining how magnesium may
improve meat quality, although not all studies include measures of stress
(111-113). Thirteen of the sixteen studies retrieved in this review were
concerned with the effects of magnesium on meat and thus discussed
measurements of stress from the perspective of improving pork quality. These
studies also tended to focus only on the end stage of the commercial pig’s life;
for example, both Apple, et al. (101) and Porta, et al. (97) focused on transport
and slaughter stress. Although the later stages of the pigs’ lifetime may seem
like the most obviously stressful period, stress is likely to occur at various
points throughout the whole life and may have a cumulative impact on welfare
and performance. Therefore, it would be worthwhile to explore further, the

effect of including magnesium during earlier life stages.
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Throughout the literature, cortisol was the most common measurement taken
to indirectly assess levels of stress. Cortisol was measured either in the
plasma, serum or saliva with concurrent recording of behavioural measures
including the frequency and duration of aggressive behaviour (Table 1).
Cortisol is an easy to obtain measure of arousal or stress and so it is
unsurprising that so many of the studies used cortisol measures. However,
cortisol is highly variable even within an individual, and can be elevated due
to both positive and negative arousal; as such, cortisol measures may be more
interpretable when contextualised with behavioural responses that can help

to infer the valence of the response (59).

Although measures of cortisol and behaviour were common across the
studies, in terms of the nutritional treatment there was a lack of consistency
between methodologies with often no clear reasoning for the doses, durations
or types of magnesium used. As shown by the number of studies extracted in
this review, this is a relatively new nutritional method that is yet to achieve
scientific consensus on when and how it may be most beneficial, or even
harmful. Cost will be key in terms of farmers’ willingness to implement a new
strategy. Investing in additional magnesium will need to be cost effective and
worthwhile for the producer, either because the magnesium is a cheap
strategy to implement, or stress is reduced in a large enough proportion of the
livestock (with clear benefits, such as improved performance) to make the
treatment a worthwhile investment. Based on the studies in this review, there
appears to be no clear conclusion regarding the best method to administer

supplementary magnesium in order to reduce stress and further research
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should strive to validate appropriate dosage, duration and application of

magnesium.

Despite inconsistency between methodologies rendering valid comparisons
between studies difficult, it is clear from the results that supplementary
magnesium can have beneficial effects on reducing measures of stress,
aggression, and improve meat quality in pigs of varying genotypes. A large
amount of research was focused on the end of the commercial pig’s life and
although this is a key time in terms of pork quality, it would also be beneficial
to investigate further how introducing magnesium into the diet earlier on in life
may improve welfare, performance and other key measures. Overall, there is
a limited amount of scientific evidence to support the use of magnesium to
reduce aggression and stress on commercial pig farms; however, the weight
of the evidence for magnesium supplementation in pigs is positive and more
thorough investigation of the impact of magnesium on stress in pigs is

merited.
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Chapter 3 Farmer’s Views And Experiences With

Supplementary Dietary Magnesium In Pig Production

3.1 Introduction

Agricultural science strives to optimise farming in a world that currently
demands more food at a lower price and higher standard than ever before
(114,115). New and alternative farming methods are frequently researched
and scientifically tested to improve our agricultural systems in terms of their
efficiency and sustainability, whilst also aiming to improve conditions for
workers and the welfare of livestock (116—-119). In recent years new farming
technologies have allowed farms to maximise outputs by, for example,
collecting livestock health and performance data automatically and employing

innovative arable farming techniques (120,121).

Pig nutrition is one aspect of farming where innovation is crucial. The basic
requirement of livestock feed is to meet the nutritional requirements of the
animal, while remaining cost effective (43). As nutrition influences pig
performance, it is a key factor in pig production (122). Beyond meeting the
animals’ nutritional requirements, new methods and feed formulations are
continually being developed that not only improve performance and economic
outputs (123,124), but can also increase the sustainability of our livestock
production systems (3,42). One example of this is the use of alternative
protein sources which are more environmentally friendly, such as insect
proteins in livestock feed (118,125). Likewise, precision feeding techniques

are becoming increasingly common and are able to tailor the feed to the
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nutrient requirements of the animal at each particular age or stage, while

reducing nutrient loss in faeces and environmental pollution (42,126).

Diet formulations may include supplementary nutrients or components that
aim to maximise key areas, such as nutrient efficiency (127) or health (128).
For example, phytase is an enzyme often included in pig feed in order to
release and utilise the natural bound phosphorous in the cereal elements of
the diet, reducing the need for supplementation with phosphorous itself, which
can be expensive and damaging for the environment (44,129). Similarly,
including copper in pig feed can improve growth and health status due to its
bactericidal and bacteriostatic properties (130,131). Likewise, whilst including
supplementary magnesium in the diet is not necessary for the animal’s
maintenance requirements (49), it may improve the pig’s ability to cope with
stress (48). The body’s response to acute and chronic stressors requires
energy as the animal’'s physiological systems become activated and
behaviour may change as a coping mechanism (17,37). This response can
negatively impact other processes, especially in cases of chronic stress, such
as growth and the immune system, and therefore by reducing stress,
magnesium may have a positive impact on pig performance, health and

welfare (81,89) (see also Chapter 2).

Previous research indicates that including supplementary magnesium in
commercial pig diets can improve meat quality and some stress and welfare
measures, such as skin lesion scores (48) (see also Chapter 2). It is important

to ensure that research findings are applicable in real-life commercial farm
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settings. Pig production systems worldwide vary greatly in multiple aspects,
for example the type of system and genotype of the animals (41,132), and as
such not all new feed formulations will have the same effect on each farm.
The implementation and impact of scientific research to support evidence-
based decision making on farm relies heavily on communication between
researchers and industry stakeholders, including key parties, such as vets and
nutritionists. This is especially true when scientifically recommended
components (such as supplementary magnesium) can come at an extra cost
for the farmer or producer in comparison with standard feed. Investigation of
the inclusion of supplementary magnesium in pig diets requires insight into
the current understanding and application of this method within the

commercial industry setting.

3.1.1 Study Aims and Objectives

The aim of this survey was to explore the current thinking and practices among
pig farmers on the use of supplementary magnesium in pig nutrition. A
secondary aim was to inform and aid current and future research into the use
and acceptance of magnesium in pig nutrition which is commercially

applicable. The objectives of this survey study were to:

(i) Explore current practices of pig farmers regarding the use of
magnesium in pig nutrition.
(i) Explore current opinions of pig farmers on the potential use of

magnesium in pig nutrition.



32

3.2 Method

3.2.1 Ethical Approval

This study was approved by the University of Leeds School of Psychology
Research Ethics Committee on the 19" November 2020 (REF: PSYC-143).
Minor amendments to the survey questions were approved on 25" May 2021

and 13" June 2021.

3.2.2 Survey

The survey was designed and made available on the platform “Qualtrics” (133)
and was structured with both open and closed questions to elicit the
respondents’ opinions and experiences of using supplementary dietary
magnesium, or supplements containing magnesium. The survey consisted of
three sections, comprising questions regarding (i) the participant’s farm and
herd, (ii) the participant's knowledge about the use of magnesium in pig
nutrition, and (iii) the participant’s experience of and willingness to use
supplementary magnesium (see Appendix B for the full survey). The main
target population was farm managers or staff with an understanding of the
feeding regime on the farm. Farmers from any type of farming system were
eligible to participate including commercial farms, independent farms and
smallholders. Originally, the survey was aimed at the UK only however, on the
13" June 2021 due to a low response rate, it was opened to participants
worldwide. Participation was completely voluntary, and no incentives were

offered.
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Before beginning the survey, consent was required from all participants.
Information about the survey, data protection, anonymisation, sharing of
anonymous research data and consent was provided to the participants in
written form at the beginning of the survey (Appendix B). All responses were
anonymous and so once the survey responses had been submitted, it was not
possible to identify or withdraw a respondent from the dataset. No personal or

identifying information was collected in the survey.

3.2.3 Recruitment

Survey participants were recruited via a combination of email, social media
and a paid advertisement in Pig World Magazine’s e-mail newsletter advert
(see Appendix B for the full advert). Relevant companies and individuals (such
as Pig Discussion Groups, Agriculture and Horticulture Development Board,
and the National Federation of Young Farmers Clubs) were contacted via e-
mail or social media message inviting them to participate in the survey and to
distribute the survey to pig farmers. In some cases, this resulted in distribution
by other means, such as posts on the National Pig Association forum, the
Animal Welfare Research Network, and Garth Pig Practice newsletter. The
survey was also sent out by Morrison’s supermarket to their network of
farmers via e-mail. Responses were collected from 26" January 2021 until

31st August 2021.
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3.2.4 Inclusion and Exclusion Criteria

It was made clear in the opening survey statement that participants should
only take part if they were (i) employed or engaged with farming pigs, and (ii)
over the age of 18; it was made clear that they should not participate if they
were (i) not working with pigs in a farming capacity, or (ii) under the age of 18.
The relevant section of the opening survey statement was as follows: “By
completing this survey, you are agreeing that you are a pig farmer or keeper
based in the UK, over the age of 18 and to the anonymous information you
provide being used in my PhD project and stored in accordance with the

University of Leeds Privacy Policies” to which a link was provided.

3.2.5 Data Analysis

All data analysis was performed in Microsoft Excel. Firstly, all test responses
were removed from the data set. One respondent was removed due to
repeated incoherent responses. The total number of respondents after
exclusions was twenty-five. Due to the small number of responses, a
descriptive analytical approach was taken and no formal statistical tests were
performed. After exploring the responses, it became clear that two of the
respondents who stated they had previously used supplementary magnesium
were still using it and therefore all respondents who had experience using
supplementary magnesium were grouped for analysis to enable a comparison
of those respondents with and without experience of using magnesium (11

responses in total).
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3.3 Results

A full breakdown of the number and percentage of respondents to each

question and answer is available in Appendix B.

3.3.1 Respondent Background

Of the 25 respondents, 24 were located in the United Kingdom and one in
Ireland. The majority of respondents said their pig herd was “Closed” (n=17,
68%) and described their farm as “Farrow to finish® (n=18, 72%). Most
participants reported the total size of their pig herd was approximately “1000-
5000 pigs” (n=11; 44%) with a smaller number reporting a larger herd size of
“5000-10,000 pigs” (n=7; 28%). The most commonly reported dam line
genotype was Large White cross Landrace (n=18, 72%) and the most
common sire line was Duroc (n=14, 56%). Although respondents reported
using a range of pig systems, 11 (44%) reported using an indoor slatted pig
system and 6 (25%) had indoor straw systems. A further two reported their
pigs were outdoor bred and reared on straw indoors and only one person

selected outdoor bred and reared indoors on slats.

3.3.2 Respondent Views on Additional Magnesium
Supplementation
All participants, regardless of their experience of supplementary magnesium,

were asked their views on whether magnesium supplementation in pigs may

be effective at (i) reducing stress, (ii) reducing aggressive or harmful
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behaviours, (iii) improving performance, and (iv) improving meat quality (Table

B 1).

Of the 25 respondents, 15 (60%) endorsed the statement “/ am unsure
whether additional dietary magnesium reduces stress in pigs”, and seven
selected “Yes, additional dietary magnesium reduces stress in pigs in some
circumstances”. When asked about aggressive or harmful behaviours, 15
respondents (60%) selected “I am unsure whether additional dietary
magnesium alters aggressive and/or harmful behaviours in pigs”. Similarly, in
terms of the effect of additional magnesium on pig performance, the majority
(n=17; 68%) selected that they were unsure whether magnesium would affect
this outcome. The remaining eight respondents selected that “yes they believe
additional dietary magnesium may improve pig performance in some
circumstances”. Finally, when asked about magnesium supplementation and
meat quality, 16 respondents (64%) endorsed the response “/ am unsure

whether additional dietary magnesium improves meat quality” (Figure 3).

3.3.3 Experience with Additional Magnesium Supplementation

Of the 25 respondents, 14 had never used supplementary magnesium (56%),
9 (36%) had previously used supplementary magnesium and two were
currently using supplementary magnesium (8%). When asked how they
became aware of using additional magnesium three respondents answered
“‘word of mouth”, two answered “advice from nutritionist’, two answered “own
research” and four respondents answered that they heard through other

means (not stated). Of those that had used supplementary magnesium, the
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majority reported that the main reason they started using it was because of
“‘aggressive or harmful behaviours” (n=6; 54.55%); two answered that it was
because of stress within the herd or group, and one answered that it was for
health reasons. Of the two participants that reported “other’, one stated they
decided to use additional magnesium following “vet advice to help with a
health issue”, and the other was to “reduce constipation in pre-farrowing

sows”.

3.3.4 Method of Magnesium Supplementation

Seven participants (63.64%) added the supplementary magnesium to feed,
two added it to water and the final two participants selected “other”, stating
that they used magnesium feed blocks. Five reported that the additional
magnesium was given or would be given for “2-4 weeks”, three reported “<171
week” and a further three reported “3-6 months”. In terms of the stage of
production magnesium supplements were or would be used at, one participant
reported giving magnesium to “Weaners (4-7 weeks of age)”, four (36.36%)
to “Growers (8-12 weeks of age)”, three to “Finishers (13 weeks — slaughter
weight)”, two to “Breeding sows” and one to “other” (reporting using additional

magnesium in “growers and finishers”).

The reported types of magnesium used in the supplementary magnesium
varied considerably. Two respondents reported using magnesium oxide, two
magnesium sulphate, one reported using magnesium phosphate, two
selected “other”, stating that “Calcium Magnesite” and “Emgevet in water”’

(containing Magnesium Aspartate Hydrochloride) were used, and four
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(36.36%) respondents selected “don’t know”. The level of supplementary
magnesium used varied across respondents with one selection each for “0.07-
0.1%" and “0.3-0.4%", and a further three respondents (27.27%) selected “0.1
- 0.2%". The final four (54.55%) participants selected “other”, 3 of which said
they don’t know, one said, “By advise from the vet’ (sic) and one stated

“different for age groups” (sic).

3.3.5 Reported Effects of Supplementary Magnesium

Most respondents (54.55%, n=6/11) reported observing a small decrease in
stress within the herd or group (Figure 2. Number of responses for each multiple
choice answer for the questions: “Since giving additional magnesium to your pigs,
have you noticed any change in stress in the herd or group of pigs?” and “Since giving
additional magnesium to your pigs, have you noticed any change in harmful or
aggressive behaviours?”). The majority (n=7/11; 63.64%) reported observing a
small decrease in aggressive or harmful behaviour which they attributed to the
supplementary magnesium. However, some also reported a large increase in
stress (n=2/11; 18.18%) or aggressive/harmful behaviours (n=1/11; 9.09%).
Others reported no change in stress (n=2/11; 18.18%) or behaviour (n=2/11;
18.18%). In terms of pig performance measures, most participants (n=9/11;
81.82%) observed no change. Eight participants (n=8/11, 72.72%) reported
that they do not receive feedback on meat quality and three reported no

observed impact of supplementary magnesium on meat quality (Table B 1).
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Reported Effects:
Stress and Behaviour
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Figure 2. Number of responses for each multiple choice answer for the questions:
“Since giving additional magnesium to your pigs, have you noticed any change in
stress in the herd or group of pigs?” and “Since giving additional magnesium to
your pigs, have you noticed any change in harmful or aggressive behaviours?”
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Reported Effects:
Pig Performance and Meat Quality
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Figure 3. Number of responses for each multiple choice answer for the questions:
“Since giving additional magnesium to your pigs, have you noticed any change
in performance?” and “Since giving additional magnesium to your pigs, have
you noticed any change in meat quality?”

All respondents who reported a decrease in stress within the group or herd
also reported observing a decrease in aggressive or harmful behaviours (n=7,
two magnesium oxide, one Emgevet in water, others unknown). Of the two
respondents who reported observing a positive effect of magnesium on pig
performance, one found supplementary magnesium also reduced stress and
aggressive and/or harmful behaviours (unknown type of magnesium, at 0.1 —
0.2 %) whereas the other did not see any change in stress and aggressive

and/or harmful behaviours (this participant reported using calcium magnesite

at an unknown level).

Only two types of magnesium, magnesium sulphate and oxide, were reported

as being used by more than one respondent. Of the two respondents that
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supplemented with magnesium sulphate, one supplemented (0.01 — 0.1 %)
during the grower and finisher stages and reported an increase in stress and
aggressive behaviours, and no change in performance. In contrast, the other
respondent applied supplementary magnesium (approximate level of
magnesium not known) during the grower phase and reported no change in
stress, behaviour, or performance. Two respondents reported supplementing
with magnesium oxide, one at an approximate level of 0.1 — 0.2 % for 2-4
weeks during the weaner stage and the other for less than one week in
breeding sows (approximate level not known). Both found that the magnesium
oxide resulted in a small decrease in stress and aggressive/harmful
behaviours but no change in performance. Although the type of magnesium
is unknown, a further two participants used a supplementary feed block
containing magnesium (the brand or formulation was not specified) during the
finisher phase and again reported that it resulted in a small decrease in stress

and aggressive/harmful behaviours but not performance.

Of the 11 survey participants who reported currently using, or having
previously used supplementary magnesium, eight (72.73%) reported they

would recommend it to other producers and three reported they would not.
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Table 2. Number of responses and percentage of responses answering each of the
options relating to questions about stress, behaviour, meat quality, and
performance outcomes during or after using supplementary magnesium in the

pig herd (n=11).

Question Answer Number of %
responses
Q20 & 34: Since / While giving | No, | saw no 2 18.18
additional magnesium to your | change in stress
pigs, did you noticed any within the herd or
change in stress within the group
2
e orgrouTOtess an e | ves, Isawasmal | 6| sa5s
. ) . decrease in stress
physiological or behavioural within the herd or
changes to cope with its
. . group
environment, e.g. being more
alert) Yes, | have seen a 1 9.09
large decrease in
stress within the
herd/group
Yes, | saw a large 2 18.18
increase in stress
within the herd or
group
Q21 & 35: Since / While giving | No, | saw no 2 18.18
additional magnesium to your | change in
pigs, have you noticed any aggressive and/or
change in aggressive or harmful behaviours
harmful behaviours? Yes, | have seen a 1 9.09
large decrease in
aggressive and/or
harmful behaviours
Yes, | have seen a 7 63.64
small decrease in
aggressive and/or
harmful behaviours
Yes, | saw a large 1 9.09
increase in
aggressive and/or
harmful behaviours
Q22 & 36: Since / While giving | No, | saw no 9 81.82
additional magnesium to your | change in pig
pigs, have you seen any performance
change in performance? measures
Yes, | have seen a 1 9.09
small positive
effect on pig
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Question Answer Number of %
responses
performance
measures
Yes, | saw a large 1 9.09
positive effect on
pig performance
measures
Q23: Since / While giving Not applicable - | 8 72.73
additional magnesium to your | do not receive
pigs, have you seen any feedback on meat
change in meat quality? quality.
No, | saw no 3 27.27

change in meat
quality
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3.3.6 Additional Comments from Respondents

Seven (28%) of the 25 survey participants left an additional comment at the
end of the survey. These comments included requests or interest in knowing
more about magnesium, that genetics can play a large role, and that as with
all products they work on some farms but not others. One respondent
suggested that the ratio of the ingredients is important not just the addition of

one mineral. These comments can be found in full in Appendix B.

3.4 Discussion

This survey aimed to gain a better insight into current opinion and degree of
consensus among farmers on the use of supplementary magnesium in pig
production. In total 25 farmers participated in the survey, 11 of whom stated
that they are currently, or have previously, supplemented with additional
magnesium. Many reported a positive effect of this supplementation on stress
and/or behaviour but not pig performance measures or meat quality (Figure
3). There was a wide range of farming backgrounds including genotype and
type of farming system. Despite the small sample size, this variation in farming
background allowed for a broad view of applications of magnesium in pig

farming.

When asked whether magnesium may influence stress, behaviour,

performance, or meat quality in pigs most respondents were unsure (Table B
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1). This uncertainty may be due to a lack of assessment or observation of
these qualities on farm, or it may be that some areas, such as ‘stress’, are
less easily observed on farm. Typically, in livestock science research, specific
tools and assessments are employed to assess pig welfare and performance,
such as behavioural observations, physiological measures (e.g. cortisol) and
feed intake in combination with pig weights. However, these tools often require
time or equipment that many farmers do not have or cannot afford. Based on
the reported outcomes of magnesium supplementation in this survey, it could
be suggested that the majority of the respondents agreed that additional
supplementary magnesium can be effective at reducing stress and
aggressive/harmful behaviours (Figure 2). However, as this conclusion is
based on firsthand reports it should be remembered that placebo or
confirmation bias may have influenced adopting farmers’ views. Despite this,
the consensus of this survey is in agreement with much of the previous
scientific literature which has shown that skin lesion scores (88,89,99),
harmful behaviours (88,89,103), cortisol (88,104,110), and catecholamine

hormones (95) can be reduced with magnesium supplementation.

Most participants who had experience supplementing with magnesium said
they would recommend it to others; again reflecting the view that the overall
outcome of supplementing with magnesium appears to be positive. This is
key, as personal recommendation within the farming community often plays a
crucial role in wider adoption of novel techniques or approaches in agriculture.
Despite the overall positive consensus, one respondent reported a large

increase in stress alongside a large decrease in aggressive and/or harmful
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behaviours (unknown magnesium compound supplemented at 0.1 - 0.2%),
and one a large increase in stress and a large increase in aggressive or
harmful behaviours (magnesium sulphate supplemented at different levels for
different age groups). This negative impact of magnesium supplementation
has previously been reported in some studies that showed a negative impact
on behaviour (100), cortisol levels (97) and skin lesion scores (103). Despite
the mostly positive effect on stress and behaviour, this did not appear to
translate into reported pig performance (Figure 3). It may be predicted that a
reduction in stress response and/or stress related behaviours would counter
any negative effects of the stress on performance, such as average daily gain
and feed conversion ratios (17). However, performance can be impacted by
multiple factors, and typically, in research studies, feed consumption and pig
weights are monitored closely using regular measurements made by hand or
using specialist equipment. It is possible, and likely, that these careful regular
measures are not made on some farms and therefore, more subtle, less
obvious, changes in pig performance are unlikely to be observed. However,

this hypothesis cannot be confirmed via this survey.

When exploring the reasoning for employing magnesium supplementation, it
is interesting to note that no respondents reported that they began using
supplementary magnesium to improve meat quality. This suggests that
despite a large amount of the scientific literature focusing on the use of
magnesium to improve pork quality, this is not typically a reason for the farmer
to investigate and consider its use. Magnesium supplementation has been

shown to improve meat quality by reducing stress (e.g. during transport,
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lairage, or slaughter itself) and counteracting the effects of stress hormones,
including catecholamines (110,134,135). Reducing the occurrence of pale,
soft and exudative (PSE) meat by supplementing with magnesium before
slaughter is beneficial in terms of consumer preference. Despite this, farmers
don’t typically see the end product on the shelves, especially those operating
large commercial units, as was reflected by the report from eight participants

that they don’t receive feedback on meat quality.

There is a lack of research and consensus on the method by which
magnesium should be supplemented in pig production and in previous studies
the type and level of magnesium has varied greatly (100-102,110). In this
survey, respondents reported using a wide range of methods to apply
supplementary magnesium and many did not know the type or level of
magnesium used. Where the type of magnesium used was known, inorganic
forms, such as magnesium oxide and magnesium sulphate, were most
frequently reported. Literature in both humans and rodents has demonstrated
that the efficacy of magnesium varies depending on the type magnesium,
duration and method of application, with inorganic compounds less easily

absorbed than organic magnesium compounds (136—138).

3.4.1 Limitations

The main limitation of this survey is the low response rate, which means that
the survey is unlikely to be representative of the population of pig farmers in
the UK. Thus, the conclusions that can be drawn are limited and interpreted

with caution. E-mail and social media platforms including Twitter, Facebook
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and Linkedin were used as the main way to target pig farmers. Recruitment
for surveys through social media provides many advantages including the
potential to recruit respondents worldwide and rapid, low-maintenance
dissemination of the survey (139-141). However, this method does limit the
pool of respondents to people that use these social media platforms.
Recruiting participants via other means as well as social media and email,
such as postal surveys (142), was not within the scope of this study and a
sampling frame of all pig farmers in the UK to whom postal surveys could be
sent was also not available. Similarly, there was no incentive offered to
complete the survey, but had an incentive been offered, a greater number of

responses might have been obtained.

The survey was reliant on the respondent’s subjective experience. The
questions about stress and behaviour all rely on the respondent’s individual
interpretation of the question and their observations on farm which might be
influenced by their assumptions and beliefs about pig farming practices and
magnesium or feed supplements in general. Typically, in scientific research,
stress would be measured in a number of different ways including
physiological measures and behavioural observations (57,58,60,143,144).
Similarly, pig performance is measured differently on different farms, with
some farms monitoring it regularly while others less so. This subjectivity is
clear from a few responses which are inconsistent with answers to other
questions by the same participant. For example, one respondent stated they
saw a large increase in stress within the herd as well as a reduction in

aggressive/harmful behaviours in response to magnesium supplementation.
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Furthermore, their reason for not continuing with the supplementation was that
the aggressive behaviour had stopped, which appears contradictory to the
earlier stated increase in stress. Therein lies the problem of inferring from
responses in a survey, without further input from the respondent. Such

inconsistent answers have to be taken at face value or discounted

3.4.2 Conclusion

In conclusion, although the overall perception of magnesium is largely
positive, the variation in application and response to magnesium
supplementation highlights the need for further research to explore the most
appropriate level and type of magnesium to supplement with and to examine
objectively the effects on health, behaviour and performance. Despite this
small limited survey, the results reflect the view of the majority of pig farmers
surveyed that supplementary magnesium has the potential to reduce stress
and undesirable behaviours. This outcome is consistent with the current

scientific literature.
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Chapter 4. Supplementary Magnesium To Reduce
Behavioural Measures Of Stress during Regrouping In

Growing Pigs

4.1. Introduction

Regrouping or mixing, where stockpersons create new social groups of pigs
with unfamiliar conspecifics, is a common pig management practice, that often
results in aggression - a major welfare issue in pig production (10,39,145-
147). Regrouping can occur multiple times throughout a pig’s lifecycle for
many reasons, including moving animals to a new location, or grouping pigs
of similar weight in order to reduce within-pen weight variation (148,149).
Regrouping occurs multiple times throughout a commercial pig’s lifespan and
can result in an increase in aggression for two main reasons. Firstly, the
established social hierarchy is disrupted, and secondly, unfamiliar
conspecifics are introduced creating competition (39,145,150,151). Alongside
these two main social stressors, there are many other factors at play that may
influence the occurrence of harmful behaviours and aggressive events, for
example environmental enrichment (152) and individual temperament (66)
which might mediate the experience of and response to stress. Although it is
not uncommon for unfamiliar individuals to be aggressive when re-
establishing a dominance hierarchy, conditions within a pig production system
can exacerbate the animals’ behavioural responses. Intensive pig production
systems involve repeated regrouping, limited space to escape conflict (153),
and pens of pigs homogenous in terms of weight (154) and therefore

competitive ability, increasing the likelihood of intense fighting.
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4.1.1 Aggression and Harmful Behaviours

Aggressive and harmful behaviours between pigs poses a significant and
persistent animal welfare and economic issue. These behaviours, such as
fighting and tail biting, increase the risk of injury, disease, and mortality
(38,62,155-157). Simultaneously, the energy to engage in negative
behaviours, and to cope with any subsequent health challenges, such as
injury, can result in reduced growth and pig performance (158). Consequently,
this can increase production costs due to the decrease in health status and
productivity of the group (8,10,159,160). Although both harmful and
aggressive behaviours can result in the same health, performance, and
economic consequences, they are the result of different motivations.
Aggressive behaviour, such as fighting, is typically the result of a specific
stressful event such as regrouping. On the other hand, harmful behaviours
such as tail and ear biting, are non-aggressive abnormal behaviours that are
the result of multiple factors, including nutrition, temperature, and
environmental enrichment (161,162). The multifactorial nature of harmful
behaviours makes them less predictable than aggressive behaviours
however, they can also be exacerbated by stress or stressful events (163).
Consequently, reducing stress is important for the management and reduction
of aggression and harmful behaviours, which in turn is critical for both animal

welfare and farm productivity.

Reducing the frequency of exposure to stressful events that can result in

aggression or exacerbate harmful behaviours— such as regrouping — is the
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obvious way to reduce these behaviours however, this is often not possible.
Strategies to mitigate the negative behavioural changes associated with
stressful events have been widely researched (39,147,164,165) with
examples of mitigations including: increasing the use of environmental
enrichment (166), altering the size (167) or weight distribution (154) of the
group, and increasing the amount of fibre in the diet (168). There are also
promising findings that including supplementary magnesium in the diets of
commercial pigs may reduce aggression and harmful social behaviours
(Chapter Two; (48)). For example, Peeters, et al. reported that pigs who
received supplementary magnesium were visibly calmer after transport
simulation (98), and O’Driscoll, et al. reported that supplements including
magnesium reduced the duration of aggressive behaviours in growing pigs
(88). Furthermore, several studies have reported that including supplementary

magnesium can reduce skin lesion scores (88,89,99).

4.1.1. Magnesium and Phytase

Supplementary magnesium has been shown to reduce cortisol during acute
stress including transportation (101) and slaughter (104,110). Typically, there
is adequate magnesium content in swine diets due to the large number of
cereal components (49). Increasing the level of magnesium in pig diets may
be a nutritional method to reduce stress, without requiring major changes to
production or housing. Research to date has been limited and generally
focuses on the end of a pigs’ life (Chapter Two; (48)). There is therefore a

need to understand the impact of supplementary magnesium on the
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physiological measures of stress in pigs during stressful events, such as

regrouping.

Furthermore, combining supplementary magnesium with additional nutritional
components may enhance any positive effects. Phytase is a phytate
degrading enzyme commonly added to pig feed in order to release natural
bound phosphorous in cereal elements of the diet (169,170). Phytase reduces
the need for additional phosphorus to be added to the diet, and has been
shown to improve the availability and digestibility of trace minerals, including
magnesium (127,171). Therefore, including phytase in the diet with
supplementary magnesium may result in a synergistic effect by further
increasing the total magnesium content of the diet. The possible synergistic
effects of magnesium and phytase supplementation has not been researched

previously.

4.1.1 Aim and Hypotheses

The aim of this study was to assess how supplementary magnesium
phosphate, with or without additional phytase, may influence skin lesion
scores and the duration of aggressive and harmful social behaviours during

regrouping in grower pigs.

H1: A diet supplemented with magnesium will reduce the duration of
aggressive behaviour and result in lower skin lesion scores after regrouping

compared with the same diet without magnesium supplementation.
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H2: A diet supplemented with magnesium will reduce the duration of harmful
behaviours and result in lower skin lesion scores after regrouping compared

with the same diet without magnesium supplementation.

H3: A diet supplemented with magnesium and phytase will further reduce the
duration of aggressive behaviours and result in lower skin lesion scores than

a diet supplemented with magnesium alone.

H4: A diet supplemented with magnesium and phytase will further reduce the
duration harmful behaviours and result in lower skin lesion scores than a diet

supplemented with magnesium alone.

4.2. Method

4.2.1 Ethical Approval

This study was carried out between October and December 2018 under the

project licence number PPL 70/7895 (expiry date 18/12/18).

4.2.2 Sample Size

A sample size estimate of 24 focal pigs per dietary treatment was calculated
based on an effect size of 14 (the difference in least squared means of bouts

of aggression in treatment and control pigs reported in the literature (88,89)).
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A standard deviation of 3.2 (based on the standard deviation in the number of
fights per pig reported by Andersen et al. (167)), at power of 0.9 and a

significance level of 0.05.

4.2.3 Animals and Housing

Two-hundred and forty Large White cross Landrace piglets were available for
inclusion in this study. The piglets remained with the sow until four weeks old
and then were housed in groups of five pigs per pen (pen size: 1.5m x 1.5m)
until nine weeks of age when the pens were regrouped to pens of ten pigs
(pen size: 1.5m x 2.5m). All piglets were housed in traditional farrowing crates
with the sow until they were weaned. At weaning, the piglets were vaccinated
(Porcilis PCV and Porcilis M Hyo ID Once) and weighed to determine the
weaning weight before being allocated to the pens of five. Any pigs weighing
less than 5kg, or with any obvious injury/iliness, or with intact tails were not
included in the study. Each initial pen of five pigs was balanced by sex, weight,
and origin litter, with the pre- and post-regrouping pen in mind to ensure both
were balanced. Each pen of five either contained two or three female pigs to
ensure an equal sex ratio (1:1) when regrouped in the larger pen size of ten
pigs. Where possible, only one pig per origin litter was included in each pen
of five and ten. Furthermore the within-pen weight variation was kept to 3.5kg
or less. Each pair of five pig pens received the same dietary treatment so no
treatments were mixed during regrouping. The pigs remained in the same
pens throughout the study. On the day of regrouping a dividing wall was
removed between each pair of pens to create the larger, balanced pen of ten

pigs. In total there were 24 pens of 10 pigs which were spread across three
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rooms. In each room there were two pens of ten pigs per diet with random

distribution of diets across the rooms.

4.2.3.1 Treatment groups and focal individuals

Four treatment groups were included in this study: (i) control group, (ii)
supplementary magnesium phosphate (MgP) diet, (iii) phytase diet, and (iv)
combined supplementary magnesium phosphate and phytase diet. The
number of focal pigs required per treatment group was calculated using
sample size calculation (section 2.2). Two focal pigs in each pen of five were
identified at weaning by selecting the heaviest and lightest weight pig in each
pen. This resulted in 44 female and 52 male focal pigs in total (Control: 12
females, 12 males; MgP: 12 females, 12 males; Phytase: 7 females, 18 males;
MgP and Phytase: 15 females, 8 males). These were marked with a pattern
of marker spray on the back between the shoulders avoiding the hair sampling

area (rump). The spray was reapplied every 1-2 days as required.

4.2.4 Diet

For the first 20 days post-weaning (from 4 to 7 weeks of age, i.e. the pre-
treatment period), all pigs received the same standard three-diet regime
(Primary Diets) in a five-spaced feeder. This feeding regime consisted of
2kg/pig of ‘Elite’ followed by 4kg/pig of ‘Ultra Wean’ and finally approximately
8kg/pig of ‘Ultra Sprint’. These diets contain 0.12%, 0.13% and 0.12% of

magnesium respectively.
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All pigs were fed one of the four study diets (Table 3) from 7 to 12 weeks of
age (i.e. the treatment period), in two, one spaced feeders. Due to a lack of
consensus in the current scientific literature (48), the level and type of
magnesium compound used in this study was based on the level and type
used by a large UK (United Kingdom) based pig feed manufacturer. All diets
were formulated specifically for this study (Table 3) and at the time of
manufacture, a sample of each diet was retained and sent for analysis at
Sciantec and Primary Diets (Table 6). A feed sample was collected for each
diet each week throughout the study and stored in a freezer. To ensure
consistency in dietary components, a composite sample was created and
analysed by Sciantec for magnesium and Primary Diets for phytase content

(Table 7).

Table 3. Formulation of each study diet. Formulated and manufactured by Primary

Diets.
Diet
Ingredient (%) Control Mg Phytase Mg +
Phytase
Barley 30.00 30.00 30.00 30.00
Wheat 39.66 39.46 39.60 39.40
Soya 22.04 22.07 22.05 22.08
Full Fat Soya Bean 3.50 3.52 3.51 3.53
Premix 0.25 0.25 0.25 0.25
L-Lycine HCL 0.48 0.48 0.48 0.48
DL-Methionine 0.11 0.11 0.11 0.11
L-Tryptophan 0.18 0.18 0.18 0.18
L-Valine 0.01 0.01 0.01 0.01
Vitamin E 0.09 0.09 0.09 0.09

Phytase 0.00 0.00 0.03 0.03
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Diet
Ingredient (%) Control Mg Phytase Mg +
Phytase
Feed enzyme (xylanase) 0.01 0.01 0.01 0.01
Limestone Flour 0.67 0.75 0.67 0.75
Dicalcium Phosphate 0.49 0.36 0.49 0.36
Magnesium phosphate 0.00 0.15 0.00 0.15
Salt-PDV 0.44 0.44 0.44 0.44
Sodium Bicarbonate 0.06 0.06 0.06 0.06
Pellet binder 0.80 0.80 0.80 0.80
Soya Oll 1.21 1.26 1.23 1.28

4.2.5 Skin Lesion Scoring

Focal pigs were lesion scored using the same scoring system as outlined in
Stevens, et al. (172) (Table 4). Skin lesions were scored once a week from
weaning to the end of the trial by the same observer (Emily Bushby). An
additional score was taken the day after regrouping resulting in two lesion
scores for each pig in that week. Focal pigs were scored on the back, tail, left
and right ears, shoulders, flank and hindquarters. Scores were recorded
manually on a paper scoring sheet and then transferred onto a master Excel

spread sheet each week.

Table 4. Lesion scoring system as outlined by Stevens, et al. (172)

Score Scoring system

0 No injuries.

1 One small superficial lesion.
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More than one small superficial lesion or one deeper superficial

lesion.

One or several big and deep lesions. If deep only one single lesion,

if not so deep several red lesions.
One very big, deep and red lesion. Or many deep red lesions.

Many very big, deep and red lesions covering the area.

4.2.6 Focal Pig Behaviour

Behaviour was recorded using 2MP Sony Exmor IP Cameras with one camera
placed above each pen of ten pigs. Video recordings were made between the
hours of 11am-12pm and 2pm-3pm, after feeding and other sampling had
finished. Videos were collected on six days across the whole experimental
period: on each of two consecutive days: (i) one week before regrouping; (ii)

on the day of and day after regrouping; and (iii) one week after regrouping.

Before regrouping the dividing panel separating the pens of ten into pens of
five meant that the main cameras were unable to capture the whole of the
front pens. Therefore these pens were filmed using Canon Legria handheld
camcorders on tripods. Two camcorders on tripods were placed in each room
and, after an hour of filming, were moved along the corridor to film the next
two front pens. This meant that each pen was not always filmed at the same
time and there was only one hour of footage per front pen per day before

regrouping.

The videos were analysed to determine each focal pig’s duration of active,

inactive, and aggressive and harmful behaviours (Table 5). These behaviours
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were coded for the first and last 15 minutes of each hour (11:00-11:15am;
11:45am-12:00pm; 2:00-2:15pm; 2:45-3:00pm) on each of the six recording
days. BORIS software (173) and an ethogram adapted from O’Driscoll, et al.,
(88,89) (Table 5) were used. The videos were analysed blind to diet (i.e. the

diets provided in each pen were unknown during video analyses).

Due to some of the footage running at half speed, to ensure the same amount
of time was analysed for each pen, the sample of time analysed was as close
to the intended time as possible. Four pens were excluded from before and
after (20 pens were able to be analysed), and three pens from during (21 pens

were analysed) the regrouping time points, due to missing data.

Table 5. Ethogram adapted from O’Driscoll, et al. (88,89)

Behaviour Description

Active Actively performing a behaviour (e.g. exploring

enrichment, walking, biting, playing)

Inactive Lying, standing or sitting while not performing any
behaviour

Pig out of view Pig's head is out of view and behaviour is not able to be
categorised

Fighting Mutual pushing parallel or perpendicular, ramming or

pushing of the opponent with the head, with or without
biting in rapid succession and/or head thrusting. Lifting

the opponent by pushing the snout under its body.

Body Biting Biting (mouth open) any part of another pig, but not as
part of head thrust, or fight (often repeated in rapid

succession).
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Biting (mouth open) another pig’s tail, but not as part of

head thrust, or fight (often repeated in rapid succession).

Biting (mouth open) another pig’s ears, but not as part of

head thrust, or fight (often repeated in rapid succession).

Head thrust Ramming or pushing another pig with the head (with or

without biting), but not as part of a fight.

Other aggressive Any other harmful or aggressive behaviours.

4.2.7 Statistical Analysis

Data was stored, and the skin lesion scores calculated, in Microsoft Excel. All
statistical analysis was carried out using RStudio software (174). The data
were analysed as a two-by-two factorial dietary treatment design. Before
running the models, collinearity was examined using the vif function from the

car package, where values over five were determined to be collinear (175).

4.2.7.1 Skin Lesion Scores

Lesion scores were separated into tail score, ear score (sum of both ears) and
body score (sum of all main body areas: left and right flank, hindquarters,
shoulders and back). In order to include the weight of each pig in the analysis,
the weight of each pig at the closest time point to the lesion score recording
was added to the data and model for that time point. The dates that each pig
was lesion scored were separated into during the standard diet (4-7 weeks of

age), and before (7-9 weeks of age), and after regrouping (9-12 weeks of age).
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An ordinal regression model using the c/mm function from the ordinal
package (176) was used to analyse the skin lesion score data. Lesion score
(body, ear, or tail) was included as the response variable and test time period,
weight, sex, magnesium and phytase dietary treatments as the fixed predictor
variables. The mixed pen location, pig ID nested with mixed pen location were
included as random effects within the models. For the body and ear lesion
score analyses, all two-way interactions between the fixed variables were
included. Due to low variation and convergence issues with the tail lesion
score model, two alternative models were compared: (i) a simplified model
with only fixed and random effects; and (ii) the full model with no random
effects. Based on the AIC values, the simplified model fitted best and therefore
was employed. All three models were fitted using backwards stepwise deletion

based on the AIC values using the drop1() function (177).

4.2.7.2 Behavioural observations

Out of sight or time not coded for a specific behaviour accounted for 6% of the
total data. These were treated as missing data and were not included in the
analyses. Each behaviour (active, inactive, fighting, tail biting, ear biting, body
biting) was analysed separately as well as the grouped duration of harmful
(tail biting, ear biting, body biting), referred to henceforth as grouped harmful

behaviours.

Due to the variation within pig ID and pen location (random effects) being very
small leading to overfitting and convergence issues, three models were

compared using the AIC values using the mod.sel function from the package
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MuMin (178). These were models including pig ID within pen location as a
random effect, including pig ID as a random effect, and no random effects
included. To analyse the behaviour data, a negative binomial model was
employed as this type of model is able to analyse non-normal count data, such
as duration of time (179). The duration of each behaviour (active, inactive,
fighting, tail biting, ear biting, body biting) using the gim.nb function from the
MASS package (180). The stepAIC or drop1 functions were used to fit the
models using backwards stepwise deletion based on the AIC values. The
rounded duration of each behaviour in seconds was included as the outcome
variable with the time point, dietary treatments, and the focal pig’s sex and
weight (day 33 weight as it was the closest weight to the observation time
points) included as fixed effects. Interaction effects included were
Diet. mg*Diet.p, Sex*Diet.mg, Diet. mg*Weight, Diet. mg*Time.Point,
Sex*Diet.p, Diet.p*Weight, Diet.p*Time.Point, Time.Point*Weight,

Sex*Time.Point, and Weight*Sex.

4.3 Results

4.3.1 Model Comparison for Behavioural Data

There was no collinearity in the predictor variables, as all values were less
than two (176). The within pig ID and pen location (random effects) variation
was extremely small (p<0.001) and models including random effects indicated
overfitting and convergence issues. Three models were compared using the
AIC values using the mod.sel function from the package MuMIn (178). These

were models including all fixed and interactive effects (as described in section
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5.2.3) and either including pig within pen as a random effect, including pig as
a random effect or included no random effects. The final models for the ear
biting, tail biting, fighting and time spent inactive fit best with no random effects
included. The final model for the grouped harmful behaviours and the body
biting data, included only pig ID as a random effect. The final model for the
time each pig spent active fit best with both mixed pen location and pig ID

nested within mixed pen location included as random effects.

4.3.2 Diet

The diets supplemented with magnesium were shown to have a higher level
of total magnesium at the point of manufacture (Table 6) and throughout the

study (Table 7).

Table 6. Mineral analysis of the feed sample taken from each study diet at the point
of manufacture.

Diet
Control Mg Phytase Mg +
Phytase

Ash (%) 4.0 4.1 4.1 4.4
Crude Fibre (%) 2.7 29 3.2 3.0
Crude Protein (%) 19.3 19.9 18.9 19.3
Moisture (%) 11.4 11.3 11.4 11.6
Total Oil (%) 413 4.08 3.75 4.1
Magnesium (%) 0.15 0.20 0.17 0.21

Phytase activity (FTU/Kg) 640 518 2020 1420
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Table 7. Mineral analysis of the composite feed sample at the end of the study (day

55).
Diet
Control Mg Phytase Mg +
Phytase
Magnesium (%) 0.16 0.20 0.16 0.23
Phytase activity (FTU/Kg) 877 625 2090 2000

4.3.3 Skin Lesion Scores

As predicted, there were significantly higher body scores after regrouping than
during the standard diet period or before regrouping (p<0.001). This was
consistent for both the magnesium and phytase treatment groups (p<0.001;
Table 8). Likewise, there were significantly higher ear scores after regrouping
than during the standard diet or before regrouping time periods (p<0.001).
This was also the case for the magnesium diet (p=0.028; Table 8). Tail lesion
scores increased post-regrouping in comparison with before regrouping
(p=0.01) and tail lesion scores increased with increasing weight (p=0.005).
There was no significant difference in focal pig tail lesion scores between

dietary treatments (p>0.001; Table 8).

Table 8. Odds ratio, 95% confidence interval, p-values, and raw means with standard
errors for the body score ordinal cumulative link mixed model. P-values in italics
indicate significance in comparison with the control. The final minimal model as
determined by backward stepwise deletion. Due to conversion issues with the
model the additive model with mg diet — phytase diet interaction is reported.

Odds  95% Confidence P- Raw Mean &
Ratio Interval Value SE
Body Lesion Scores
Control - - - 8.967 £ 0.374
Mg 0.598 -1.174 - 0.147 0.127  8.320+0.259
Phytase 0.854 -0.728 - 0.413 0.588  9.120 + 0.281

Mg * Phytase - - - 8.394 + 0.376
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Odds 95% Confidence P- Raw Mean &

Ratio Interval Value SE
Standard diet (0-20 days) - - - 2.687 £ 0.212
Before regrouping (21-33 5.441 0.156 - 3.231 0.030 5.892 +£0.235
days)
After regrouping (34-55 days) 157.481 3.517 - 6.600 <0.001 12.765 + 0.167
Sex (male) - - - 9.242 + 0.264
Sex (female) - - - 8.457 + 0.277
Weight 1.096 -0.003 - 0.187 0.059 -
Before regrouping * Phytase 1.228 -0.317-0.728 0.440 6.000 + 0.327
After regrouping * Phytase 1.684 0.015-1.026 0.043 13.255 +0.245
Before regrouping * Mg 0.733 -0.837 - 0.216 0.248 5.579 £ 0.311
After regrouping * Mg 0.437 -1.441 - -0.213 0.008 11.920 £ 0.252
Mg * Weight 1.022 -0.0006 - 0.044 0.057 -
Before regrouping * Weight 0.970 -0.126 - 0.066 0.543 -
After regrouping * Weight 0.920 -0.177 - 0.011 0.086 -
Ear Lesion Scores
Control - - - 2.818 £0.123
Mg 1.497 -0.238 - 1.046 0.217  2.692 £ 0.121
Phytase - - - 2.937 +0.137
Mg * Phytase - - - 2.500 + 0.119
Standard diet (0-20 days) 1.135+0.120
Before regrouping (21-33 2.700 0.525 - 1.461 <0.001 1.946 + 0.090
days)
After regrouping (34-55 days) 10.457 1.878 - 2.815 <0.001 3.770 £ 0.068
Sex (male) 1.192 -0.051 - 0.402 0.129  2.855+0.089
Sex (female) - - -
Before regrouping * Mg 0.607 -1.163 - 0.166 0.141 1.811 £0.127
After regrouping * Mg 0.490 -1.348 - -0.075 0.028  3.570 £ 0.083
Tail Lesion Scores
Control - - - 0.600 + 0.062
Mg 0.769 -0.721 - 0.196 0.262 0.517 £0.057
Phytase 1.057 -0.376 - 0.488 0.799 0.718 £0.062
Mg * Phytase 1.043 -0.597 - 0.682 0.895 0.612+0.059
Standard diet (0-20 days) - - - 0.166 + 0.038
Before regrouping (21-33 294.004 381.843-393.210 0.977 0.222£0.028
days)
After regrouping (34-55 days)  589.699 381.147-393.906 0.974  1.033 £ 0.047
Sex (male) 0.928 -0.407 - 0.259 0.662  0.621 +£0.042
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Odds 95% Confidence P- Raw Mean &
Ratio Interval Value SE
Sex (female) - - - 0.604 + 0.043
Weight 1.023 0.006 - 0.039 0.005 -

4.3.4 Behavioural Observations
4.3.4.1 Time spent active (non-aggressive)

Focal pigs were significantly more active after regrouping than before
(p<0.001) and during regrouping (p<0.001). Similarly, focal pigs receiving
supplementary magnesium phosphate were more active after regrouping than
during (p=0.010), whereas focal pigs receiving phytase were less active
during regrouping than the control diet (p=0.006). However, overall the
magnesium diet (p<0.001) and magnesium and phytase combined diet
(p=0.014) were significantly less active than control focal pigs. There was no

effect of focal pig sex or weight on non-harmful/aggressive activity level.

4.3.4.2 Time spent inactive

Focal pigs receiving the supplementary magnesium diet were significantly
more inactive than focal individuals on the control (p<0.001) diet. Likewise,
there was a trend for focal pigs receiving magnesium to spend more time
inactive than focal pigs on the phytase diet (p=0.05). Males were spent more
time inactive during regrouping than females whereas in contrast, male focal
pigs on the magnesium dietary treatment spent less time being inactive than

females (p=0.001).
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4.3.4.3 Combined harmful and fighting behaviour

There was no significant impact of dietary treatment, time point, focal pig
weight or sex on the duration of time spent engaging in fighting and harmful

behaviours (p>0.05).

4.3.4.4 Harmful behaviours

During regrouping, the duration of time spent engaging in harmful behaviours
increased with increasing weight (p=0.042). However, during regrouping the
duration of harmful behaviours performed by focal pigs was significantly lower
than before regrouping (p=0.013). Dietary treatment and sex did not impact

the duration of harmful behaviours.

4.3.4.5 Fighting

There was significantly more fighting during regrouping than before (p=0.002)
or after (p<0.001). Furthermore, focal pigs spent significantly less time fighting
after regrouping than before the event (p=0.010). These time point differences
were consistent across all dietary treatments (Table 9). Focal pigs receiving
magnesium supplementation alone (p=0.03) or in combination with phytase
(p=0.009) spent significantly less time fighting than those focal individuals on
the phytase only treatment diet. Male focal pigs fought significantly more than
females overall (p<0.001) and when on the phytase dietary treatment

(p=0.045).
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4.3.4.6 Body biting

Focal pigs receiving the phytase dietary treatment spend significantly longer
body biting then focal pigs on the control diet (p=0.038). There was no effect

of time point or focal pig sex or weight.

4.3.4.7 Ear biting

There was significantly less time spent ear biting during regrouping than
before (p<0.001) or after (p=0.01). Focal pigs receiving supplementary
magnesium phosphate spent less time ear biting after regrouping than the
control diet focal pigs (p=0.046). Male focal pigs spent significantly longer ear
biting than female focal pigs overall (p=0.025) and males receiving
supplementary magnesium phosphate also spent significantly longer ear

biting than female focal pigs on the same diet (p=0.004).

4.3.4.8 Tail biting

The duration of tail biting was significantly less after regrouping than before
regrouping (p=0.009). Male focal pigs spent more time tail biting than females
(p=0.038). Overall, the duration a focal pig spent tail biting decreased with
decreasing weight showing that the lightest weight pigs spent the most time

tail biting (p=0.044). There was no effect of diet on tail biting duration.



70

Table 9. Estimates, z-values, p-values, and raw means with standard errors for each
behavioural negative binomial model. P-values in italics indicate significance in
comparison with the control. The final minimal model as determined by
stepwise backwards deletion.

Estimate z-value P-Value Raw Mean & SE
Active (non-aggressive)
(PML: 0.197)
Intercept 5.732 33.519 <0.001 -
Control - - - 281.860 + 11.336
Mg -0.471 -3.615 <0.001 209.173 + 13.339
Phytase 0.00006 0.001 0.999 243.241 £12.770
Mg * Phytase 0.352 2.439 0.014 250.205 + 12.459
Before regrouping - - - 225.373 + 11.867
During regrouping 0.080 0.790 0.429 230.666 + 9.431
After regrouping 0.338 3.089 0.002 286.506 + 11.118
Sex (male) - - - 243.426 + 8.684
Sex (female) - - - 250.594 + 9.678
Weight (day 33) -0.010 0.006 0.126 -
Mg * Before regrouping - - - 200.916 + 19.451
Mg * During regrouping 0.301 2.558 0.010 231.950 + 11.543
Mg * After regrouping 0.086 0.727 0.467 266.447 + 15.948
Phytase * Before regrouping - - - 236.795 + 16.082
Phytase * During regrouping -0.325 -2.716 0.006 214.309 = 12.502
Phytase * After regrouping -0.178 -1.466 0.142 288.068 + 15.309
Inactive (non-aggressive)
(PML:0.114)
Intercept 5.913 24.418 <0.001 -
Control - - - 393.220 + 11.561
Mg 0.225 3.892 <0.001 428.565 + 16.113
Phytase 0.301 1.343 0.179 382.047 + 15.604
Mg * Phytase - - - 417.367 + 10.640
Before regrouping - - - 409.200 + 13.026
During regrouping -0.076 -1.168 0.242 417.987 + 11.708
After regrouping -0.119 -1.809 0.070 385.123 £ 10.485
Sex (male) -0.442 -1.835 0.066 401.521 £ 10.022
Sex (female) - - - 407.589 + 9.358
Weight (day 33) 0.003 0.283 0.776 -
Weight (day 33) * Sex (male) 0.017 1.690 0.090 -
Mg * Sex (male) -0.252 -3.132 0.001 400.348 + 17.605
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Estimate z-value P-Value Raw Mean & SE
Mg * Sex (female) - - - 434.929 + 9.672
Phytase * Sex (male) 0.141 1.679 0.093 401.028 + 12.717
Phytase * Sex (female) - - - 399.661 + 14.069
Phytase * Weight (day 33) -0.018 -1.793 0.073 -
Before regrouping * Sex (male) - - - 386.189 + 21.008
Before regrouping * Sex - - - 431.605 + 14.971
(female)
During regrouping * Sex (male) 0.190 2.068 0.038 431.121 + 14.362
During regrouping * Sex - - - 403.815 + 18.702
(female)
After regrouping * Sex (male) 0.123 1.314 0.188 384.054 £ 15.855
After regrouping * Sex (female) - - - 386.222 + 13.886
Harmful behaviours &
fighting (PML:0.052)
Intercept 2.742 16.154 <0.001 -
Control - - - 16.139 + 1.893
Mg -0.035 -0.195 0.845 13.796 £ 2.008
Phytase - - - 18.316 + 1.784
Mg * Phytase - - - 16.552 + 1.604
Before regrouping - - - 19.169 + 1.644
During regrouping -0.359 -1.560 0.118 16.172 + 1.594
After regrouping 0.069 0.315 0.752 13.899 + 1.407
Sex (male) 0.306 1.681 0.092 17.769 £ 1.343
Sex (female) - - - 15.090 £ 1.176
Mg * Before regrouping - - - 18.098 + 2.385
Mg * During regrouping 0.311 1.271 0.203 17.558 + 2.374
Mg * After regrouping -0.417 -1.706 0.088 10.636 + 1.361
Before regrouping * Sex (male) - - - 21.455 £ 2.433
Before regrouping * Sex - - - 16.301 + 2.068
(female)
During regrouping * Sex (male) 0.006 0.025 0.980 17.986 + 2.469
During regrouping * Sex - - - 14.032 + 1.880
(female)
After regrouping * Sex (male) -0.433 -1.774 0.076 13.121 + 1.834
After regrouping * Sex (female) - - - 14.867 + 2.196
Harmful behaviours (r*ML:
0.054)
Intercept 3.564 5.621 <0.001 -
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Estimate z-value P-Value Raw Mean & SE
Control - - - 14.800 + 1.913
Mg -0.033 -0.183 0.854 11.346 £ 1.470
Phytase - - - 17.021 £ 1.794
Mg * Phytase - - - 15.181 + 1.520
Before regrouping - - - 17.596 + 1.635
During regrouping -1.968 -2.468 0.013 12.613 + 1.309
After regrouping -1.334 -1.619 0.105 14.620 + 1.530
Sex (male) - - - 15.274 £ 1.243
Sex (female) - - - 14.791 + 1.237
Weight (day 33) -0.033 -1.235 0.216 -
Mg * Before regrouping - - - 17.563 + 2.363
Mg * During regrouping 0.198 0.780 0.435 13.055 + 1.892
Mg * After regrouping -0.466 -1.882 0.059 11.100 + 1.468
Weight (day 33) * During 0.068 2.034 0.042 -
regrouping
Weight (day 33) * After 0.059 1.660 0.097 -
regrouping
Fighting (PML: 0.472)
Intercept 1.528 1.586 0.112 -
Control - - - 24.384 + 6.453
Mg 0.379 0.283 0.776 25.800 + 8.811
Phytase 1.363 2.298 0.021 23.608 + 5.306
Mg * Phytase 1.085 1.732 0.083 26.600 £ 7.065
Before regrouping - - - 27.304 £ 5.401
During regrouping 1.213 2.275 0.022 30.148 £ 5.192
After regrouping -1.651 -2.287 0.022 6.818 £ 1.134
Sex (male) 1.910 4.448 <0.001 28.166 + 4.301
Sex (female) - - - 17.578 + 3.817
Weight (day 33) -0.004 -0.105 0.916 -
Mg * Before regrouping - - - 23.000 + 11.661
Mg * During regrouping 1.450 2.640 0.008 34.928 £ 7.458
Mg * After regrouping 0.833 1.164 0.244 6.000 + 2.258
Phytase * Before regrouping - - - 29.642 + 7.708
Phytase * During regrouping -1.667 -2.619 0.008 27.588 + 6.523
Phytase * After regrouping 0.147 0.188 0.850 8.285 + 1.148
Phytase * Sex (male) -1.087 -2.003 0.045 26.777 £ 5.482

Phytase * Sex (female)

19.909 + 5.511
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Estimate z-value P-Value Raw Mean & SE
Mg * Weight (day 33) -0.087 -1.586 0.112 -
Body biting (°ML: 0.075)
Intercept 2.411 12.493 <0.001 -
Control - - - 12.394 + 2.218
Mg -0.307 -1.660 0.096 8.750 + 1.884
Phytase 0.391 2.069 0.038 17.675 £ 3.069
Mg * Phytase - - - 13.155 + 2.228
Before regrouping - - - 14.528 + 2.153
During regrouping 0.041 0.227 0.820 14.812 + 2.360
After regrouping -0.332 -1.746 0.080 11.047 £ 2.190
Sex (male) - - - 14.714 + 1.981
Sex (female) - - - 12.303 + 1.587
Ear biting (PML: 0.169)
Intercept 3.376 15.684 <0.001 -
Control - - - 21.366 * 3.959
Mg -0.199 -0.701 0.483 16.600 £ 2.638
Phytase - - - 19.710 £ 2.741
Mg * Phytase - - - 19.833 + 2.581
Before regrouping - - - 24.888 + 3.083
During regrouping -0.729 -2.792 0.005 12.707 £ 1.795
After regrouping 0.105 0.457 0.647 20.660 * 2.456
Sex (male) -0.460 -2.239 0.025 18.871 £ 2.024
Sex (female) - - - 20.500 + 2.278
Mg * Sex (male) 0.822 2.825 0.004 22.000 + 3.621
Mg * Sex (female) - - - 16.700 £ 2.184
Mg * Before regrouping - - - 27.333+4.728
Mg * During regrouping 0.006 0.018 0.985 14.086 + 2.254
Mg * After regrouping -0.673 -1.987 0.046 16.083 + 2.569
Tail biting ("ML: 0.217)
Intercept 4.211 3.921 <0.001 -
Control - - - 21.366 * 3.959
Mg -1.926 -1.499 0.133 16.600 £ 2.638
Phytase - - - 19.710 £ 2.741
Mg * Phytase - - - 19.833 + 2.581
Before regrouping - - - 24.888 + 3.083
During regrouping -0.339 -1.505 0.132 12.707 £ 1.795
After regrouping -0.704 -2.937 0.003 20.660 * 2.456
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Estimate z-value P-Value Raw Mean & SE
Sex (male) 0.645 2.074 0.038 18.871 £ 2.024
Sex (female) - - - 20.500 + 2.278
Weight (day 33) -0.100 -2.007 0.044 -
Mg * Sex (male) -0.734 -1.771 0.076 22.000 + 3.621
Mg * Sex (female) - - - 16.700 £ 2.184
Mg * Weight (day 33) 0.097 1.646 0.099 -

4.4 Discussion

Aggression during and after regrouping is common and can have negative
consequences for pig welfare, productivity, and farm profit (39,160). The aim
of this study was to assess how supplementary magnesium phosphate, with
or without additional phytase, may influence skin lesion scores and the
duration of aggression and harmful behaviours during regrouping in grower
pigs. It was hypothesised that magnesium supplemented diets would reduce
the duration of aggressive and harmful behaviours and result in lower skin
lesion scores post-regrouping. Furthermore, it was hypothesised that an
increased level of phytase consumed with the magnesium would improve the
bioavailability of magnesium within the diet and have a positive synergistic
effect. Due to a lack of consensus in the current literature (see Chapter Two),
the type and level of magnesium used in this study was selected based on the
level added to feed by one UK based pig feed manufacturer. However,
analysis of the feed in this study showed the maximum difference in total
magnesium contents of the diets in this study was 0.05%. This small
difference between the diets was partly due to the high magnesium content in
the control diet, and the additional magnesium not notably increasing the level

in the magnesium enhanced diets. As predicted, the magnesium and phytase
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diet had the highest total magnesium content of all the diets with 0.21 - 0.23%
in comparison to 0.20% in the magnesium phosphate supplemented diet. This
shows that phytase did increase the availability of magnesium in the diet by
releasing further magnesium from the feed that was previously bound by

phytate.

As expected, regrouping was a stressful event for the pigs involved,
highlighted by the increase in fighting during the regrouping period, as well as
an increase in ear and body lesion scores after regrouping in comparison with
the previous time points. Moreover, at the during regrouping time point
significantly less time was spent by the focal pigs engaging in harmful
behaviours, such as ear biting, than before or after regrouping. This reduction
in harmful behaviours and increase in fighting behaviours on the day of and
after the stressor is likely due to the stress caused by regrouping. This
highlights that fighting and aggression increases during stressful events
whereas harmful behaviours are caused by other factors (161,162).
Furthermore, focal pigs were most active after regrouping than before or
during. This could suggest that after the initial aggression, the time taken for
the newly formed social structure and dominance hierarchy to settle took

longer for the pigs in this study.

Overall including supplementary magnesium phosphate in the diet reduced
the duration of time the pigs spent fighting, ear biting and in general activity.
Focal pigs consuming a diet containing supplementary magnesium phosphate

spent significantly less time fighting during the study period than pigs receiving
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phytase. Furthermore, they spent significantly less time ear biting after
regrouping than pigs receiving a control diet during the same time period, a
finding which reflects results from existing literature (89,103). It was also found
that focal pigs receiving a diet containing magnesium phosphate or
magnesium phosphate in combination with phytase spent significantly less
time in general activity (and were more inactive) than focal pigs on a diet
containing phytase only. However, magnesium supplemented pigs were more
active during regrouping while phytase diet pigs were less active. These
results in combination suggest that the supplementary magnesium resulted in
a calming or stress reducing effect, and is in agreement with existing literature
that has suggested that magnesium supplementation in commercially farmed

pigs can have a positive impact on behaviour and welfare (48,98).

It was further hypothesised that including phytase within the diet alongside
magnesium would have a positive synergetic effect due to the increase in total
dietary magnesium. However, in this study including phytase with the
supplementary magnesium did not appear to enhance the effects of
magnesium and, in contrast to the magnesium phosphate treatment, phytase
supplemented without magnesium had a significantly negative impact on the
behaviour and skin lesion scores. It was found that focal pigs receiving
phytase spent more time fighting than those on the control or magnesium
phosphate diets, and engaged in more body biting behaviour than the control
treatment. The increase in these undesirable behaviours suggests that
phytase may have a negative impact on pig behaviour and/or levels of stress.

Including phytase in pig feed is common (127,181), and therefore
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understanding any negative behavioural changes caused by the addition of

phytase to the diet should be investigated further in future research.

Skin lesion scoring is often employed instead of, or in complement to,
behavioural observations (62,145,155). Recording skin lesion scores based
on the number and severity of the lesions, is a useful welfare indicator and is
often used as a proxy for aggressive behaviour (62,182). Skin lesions in
different areas may be the result of different behaviours. For example, body
lesions can be the result of increased activity within the pen, and may reflect
increased time spent in play or aggression, whereas tail and ear lesions are
more likely to be the result of harmful ear and tail biting behaviours (150,172).
In this study, there was no effect of dietary treatment on skin lesion scores, a
finding that conflicts with much of the current scientific literature (88,89,99).
Furthermore, considering that focal pigs receiving supplementary magnesium
were less active and spent less time fighting it would be expected to see this
reflected in the skin lesion scores. Why this wasn’t the case in this study
warrants further investigation, in particular whether this may be due to the type

and level of magnesium used.

Ear and body lesion scores were higher after regrouping in comparison with
before or during regrouping, and tail lesion scores were significantly higher
after regrouping in comparison with before. This increase in skin lesion scores
post-regrouping is in agreement with previous research (62) and shows the
impact stressors such as regrouping can have. However, it should be noted

that the increase in skin lesion scores could also be due to the decreasing pen
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space per pig as the pigs increase in size. Moreover, skin lesions can take
time to heal and due to the short time between lesions scoring days, the
increase in score could also be due to the cumulative effect of new and old

lesions.

Individual differences between pigs can result in variation in behaviour
(66,166,183), for example pig weight. Despite an overall reduction in harmful
behaviours during regrouping, at this time point there was a significant
increase in the time spent performing harmful behaviours and the pigs’ weight,
as such that heavier individuals were more likely to spend longer engaging in
these behaviours. In contrast, the duration of time spent tail biting increased
with decreasing weight, showing that the lightest weight pigs spent the most
time tail biting. This links with the lesion score result showing that tail lesion
scores increased with increasing pig weight, highlighting that the lighter pigs
were doing the tail biting while heavier pigs were being bitten, resulting in
higher tail lesion scores. Typically this is thought to be due to the smaller pigs
competing with heavier individuals for resources (38,184,185). Furthermore,
sex differences in behaviour is also a common occurrence (88,183,186). In
this study, male focal pigs spent more time fighting, and spent more time ear
and tail biting than female focal pigs. Moreover, males spent significantly more
time inactive during regrouping than females, however, within the magnesium
dietary treatment group this result was reversed. This suggests that
supplementary magnesium may have differing effects depending on the sex
of the animal, although further investigation is needed to explore this. In terms

of sex, differences in behaviour and stress response to a magnesium
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supplement have been shown in two previous studies (88,89) but has
otherwise, to the authors knowledge, not been investigated. This sex
difference is a key finding that could have implications for commercial
application of the nutritional supplement and therefore should be researched

further in future.

4.4.1 Conclusion

Overall, magnesium phosphate included in the diet formulation at 0.15%
reduced overall activity level, time spent fighting and ear biting behaviours at
some time points highlighting a calming effect of the supplement. This positive
effect may impact males and female pigs differently, a result which merits
further research. However, supplementing the diet with magnesium
phosphate and phytase resulted in a higher level of total magnesium in the
diet but did not show the same benefits welfare. In conclusion, supplementary
magnesium phosphate had a positive impact on the behaviour and welfare of

growing pigs.
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Chapter 5. Supplementary Magnesium To Reduce
Physiological Measures Of Stress During Regrouping In

Growing Pigs

5.1 Introduction

In commercial pig production, management strategies and husbandry
practices can cause stress for the animals involved (11,17,187). Regrouping,
the splitting and mixing of established groups (38,150), is typically carried out
for management purposes, such as to reduce within-group variation in weight
(39,188). Regrouping disrupts the established dominance hierarchies within a
group of pigs, which must be re-established, resulting in social stress and an
increase in harmful and aggressive behaviours (39,189,190). Whilst the re-
establishment of dominance hierarchies after regrouping may be considered
a normal process, the conditions on modern pig farms can exacerbate the
negative effects of regrouping on pig health and welfare. For example, limited
pen space means there is less room available for pigs to escape social
conflict, and the often intense aggressive bouts of fighting can result in an
increase in the release of stress related hormones, such as catecholamines
and glucocorticoids, among the individuals (20,191). Catecholamines, such
as adrenaline and noradrenaline, and glucocorticoids are stress hormones
that allow the body to respond to stressful circumstances by altering
physiological systems, for example cardiac and immune responses (192,193).
Cortisol is the main glucocorticoid released by the adrenal glands as the
hypothalamic pituitary adrenal (HPA) axis is stimulated during stress (17,194).

Although the release of cortisol is designed to help and protect the animal
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while navigating stressful situations, due to the HPA axis being closely linked
with endocrine systems such as the immune system (195,196), it can also
negatively affect animals’ health and performance. For example, an increase
in cortisol can result in lower levels of immune cells, such as immunoglobulins
and lymphocytes, which are key biological components when fighting infection
(197-199). The negative impact of regrouping stress on the pigs’ health and
welfare can adversely affect performance and the economic efficacy of the

farm (160).

5.1.1 Reducing Stress

Since, in most commercial systems, it is not possible to avoid regrouping
completely, reducing the stress of regrouping should be a priority for welfare
and productivity. Previous research has shown that the negative impact of
stressful events can be mitigated in several ways. For example, pig welfare
can be improved in the longer-term by ensuring sufficient enrichment is
available and that group stocking densities are adequate or optimal (152,191).
Whereas gentle handling of pigs’, when required, can reduce or limit the
immediate stress of a situation (35,200). Typically these mitigations require a
change in either the farmers’ behaviour, farm management strategies, or
physical environment. Often implementing these changes can be unrealistic
(e.g. straw bedding in slatted systems) and more costly than any negative
effects of stressful events (10,149), highlighting the need for commercially
viable solutions. Alternatively, nutrition plays a key role in pig welfare and

productivity, and adding additional nutrients may reduce the impact of
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stressful events without needing to make large changes to the animals’

environment.

5.1.2 Cortisol as a Measure of Stress

The HPA axis is the interaction the hypothalamus, the pituitary gland, and the
adrenal glands (15). Endocrine pathways between these three organs
regulate normal physiological functioning as well as the stress response. The
way in which the HPA axis responds to stressful stimuli is underpinned by a
number of different factors including early life experience, age (196,201), sex
(202,203), or type of stressor (15). Involved in the stress response are a
number of different hormones including catecholamines, such as adrenaline
and noradrenaline, and glucocorticoids, such as cortisol. These stress
hormones allow the body to respond to stressful circumstances by altering
physiological systems, for example cardiac and immune responses (192,193).
For humans, pigs, and many other mammals, cortisol is the main
glucocorticoid released by the adrenal glands as the hypothalamic pituitary
adrenal (HPA) axis is stimulated during stress (17,194). Cortisol level is often
recorded as a measure of arousal in relation to a negative stressor however,
it is important to note that other typically non-stressful stimuli can also result
in HPA axis stimulation and consequently an increase in cortisol level (e.g.
exercise or excitement) (18,19,204,205). Therefore, measuring cortisol, or
other glucocorticoids, is an effective way to understand the animals’ state of

arousal but this does not always directly translate into a measure of negative
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stress and other measures, such as behavioural observations, should be

considered simultaneously.

Cortisol is secreted and deposited throughout the body, including saliva (206),
urine (207), faeces (191), milk (208), hair (57,209), and blood (32), all of which
can be collected and used to measure cortisol, and, consequently, arousal
levels in pigs (143,210). However, not all measures of cortisol are equal.
Some require more invasive techniques (e.g. blood) than others (e.g. saliva),
and some are better measures of acute or chronic stress. Cortisol levels in
hair can be an indication of long-term stress levels as cortisol is deposited and
stored in the hair over time (57,209). Saliva and plasma cortisol
concentrations change rapidly within a matter of minutes giving an indication
of short-term or acute stress (143,206,211). In addition, blood sampling
procedures can induce stress and lead to elevated and unreliable measures.
It is therefore necessary to select the type of cortisol measurement carefully
based on what type of stress is to be assessed and how the sampling

procedure may influence these results (Table 10).

Table 10. A summary of cortisol measures used to assess arousal in pigs.

Acute/chronic Sampling Reference

Cortisol stress Invasive/Non- impact
measure invasive P
measure
Saliva Acute (minutes) Non-invasive  Potential (206,212)
Urine Acute (hours) Non-invasive  None (207)

Faeces Chronic (days) Non-invasive  None (191,213)
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Milk Acute (hours) Non-invasive  Potential (208)
Chronic None (57,209)
Hair Non-invasive
(weeks)
Blood Acute (minutes) Invasive Potential (214)

5.1.3 Aim and hypotheses

The aim of this study was to assess how supplementary magnesium, with or
without additional phytase, may influence physiological measures stress.
Salivary, faecal and hair cortisol measures were chosen to allow for the
measurement of short-, medium- and long-term stress during regrouping. The
study involved pigs between 7-12 weeks of age (grower pigs) as it allowed for

the avoidance of other stressful events, such as weaning.

Three hypotheses were tested:

H1: Focal pigs that have had supplementary dietary magnesium will have
lower salivary and hair cortisol post-mixing compared to pigs on the same diet

without a magnesium supplement.

H2: Pens of pigs that have had supplementary dietary magnesium will have
lower pooled faecal cortisol post-mixing in comparison with pens of pigs on

the same diet without a magnesium supplement.
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H3: Pigs that have had a diet with supplementary magnesium and additional
phytase will have lower salivary, hair and pooled faecal cortisol compared with

pigs supplemented with only dietary magnesium.

5.2 Method

The study methodology, including ethical approval, animals and housing, pig

performance, and power calculation is described in Chapter Four.

5.2.1 Health data

All pigs were checked by a member of the farm staff each day and the number
of pigs in the pen, the faecal consistency (Table 11), the number of off colour
or sick individuals, any medication given, and any dead/removed pigs were

recorded.

Table 11. Faecal consistency scoring system as used routinely by the technical staff
at Leeds University Farm (National Pig Centre). Assessed at pen level. Maximum
score 4.0; minimum score 1.0.

Score Faecal scoring system
1 Faeces in the pen are firm.
2 Faeces in the pen are soft and spread slightly.
3 Faeces in the pen are very soft and spread readily.

4 Faeces in the pen are a watery, liquid consistency.
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5.2.2 Performance data

5.2.2.1 Pen Feed Intake

During the pre-treatment period, when all pigs consumed the standard diet,
trough weights were recorded every weekday and the weight of feed
consumed was recorded every day. During the pre-treatment period, the
weekend feed intake was recorded as an average taken from the amount
given on the Friday and the trough weights on the following Monday. To
measure pig feed intake during the treatment period, all feed added to the
troughs were weighed, and the feed remaining in the troughs on day 33 (the
day before regrouping) and day 55 (at the end of the study) were weighed,

allowing calculation of average daily feed intake.

5.2.2.2 Pig Weights

All pigs were weighed (i) individually at weaning, (ii) at the start of the
treatment period (day 20), (iii) before mixing (day 33), and (iv) at the end of
the study diet (day 55). Feed conversion ratio (FCR), average daily gain
(ADG), and average daily feed intake (ADFI) throughout the pre-treatment and

treatment periods were calculated using pig weights and daily feed intake.

5.2.3 Cortisol

5.2.3.1 Saliva

To keep sampling time to a minimum and reduce any influence of the animals
circadian rhythm (206,212), saliva was collected from one pig per pen for each

diet and room (half of the total focal pigs, n=48). Saliva was collected at six
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different sampling times. To obtain baseline salivary cortisol levels, saliva was
collected in the week prior to commencement of the dietary treatment (pre-
treatment period). During this week, saliva was collected on three consecutive
days to allow for one habituation day and sampling on the two days following.
During the treatment period, saliva was collected (i) during the week before
mixing, (ii) the day after mixing, and (iii) a week after regrouping. Samples
were always taken between 8am and 11am. Saliva was collected using a
synthetic Salivette swab (Sarstedt) attached to a large cable tie which was
placed into the focal pig’s mouth for 60-90 seconds or until thoroughly
moistened. The swab was removed from the cable tie and placed into the

corresponding container labelled with the date, room, pen and pig ID.

As per manufacturer’'s guidelines, immediately following collection each
sample was centrifuged at 1000xg at room temperature for two minutes to
remove the saliva from the swab. The swab was removed from the tube and
samples were frozen at -20°C. Salivary cortisol was analysed using an
enzyme-linked immunosorbent assay (ELISA) kit (Salimetrics, State College,
PA, USA). Samples were prepared for analysis by thawing overnight at 5°C
before centrifuging at 1500xg for 15 minutes. Clear samples were then
pipetted into clean Eppendorf tubes to reduce the risk of recontamination with
the pellet before being analysed according to the kit protocol. The ELISA
plates were read using a plate reader at 450nm. Following this, the optical
densities were used to calculate the concentration of cortisol in each sample.
This was done in RStudio (174) using the nplr package (215) to create a 4-

parameter logistic regression curve.
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5.2.3.2 Faeces

Pen level pooled faecal samples were collected from the pen floor between
8am and 4pm. A minimum of 20-30g of faecal matter was collected into a
plastic sealable bag, labelled with the date, room, and pen number. Faeces
were collected from two locations around the pens of five animals and from a
minimum of three locations for pens of ten animals. Samples were mixed
thoroughly to ensure a pooled sample representative of the pen. Faecal

samples were frozen immediately after collection.

Before analysis, samples were thawed overnight at 5°C and prepared as per
manufacturer’s guidelines (DetextX, DRG Diagnostics, Marburg, Germany).
To analyse the samples, approximately 5g of sample was weighed out into
glass dishes, before being dried in an oven at 55°C for 24 hours. The dried
sample was ground down into a fine powder using a pestle and mortar. 0.5g
of powdered sample was placed into a falcon tube with 5ml of ethanol (1ml of
ethanol for each 0.1g of sample) and shaken for 30 minutes at 200rpm. This
mixture was centrifuged at 3000xg for 20 minutes and 1ml of the supernatant
was transferred into an Eppendorf. The sample was then dried using a
speedvac and dissolved using 150 microliters of ethanol, before diluting in 3ml
of assay buffer. The sample was analysed using the pan-specific cortisol
ELISA kit (DRG Diagnostics, Marburg, Germany). The ELISA plates were
read using a plate reader at 450nm. Following this, the optical densities were

used to calculate the concentration of cortisol in each sample. This was
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carried out in RStudio (174) using the nplr package (215) to create a 4-

parameter logistic regression curve.

5.2.3.3 Hair

A hair sample was taken from each focal pig at the end of the study (day 55;
n=92). Hair was collected from the left and right side of the focal pig's rump
using small pet clippers before being transferred into a tin foil pouch and
sealed in a plastic bag labelled with the date, room, pen, and pig ID. The
clippers were applied gently to avoid any possibility of cutting the skin.
Between samples, the pet clippers were cleaned, and any remaining hair
removed using a toothbrush. Samples were stored in the fridge at 5°C until

analysis.

Hair cortisol samples were prepared and analysed based on the published
methods of Carroll et al. (2018) and Davenport et al. (2006) (57,216). Each
hair sample was washed in isopropanol twice followed by one wash using
water and left to air dry for 48 hours. 80mg of each hair sample was weighed
out (to account for 20mg loss during the cutting, weighing and grinding
process) and cut into small sections. The hair was dampened slightly using
water and then ground down using a pestle and mortar. The ground hair was
transferred into a 15ml falcon tube and 1.5ml of methanol was added. The
samples were left for 16 hours overnight at room temperature. Following
extraction, 1ml of the methanol was transferred to a clean Eppendorf tube and
dried in a speed vacuum centrifuge machine. Before analysis, each sample

was reconstituted with 0.4ml of assay buffer from the ELISA kit (Salimetrics,
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State College, PA, USA). The samples were then analysed according to the
kit protocol. The ELISA plates were read using a plate reader at 450nm.
Following this, the optical densities were used to calculate the concentration
of cortisol in each sample. This was done in RStudio (174) using the nplr

package (215) to create a 4-parameter logistic regression curve.

5.2.4 Plasma

At the end of the experimental period (12 weeks of age), blood was collected
from all focal pigs (n=92) by a trained member of the farm staff in accordance
with the Home Office licence (70/7895; expiry: 18/12/2018). Blood was
collected from the jugular into a 6ml heparinised vacutainer and immediately
placed on ice before being centrifuged at 2000xg, 4°C for 15 minutes. Plasma
was removed using a pipette and stored in an Eppendorf tube at -20°C until

analysis.

Plasma samples were thawed overnight at 5°C before being de-proteinised
using nitric acid. One part plasma was mixed with 4 parts acid before being
left on ice for 10 minutes. The sample was then centrifuged at 16000xg for 10
minutes and diluted in deionised water to make 10ml. This sample was sent
to the School of Earth and Environment at the University of Leeds for mineral
analysis using inductively coupled plasma - optical emission spectrometry
(ICP-OES). All samples were analysed for levels of calcium, copper, iron,

magnesium, phosphorus, potassium, sodium and zinc.
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5.2.5 Statistical analysis

All data was stored in Microsoft Excel. The health score averages per week
and the final lesion scores were all calculated in Microsoft Excel. All statistical
analyses were performed in RStudio (174) as a two-by-two factorial design by
dietary treatment. Combining or sub-setting of datasets was completed using
the merge and subset R functions respectively. Then, with the exception of
the faecal cortisol, faecal scores, and post-weaning skin lesion scores, all data
were analysed as follows. Firstly, the distributions of the relevant data were
checked for normality using a histogram, qq plot and Shapiro-Wilk test. Then
a gamma distribution was confirmed by testing the data using the gamma_test
function. Any non-normal or non-gamma distributed data were transformed
using an appropriate transformation (see sections 5.2.5.1 — 5.2.5.6). A
generalized linear mixed model with a gamma distribution using the glmer()
function including all relevant fixed variables and two-way interactions (see
sections 5.2.5.1 — 5.2.5.6). nAGQ was set to equal 0 due to convergence
issues and the drop1 function was then used to fit the model using backwards
stepwise deletion based on the Akaike Information Criterion (AIC) values. If
interactions were not significant, these were removed from the model and the
additive only model results reported (with the exception of the magnesium diet
* phytase diet interaction to ensure analysis of all treatments). The pscl
package was used to calculate the pseudo R? value based on the final model
with the random effects removed (179,217). Post-hoc analysis was performed

using the emmeans function from the emmeans package (218).
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An ordinal regression model using the c/mm function from the ordinal
package (176) was used to analyse the faecal scores data. Before running the
models, collinearity was examined using the vif function from the car package
(175), where values over five were determined to be collinear. This was done
using a general linear mixed model version of the model with only additive
fixed effects and no interactions. The ordinal model included all relevant fixed
effects and two-way interactions. The drop1 function was used to fit the model

using backwards stepwise deletion based on the AIC values.

5.2.5.1 Health data

To assess the impact of dietary treatments on pig health, an ordinal regression
model was fitted with the average faecal score (rounded to two decimal
places) as the outcome variable, and dietary treatment, and the time point
included as fixed effects. The regrouped pen location ID was included as a
random variable. The final minimal model included the magnesium dietary
treatment, time point and an interaction between the two variables as fixed

effects.

5.2.5.2 Performance data

To analyse the ADG, ADFI and FCR a generalised linear model with a gamma
distribution was fitted. Due to the presence of zero values, ADG was
transformed by adding 1 to all values. The ADG, ADFI or FCR were included
as the outcome variable with dietary treatments, time point, and all two-way
interactions included as fixed effects. For the ADG analysis the regrouped pen

location ID, and pig ID nested within the regrouped pen location, were



93

included as random predictor variables. For the ADFI and FCR analysis only
the regrouped pen location ID was included as a random effect. The ADFI
final minimal model included only time point as a fixed effect. The final minimal
models for ADG and FCR included the magnesium dietary treatment, time

point and an interaction between the two variables as fixed effects.

5.2.5.3 Salivary Cortisol

A general linear mixed model was then fitted with square root salivary cortisol
as the outcome variable, and the sample time point, sex of the focal pig,
dietary treatments, and the weight of the focal pig (on the closest weigh day
to the sample time) included as fixed effects. All two-way interactions between
the fixed effects were included. The regrouped pen location ID, and the pig ID
nested within the regrouped pen location, were included as random predictor
variables. The model was fitted using the step() function. This resulted in a

minimal model with sample time point and weight as fixed effects.

5.2.5.4 Faecal Cortisol

A generalized linear mixed model with a gamma distribution using the gimer
function was employed to analyse the faecal cortisol data. nAGQ was set to
equal 0 due to convergence issues. The time point at which the sample was
taken, dietary treatments, and two-way interactions between the variables
were included as fixed effects in the generalised linear model. Faecal cortisol
was the outcome variable and the regrouped pen location ID was included as
a random variable. The final minimal model only included time point as a fixed

effect.
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5.2.5.5 Hair Cortisol

The hair cortisol data was log transformed and then analysed using a general
linear mixed model using the Imer function and fitted using AlIC values and the
Step function. Logged hair cortisol was the outcome variable, and dietary
treatments, the focal pigs’ sex and weight on the day of hair collection (day
55) included as fixed effects as well as all two-way interactions between the
variables. Pen location ID was included as a random effect. As all fixed effects
could be removed via backwards stepwise deletion, the final model reported
included sex, weight, both phytase and magnesium dietary treatments and an

interaction between the two dietary treatments.

5.2.5.6 Plasma Minerals

All plasma mineral data was analysed using a generalized linear model with
a gamma distribution using the gimer() function. N AGQ was set to equal 0 due
to convergence issues. For all models, the mineral level was the outcome
variable with magnesium and phytase dietary treatments, sex, and weight of
the focal pig, plus their interactions included as fixed variables. Pen location
ID and pig ID nested within pen location ID were included as random effects.
To achieve a gamma distribution, before analysis potassium and copper were
log transformed using the /og() function, and sodium was square root

transformed using the sqrt() function.
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5.3.1 Pig Health
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Overall, of the two-hundred and forty pigs, forty-one received antibiotics

(twenty-two focal pigs), five pigs died (three focal pigs) and five were removed

(one focal pig) during the course of the study. Before regrouping faecal scores

were slightly higher overall. Before regrouping, pigs receiving magnesium

supplemented diets had higher faecal scores than the control dietary

treatment (Table 12).

Table 12. Odds ratio, 95% confidence intervals and p-values from the model output
for the faecal score analysis. Minimal model as determined by backwards
stepwise deletion. Descriptive means and standard errors of the raw data for

all diets and time points.

Odds 95% CI p- Raw Mean &

Ratio Value SE
Control - - - 2.130 £ 0.018
Mg 0.898 -0.716-0.503 0.731 2.176 £0.029
Phytase - - - 2113 +£0.019
Mg * Phytase - - - 2.143 +0.023
Standard diet (0-20 days) - - - 2.143 £ 0.012
Before regrouping (21-33 0.511 -1.285--0.056 0.032 2.147 £0.024
days)
After regrouping (34-55 days) 0.671 -1139-0.342 0.291 2.120+0.019
Before regrouping (21-33 2521 0.060-1.788 0.035 2.200 £+ 0.040
days) * Mg
After regrouping (34-55 days) * 1.262 -0.819-1.268 0.673 2.125+0.027

Mg

5.3.2 Pig Performance

As expected, average daily feed intake, average daily gain, and feed

conversion ratio increased over time (p<0.001) however, dietary treatment did
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not impact on feed intake or feed conversion ratio (Table 13). The magnesium

diet resulted in a slightly lower ADG before regrouping than the control at this

time point (p=0.018).

Table 13. Estimate, t-value and p-values from the model output for the ADFI, ADG,
and FCR analyses. Minimal models as determined by backwards stepwise
deletion. ADG was transformed by +1 to all values. FCR was transformed by
+30 to all values. Descriptive means and standard errors of the raw data for all

diets and time points.

Estimate t-value p- Raw Mean &
Value SE

ADFI (*ML: 0.932)
Intercept 2.361 64.48 <0.001 -
Control - - - 0.756 + 0.063
Mg - - - 0.786 + 0.062
Phytase - - - 0.828 + 0.071
Mg * Phytase - - - 0.751 £ 0.062
Standard diet (0-20 days) - - - 0.423 + 0.005
Before regrouping (21-33 days) -1.204 -32.48 <0.0017 0.867 £0.019
After regrouping (34-55 days) -1.598 -43.69 <0.001 1.321 +£0.031
ADG (r*ML: 0.560)
Intercept 0.737 119.923  <0.001 -
Control - - - 0.542 + 0.016
Mg -0.006 -0.716 0.474 0.559 +£0.015
Phytase - - - 0.579 £ 0.015
Mg * Phytase - - - 0.531 £ 0.014
Standard diet (0-20 days) - - - 0.363 + 0.006
Before regrouping (21-33 days) -0.102 -16.731  <0.0017 0.559 +0.010
After regrouping (34-55 days) -0.163 -26.152  <0.001 0.740 + 0.009
Sex (male) - - - 0.552 + 0.011
Sex (female) - - - 0.553 + 0.011
Before regrouping (21-33 days) * 0.021 2.352 0.018 0.540 £0.015

Mg
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Estimate t-value p- Raw Mean &
Value SE

After regrouping (34-55 days) * 0.010 1.229 0.219 0.733+0.013
Mg
FCR (FPML: 0.758)
Intercept 0.841 48.801 <0.001 -
Control - - - 1.457 + 0.051
Mg 0.022 0.908 0.364 1.445 +0.050
Phytase - - - 1.458 + 0.057
Mg * Phytase - - - 1.459 + 0.055
Standard diet (0-20 days) - - - 1.173 £ 0.014
Before regrouping (21-33 days) -0.190 -9.572 <0.001 1.566 + 0.025
After regrouping (34-55 days) -0.295 -13.798 <0.001 1.795+ 0.042
Before regrouping (21-33 days) * -0.045 -1.609 0.108 1.594 + 0.041
Mg
After regrouping (34-55 days) * 0.001 0.035 0.972 1.757 + 0.035

Mg

5.3.3 Cortisol

5.3.3.1 Salivary Cortisol

Salivary cortisol was significantly higher one day after regrouping (p=0.015)

and lower eight days after regrouping (p=0.044) compared with the baseline.

Salivary cortisol level significantly decreased with increasing weight (p=0.001)

but was not influenced by dietary treatment (Table 14).

Table 14. Estimate, t-value and p-values from the model output for salivary cortisol
analysis. Minimal model as determined by backwards stepwise deletion.
Descriptive means and standard errors of the raw data for all diets and time

points.
R?C: 0.220 Estimate t-value p- Raw Mean &
Value SE
Intercept 0.161 11.258 <0.001 -
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R?C: 0.220 Estimate t-value p- Raw Mean &
Value SE

Control - - - 0.115 + 0.007
Mg - - - 0.123 £ 0.006
Phytase - - - 0.105 = 0.007
Mg * Phytase - - - 0.124 + 0.006
Baseline/Standard diet - - - 0.122 + 0.005
Before regrouping (4 days) 0.014 0.935 0.347 0.113 £0.005
After regrouping (1 day) 0.036 2.583 0.015 0.128 £ 0.008
After regrouping (8 days) 0.063 1.972 0.044 0.103 + 0.006
Weight -0.004 -3.104 0.001 -

5.3.3.2 Faecal Cortisol

Faecal cortisol level was significantly higher one and eight days after

regrouping in comparison with the baseline (p<0.001) and four days before

regrouping (p<0.001). Pooled pen faecal cortisol level was also significantly

lower than on day eight than day one after regrouping (p=0.006; Table 15).

Table 15. Estimate, t-value and p-values from the model output for pooled pen faecal
cortisol analysis. Minimal model as determined by backwards stepwise
deletion. Descriptive means and standard errors of the raw data for all diets and

time points.

r’ML: 0.403 Estimate t-value p-Value Raw Mean & SE
Intercept 0.002 28.487 <0.001 -

Control - - - 576.663 + 29.664
Mg - - - 616.819 + 36.729
Phytase - - - 605.116 + 38.729
Mg * Phytase - - - 551.311 + 32.921
Baseline/Standard diet - - - 490.396 + 12.079
Before regrouping (4 days) -0.00006 -0.599 0.549 505.373 £ 18.437
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r’ML: 0.403 Estimate t-value p-Value Raw Mean & SE
After regrouping (1 day) -0.0008 -9.318 <0.001 843.610 £ 45.412
After regrouping (8 days) -0.0005 -5.386 <0.001 672.283 + 46.433

5.3.3.3 Hair Cortisol

There was no significant effect of weight (p=0.867), sex (p=0.924) or dietary
treatment (p=0.215) on the level of cortisol in the hair at the end of the study

period (Table 16).

Table 16. Estimate, t-value and p-values from the model output for log transformed
hair cortisol level at the end of the study period. Minimal model as determined
by backwards stepwise deletion. Descriptive means and standard errors of the
raw data for all diets and sexes.

R?C: 0.076 Estimate t-value p-Value Raw Mean & SE
Intercept -1.760 -7.963 <0.001 -

Control - - - 0.186 + 0.017
Mg -0.052 -0.516 0.612 0.177 £ 0.012
Phytase -0.131 -1.285 0.215 0.161 £ 0.007
Mg * Phytase 0.140 0.961 0.348 0.176 £ 0.011
Sex (male) 0.006 0.096 0.924 0.175 + 0.009
Sex (female) - - - 0.173 £ 0.006
Weight (day 55) 0.0009 0.168 0.867 -

5.3.4 Plasma Minerals

Focal pigs on the magnesium diet had significantly lower levels of plasma zinc
than pigs on the control diet. Male focal pigs had showed higher plasma
phosphorous levels than females (p=0.043). Furthermore, male focal pigs’
plasma calcium (p=0.045), phosphorus (p=0.044) and sodium (p=0.05)

increased with increasing weight. Sex and weight did not impact plasma zinc
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levels. There was no significant influence of diet, sex and weight on plasma

iron, copper, potassium or magnesium level at the end of the study (Table 17).

Table 17. Estimate, t-value and p-values from the minimal model output (as
determined by backwards stepwise deletion) for each plasma mineral level at
the end of the study period. Potassium and copper are log transformed. Sodium
is square root transformed. Descriptive means and standard errors of the raw
data for all diets and sexes

Estimate t-value p- Raw Mean &
Value SE

Magnesium (°ML: 0.054)
Intercept 3.429 10.533  <0.001 -
Control - - - 0.311 + 0.006
Mg -0.042 -0.276 0.783 0.317 £0.010
Phytase -0.214 -1.307 0.191  0.337 £0.013
Mg * Phytase 0.206 0.888 0.375 0.311+£0.011
Sex (male) -0.074 -0.690 0.490 0.326 + 0.008
Sex (female) - - - 0.310 + 0.006
Weight (day 55) -0.004 -0.540 0.589 -
Phosphorus (?ML: 0.055)
Intercept 0.348 4.161 <0.001 -
Control - - - 2.303 + 0.057
Mg - - - 2.361 £ 0.096
Phytase - - - 2.541+0.124
Mg * Phytase - - - 2.250 + 0.088
Sex (male) 0.212 2.015 0.043 2.375+0.077
Sex (female) - - - 2.334 £ 0.052
Weight (day 55) 0.002 0.933 0.350 -
Sex (male) * Weight -0.005 -2.008 0.044 -
Potassium (PML: 0.078)
Intercept 0.649 12.142 <0.001 -
Control - - - 4.266 + 0.165
Mg -0.026 -1.027 0.304 4.468 £ 0.147

Phytase -0.029 -1.096 0.273  4.552 +0.206
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Estimate t-value p- Raw Mean &
Value SE

Mg * Phytase 0.035 0.925 0.354 4.315+0.151
Sex (male) -0.031 -1.788 0.073 4.563 +0.139
Sex (female) - - - 4.229 £ 0.088
Weight (day 55) 0.001 1.264 0.206 -
Sodium (r*ML: 0.097)
Intercept 0.108 11.328 <0.001 -
Control - - - 70.726 £ 1.429
Mg - - - 71.639 + 2.476
Phytase - - - 76.465 + 3.076
Mg * Phytase - - - 68.386 + 2.301
Sex (male) 0.020 1.690 0.091 74.162 +1.969
Sex (female) - - - 69.100 + 1.255
Weight (day 55) 0.0002 1.185 0.236 -
Sex (male) * Weight (day 55) -0.0006 -1.960 0.050 -
Calcium (’ML: 0.088)
Intercept 0.413 5.606 <0.001 -
Control - - - 2.072 £ 0.045
Mg - - - 2.135+0.068
Phytase - - - 2.241 +0.084
Mg * Phytase - - - 2.049 + 0.055
Sex (male) 0.166 1.791 0.073 2.168 + 0.050
Sex (female) - - - 2.070 £ 0.038
Weight (day 55) 0.001 0.949 0.342 -
Sex (male) * Weight (day 55) -0.004 -1.999 0.045 -
Copper (r2ML: 0.104)
Intercept 0.298 27.426 <0.001 -
Control - - - 33.206 + 1.155
Mg -0.001 -0.197 0.844 34.199 + 1.343
Phytase -0.009 -1.523 0.128 37.795+2.132
Mg * Phytase 0.010 1.248 0.212 32.668 + 1.433
Sex (male) -0.002 -0.810 0.418 35.827 + 1.256

Sex (female)

32.845 + 0.862
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Estimate t-value p- Raw Mean &
Value SE

Weight (day 55) -0.0002 -0.996 0.319 -
Zinc (r2ML: 0.106)
Intercept 0.061 5.442 <0.001 -
Control - - - 18.106 + 0.479
Mg 0.032 2111 0.034 17.131+0.790
Phytase - - - 17.817 £ 1.151
Mg * Phytase - - - 16.220 + 0.688
Sex (male) 0.003 1.472 0.141 17.257 + 0.661
Sex (female) - - - 17.330 £ 0.433
Weight (day 55) -0.0001 -0.576 0.564 -
Mg * Weight (day 55) -0.0007 -1.839 0.065 -
Iron (r2ML: 0.038)
Intercept 0.042 3.661 <0.001 -
Control - - - 23.685 + 1.746
Mg -0.003 -0.796 0.425 25.628 +2.272
Phytase -0.007 -1.501 0.133 27.738 + 2.040
Mg * Phytase 0.010 1.414 0.157 23.626 + 1.685
Sex (male) -0.00004 -0.011 0.991 25444 +1.416
Sex (female) - - - 24.608 + 1.333
Weight (day 55) 0.00007 0.235 0.813 -
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5.4 Discussion

The aim of this study was to investigate whether supplementary magnesium
in pig feed could reduce physiological measures of arousal (cortisol) and
improve performance during a common stressful event — regrouping. It was
hypothesised that a diet supplemented with magnesium phosphate would
result in a reduction in stress, or an increased ability to cope with stress, and
therefore a reduction in the level of cortisol in pen level pooled faecal,

individual hair, and individual salivary cortisol levels.

To measure stress pre- and post-regrouping, three different measures of
cortisol were assessed. Pen level faecal samples showed a higher level of
cortisol one and eight days after regrouping in comparison with the baseline
and four days before regrouping levels. Furthermore, focal pig salivary cortisol
was increased one day post-regrouping in comparison with baseline cortisol
levels. These increases in salivary and faecal cortisol confirm that this was a
stressful event for the pigs involved, and may also show that regrouping
stress, or arousal due to regrouping, can lasts days rather than hours, as
highlighted by the lower focal pig salivary cortisol level but still increased
faecal cortisol level on day eight after regrouping compared with the baseline
levels. In contrast to the hypotheses, there was no significant effect of the
increased dietary magnesium content, or dietary phytase, on faecal, or
salivary cortisol levels. This was unexpected due to the behavioural
differences between the diets reported in chapter four and physiological
changes demonstrated in response to magnesium supplementation in

previous research (88,89,104,110). However, existing literature has shown
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that cortisol and other physiological measures can vary in response to
magnesium and factors including the level or type of magnesium supplement
can have differing results (48,97). Similarly, there was no difference between
the dietary treatments in hair cortisol level at the end of the study period. This
may be due to the time needed for the cortisol to deposit in the hair; as the
hair sample was taken only two to three weeks post-stressor, this may not
have been long enough to show an effect (219). Likewise, the level of
magnesium supplementation may not have been enough to result in a change,
reflected by the lack of difference in the diets in terms of faecal and salivary
cortisol. Salivary cortisol can change within minutes and is influenced by
factors such as weight, sex, age, and time of day (206). In this study, the pig’s
individual weight significantly influenced their salivary cortisol level with
heavier pigs having a lower level than lighter pigs. This contrasts with previous
research showing that salivary cortisol increased with increasing weight
(206,220). Why the opposite was found in this study is unknown and requires

further investigation.

It was expected that if magnesium supplementation reduced stress, pig
performance measures would also be improved due to less energy being
required by the stress response (221). In this study, there was no statistically
significant difference between the diets in terms of average daily feed intake
or feed conversion ratio however, the magnesium diet result in slightly lower
average daily gain during the before regrouping period only. As there was no
improvement in cortisol levels, the lack of positive change in pig performance

is understandable, as again it is possible that the supplementation was not
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sufficient to result in any measurable changes in performance data. This is
further highlighted in the plasma data, as the magnesium supplemented diets
did not result in an increase in focal pig plasma magnesium levels. This
suggests the level of supplementation was not enough to increase circulating

levels of magnesium.

Despite this, focal pigs consuming a diet containing magnesium phosphate
diet a lower level of zinc plasma at the end of the study. Zinc and magnesium
are closely linked, with magnesium often regulating zinc levels. In humans
high dietary zinc has been shown to inhibit magnesium absorption (222,223),
yet a study by Molina-Lépez, et al. demonstrated that erythrocyte magnesium
level was positively correlated with erythrocyte zinc level (224). More research
is needed to understand why plasma zinc was lower in focal pigs consuming
magnesium phosphate in comparison with the control. A lower level of plasma
zinc was not observed in the combined magnesium and phytase dietary
treatment group which is unexpected as this diet had the highest magnesium
content of the four diets. Furthermore, in humans and pigs phytate can have
an inhibitory effect on zinc bioavailability and absorption (44,225), and
therefore it would be expected that diets containing phytase (where phytate in
the diet is broken down) would have resulted in the increase in focal pig zinc

status.

Although there were no further effects of diet on plasma mineral status, there
were significant differences between sexes. Male focal pigs had higher levels

of plasma phosphorous compared with their female counterparts and
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furthermore, in the case of sodium, phosphorous, and calcium, there was a
significant interaction between sex and weight. The level of these minerals in
the plasma increased with weight for males, but decreased with weight for
females. Although sex (226—-228) and weight (229-231) have been shown to
influence pig production outcomes previously, why the effect of weight and
sex is influencing plasma levels of sodium, phosphorous, and calcium in this

way requires further investigation.

Overall, supplementary dietary magnesium and magnesium in combination
with phytase, did not result in a reduction in cortisol levels or improvement in
pig performance during and after regrouping. As standard pig feed has a
relatively high level of magnesium already, a higher level of supplementation
may be needed to show further positive or negative effects. It also may explain
why there was a lack of difference between the dietary treatments for almost
all aspects of this study. Increasing the level of magnesium in the feed may
be most easily achieved with an increased dose, as absorption has been
shown to increase with increased supplementation (136). However, there are
also differences between compounds, for example it has been shown that
organic compound may be more bioavailable than inorganic compounds
(136,138). Using a different type of magnesium to supplement the diet may
have a better efficacy than magnesium phosphate, but this would need to be
investigated further to identify the most appropriate compound. Furthermore,
some magnesium compounds, such as magnesium L-threonate (232), have
been shown to increase magnesium levels in the brain in rodents, which may

provide further benefits for stress reduction. However, research is currently
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limited and focuses on cognitive function (232). This type of magnesium is
also much more expensive than other common compounds like magnesium
oxide or phosphorus. Therefore, this type of magnesium is unlikely to be used

in pig production unless further research shows it is cost-effective.

5.4.1 Conclusion

In conclusion, supplementary dietary magnesium phosphate added at 0.15%
with or without phytase, did not improve cortisol levels or pig performance
during and after regrouping. Future research should ensure there is sufficient
magnesium in the diet to increase the level beyond the control. Moreover,
exploring supplementation with other types of magnesium, and how phytase
may impact the effects of magnesium supplementation, requires further

investigation.
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Chapter 6. The Impact Of Magnesium Supplementation

During Weaning On Pig Performance And Welfare

6.1 Introduction

Weaning is the first and most significant life event experienced by
commercially farmed pigs. For the young piglet, weaning poses multiple
physiological, environmental, and social challenges which can result in an
increase in stress and stress-related neuroendocrine responses (233).
Separation from the sow, re-grouping with unfamiliar individuals in a novel
environment, and an abrupt change in diet are all significant stressors that
occur during the weaning process (64). Post-weaning aggression is not
uncommon as piglets are often grouped into larger pens of conspecifics; in
some systems these will include a mix of familiar littermates and unfamiliar
pigs from other litters. This results in the re-establishment of a dominance
hierarchy (234) and commonly fighting between pen-mates results in injury,
poor health, and poor performance which can impact the animal long after the
weaning period (39). The associated stress can increase the likelihood of
harmful behaviours such as tail biting (38), a common and significant welfare
issue in modern pig production. Beyond unfamiliar conspecifics and re-
establishing hierarchies, the abrupt transition from an easily digested milk to
an often novel, less digestible, solid, cereal-based diet is difficult for the
piglets’ immature gut and can result in a period of reduced feed intake
immediately post-weaning (235). Methods such as feeding small amounts of
the post-wean diet as creep feed have been shown to aid this dietary

transition, improve feed intake and encourage gut maturity (236). However,



109

piglet gut health during- and post-weaning is still one of the largest
physiological challenges for the pig and producer, often having a huge
economic and welfare cost (for review see: (237)). As well as the gut, the
piglet’s immune system is also relatively immature leaving them vulnerable to
health challenges. Post-weaning diarrhoea is a particularly significant issue at
weaning, resulting in reduced feed intake, poor growth, and poor health during

the first week post-weaning (64).

The weaning period has the potential to be financially costly for the farmer
(64) due to the possible negative impact on the piglets’ health and immune
system (238), behavioural responses and injury rates (62), and growth and
performance (239). Although these issues are not unique to the weaning
period, the compounded nature of these stressors — presented during what
is a key developmental life stage — mean that there is significant potential for
weaning to have a lasting impact throughout later life stages (229). Many
current mitigations for weaning focus on reducing the effects of the stressor,
and not the stress itself, for example dietary-related mitigations are
implemented in order to improve performance or tackle an issue like post-
weaning diarrhoea (237). The possibility of improving pig behaviour and
welfare through this period and beyond with specific dietary support should
not be overlooked, as including a dietary supplement that may prepare the pig
to cope with the weaning transition by reducing stress could potentially

prevent issues, such as post-weaning diarrhoea (237).
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In humans, magnesium has been shown to be closely linked to stress (33).
Supplementary dietary magnesium has been shown to have beneficial effects
on subjective anxiety in humans (27), and some studies have shown that
increased magnesium in the diet can reduce cortisol and improve
performance and welfare measures in pigs (48). There are many types of
magnesium compounds that can be used to supplement the diet, all of which
contain different amounts of elemental magnesium, with some being more
easily absorbed and utilised by the body than others (136). In livestock
production, it is likely that cheaper and more available compounds are

typically favoured in an effort to keep feed costs low.

Currently there is very little knowledge and research on whether and how
supplementary dietary magnesium affects the pig stress response, as well as
a lack of consensus on the most effective type and method of application (for
review, see (48)). Despite the limited evidence, magnesium supplementation
is a method used by some farmers to improve the health and/or behaviour of
pigs on their farm. Magnesium supplementation in weaner piglet diets has
been carried out previously but this has not been with the specific aim of
reducing weaning stress (240—-242). To our knowledge, this is the first study
to specifically explore the impact of supplementary dietary magnesium

phosphate on pig performance and welfare post-weaning.
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6.1.1 Aim and hypotheses

The aim of this study was to investigate whether supplementary dietary
magnesium, before and during weaning, can reduce weaning stress resulting

in improved pig welfare and performance.

H1: Pigs that consume supplementary dietary magnesium will have improved
performance and lower skin lesion scores overall post-weaning compared to
pigs on a standard diet, in line with the hypothesis that magnesium reduces

the levels of stress.

H2: The impact of magnesium supplementation would be dose dependent,
with pigs that consume higher levels of supplementary magnesium expected
to have lower skin lesion scores and improved performance post-weaning

compared to pigs supplemented with a lower level of dietary magnesium.

H3: It was expected that different types of supplementary magnesium will

have different effects on performance and skin lesion scores.

6.2 Material & Methods

6.2.1 Ethical Approval

This study was approved by the University of Leeds Animal Welfare Ethical

Review Board on the 11" February 2021 (211102EB/LC).
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6.2.2 Sample Size

Power calculations were conducted to determine sample size using the
RStudio (174) using the function pwr.f2.test from the package pwr (243). A
sample size estimate of 24 focal pigs per dietary treatment was calculated
based on the following: u (degrees of freedom for numerator, number of
dietary treatments minus one) = 3, f2 (standard medium effect size (244)) =

0.5, significance level = 0.05, power = 0.8.

6.2.3 Animals and housing

Twenty-seven litters of piglets (sow line - JSR 9T; sire line — TenderShire
Rattlerow) were housed alongside the sows in a free-farrowing crate (overall
pen size: 2.4m x 2.4m). Forty-eight hours after farrowing, the crates were
opened to allow the sow free movement. As part of the standard commercial
procedures at the National Pig Centre all piglets were weighed, sexed, tail
docked (on veterinary advice), and tagged with a unique RFID tag. In order to
balance litter sizes, the farm staff cross-fostered piglets during the first two
weeks post-farrowing. This included creating a “smalls” litter containing low
weight piglets from other litters and using a nurse sow kept on from the
previous farrowing batch. All cross-fostering occurred before the
commencement of the trial, in the first two weeks of age. All piglets had access
to a creep area which was inaccessible to the sow. During the first two weeks
post-birth each litter participated in a study investigating the effect of creep
area lighting colour on time spent in the creep feed area. All lights were

removed before the present study commenced.
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Piglets remained in their litters (birth or fostered) until four weeks of age, when
they were weaned as per standard procedures at the National Pig Centre.
During weaning, farm staff vaccinated and weighed all pigs individually,
recording any injuries or illness. Pigs were then allocated to a post-weaning
pen determined by litter, previous light treatment, creep feed dietary
treatment, sex and weaning weight. Pigs weighing less than 5kg, with any
obvious injury/iliness or with intact tails (in order to minimise behavioural
changes due to variation in tail length) were excluded from the study at this
stage. This resulted in twenty-four pens of ten pigs (two-hundred and forty
pigs in total; average weaning weight = 9.18kg, standard deviation = 1.64kg),
with six pens (2.5m x 1.75m) for each of the four dietary treatments (sixty pigs
per treatment). Following weaning, all pigs remained in the same pen for three

weeks post-weaning except if removed from the study due to illness or injury.

Each pen had standard slatted flooring with two five-space feeders with
continuous access to feed and water. At weaning, the heaviest and lightest
male and female pigs in each pen were selected as focal pigs, resulting in four
focal pigs per pen. Focal pigs were marked with a pattern (cross, dot, two dots
or stripe) for identification using non-toxic agricultural marker spray on the

back. The marker spray was reapplied once or twice a week as required.

6.2.4 Dietary treatments

All diets were formulated by a pig nutritionist at a specialist pig feed
manufacturer (Primary Diets) and, as standard, tested at the point of

manufacture to ensure the diets were nutritionally complete. A two-stage diet
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regime was used, with both diets tailored to the specific nutritional needs of
the animals during each stage. Stage one fed as creep feed and from weaning
to day 13 post-weaning, and the stage two diet fed from day 13 to day 20 post-
weaning. Four different dietary treatments were investigated: Control
(standard diet with no supplementary magnesium, 0.15% total magnesium
content); Magnesium phosphate (standard diet with supplementary
magnesium phosphate resulting in ~0.2% total magnesium content; MgP
(0.2%)); High magnesium phosphate (standard diet with supplementary
magnesium phosphate resulting in ~0.3% total magnesium content; MgP
(0.3%)); Magnesium sulphate (standard diet with supplementary magnesium
sulphate resulting in ~0.2% total magnesium content; MgS (0.2%)). Feed

samples were collected weekly throughout the study.

6.2.4.1 Pre-Weaning Diet

All piglets had access to the farm’s standard creep feed diet (Initiator; Primary
Diets) until two weeks pre-weaning. After this point, the litters received one of
the first stage treatment diets as creep feed (Table 18). Each litter was
allocated a diet balanced by previous light treatment (see section 2.2), litter
size, room, and sow parity. The piglets had ad libitum access to feed in creep

feeder troughs mounted on the wall in the creep area.

6.2.4.2 Post-Weaning Diet

At weaning, pigs were allocated to pens to receive the same treatment diet as
their allocated creep feed. This ensured all pigs were in a consistent treatment

group throughout the study. The pigs had ad libitum access to feed. The stage
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one diet was fed until 13 days post-weaning (Table 18) and stage two diet

from day 13 to 20 post-weaning (Table 19).

Table 18. Diet formulation for the first stage weaner starter feed, also used as creep
feed for two weeks pre-weaning. Formulated and manufactured by Primary

Diets.
Diet

Ingredient (%) Control MgP MgP MgS

(0.2%) (0.3%) (0.2%)
Magnesium Phosphate 0.00 0.30 0.72 0.00
Magnesium Sulphate (7H20) Epsom Salts 0.00 0.00 0.00 0.73
Micronised Barley 10.00 10.00 10.00 10.00
Wheat Raw Whole Meal 19.68 19.36 18.90 18.50
Micronised Wheat Meal 10.00 10.00 10.00 10.00
Micronised Oats 10.00 10.00 10.00 10.00
Fishmeal 7.25 7.25 7.25 7.25
Soya Hypro 16.95 16.95 16.95 16.95
Full Fat Soyabean 2.50 2.50 2.50 2.50
Vitamin / Mineral Premix 0.50 0.50 0.50 0.50
Dried Skim Milk 4.00 4.00 4.00 4.00
Whey Powder 11.41 11.41 11.41 11.41
L-Lysine HCL 0.32 0.32 0.32 0.32
L-Methionine 0.19 0.19 0.19 0.19
L-Threonine 0.19 0.20 0.20 0.20
L-Tryptophan 0.03 0.03 0.03 0.03
L-Valine 0.07 0.07 0.07 0.07
Vitamin E 0.02 0.02 0.02 0.02
Flavour 0.02 0.02 0.02 0.02

Sweetener 0.01 0.01 0.01 0.01
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Diet

Ingredient (%) Control MgP MgP MgS
(0.2%) (0.3%) (0.2%)

Benzoic acid 0.50 0.50 0.50 0.50
Limestone Flour 0.00 0.15 0.36 0.00
DCP 0.92 0.67 0.33 0.93

Salt-PDV 0.01 0.01 0.01 0.01
Soya Oil 5.44 5.55 5.72 5.87

Table 19. Diet formulation for the second stage weaner starter feed. Formulated and
manufactured by Primary Diets.
Diet

Ingredient (%) Control MgP MgP MgS
(0.2%) (0.3%) (0.2%)

Magnesium Phosphate 0.00 0.27 0.69 0.00
Magnesium Sulphate (7H20) Epsom Salts 0.00 0.00 0.00 0.66
Micronised Barley 15.00 15.00 15.00 15.00
Wheat Raw Whole Meal 36.60 36.23 35.66 35.34
Micronised Wheat Meal 5.00 5.00 5.00 5.00
Fishmeal 5.50 5.50 5.50 5.53
Soya Hypro 22.72 22.80 22.93 22.95
Full Fat Soyabean 2.50 2.50 2.50 2.50
Vitamin / Mineral Premix 0.50 0.50 0.50 0.50
Whey Powder 7.25 7.25 7.25 7.25
L-Lysine HCL 0.24 0.24 0.24 0.23
L-Methionine 0.13 0.13 0.13 0.13
L-Threonine 0.12 0.12 0.12 0.12

Vitamin E 0.01 0.01 0.01 0.01
Flavour 0.02 0.02 0.02 0.02
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Diet
Ingredient (%) Control MgP MgP MgS
(0.2%) (0.3%) (0.2%)
Sweetener 0.01 0.01 0.01 0.01
Benzoic acid 0.50 0.50 0.50 0.50
Limestone Flour 0.02 0.17 0.39 0.00
DCP 1.05 0.82 0.47 1.05
Salt-PDV 0.18 0.18 0.18 0.18
Soya Oll 2.65 2.76 2.92 3.02

6.2.5 Data collection
6.2.5.1 Health Data

Pre-weaning, daily health checks were conducted on all litters, recording all
medications administered and deaths. As standard at the National Pig Centre,
post-weaning, daily health checks for each pen were conducted and recorded
on an electronic handheld device including: (i) the number of pigs in the pen;
(i) faecal consistency (Table 11); (iii) pig cleanliness (1 — 4); and (iv) the
number of pigs that visually looked off-colour or ill; (v) any medication

administered; and (vi) any deaths.

6.2.5.2 Performance

The performance measures assessed for the two weeks pre-weaning were
total creep feed intake per pen and average daily gain per pig. Post-weaning,
average daily gain, average daily feed intake, and feed conversion ratio was

recorded per week. To do this, the amounts of creep feed: given, discarded if
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spoilt, and remaining in the trough, were weighed and recorded daily for the
two weeks pre-weaning. Post-weaning, the trough weights and amount of feed
provided was recorded during the working week and during the first weekend.
As routine procedure on the farm, during the second and third weekend, only
the amount of feed added was recorded and then the Friday and Monday

trough weights were averaged across the weekend days.

In addition to being weighed at weaning, all pigs were weighed on the day of

weaning and then 6, 13, and 20 days post-weaning.

6.2.5.3 Skin Lesion Scoring

Focal pigs were visually scored for skin lesions using the same scoring system
as (172) Stevens, et al., (Table 20). Pigs were lesion scored on the back, tail,
face, left and right ears, shoulders, flank and hindquarters. Skin lesion scores
were recorded the day after weaning and then on each weighing day (1, 6, 13,
and 20 days post-weaning). Scores were recorded manually onto a paper
scoring sheet at the time of scoring, and later transferred onto an Excel
spreadsheet to calculate the final scores. Tail lesion scores were recorded as
a single value per observation, with a minimum score of 0 and maximum score
of 5. Ear lesion score was the summed total of the scores from the right and
left ears (sum of two parts with a minimum score: 0; maximum score: 10).
Body lesion scores were calculated as the sum of the scores for the back, the
left and right shoulders, flanks and hindquarters (sum of seven parts with a

minimum score: 0; maximum score: 35).
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Table 20. Skin lesion scoring system as outlined by Stevens, et al. (172). Faecal
scoring of faecal consistency as used routinely by the technical staff at Leeds
University Farm (National Pig Centre) assessed at pen level.

Score Lesion scoring system Faecal scoring system

No injuries
One small superficial lesion

More than one small superficial
lesion or one deeper superficial

lesion

One or several big and deep
lesions. If deep only one single
lesion, if not so deep several red

lesions

One very big, deep and red

lesion. Or many deep red

lesions

Many very big, deep and red

lesions covering the area.

N/A
Faeces in the pen are firm

Faeces in the pen are soft and

spread slightly

Faeces in the pen are very soft

and spread readily

Faeces in the pen are a watery,

liquid consistency

N/A

6.2.6 Statistical Analysis

All statistical analyses were completed in RStudio (174). The pre- and post-
weaning performance data was analysed as follows. Firstly, the distribution of

the data was checked for normality using a histogram, qq plot, and Shapiro-
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Wilk test. Any non-normal data was transformed using a natural log
transformation using the /og function or by adding a constant value. Linear
mixed models were employed using the Imer or Im function from the Ime4
(245) and ImerTest (Kuznetsova et al., 2017) packages. The step or drop1
function was used to fit the most parsimonious model using backwards
stepwise deletion based on the Akaike Information Criterion (AIC) (177).
Where all fixed effects can be removed the original model with the interactions
removed is reported. The residuals of the final model were checked for
normality using a combination of a histogram, qqgplot and, fitted vs residual
values plots. The emmeans function and package was used for post-hoc
pairwise comparisons (247). The r.squaredGLMM function from the package

MuMin was used to calculate r? values where possible.

6.2.6.1 Pre-Weaning Performance

The total creep feed intake was log transformed using the /og() function and
analysed using a general linear model using the Im() function. The dietary
treatment, previous light treatment, the number of pigs in the litter/pen and an
interaction between diet and light were included as fixed variables in the
model. Pre-weaning average daily gain was analysed using the Imer() function
with dietary treatment, sex, previous light treatment, total creep feed intake for
the litter, and their interactions were included in the model analysing the pre-
weaning average daily gain. Milk sow and birth sow were included as random

factors.
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6.2.6.2 Post-Weaning Performance

As the post-weaning average daily gain data was not normally distributed
when combined or transformed, a separate analysis was done for each week
post-weaning (0-6 days, 7-13 days and 14-20 days). For these models, sex,
diet, and their interaction were included as fixed variables with location ID
(pen) included as a fixed effect. The feed conversion ratio data was
transformed by adding 30 to all FCR values and then a gamma generalised
linear mixed model was employed to analyse the FCR and average daily feed
intake data. Dietary treatment and week were included as fixed effects and

location ID (pen) as a random effect.

6.2.6.3 Post-Weaning Skin Lesion Scores

An ordinal regression model using the c/mm function from the ordinal
package (176) was used to analyse the skin lesion and faecal scores. Before
running the models, collinearity was examined using the vif function from the
car package (175), where values over five were determined to be collinear.
This was done using a general linear mixed model version of the model with
only additive fixed effects and no interactions. The full ordinal model including
all relevant fixed variables and two-way interactions was run before the drop1
function was used to fit the model using backwards stepwise deletion based
on the AIC values. For all skin lesion score analyses, testing day, dietary
treatment, sex, weight, and their interactions were included as fixed predictor
variables. The location ID (pen) and pig ID (tag) nested within location ID
(pen), were included as random effects. Due to convergence issues tail lesion

score model, a model containing the magnesium and phytase dietary
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treatments, an interaction between dietary treatments, sex and weight as fixed
effects and only Pig ID included as a random effect is reported. The average
faecal score for the pen each week was rounded to one decimal place and
used as the outcome variable to analyse faecal scores. The dietary treatment,
week number and an interaction between diet and week were included as

fixed predictor variables and location ID (pen) included as a random effect.

6.3 Results

During the study, one pig died and four were removed from the study due to

poor condition and/or illness.

6.3.1 Diet

The diets were tested after manufacture and the magnesium content of each
first stage diet was as follows: control: 0.14%; MgP (0.2%): 0.20%; MgP
(0.3%): 0.26%; MgS (0.2%): 0.22%. The magnesium content of the second
stage diets were as follows: control: 0.15%; MgP (0.2%): 0.19%; MgP (0.3%):

0.24%; MgS (0.2%): 0.22%.

6.3.2 Pre-Weaning Performance

The total creep feed intake for all twenty-seven litters during the two weeks
pre-weaning was not affected by dietary or light treatment (Table 21).
Furthermore, pre-weaning average daily gain was not affected by dietary or

light treatment however, there was an interaction between sex and creep feed
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intake (p=0.012; Table 21) showing that in male piglets only pre-weaning

average daily gain increased as the total creep feed intake increased.

Table 21. Estimate, t-value and p-values from the model output for the pre-weaning
log transformed total creep feed intake. Minimal model as determined by
backwards stepwise deletion. Descriptive means and standard errors of the raw
data for all diets and time points. Significant p-values are in italics.

Estimate t-value p-value Raw mean and
SE

Total Creep Feed
Intake (r°ML: 0.389)
Intercept -0.259 -0.820 0.422 -
Control (diet) - - - 1.013 £ 0.070
MgP (0.2%) -0.153 -0.437 0.666 0.863 + 0.056
MgP (0.3%) 0.466 1.342 0.195 1.589+0.118
MgS (0.2%) -0.477 -1.329 0.199 0.687 + 0.030
Control (light) - - - 1.168 £ 0.105
No Light -0.559 -1.057 0.303 0.595 + 0.069
White Light 0.679 1.893 0.073 1.504 £ 0.112
Blue Light 0.040 0.114 0.910 0.893 + 0.042
Green Light -0.032 -0.091 0.928 0.727 £ 0.024
ADG (r’M: 0.025)
Intercept -
Control (diet) - - - 0.303 £ 0.007
MgP (0.2%) - - - 0.318 £ 0.009
MgP (0.3%) - - - 0.313 £ 0.008
MgS (0.2%) - - - 0.294 + 0.012
Control (light) - - - 0.286 + 0.009
No Light - - - 0.264 + 0.014
White Light - - - 0.319+£0.012
Blue Light - - - 0.313 £ 0.009
Green Light - - - 0.326 £ 0.008
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Estimate t-value p-value Raw mean and
SE
Sex (male) -0.010 -0.757 0.449 0.315 £ 0.007
Sex (female) - - - 0.300 + 0.006
Total Creep Feed -0.007 -0.506 0.616 -
Intake
Sex (male) * Total 0.026 2.501 0.012 -

Creep Feed Intake

6.3.3 Post-Weaning Performance

Overall pigs receiving supplementary magnesium sulphate had a significantly
lower average daily feed intake than all other dietary treatments (control:
p<0.0001; MgP 0.2%: p=0.001; MgP 0.3%: p<0.0001). Furthermore,
supplementing with magnesium phosphate to result in a diet with 0.3%
magnesium content resulted in significantly higher average daily feed intake
than 0.2% (p=0.014). As expected, average daily feed intake increased over

time for all dietary treatments (p<0.001; Table 22).

The magnesium sulphate (0.2%) dietary treatment resulting in significantly
lower average daily gain than the control and 0.3% magnesium phosphate
diet during the first week post weaning (Control: p= 0.043; MgP 0.3%:
p=0.016), lower than both magnesium phosphate diets during the second
week post-weaning (MgP 0.2%: p=0.015; MgP 0.3%: p=0.037), and
significantly lower ADG than the 0.2% magnesium phosphate diet during the
third week post weaning (MgP 0.2%: p=0.009). In terms of the magnesium

phosphate diets, during the first week post-weaning there was no statistical
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difference in ADG between the magnesium phosphate diets or control. During
the second week post-weaning, both diets supplemented with magnesium
phosphate resulted in significantly higher ADG than the control diet (MgP
0.2%: p=0.020; MgP 0.3%: p=0.048). No difference was observed during the
third week post weaning (Table 22). Sex did not influence ADG during the

post-weaning period.

Overall, magnesium sulphate (0.2%) dietary treatment resulted in a
significantly higher FCR than the control diet. There was no statistical
difference between the magnesium phosphate diets and the control, or

between the three weeks post-weaning (Table 22).

Table 22. Estimate, t-value and p-values from the model output for post-weaning
average daily feed intake (ADFI), average daily gain (ADG), and feed
conversion ratio (FCR). FCR data was transformed by +30. Minimal model as
determined by backwards stepwise deletion. Descriptive means and standard
errors of the raw data for all diets and time points. Significant p-values are in

italics.
Estimate t-value p-value Raw mean and
SE

ADFI

Intercept 8.572 14.603 <0.001 -
Control - - - 0.363 £ 0.050
MgP (0.2%) 1.597 1.754 0.079 0.397 £ 0.059
MgP (0.3%) -1.164 -1.500 0.133 0.403 £ 0.055
MgS (0.2%) 5.064 4.594 <0.001 0.319 £ 0.049
Week 1 - - - 0.105 £ 0.007
Week 2 -5.780 -0.376 <0.001 0.370 £ 0.010
Week 3 -6.948 -11.647 <0.001 0.636 + 0.016
Control * Week 1 - - - 0.116 £ 0.009
MgP (0.2%) * Week 1 - - - 0.098 £ 0.011

MgP (0.3%) * Week 1 - - - 0.135+0.013
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Estimate t-value p-value Raw mean and
SE

MgS (0.2%) * Week 1 - - - 0.073 £ 0.012
Control * Week 2 - - - 0.358 + 0.017
MgP (0.2%) * Week 2 -6.948 -1.987 0.047 0.398 £ 0.012
MgP (0.3%) * Week 2 0.853 1.046 0.295 0.403 £ 0.022
MgS (0.2%) * Week 2 -4.762 -4.186 <0.001 0.323 £ 0.016
Control * Week 3 - - - 0.616 £ 0.022
MgP (0.2%) * Week 3 -1.780 -1.932 0.053 0.695 + 0.018
MgP (0.3%) * Week 3 1.028 1.303 0.192 0.673 £ 0.036
MgS (0.2%) * Week 3 -4.905 -4.405 <0.001 0.561 + 0.022
ADG
Week 1 (r*ML: 0.108)
Intercept (Control) 0.034 1.613 0.122 0.034 + 0.013
MgP (0.2%) -0.036 -1.179 0.252 -0.001 £ 0.013
MgP (0.3%) 0.036 1.179 0.252 0.070 £ 0.016
MgS (0.2%) -0.065 -2.156 0.043 -0.031 £ 0.011
Sex (male) - - - 0.015+£0.011
Sex (female) - - - 0.020 + 0.009
Week 2 (M: 0.091)
Intercept (Control) 0.370 17.681 <0.001 0.370 £ 0.014
MgP (0.2%) 0.074 2.517 0.020 0.444 £ 0.016
MgP (0.3%) 0.062 2.100 0.048 0.432+£0.018
MgS (0.2%) -0.024 -0.829 0.417 0.345+0.017
Sex (male) - - - 0.401 £ 0.013
Sex (female) - - - 0.396 + 0.011
Week 3 (r*ML: 0.095)
Intercept (Control) 0.513 19.650 <0.001 0.514 £ 0.019
MgP (0.2%) 0.066 1.813 0.084 0.580 £ 0.017
MgP (0.3%) 0.004 0.130 0.897 0.518 £ 0.019
MgS (0.2%) -0.064 -1.748 0.095 0.449 £ 0.018
Sex (male) - - - 0.527 + 0.014
Sex (female) - - - 0.506 + 0.013
FCR
Intercept 0.031 15.587 <0.001 -
Control - - - 1.506 + 0.428
MgP (0.2%) 0.003 1.295 0.195 -1.406 + 1.789



127

Estimate t-value p-value Raw mean and
SE

MgP (0.3%) -0.0003 -0.156 0.876 1.882 + 0.511
MgS (0.2%) -0.001 -0.786 <0.001 3.526 + 2.877
Week 1 - - - 1.955 + 2.645
Week 2 0.001 1.612 0.581 0.935+0.012
Week 3 0.0007 0.385 0.700 1.240 £ 0.016
Control * Week 1 - - - 2.351 £1.284
MgP (0.2%) * Week 1 - - - -6.323 + 5.038
MgP (0.3%) * Week 1 - - - 3.415 +1.394
MgS (0.2%) * Week 1 - - - 8.376 + 8.797
Control * Week 2 - - - 0.966 £ 0.021
MgP (0.2%) * Week 2 - - - 0.898 £ 0.015
MgP (0.3%) * Week 2 - - - 0.931 £ 0.020
MgS (0.2%) * Week 2 - - - 0.946 + 0.032
Control * Week 3 - - - 1.201 £ 0.028
MgP (0.2%) * Week 3 - - - 1.205 £ 0.034
MgP (0.3%) * Week 3 - - - 1.301 £ 0.029
MgS (0.2%) * Week 3 - - - 1.255 £ 0.033

6.3.4 Post-Weaning Skin Lesion Scores

All diets containing supplementary magnesium resulted in significantly lower

body lesion scores in comparison with the control diet (MgP 0.2%: p=0.027;

MgP 0.3%: p<0.001; MgS 0.2%: p<0.001). There was no significant difference

between the magnesium dietary treatments. Female focal pigs had higher

body scores overall (p=0.027) however, male pigs receiving the magnesium

phosphate 0.3% diet had higher body lesion scores than females (p=0.002).

Overall, body score increased with increasing weight (p<0.001) which was

particularly evident on day 20 post-weaning (p=0.013). Furthermore, body

lesion scores were significantly lower on day 13 than day 1 post-weaning.
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The magnesium sulphate (0.2%) diet resulted in lower ear lesions scores than
pigs receiving the control and both magnesium phosphate dietary treatment
(Control: p=0.031; MgP 0.2%: p=0.045; MgP 0.3%: p=0.021). Male focal pigs
had higher ear scores than females overall (p=0.111), and when receiving
both magnesium phosphate diets (0.2%: p=0.003; 0.3%: p=0.017). Overall,
heavier focal pigs had significantly lower ear lesion scores than lighter weight
focal pigs (p=0.005), which was particularly evident on day 13 post-weaning

(p<0.001).

Overall, male focal pigs had significantly lower tail lesion scores than female
focal pigs (p=0.021). Furthermore, in male focal pigs’ tail score significantly
increased with increasing weight (p=0.029). Tail lesion scores were
significantly higher on day 6 than day 1 and 13 (Day 1: p=0.014; Day 13:
p=0.029). Tail lesion scores were significantly lower on day 13 (p=0.045) post-
weaning in comparison than tail scores on day 1 post-weaning. Dietary

treatment did not influence tail lesion scores.

Table 23. Odds ratio, 95% confidence interval, p-values, and raw means with
standard errors for the body, ear and tail lesion score ordinal cumulative link
mixed models (minimal model as determined by backward stepwise deletion).
P-values in italics indicate significance.

Odds Ratio 95% p- Raw Mean &
Confidence Value SE
Interval
Body Score
Control - - - 5.913 £ 0.380
MgP (0.2%) 0.480 -1.384 —-0.082 0.027 4.989 + 0.427

MgP (0.3%) 0.303 -1.853--0.531 <0.0017 4.764 +0.403
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Odds Ratio 95% p- Raw Mean &
Confidence Value SE
Interval

MgS (0.2%) 0.330 -1.760 - -0.451 <0.001 3.612+0.371
Weight 1.331 0.153-0.419  <0.001 -
Sex (male) 0.475 -1.403--0.083 0.027 4.726 +0.293
Sex (female) - - - 4,908 £ 0.278
Day 1 - - - 7.010 £ 0.447
Day 6 0.316 -2.774 - 0.473 0.165 3.934 +0.328
Day 13 0.185 -3.268 —-0.097 0.037  2.402 +0.253
Day 20 1.679 -1.031 - 2.069 0.512 5.903 + 0.382
Sex (male) * Control - - - 5.333 + 0.526
Sex (male) * MgP (0.2%) 1.910 -0.276 — 1.571 0.169 4.958 + 0.629
Sex (male) * MgP (0.3%) 4.251 0.512 - 2.382 0.002 5.666 + 0.630
Sex (male) * MgS (0.2%) 1.463 -0.555 - 1.317 0.425 2.933 £ 0.468
Weight * Day 6 0.999 -0.172-0.171 0.997 -
Weight * Day 13 0.927 -0.224 - 0.073 0.321 -
Weight * Day 20 0.841 -0.310--0.035 0.013 -
Ear Score
Control - - - 3.684 £ 0.139
MgP (0.2%) 0.596 -1.152 - 0.120 0.112 3.638 £ 0.171
MgP (0.3%) 0.683 -1.012 - 0.251 0.237 3.752 + 0.159
MgS (0.2%) 0.498 -1.332--0.060 0.031 2.924 £ 0.181
Weight 1.202 0.055-0.312 0.005 -
Sex (male) 0.659 -0.930 - 0.096 0.111 3.606 + 0.124
Sex (female) - - - 3.389 £ 0.111
Day 1 - - - 4.641 +0.156
Day 6 0.442 -2.480 — 0.847 0.336 3.747 £ 0.132
Day 13 1.709 -1.218 - 2.290 0.549 2.076 £ 0.151
Day 20 0.772 -1.880 — 1.363 0.754 3.526 + 0.102
Sex (male) * Control - - - 3.600 + 0.196
Sex (male) * MgP (0.2%) 2.969 0.362 - 1.815 0.003 3.979 £ 0.239
Sex (male) * MgP (0.3%) 2.401 0.151 — 1.601 0.017  4.000 + 0.246
Sex (male) * MgS (0.2%) 1.070 -0.668 — 0.804 0.855 2.822 +£0.272
Weight * Day 6 0.986 -0.190 - 0.162 0.879 -
Weight * Day 13 0.758 -0.438 - -0.115  <0.001 -
Weight * Day 20 0.876 -0.272 - 0.009 0.068 -

Tail Score
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Odds Ratio 95% p- Raw Mean &
Confidence Value SE
Interval

Control - - - 0.423 £ 0.064
MgP (0.2%) - - - 0.489 + 0.083
MgP (0.3%) - - - 0.280 + 0.061
MgS (0.2%) - - - 0.290 £ 0.065
Weight 1.013 -0.071 - 0.098 0.758 -
Sex (male) 0.287 -2.309 - -0.181 0.021 0.349 £ 0.048
Sex (female) - - - 0.394 + 0.050
Day 1 - - - 0.293 £+ 0.056
Day 6 1.627 0.096 — 0.877 0.014 0.560 £ 0.095
Day 13 0.608 -0.981 --0.010  0.045 0.184 £ 0.048
Day 20 0.973 -0.650 — 0.595 0.931 0.451 £ 0.065
Weight * Sex (male) 1.098 0.009 - 0.179 0.029 -

6.3.5 Post-Weaning Faecal Scores

As expected during the post-weaning period, faecal scores during the first
week post-weaning were significantly higher than the following two weeks
(p<0.0001; Table 24). Pens of pigs on the magnesium sulphate diet had

significantly higher faecal scores (indicating looser faeces) than pens

receiving the control (p=0.001) and magnesium phosphate 0.3% (p=0.01)

diets.

Table 24. Odds ratio, 95% confidence interval, p-values, and raw means with

standard errors calculated from the final faecal score ordinal cumulative link
mixed model. P-values in italics indicate significance.

Odds Ratio 95% p- Raw Mean &
Confidence Value SE
Interval
Control - - - 2177 £ 0.055
MgP (0.2%) 2.100 -0.0002-1.484 0.050 2.322 +0.087
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Odds Ratio 95% p- Raw Mean &
Confidence Value SE
Interval
MgP (0.3%) 1.329 -0.459 - 1.028 0.453 2.216 + 0.067
MgS (0.2%) 4.199 0.682 —2.187 <0.001 2.488 +0.088
Week 1 - - - 2.575+0.072
Week 2 0.220 -2.160--0.867 <0.0017 2.195 +0.046
Week 3 0.145 -2.613--1.239 <0.0017 2.133+0.048

6.4 Discussion

This study aimed to investigate whether diets supplemented with magnesium,
before, during, and post-weaning, can result in improved pig welfare and
performance post-weaning. All piglets had access to one of four dietary
treatments as creep feed for two weeks before weaning. The results from this
period showed no difference in the amount of creep feed consumed by each
litter or in the average daily gain of each piglet during the two week pre-
weaning period across the four treatment groups. Therefore, including
supplementary magnesium in the creep feed did not provide any advantage

or disadvantage to the piglets in the pre-weaning period.

Pig performance post-weaning varied significantly depending on the level and
type of supplementary magnesium. This was expected as previous research
has shown variation in results when different types and levels of magnesium
are added to the diet (100). In this study, both magnesium phosphate diets
resulted in a significantly higher average daily gain during the second week
post-weaning. This may be due to less energy being required by the stress

response and active behaviours, such as fighting, which is also indicated by
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the significantly lower body scores recorded for pigs consuming the
magnesium supplemented diets. In future, it would be beneficial to include a
further control group with no weaning stressor to explore whether
supplementary magnesium can improve performance when no stressor is

present.

These results are also a clear indication that magnesium phosphate at either
0.2% or 0.3% in post-weaning diets can improve pig performance during the
second week post-weaning. However, this improved performance did not
appear to continue into the third week. Unlike the first and second weeks post-
weaning, by week three is likely that the weaning stress is greatly reduced
and the pigs have settled into their new environment and diet. Therefore, the
lack of difference in performance may show that the magnesium
supplementation provided no advantage, in terms of growth, during this third
week. It should be noted that overall ADFI for pigs receiving the magnesium
phosphate (0.3%) diet was higher than pigs on the magnesium phosphate
(0.2%) diet, suggesting they may be less feed efficient. Despite the
improvement in ADG and differences in ADFI between the magnesium
phosphate diets, in this study there was no statistical difference in FCR
between the dietary treatments which suggests there was no differences in

terms of overall feed efficiency.

Magnesium sulphate is a common inorganic magnesium compound which in
a previous studies, when supplemented in the sow diet pre-farrowing was

shown to improve piglet viability (81,248). However, in this study pigs
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receiving supplementary magnesium sulphate at 0.2% not only had
significantly poorer faecal scores throughout the three-week post-weaning
period, but also had lower average daily gain and average daily feed intake
during the first week compared with the control and both magnesium
phosphate diets. This poor performance is most likely due poor faecal scores
which indicate a higher level of loose faeces. Loose faeces are common
during the first week post-weaning in piglets (64,237) and can be seen
generally across all the diets in this study. However, the consistently poorer
faecal scores and performance in this dietary group shows this type of
magnesium was not well tolerated by the weaner piglets in this study and

therefore is not ideal for supplementation at this age.

All supplementary magnesium diets significantly reduced the frequency and
severity of body skin lesions throughout the post-weaning period compared
with the non-supplemented control diet. Furthermore, there was no
statistically significant difference between the magnesium diets, suggesting
either dietary treatment has the same welfare benefit in terms of body lesion
scores. Magnesium sulphate supplemented diet resulted in lower ear lesion
scores, and there was no difference between dietary treatments in the severity
and frequency of tail lesions in this study. Recording the frequency and
severity of skin lesions on different areas of the pigs’ bodies can be indicative
of activity levels within the pen and can be used as a proxy indicator of
aggression or harmful behaviours (62). An increase in skin lesions can result
in an increased chance of disease, (e.g. infections in the spine) and poor

welfare (249). Here, all levels and types of supplementary magnesium
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appeared to reduce the amount of activity or harmful behaviours occurring
during weaning and the post-weaning period, possibly due to a reduction in
stress or increased ability to cope with the stress. This is in agreement with
previous research carried out on older pigs experiencing different stressors,
which showed that an increased level of magnesium, or supplement
containing magnesium, can reduce skin lesion scores (89,99). Dietary
treatment did not influence tail scores, suggesting that there was no effect of

the magnesium treatments on tail-biting related behaviours.

Similarly, to Chapter Four, in this study there were also individual differences
between sexes and weight in skin lesion scores. Skin lesion scores varied
between sex for body, ear and tail lesion scores, with females having higher
body and tail lesion scores overall, and males having higher ear lesion scores
overall and higher body lesion scores when receiving the magnesium
phosphate (0.3%) dietary treatment. Sex differences in skin lesion scores are
not uncommon (66,250) and have been found in previous research using the
same welfare assessment tool (89,250). Weight was also a significant factor
in lesion score variation, with body lesion scores increasing with weight, and
tail lesion scores also increasing with weight but for male pigs only. This is in
agreement with previous literature that has also shown that skin lesion scores
typically increase with pig liveweight (62,251). However, why the opposite was
found for ear lesions in this study requires further exploration but may be
related to the differing behavioural motivations (62,162,172). The differences
between sexes and weight in this study again highlights the importance of

accounting for individual variation (252).
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Overall including supplementary magnesium phosphate at either 0.2% or
0.3% total magnesium content of the diet reduced the frequency and severity
of skin lesions during the post-weaning period, and improved pig performance
during the second week post-weaning. In contrast, including magnesium
sulphate at 0.2% total magnesium in the diet was not well tolerated by the
newly-weaned piglets and exacerbated issues, such as post-weaning
diarrhoea, resulting in poor performance. Although there was some variation
in pig performance, there was no clear dose-dependent benefit of including
magnesium phosphate at 0.3% total magnesium content instead of 0.2%. A
cost benefit analysis was not conducted as part of this study, but it can be
assumed that if similar performance and welfare outputs can be achieved with
a lower supplementation, it is likely that this will cost less to implement and
therefore provide the largest economic gain for the farmer. It should also be
noted that in order to keep the study non-invasive and minimally intrusive,
cortisol and other physiological indicators of stress were not collected.
However, in future investigating such measures would be beneficial to further
understand the impact of magnesium supplementation on the physiological

aspects of weaning stress.

6.4.1 Conclusion

This study demonstrates that supplementary magnesium phosphate in the
creep and post-weaning diet has potential to improve pig welfare and
performance post-weaning. Further work is needed to confirm the possible

benefits of magnesium supplementation at weaning, as well as its impact on
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stress by including physiological measures. However, this small dietary
change has the potential to greatly improve outcomes during a challenging

life-stage for commercially farmed pigs.
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Chapter 7. Discussion And Conclusions

7.1 General discussion

Pig production is facing an uncertain future due to unprecedented challenges
including African swine fever, labour shortages, poor pig prices, and
increasing costs of grain (253,254 ). Improving and optimising pig performance
and welfare has never been more important. This thesis aimed to investigate
the impact of supplementary dietary magnesium on pig welfare, performance,
and stress during key life events. These stressful events can have immediate
and long term effects on pig welfare and productivity (229,255,256). Four
studies which address these aims were presented in this thesis. Firstly, a
systematic review of the current scientific literature on the effects of
magnesium in reducing stress and aggression in pigs was undertaken
(presented in Chapter Two; (48)). This review highlighted that there is limited
research on the effects of supplementary dietary magnesium on reducing
stress and improving pig performance and welfare during key life events
throughout the pigs’ lifespan. In order to understand how supplementary
magnesium is currently used, farmers’ views and experiences with
magnesium supplementation were explored using an online survey in Chapter
Three. This showed, despite the small sample size, that farmers had limited
experience of the use of magnesium and that when it is used, it is typically
applied to reduce undesirable behaviours, including aggression. This
underpinned the need for experimental evidence to evaluate the potential for
magnesium to improve performance and welfare in commercially farmed pigs.

Finally, the impact of supplementary magnesium on pig performance, welfare,
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and stress was empirically tested during exposure to two key stressors which
occur during the lifetimes of the vast majority of commercial pigs: regrouping

and weaning.

Taken together, the findings of the studies presented in this thesis highlight a
gap between the existing scientific evidence for magnesium supplementation
and current rationale for usage by farmers. Diets including supplementary
magnesium phosphate were shown to be effective at improving pig behaviour
around a regrouping stressor, as well as improving pig welfare and
performance measures during the post-weaning period. This represents a
strong and important contribution to understanding the potential for the
application of magnesium in pig production. The research presented in this

thesis also highlights important questions to be addressed in future research.

7.1.1 The impact of magnesium supplementation on stress

reduction in pigs: current scientific and anecdotal evidence

Chapter Two systematically reviewed and synthesised the existing scientific
literature on the impact of supplementary dietary magnesium on stress and
aggression in pigs. Nearly a third of the research was published before the
year 2000 (5 of 16 studies), with only three studies published within the past
decade (88,89,110), showing a lack of progression or direction in this research
area. Of the three most recent studies, one did not include behavioural or
welfare observations (110), and the other two did not directly supplement with
a magnesium compound but instead used a magnesium-rich algae

supplement (88,89). This existing research, and that conducted in the 2000’s
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and 1990’s, provides some important contributions to our understanding of
magnesium in pig health and wellbeing, but much more research is needed to
determine exactly which types of magnesium supplementation are effective
and how magnesium can contribute to pig production. Despite the dearth of
high quality existing research, the overarching consensus was that
magnesium supplementation has potential to reduce stress and improve pig
welfare as demonstrated by lower skin lesion scores (88,99), lower salivary
and plasma cortisol levels (88,89,97,104,107,110), and fewer incidences of

aggressive behaviour (88,98).

When researching a technique or supplement which is commercially
applicable, it is important to consider how it is currently viewed or used.
Chapter Three aimed to understand how magnesium supplementation is
currently being used in pig production, and farmers’ views of this. The results
of this survey were consistent with the findings of the systematic review,
specifically, that supplementing commercial pigs’ diet with magnesium can be
beneficial in reducing stress and aggression. Despite the focus of the scientific
literature on meat quality and slaughter, anecdotal evidence collected in the
survey (Chapter Three), showed that farmers would include supplementary
magnesium in the diets of pigs of all ages, with a minority (4/11) of
respondents supplementing during the finisher stage, which might be most
effective in terms of influencing meat quality. This is a clear contrast with the
existing scientific literature which, with the exception of a few studies
(88,89,96,98), primarily focused on improving meat quality by reducing stress

towards the end of life. This difference in application is particularly evident
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since the majority of the studies in the review (11/16; Chapter Two)
investigated the effect of magnesium on meat quality, whereas eight of eleven
respondents in the survey (Chapter Three) stated that they do not receive
feedback on meat quality. Hence this was not their motivation to use
magnesium, and they were supplementing for other reasons. This important
difference between the science and farm-level application demonstrates the
lack of translation of research findings and highlights the need for more
scientific research into magnesium supplementation during earlier life-stages,
such as the weaner and grower phases, to bridge the gap between scientific
research and commercial application. The survey revealed that farmers were
unaware of any clear recommended method of magnesium supplementation
and consequently there was a large variation in the type of magnesium
offered, the method of delivery, and duration of supplementation reported.
This variation was also seen in the scientific research where multiple levels,
types, and durations of magnesium supplementation were employed, with no
clear rationale or evidence provided by the investigators for the selection of

one method over another.

Based on the reported scientific evidence, and first-hand views and
experiences, it is apparent that magnesium supplementation can be beneficial
within pig production, in terms of reducing stress and undesirable behaviours,
such as aggression. Since the beginning of this PhD project in October 2017,
to the author's knowledge, there has minimal research focusing on
magnesium supplementation and pig performance (81), and no new research

which included stress or behavioural outcomes. Despite limited up-to date
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research, it is clear that magnesium is being used commercially to improve
behavioural parameters. This highlights the demand for specific, evidence-
based research to drive this area forward and accurately inform nutritionists,
vets, and producers and farmers of the best practice across different life

stages and contexts.

7.1.2 The impact of magnesium supplementation on pig stress

during regrouping

Underpinning the positive impact of magnesium on pig welfare and
performance is its ability to interact with multiple biological mechanisms,
including the stress response. Magnesium influences the stress response via
multiple mechanisms (21,33), and magnesium supplementation has been
demonstrated to reduce measures of stress in rodents and humans (23,27).
In this thesis, stress was assessed using a combination of physiological and
behavioural measures. Including both types of measures allowed the
assessment of arousal and valence of the arousal, which is important when
attempting to understand an animal’s experience of a stressor (59). To the
author’s knowledge, the studies presented in Chapters Four and Five are the
first studies to determine the impact of supplementary dietary magnesium
phosphate on the physiological and behavioural effects of stress in pigs during
regrouping. Due to a lack of consensus in the literature, the type and level of
magnesium supplementation in this study was chosen based on

recommendations from a UK pig feed manufacturer.
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The increase in pen level faecal cortisol, individual salivary cortisol, as well as
an increase in duration of fighting behaviour and higher ear and body lesion
scores, shows that regrouping was a significant stressor for the pigs in this
study and highlights the negative physiological, behavioural and welfare
impact stressors such as regrouping can have. Magnesium phosphate
supplementation had a positive impact on behaviour and resulting in “calmer”
focal pigs, that spent shorter durations of time fighting and active during the
overall study period, as well as less time ear biting after regrouping. It could
therefore be interpreted that these animals were less stressed than those on
other dietary treatments and consequently expect to see this reflected in
cortisol levels. However, magnesium supplementation did not influence
salivary, faecal or hair cortisol levels. This lack of change in salivary cortisol
contrasts with previous research which showed that a supplement containing
magnesium can reduce salivary cortisol in pigs (88,89). Although it should be
noted that these studies used a “magnesium-rich” supplement and whilst the
results could be a consequence of the increase in magnesium, they could
equally be attributable to other minerals in the supplement, the combination
of minerals, or the specific supplement. In addition, differences in
methodology make it difficult to draw comparisons between the research
presented in this thesis and existing literature (48). However, with the
exception of two studies (97,98), the majority of existing research, despite all
supplementing with different types of magnesium, have shown a decrease in
plasma and serum cortisol or norepinephrine in comparison to control diets
(97,104,106-108,110), and thus have shown a positive effect of magnesium
on the stress response. This is not what was shown in Chapter Five and why

this was the case in this study could be due to a number of factors, including
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but not limited to, the possibility that magnesium may have reduced stress
around regrouping but not overall arousal hence the lack of change in
behaviour but not cortisol. Alternatively, a higher level of magnesium
phosphate may be required in pigs between 7-12 weeks of age, to produce

measurable effects of the supplementation on the cortisol post-regrouping.

Individual variation is important to investigate and include in livestock
behaviour studies (252). In Chapters four and five of this thesis there was a
clear pattern between weight, cortisol and tail biting. Throughout the study
period salivary cortisol level and tail biting behaviour increased with
decreasing weight, while tail lesion scores increased with increasing weight.
This paints a picture of lighter weight focal pigs biting the tails of heavier
individuals, possibly due to a factor that is also resulting in their higher level
of arousal, as shown by the increase in salivary cortisol level. Higher levels of
cortisol in lower weight individuals in comparison with heavier pigs was not
expected based on previous research (206,220) and this, in combination with
the tail biting outcomes, may reflect that the smaller pigs were more greatly
impacted by environmental or social factors than heavier pigs. Previously
lighter weight pigs have been shown to be more likely to bite the tails of
heavier pigs in an attempt to compete for resources, such as feed
(38,184,185). However, to fully understand the links between these outcomes

further research is needed.

Despite the lack of difference in cortisol levels between the diets

supplementary magnesium phosphate was shown to have a statistically
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significant positive impact on the duration of aggressive and harmful
behaviours. This in agreement with the results of Chapters Two and Three
which found that dietary magnesium supplementation can have benefits in
terms of behaviour and welfare in commercially farmed pigs during stressful

key life events.

7.1.2.1 Magnesium and phytase supplementation effects during

regrouping

Phytase is commonly used in pig feed to facilitate the release of bound
phosphorous (44,127) but has also been shown to increase the absorption
and retention of magnesium (127,169,171). In Chapters Four and Five, a
combined magnesium and phytase diet was included to explore the impact of
these supplements applied in combination on pig performance and measures
of stress and welfare. As expected, the combined phytase and magnesium
diet had a higher total magnesium content than the diet supplemented with
magnesium alone. This result shows that by including phytase the level of
magnesium in the diet can be increased, reducing the need for higher levels
of magnesium inclusion during formulation. This is beneficial in terms of the
cost effectiveness of the supplementation which does not require high levels
of magnesium (the more costly ingredient). In addition, including phytase is
common practice and this study found that phytase may be included alongside
supplementary magnesium (181) with no adverse effects and a positive

synergistic increase in available magnesium resulted.
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The results of the studies presented in Chapter Four and Five report that,
similarly to supplementing with magnesium alone, including phytase with
magnesium did not result in any change in performance parameters, nor
salivary, faecal or hair cortisol level. This shows that despite the increased
level of magnesium in the diet this did not result in an increase in effects of
the magnesium. There also was no difference between the magnesium only
and combined treatment diet when it came to the behavioural changes. This
may be due to there not being a large enough difference in magnesium
content between the two dietary treatments to show a statistically significant
change however, more research would be needed to examine the reason for

this resuilt.

Somewhat unexpectedly, it was observed that phytase when supplemented
without magnesium had a significantly negative impact on pig behaviour, with
those focal individuals having a higher duration of time fighting and body biting
than other treatment groups. A result that warrants further investigation
considering the prevalence of phytase supplemented diets within the pig
industry. As the main focus of this thesis was on the effects of magnesium,
phytase was not investigated further but future studies should consider
investigating the behavioural effects of phytase as well as the impact of
magnesium combined with other supplements. These findings would have
important implications for pig nutrition and production, and would highlight the
importance of considering potential positive and negative nutrient interaction

effects.
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7.1.3 The impact of magnesium supplementation on pig

performance during regrouping and weaning

Pig performance, farm productivity and profit are all directly linked and are
typically the main factors considered in the uptake of a new technique or
method in pig production (149,160). During the regrouping study presented in
Chapter Four, dietary treatment did not impact performance measures. During
a period of high stress nutritional energy is directed away from growth to fuel
the stress response and related behaviours, consequently negatively
impacting pig performance (36,37). Therefore, a positive or mitigating impact
of magnesium supplementation would be expected as behavioural measures
in Chapter Four indicated that the pigs were experiencing a reduced level of
stress compared with the control diet. However, there was also no statistically
significant change in cortisol measures reported in Chapter Five, suggesting
that any behavioural or stress related change may not have been large
enough to observe physiologically and consequently, in terms of pig

performance.

Chapter Six is, to the author's knowledge, the first study to investigate the
impact of magnesium phosphate supplementation on pig welfare and
performance post-weaning. This study showed that weaner pigs fed a diet
with the same total magnesium content (0.2%) with the same type of
magnesium (magnesium phosphate) as was administered to grower pigs in
Chapters Four and Five, had greater average daily gain (ADG) compared to

pigs on the control diet. Although this could be due to differences in age and
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stressor, we cannot rule out a genetic effect as the regrouping study involved
pigs of a different genotype to the weaning study. Research has shown that
genetics can significantly impact pig behaviour (144,165,257), and therefore,
this difference should be kept in mind when comparing the two studies
presented here. These results have important implications for pig production,
as they suggest that supplementary dietary magnesium phosphate has the
potential to be an effective method of improving or maintaining pig productivity
during weaning, a life event which typically results in a poor performance
during the first one to two weeks post-weaning (11,64,258). Although
magnesium phosphate supplementation resulted in an improvement in pig
performance, including magnesium sulphate at the same level led to
consistently poorer performance throughout the three weeks post-weaning.
This poor performance is not surprising considering the poor faecal scores
also observed in this treatment group, indicating that magnesium sulphate is

not suitable for piglet of this age.

As demonstrated in Chapter Six, there was no significant difference in pig
performance post-weaning between the diets supplemented with magnesium
phosphate to a level of 0.2% or 0.3% total magnesium. Yet, a total magnesium
content of 0.2% did not impact performance post-regrouping in grower pigs in
Chapters Four and Five, and so it would be appropriate to investigate an
increased level, for example 0.3%, of magnesium phosphate in the diet. These
results suggest that a total magnesium content of 0.2% might be sufficient for
weaner pigs (two to seven weeks old), and consequently one might expect

that older, grower stage pigs (seven to twelve weeks old), would require an
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increased level of supplementation. Furthermore, this finding underlines the
economic importance of establishing the correct level of supplementation,
since including more magnesium to reach a dietary level of 0.3% during
weaning, at further cost to the producer, does not provide further performance
benefits. Conversely, the cost of including magnesium phosphate at the lower

level during the grower period does not pay off in terms of pig performance.

7.1.4 The impact of magnesium supplementation on pig welfare

during regrouping and weaning

Improving the welfare of commercial farmed pigs is not only beneficial for the
animal but also positively affects pig performance and farm productivity (8,9).
Both Chapter Four and Six presented in this thesis demonstrated a positive
impact of magnesium supplementation on pig welfare during stressful life
events. A ‘calming’ effect of magnesium supplementation has previously been
reported (98,259) which was also found in Chapter Four. Despite a calming
effect being observed in terms of behaviour in Chapter Four, a reduction in
skin lesion scores as a result of magnesium supplementation was not
observed during this age and stressful event. This suggests that magnesium
phosphate supplementation at this level, age, or type of stressful event may
not be sufficient alone to tackle these issues. It may also be the case that
magnesium supplementation may be more beneficial when combined
simultaneously with other strategies, such as increasing environmental
enrichment (260). In contrast, in Chapter Six, magnesium phosphate
supplementation significantly reduced body lesion scores after weaning, and

magnesium sulphate supplementation also reduced ear lesions scores post-
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weaning. The results of these studies build upon existing research
(88,98,99,259) and highlight the valuable effect magnesium supplementation

can have on pig welfare during stressful key life events.

Magnesium sulphate supplementation during weaning resulted in poor faecal
scores (and consequently performance, see section 7.1.3) throughout the
post-weaning period, an effect not seen in magnesium phosphate
supplementation. Post-weaning diarrhoea is common during the post weaning
period and can have a detrimental impact on the performance, health, and
welfare of the pig (237,261,262). Therefore, despite the positive effects of
magnesium sulphate on body and ear lesion scores, overall magnesium
sulphate negatively impacted pig health and welfare. In contrast, previous
research has shown magnesium sulphate supplemented in sows does not
negatively impact their health (81). This again highlights the importance of
establishing the most appropriate type and Ilevel of magnesium
supplementation for each age and stage. Typically cheaper compounds are
used to supplement pig diets, such as magnesium sulphate or oxide
(110,263), but including a more expensive supplement may be cost-effective
in the long term. Studies in rodents have shown cognitive benefit of diets
supplemented with magnesium L-threonate, a compound that can cross the
blood brain barrier and elevate brain magnesium (232,264,265). Magnesium
has been shown to reduce stress by interacting with mechanisms within the
brain (21,23). Therefore, it may be expected to see further benefits in terms
of the stress response by directly elevating the magnesium level within the

brain. This supposition requires further research, to understand how
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supplementing pig feed with magnesium L-threonate may impact welfare and

productivity, and to compare its efficacy with cheaper compounds.

Overall, the results of the studies presented in this thesis show that addition
of magnesium phosphate in pig feed can improve pig welfare during key life
events in commercial pig production systems. This is likely to have a further
positive impact on pig health, farm productivity and profit during these

potentially stressful events (9).

7.2 Study limitations

The studies presented in this thesis have limitations, for example two key
limitations are time constraints to the experimental work presented, and low
response rates to the survey of farmers. Each of these limitations are

addressed below.

The low response rate in the survey is a main limitation of the work presented
in Chapter Three. Although the survey provides a brief insight into farmer
views and experiences, the low number of responses limits the potential to
extrapolate to the wider agricultural population. The low response rate may be
due to several reasons, for example the use of social media to recruit
respondents since this limits the pool of respondents to those within the target
group that use social media. There was also no incentive to complete the

survey; itis likely that the response rate may have been higher if one had been
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used. Furthermore, despite publicising the survey through various online
platforms, potential eligible participants may have viewed it as irrelevant to
their current practice and therefore not participated. As of 2019 the total
number of pig holdings in the UK was 10,539 (266), therefore the 24
participants in survey that were from the UK would only represent 0.24% of
the total UK population. In order to fully understand the prevalence of
magnesium supplementation in current farming practices, a substantially
larger study would need to be carried out, including a wider pool of farmers
with varied experience —or lack thereof of— magnesium supplementation.
Offering an incentive, and advertising or distributing the survey through other
well-known outlets and organisations, such as Pig Progress or the National
Farmers Union, may also have increased the sample size. Attending events,
such as the Pig and Poultry Fair, with paper surveys and directly targeting
participants would be a further way to boost the response rate. Unfortunately,
due to the ongoing pandemic many of these in person events were online and
therefore this was not possible for this survey. Despite this limitation, the
responses collected in Chapter Three include a range of farming systems,
types of magnesium, pig genotypes, and stages of magnesium
supplementation, and so gives a relatively broad, if shallow, overview of

farmer views and experiences with magnesium supplementation.

In Chapter Four, a behavioural analysis was conducted in order to directly
measure the duration of activity, inactivity, aggressive and harmful
behaviours. However, due to the time-consuming nature of continual

behavioural analyses, only short sections of time were assessed (two hours
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per pig at three separate time points). This provides a small limited insight into
any changes in behaviour and ideally, much larger time samples would have
been analysed. Furthermore, only the duration of behavioural bouts was
analysed, and not the frequency of behaviours. Including the frequency would
have given further insight into the details of the focal pigs’ behaviours, such
as the number of bouts of fighting. Similarly, due to time limitations,
behavioural observations were not included in Chapter Six, where skin lesion
scoring was used as a proxy to assess focal pig welfare. Although this is
relatively common in livestock welfare research (62,249), including
behavioural observations would have allowed for a more specific and in-depth
understanding of how the magnesium supplementation was affecting the
animals’ behaviour. Likewise, due to the cumulative and ethical implications
of collecting multiple samples for scientific research, physiological measures
such as salivary or faecal cortisol, which would have given further insight into
the pigs’ stress response and underlying physiological mechanisms, were not
included in the study. Although these additional measures would provide
further insight, the positive effect of magnesium on pig performance and
welfare post-weaning indicates that the diet did reduce stress during this time

period.

In this thesis, it was only possible to compare two different types and levels of
magnesium supplementation due to the sample sizes needed and the time
associated with conducting such large animal-based studies. If time had
permitted, it would have been beneficial to examine the dose response by

increasing level of magnesium phosphate in growing pigs with the regrouping
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stressor to establish whether a higher total magnesium content in the diet
would provide any additional benefit to that seen with the dose that resulted
in ~0.2% total magnesium content. Likewise, there is wide range of
magnesium compounds with different levels of bioavailability (137,267) and it
would have been beneficial to examine the potency of different forms of
magnesium on these outcomes. For example, does including a more
expensive magnesium supplement, such as magnesium L-threonate, confer
additional or greater benefits (232,264). As only magnesium phosphate and
sulphate were investigated in this thesis, the effects of magnesium

supplementation observed are limited to these magnesium compounds.

Although the conditions in both empirical studies presented here are similar
to commercial conditions, the maximum pen and group size was ten pigs
which is not representative of commercial pig production. Group sizes are
typically much larger under commercial conditions and research has shown
that the effect of regrouping, aggression, and behaviour can vary depending
on the size of the group (39,167,268). To understand fully how dietary
magnesium phosphate or other magnesium compounds may impact pig
behaviour, welfare, and performance under commercial conditions, further

research is needed with larger group sizes.

Despite these limitations, the evidence provided by the four studies presented
in this thesis advances our understanding of magnesium supplementation in
pig production and identifies knowledge gaps. Furthermore, the data collected

provides further information about the impact of magnesium supplementation
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on the stress response in non-human mammals, where previously this has
mainly focused on rodents. Pigs are good models for humans both in terms of
nutrition and stress (50-52) and so the results in this thesis may also be

relevant to understanding efforts to combat stress in humans (27).

7.3 Future work

This thesis contributes to the current scientific literature and advances our
current knowledge about magnesium supplementation and stress in pig

production, and in non-human mammals.

7.3.1 Establishing the most effective type and level of magnesium

supplementation for each age and stage of pig production

The presented work provides important insights, alongside highlighting the
need for establishing the best method and type of magnesium
supplementation and application. It is imperative that future work to identify
the most appropriate types of magnesium, while establishing the optimum
magnesium content of the diet for each age or stage of pig production is
conducted. Expanding on the types and levels of magnesium used in this
thesis, or other magnesium supplementation methods from industry, should
be the starting point for this. The effects of magnesium toxicity are unknown
in pigs however the National Research Council states the maximum tolerable
level it 0.3% (49), and so this level should not be exceeded. It would be
beneficial to compare less commonly used compounds with magnesium L-

threonate — a magnesium compound that has been demonstrated to elevate
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brain magnesium (232,265). Furthermore, the effects of supplementing
magnesium alongside other co-nutrients should be considered, including
whether any other supplements may boost its efficacy without the need for
increased concentration, or indeed exert anti-nutrient effects thus negating
any benefits. When deciding on the type and level of magnesium to include in
the diet, cost is a vital consideration, especially as the recommendations made
here are intended to be implemented in the commercial farming community.
Therefore, including a cost-benefit analysis would be a useful inclusion for any

future work.

This is a large area to explore with many possible hypotheses. However, the
research presented in this thesis suggests that future work should focus on

addressing three main questions:

(i) What level of dietary magnesium supplementation is appropriate for
grower (seven to twelve weeks old), and finisher (twelve weeks old
to slaughter) stage pigs?

(i) Can dietary magnesium L-threonate supplementation during key
life events further reduce stress and positively affect welfare and
productivity, when compared with common forms of magnesium?

(iif)  Interms of production and welfare, which magnesium compound is
most suitable and cost effective for dietary supplementation in

farmed pigs?
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7.3.2 Investigating the effect of magnesium supplementation on

behaviour and physiological measures post-weaning

Cortisol and behaviour should be measured directly in future studies. Although
skin lesion scoring can be used as a proxy for activity and aggressive
behaviour within the pen, it leaves us unable to further unpick how magnesium
impacts on the pig during the post-weaning period. In future, it would be
beneficial to include measures of arousal, such as faecal or salivary cortisol,
post-weaning to address the question: How does magnesium phosphate

supplementation affect the stress response in piglets post-weaning?

7.3.3 The effect of magnesium supplementation on behavioural

responses

To further understand the possible impact of magnesium supplementation on
pig behaviour, sampling and analysing a longer period of time would be
beneficial. Behavioural observations can be carried out using multiple
methods including continuous sampling, such as was attempted in Chapter
Four. However, due to the time-consuming nature of analysing animal
behaviour from video footage, there often has to be a compromise between
the ideal amount of time assessed and the reality of carrying this out. Very
recently, scientists have begun to utilise technology to make behavioural
monitoring more accessible and less time consuming. Technology has been
developed to automatically detect individual pigs and changes in behaviour
which can give an indication of the health and welfare status of the group
and/or animal (269-272). This also enables a much larger sample of time to

be analysed, without any additional cost in time for the producer or researcher.
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Utilising this technology when possible may be beneficial when aiming to

assess the behavioural response of a nutritional supplement like magnesium.

7.3.4 The effect of magnesium supplementation on welfare and

performance throughout the pigs’ lifespan

In Chapters Four, Five, and Six the impact of supplementary magnesium in
the diets was explored for short periods of time, a total of five weeks in each
study. Therefore, it was not possible to explore the long-term impact of
magnesium in the feed, or the long-term impact of improving performance and
welfare during these stressful events. Previous research has found
differences in the efficacy of magnesium supplementation when applied for
different lengths of time and thus investigating these differences further would
be a useful direction for future research. Moreover, it would be interesting to
address how reducing stress and improving pig welfare and performance
during key life events may impact the pig over its lifespan. For example, does
this improved performance and welfare post-weaning result in improved
performance later in life, or result in a shorter time to slaughter weight. Future
research should aim to collect performance and welfare data throughout the
pigs’ lifespan to address the question: How can supplementary magnesium
during key life events impact on pig performance and welfare throughout the

animals’ lifespan?
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7.3.5 The impact of supplementary dietary magnesium in different

pig production systems

The data collected during the studies in Chapters Four, Five and Six, were
carried out on an indoor pig unit. In the UK alone there are many variations in
pig production systems, including outdoor, partially outdoor, indoor straw
based, and small holdings, all with different challenges (11). The impact of
stressful life events on the pigs in these systems is likely to vary and
consequently the impact of dietary magnesium is likely to vary across these
systems. Likewise, as in this thesis the maximum group size was ten pigs
which is not representative of most groups sizes on commercial farms, future
studies should ensure that research is conducted using larger groups of pigs.
Overall, future research should aim to address the question: Does variation in
production system (e.g., indoor vs. outdoor) impact the efficacy of

supplementary dietary magnesium on pig performance and welfare?

7.3.6 The impact of supplementary dietary magnesium in

combination with other mitigations.

There are a wide range of other methods to reduce stress or improve welfare
and performance during stressful life events (39,147,164,165). Although
supplementary magnesium in the diet has been proven to improve pig
behaviour and welfare (Chapters Four and Six; (48,88,89)), combining this
dietary change with other commercially feasible mitigations, for example
including more enrichment, may result in a synergistic effect on the stress
response during these key events, and further impact pig welfare and

performance. Therefore, future research should aim to answer the question:
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Does supplementary magnesium work synergistically with other mitigations to

improve pig welfare and performance during stressful life events?

7.3.9 The effect of magnesium phosphate supplementation, with

or without phytase, on mineral homeostasis.

An area outside of the scope of this thesis and therefore not explored was the
impact of magnesium phosphate supplementation, alone or in combination
with phytase, on other mineral absorption and metabolism. In particular,
calcium, phosphorus, and magnesium homeostasis are closely linked
(171,273,274). For example, the inclusion of phytase in the diet not only
increases the level and digestibility of phosphorus in the diet but also calcium
and magnesium (171,275). Moreover, a decrease phosphorous absorption
can occur if the calcium to phosphorus ratio is too wide (276). In the study
presented in Chapters Four and Five, both magnesium phosphate, a
compound containing phosphorus, and phytase, an enzyme used to release
phosphorus from phytate, were supplemented together one of the dietary
treatment groups. It would be expected that by including both of phytase and
magnesium phosphate that there will be higher levels of both magnesium and
phosphorus absorption, which will likely impact calcium homeostasis (274).
Furthermore, the higher level of magnesium and phosphorus in the diet could
have wider effects, such as increased excretion of phosphorous and
environmental impacts (277). The implications of including both magnesium
phosphate singularly and in combination with phytase should be explored in
terms of mineral homeostasis, absorption and metabolism. How supplements

impact other nutrients is an important factor to consider and therefore future
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work should aim to answer the question: How does magnesium phosphate
supplementation, with or without phytase, effect magnesium, calcium, and

phosphorus absorption, metabolism, and homeostasis?

7.4 Conclusions

Taken together the studies presented in this thesis advance our
understanding of the impact of magnesium supplementation within pig
production and in non-human mammals. The results of the novel studies
presented show that some of the negative behaviour, welfare and
performance effects that occur during weaning and regrouping can be
mitigated with magnesium phosphate supplementation. Furthermore, this
thesis identifies, and begins to close, the gaps in existing scientific evidence.
It highlights the differences between previous research aims and current on-
farm application, while pinpointing specific questions to be addressed by
future research in order to address these aims. Despite the promising results
found previously and the use of supplementary magnesium commercially, to
the author's knowledge, this is the first piece of scientific research
investigating the effect of magnesium on stress, and consequently
performance and welfare, in pigs for eight years. This once again highlights
the need for up to date research to allow evidence-based application of this

beneficial dietary supplement in pig production.
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In conclusion, supplementary magnesium phosphate in commercial pig diets
is a promising but under researched technique which offers the potential to

optimise pig performance and welfare during stressful key life events.
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Appendix A

Table A 1. Extracted information from included studies including aim, animal information, dietary treatments,
outcomes measured, and results summary. (+ positive result; - negative result; o no effect)

ed = 18)

Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Apple, et Effect of (1) Control - Control Cortisol Transport Cortisol
al., (2005) magnesium Halothane pigs remain M . (blood taken stress decreased by
: agnesiu o
supplementa gene in pen. m mica - every 30 treatment 20.85% in
tion on carriers o minutes for  significantly magnesium o]
Stress -3  2.5% . o9
performancp, (2) Mixed hours of magnesiu 3 hours) mcrgased diet pigs
transportatio sex transport. m mica 71 cortisol levels exposed to
n stress and d ; but there was transport
. - ays in L .
meat quality  (3) Finisher feed no significant stress in
effects stage diet — comparison to
(n=36: treatment control diet.
Magnésium interaction.
supplement
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Caine, et Effect of (1) 50% Lairage Control Behaviour Increased Aggression
al., (2000) magnesium  positive for  and Long term (assessed aggression in increasoed by
e G, T owiewl: D e
or low doses carrier magnesm slaughter Aggression short term high
for long or (2) Mixed aspartate and during was twice as dose pigs in
short periods . the 1h high in carrier ~ comparison to -
sex hydrochlori . :
on o de 5mg/Kg Ialrgge. genotype pigs. long term low
performance, (3) Finisher in feed for period in the dose and
behaviour, stage 43 days abattoir) control diets
meat quality (n=142; before Long term low respect!vely (3
compostion  Magnesium slaughter magnesium  Slavghien).
in pigs with ngf Ijg;ent Short term had no effect.
different high level -
halothane Magnesiu
genotypes m .
aspartate
hydrochlori
de
40mg/Kg
for 7 days
in feed
before

slaughter
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
D’Souza, |Investigate (1) Large Minimal Control Plasma Pigs receiving A magnesium
et al. whether white X handling at Maanesiu epinephrine  supplementary diet decreased
(1998) dietary Landrace the abattoir m g and magnesium plasma
magnesium norepinephri  had norepinephrine
can improve (2) Male ﬁaenac‘;/)i/ng at ?g,gi?rtate ne - blood significantly by 50.00% +
meat quality. (3) Finisher the abattoir supplgmen collected at  lower plasma when pigs
stage ted in feed time of norepinephrine  were exposed
(n=48: 5 davs exsanguinati than control to minimal
magnésium prioryto on. pigs but there handling at the
supplement slaughter wasno abattoir.
ed = 24) ' difference in
Magnesiu epinephrine.
m
aspartate There was no
230mg difference
supplemen betwgen
ted in feed handling or
5 days supplement
prior to doses.

slaughter
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
D’Souza, Compare the (1) Large Negative Control Plasma No significant ~ Adrenaline
etal., effect of White X handling in Magnesiu noradrenalin  difference SED - 0.896
(1999) three Landrace abattoir - e and found in :
different All pigs m adrenaline -  plasma Noradrenaline
. (2) Male . aspartate . SED - 0.522
magnesium experience 409 blood adrenaline .and
supplements  (3) 90Kg — d15 collected at  noradrenaline
on the pork Finisher electric Magnesiu  time of between diets. 0
quality of (n=48) shocks 5 m sulphate exsanguinati
pigs that are minutes 31.69 on.
stressed before :
before slaughter. %ac%(f;%
slaughter. 38.39
Supplemen
ts fed for 5
days prior
to
slaughter.
All
magnesiu
m diets are
equal to
3.2g
elemental
magnesiu
m per
magnesiu

m diet.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Ehrenber Can dietary (1) Stress -run  Magnesiu  Respiratory  Magnesium Not reported
gt,etal, magnesium Landrace on an m rate reduced
(1991) reduce the ergometer  aspartate hyperventilatio
effects of 522)(?2: ant at 1.3m/s hydrochlori :‘?eif:)zlra ture " and
porcine for 10 de 40mg tachycardia +
stress (3) Age not  minutes. per Kg in Heart rate after stress
syndrome? reported feed for 2 Blood - over a 24h
(n=10; days sampled period.
magnesium before and Glucose and
supplement over 24h lactate were
ed =10) after significantly
stressors reduced during
and after

stress.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
O’Driscol Does (1) Large Mixing - 56  Control Salivary Mixing: Female
1, et al. magnesium  white X days Marine cortisol - Salivary supplemented
(2013a) from an Landrace collected cortisol was pigs on
organic : Out of feed  algae M from focal lower in average had
source (2) Mixed gven1t1-zat extract (Mg pigs 1 day supplemented  salivary cortisol
(marine sex ?]y il ,_59 52000m before and 2 females than levels that
algae) (3)4-20 w erﬁ% 5’0/ VPP days after control were 20.94%
improve the ~ weeks pigs had no ) 5% in the mixing females. No lower than
welfare of Ty access to feed and out of effect of control pigs
undocked (n—448,. food for 21 throughout feed events  supplement on  during mixing. +
o magnesium  hours. study (92 aqaressive and
PIgs 1 supplement days). Skin and tail hgg ful Control
ed = 224) lesions - armiu animals had
(Separate recorded for behaviours or 24.24% higher
male and . number of skin "
female focal pigs 1 or tail lesions lesion scores
control and day before than control
supplemen and 2 days pigs during the
t after the out-of-feed
groups) e Out of feed
mixing and ) event.
out of feed event. No.
events effect of diet on
behaviour. No
Behaviour -  effect of diet on
recorded salivary
after mixing  cortisol.
and during Supplemented
out of feed pigs had fewer
event body lesions

overall
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
O’Driscol Does (1) Large Mixing - on  Control Salivary No change in Duration of
1, et al. magnesium  white X day 56 Marine cortisol - frequency of aggressive/har
(2013b) from an Landrace algae collected aggressive/har  mful
organic : from focal mful behaviours
(marine éZe)XMlxed fxtract (Mg pigs behaviours but  was 8.33%
algae) 59,520ppm between the duration less for the
source (3)4-21 ) 0.05%in days46-56  was supplemented
improve weeks feéd ? and on the significantly group in
welfare of (focus on throughout same days less for comparison to
growing grower study (63 as the lesion supplemented  the control.
pigs? [finisher q scores were  pigs. Saliv
period) ays) recorded No eff anvary
e (Separate . . oe ect .Of cortisol was +
(n=448; male and Tail and skin diet on tail 11.56% lower
magnesium female lesions — lesions. in
supplement control and recorded for Female supplemented
ed = 224) supplemen focal pigs on supplemented  pigs.
t groups) multiple pigs had
days significantly
Behaviour — '°W.er skin
of focal pigs lesions than
. other pigs.
continually
observed for S'upplemented
5 minutes pigs had lower
each should(_ar and
morning and ear lesion
afternoon Scores and
salivary

cortisol.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Otten, et Investigate (1)18 Slaughter ~ Control Plasma Both 10g/kg Norepinephine
al. (1995) the effects of landrace, 18 Maanesiu cortisol, and 20g/kg of ~ was decreased

dietary pietrain. (18 m fgmarate epinephrine  supplementary by 31.94% and

magnesium  were 10a/ka in and magnesium 18.85% when

on stress, halothane 99 norepinephri  reduced dietary

feed from : :
blood gene ne - blood plasma cortisol magnesium as
: e 30kg —
metabolites positive) . samples at and added at 10g +
100kg live . :
and meat . 35Kg, 57Kg  norepinephrine and 20g
o (2) 24 males weight ; :

quality in 812 and 87Kg. respectively in

different females Magnesiu comparison to

genotype m fumarate Magnesium the control.

pigs. (3) Finisher 20g/kg in supplementatio .
stage feed from n had no d(;(;:tésaos,levéabsy
(n= 36; 30kg — significant 30.67% and

- 100kg live impact on A0/
magnesium weiaht lasma 32.91% dietary
supplement g Z ineohrine magnesium as
ed = ~24) pinepnrin added at 10g
concentration

and 20g
respectively in
comparison to
the control.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Panella- Do natural (1) CO2 Control Behaviour -  In halothane Retreat
Riera, et tranquilisers Landrace, stunning Magnesiu on the gene negative  attempts in the
al., (2008) (magnesium) large white  and m raceway pigs, CO- stunning
have and pietrain. slaughter carbonate before magnesium unit were
different 34 1.28a/ka i entering the  supplemented  2.51% lower
.28g/kg in ) .
effects halothane feed 5 CO: pigs took when pigs
depending gene d . stunning unit longer to were halothane
9 e ays prior . .
on the pigs positive and to and in the attempt the gene negative
genotype. 27 negative slaughter decent to first retreat in in comparison
the pit. the stunning to halothane +
(2) Male : "
unit. The gene positive.
(3) Finisher opposite
stage occurred in
(n=61: halothang '
magnesium gene positive
supplement PIgs.
ed = ~20)

All other
behavioural
results were
non-significant
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Panella- Investigate (1) 33 CO: Control Behaviour -  No difference Magnesium
Riera, et the effects of halothane stunning Elemental recorded in  in feed intake and tryptophan
al., (2009) supplementin positive and . the corridor  or in behaviour diet resulted in
. , magnesiu . .
g with (large white  slaughter m 1.2g/kg of the in the abattoir.  a 494.64%
magnesium  and and 8gL- abattoir Magnesium ‘i‘ncrease in
with landrace). tryptophan befor(? supplemented severe ?kln
tryptophan 33 . stunning ) damage” and a
on meat halothane 8g/kg in and during pigs had More  125.23%
quality, feed  negative geed 5 ior  ©xposure to Ise\?err]e skin incréase in )
intake, (pietrain) toays prio CO:.. esions. “skin damage
mortality and ) Males slaughter effecting
ehaviour in quality” in
pigs with (3) Finisher comparison to
different stage a control diet.
genotypes. (n=69; “Slight s,l,dn
magnesium Elamage and
supplement no skin ”
ed = ~23) damage

decreased by
69.96% and
100%
respectively.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Peeters, Effect of (1) Peitrain  Transport Control Behaviour -  Magnesium Salivary
et al., magnesium x Hypor simulation - Magnesiu level of treated pigs cortisol was
(2005) supplementa (halothane  groups of m acetate restlessness spent more 30.36% higher
tion on stress carriers) 3, pigs 3g/Lin were time lying in magnesium +/-
responses of (2) Sex not were water for 2 observed by down during diet pigs than
pigs during reported subjected days camera the second half the negative
transportatio to vibration ' above the an hour of control after
n. (3) Finisher  for 2 hours vibration vibrations. stress.
stage ina station. Supplemented
(n=126; Mg vibration Salivary plig.s were
supplement crate cortisol — visibly calmer
ed= 21) designed to collected the  1han controls.
fransport day before Salivary
' and after cortisol levels
treatment of magnesium
and after the pigs did not
recovery return to the
period level recorded

before the
stressor as
quickly in
comparison to
other dietary
treatments.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Peeters, Effect of (1) Peitrain  Transport Control Plasma No effect of A magnesium
etal., magnesium  x Hypor and Magnesiu cortisol - 10 magnesium on  diet resulted in
(2006) supplementa (halothane  slaughter m acetate controland  cortisol 43.06% fewer
tion on stress carriers) 3g/L for 2 10 measurements loin lesions +
responses, (2) Sex not days in magnesium  at slaughter. than the
skin lesion S supplement  Magnesium control diet.
reported drinking .
and meat water ed pigs supplemented
quality. (3) Finisher selected for  pigs had fewer
stage blood loin lesions.
(n=352; Mg sampling
supplement Skin lesions
ed = 22) — recorded
after

slaughter
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Porta,et Can (1) Transport Control Serum Serum cortisol ~ Serum cortisol
al., (1995) magnesium Landrace and Maanesiu cortisol, was lower in was reduced
supplementa (2) Sex not slaughter m g epinephrine  high-level by 19.51%
tion reduce reported aspartate and ' . short-ter.m when .
stress and hvdrochlori norepinephri magnesium magnesium
improve (3) Finisher d}é ne - blood supplementatio was given at
meat quality. stage 40mg/Kg in collectedat nin . 40mg for 5
(n=45: water 5 slaughter comparisonto  days.
magnesium days %onr:irol Ip\:\?s. Serum cortisol +/-
supplement before hiohesroin Ig\?v- was increased
ed = 15) transport & g by 53.66%
slaughter. level long-term o
M : magnesium magnesium
magnes:u ;;Jg;;plemented was given at
aspartate Serum Smg for 115
hydrochlori eru . ays.
de 5mg/Kg epinephrine
in feed for ggﬁificantly
115 days. lower in both
magnesium

groups.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Tang et Effect of (1) Duroc x  Control Control Serum Magnesium In the transport
al. (2008) magnesium Large White Stress- 2 Magnesiu cortisol - decreased before
supplementa x Yorkshire hours of m blood was serum cortisol  slaughter
tion on blood (2) Male; transportati  aspartate collected levels but not treatment o]
parameters ’ on 1000ma/K during significantly. group there
and meat (3) Finisher : 5 da Sg g slaughter. was a 14.98%
quality in stage befosr/e and 17.90%
relation to (n = 36; slaughter decrease in
transport magneéium ' serum cortisol
stress. supplement Magnesiu when
ed = 12) m sgpplemented
aspartate with
2000mg/Kg 1000mg/Kg
5 days and
before 2000mg/Kg
slaughter respectively
Tang, et  Effect of (1) Large Control — Control Serum Non-significant When exposed
al., (2009) magnesium  White x no Magnesiu cortisol - trend for to the
supplementa Landrace transport m blood was magnesium transportation
tion on blood (2) Male; Stress - aspartate collected supplemented  treatment, the o]
parameters ’ 1 5h of 1000mg/Kg immediately  pigs to have magnesium
and meat (3) Finisher trénsportati in feed 9 after lower serum diet showed a
quality in stage on days stressor or cortisol 15.48%
relation to (n = 24; ’ before non-stressor decrease in
transport magneéium slaughter serum cor.tisol
stress. supplement in comparison

ed =12)

to the control.
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Author Aim of Genotype, Experimen Dietary Measured Results Size of Effect Results
study Sex & tal Treatment outcomes summa
Age/Stage Treatment (s) ry
of (s)
Production
Tarsitano Evaluate the (1) Transport Control Plasma Supplementary  Serum cortisol
,etal. effects of Landrace x and Magnesiu cortisol - magnesium was decreased
(2013) magnesium Large White  slaughter m oxide blood was decreased the by 23.68% in
supplementa (2) Male 0.2% for 7 collected concentration comparison to +
tion 7 days d:ays in immediately  of plasma the control
before (3) Finisher feed after cortisol when
slaughteron  stage ' slaughter concentration.  magnesium
meat quality (n = 48; Magnesiu was included
and magneéium m oxide at 0.4% or
performance. supplement 0.4% .for 7 0.6%.
ed = 36) ?ays n Serum cortisol
eed. :
was increased
Magnesiu by 13.58%
m oxide when
0.6% for 7 magnesium
days in was included
feed. at 0.2%
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Appendix B

Supporting material for Chapter Three.

Survey

The use of additional magnesium to reduce stress within UK pig herds.

Diet has a major impact on your pig herd’s welfare and productivity. My PhD
project, which is supervised by Professors Lisa Collins and Louise Dye at the
University of Leeds, is testing whether magnesium improves performance,
health and welfare. | would like to understand what UK pig producers think
about using additional magnesium, and your experiences and thoughts on this

practice.

This survey should take less than 10 minutes to complete. All answers will be
anonymised and no identifying information will be collected. Please do not
leave any information that may identify you or your farm in answer to any of
the questions. By completing this survey, you are agreeing that you are a pig
farmer or keeper based in the UK, over the age of 18 and to the anonymous
information you provide being used in my PhD project and stored in
accordance with the University of Leeds Privacy Policies (see here:

https://dataprotection.leeds.ac.uk/wp-

content/uploads/sites/48/2019/02/Research-Privacy-Notice.pdf)

This survey is voluntary and you can opt out at any point during the survey by

closing down the survey. However, due to the anonymous nature of the
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survey, once the survey has been submitted it will not be possible to withdraw

your answers.

If you have any comments or questions about the survey or the project, please
email me: Emily Bushby (bsevbu@leeds.ac.uk) or my supervisors

(l.collins@leeds.ac.uk or |.dye@leeds.ac.uk).

Thank You!

1. In what country is the farm located?
[DROPDOWN SELECTION OF COUNTRIES AUTOMATICALLY
CREATED BY QUALTRICS]

Afghanistan
Albania
Algeria
Andorra
Angola
Antigua and Barbuda
Argentina
Armenia
Australia
Austria
Azerbaijan
Bahamas
Bahrain
Bangladesh
Barbados
Belarus
Belgium
Belize
Benin
Bhutan
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Bolivia

Bosnia and Herzegovina
Botswana

Brazil

Brunei Darussalam
Bulgaria

Burkina Faso

Burundi

Cambodia

Cameroon

Canada

Cape Verde

Central African Republic
Chad

Chile

China

Colombia

Comoros

Congo, Republic of the...
Costa Rica

Cote d'lvoire

Croatia

Cuba

Cyprus

Czech Republic
Democratic Republic of the Congo
Denmark

Djibouti

Dominica

Dominican Republic
Ecuador

Egypt

El Salvador

Equatorial Guinea
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Eritrea
Estonia
Ethiopia
Fiji

Finland
France
Gabon
Gambia
Georgia
Germany
Ghana
Greece
Grenada
Guatemala
Guinea
Guinea-Bissau
Guyana
Haiti
Honduras
Hong Kong (S.A.R.)
Hungary
Iceland
India
Indonesia
Iran

Iraq

Ireland
Israel

ltaly
Jamaica
Japan
Jordan
Kazakhstan
Kenya
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Kiribati

Kuwait
Kyrgyzstan

Lao People's Democratic Republic
Latvia

Lebanon
Lesotho

Liberia

Libyan Arab Jamahiriya
Liechtenstein
Lithuania
Luxembourg
Madagascar
Malawi
Malaysia
Maldives

Mali

Malta

Marshall Islands
Mauritania
Mauritius
Mexico
Micronesia, Federated States of...
Monaco
Mongolia
Montenegro
Morocco
Mozambique
Myanmar
Namibia

Nauru

Nepal
Netherlands
New Zealand
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Nicaragua

Niger

Nigeria

North Korea
Norway

Oman

Pakistan

Palau

Panama

Papua New Guinea
Paraguay

Peru

Philippines

Poland

Portugal

Qatar

Republic of Moldova
Romania

Russian Federation
Rwanda

Saint Kitts and Nevis
Saint Lucia

Saint Vincent and the Grenadines
Samoa

San Marino

Sao Tome and Principe
Saudi Arabia
Senegal

Serbia

Seychelles

Sierra Leone
Singapore

Slovakia

Slovenia
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Solomon Islands

Somalia

South Africa

South Korea

Spain

Sri Lanka

Sudan

Suriname

Swaziland

Sweden

Switzerland

Syrian Arab Republic
Tajikistan

Thailand

The former Yugoslav Republic of Macedonia
Timor-Leste

Togo

Tonga

Trinidad and Tobago
Tunisia

Turkey

Turkmenistan

Tuvalu

Uganda

Ukraine

United Arab Emirates
United Kingdom of Great Britain and Northern Ireland
United Republic of Tanzania
United States of America
Uruguay

Uzbekistan

Vanuatu

Venezuela, Bolivarian Republic of...
Viet Nam
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Yemen
Zambia
Zimbabwe

. How would you describe your farm?
- Farrow to finish

- Wean to finish

- Grower to finish

- Breeding herd

- Other (please state)

. Is your herd open or closed?
- Open
- Closed

. Approximately, what is the total size of your pig herd?
- 0-500

- 500 -1000
- 1000 - 5000
- 5000 - 10,000

- 10,000 - 15,000
- More than 15,000 (please state)

. Is your farm an indoor or outdoor pig system?
- Indoor (slatted)

- Indoor (straw)

- Outdoor

- Outdoor bred and reared indoors (slatted)
- Outdoor bred and reared indoors (straw)

- Indoor bred (slatted) and reared outdoors

- Indoor bred (straw) and reared outdoors

- Other (please state)
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. Which genotype/breed is the dam line? Please select all that apply.
- Large white

- Landrace

- Large White X Landrace
- Duroc

- Welsh

- Hampshire

- Berkshire

- Gloucestershire old spot
- Tamworth

- Saddleback

- Lop

- Oxford Sandy and Black

- Other (please state)

. Which genotype/breed is the sire line? Please select all that apply.
- Large white

- Landrace

- Large White X Landrace
- Duroc

- Welsh

- Hampshire

- Berkshire

- Gloucestershire old spot
- Tamworth

- Saddleback

- Lop

- Oxford Sandy and Black
- Other (please state)

. Please indicate how much you agree or disagree with each statement
below by selecting the answer which most reflects your views.
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8(a) Additional magnesium (in addition to the standard amount in feed)

may reduce stress in pigs. (Stress can be defined as the animal making

physiological or behavioural changes to cope with its environment, e.g.

being more alert)

Yes, additional dietary magnesium reduces stress in pigs

Yes, additional dietary magnesium reduces stress in pigs in some
circumstances

No additional dietary magnesium increases stress in pigs

No, additional dietary magnesium increases stress in pigs in some
circumstances

No, additional magnesium does not influence stress in pigs

| am unsure whether additional dietary magnesium reduces stress

in pigs

8(b) Additional magnesium (in addition to the standard amount in feed)

may reduce aggressive or harmful behaviours in pigs.

Yes, additional dietary magnesium reduces aggressive and/or
harmful behaviours in pigs

Yes, additional dietary magnesium reduces aggressive and/or
harmful behaviours in pigs in some circumstances

No, additional dietary magnesium increases aggressive and/or
harmful behaviours in pigs

No, additional dietary magnesium increases aggressive and/or
harmful behaviours in pigs in some circumstances

No, additional magnesium does not influence aggressive and/or
harmful behaviours in pigs

| am unsure whether additional dietary magnesium alters

aggressive and/or harmful behaviours in pigs

8(c) Additional magnesium (in addition to the standard amount in feed)

may improve pig performance measures (e.g. average daily gain).

Yes, additional dietary magnesium improves pig performance
Yes, additional dietary magnesium improves pig performance in

some circumstances
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- No, additional dietary magnesium negatively affects pig
performance

- No, additional dietary magnesium negatively affects pig
performance in some circumstances

- No, additional magnesium does not alter pig performance

- | am unsure whether additional dietary magnesium alters pig

performance

8(d) Additional magnesium (in addition to the standard amount in feed)

may improve meat quality.

- Yes, additional dietary magnesium improves meat quality

- Yes, additional dietary magnesium improves meat quality in some
circumstances

- No, additional dietary magnesium negatively affects meat quality

- No, additional dietary magnesium negatively affects meat quality
in some circumstances

- No, additional magnesium does not alter meat quality

- I am unsure whether additional dietary magnesium improves meat

quality.

9. Do you or have you previously used magnesium in pig feed or water
in addition to standard amounts in the mineral pack or feed?
- Yes, | currently use magnesium (skip to question 8)
- Yes, | have previously used magnesium (skip to question 9)
- No, | have never used magnesium (skip to end of survey)

10. Currently using additional magnesium

10(a). When adding additional magnesium, do you add it to:

- Feed
- Water
- Both

- Other (please state)
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10(b). At which age or stage of production do you typically use

additional magnesium? Please select all that apply:

Piglets (approximately 0-4 weeks of age)

Weaners (approximately 4-7 weeks of age)

Growers (approximately 8-12 weeks of age)

Finishers (approximately 13 weeks — slaughter weight)
Breeding sows

Boars

Other (please state)

10(c). Approximately, how long do you expect each pig will receive

additional magnesium?

<1 week

1-2 weeks

2-4 weeks

1 - 3 months

3 - 6 months

6 - 12 months

12 — 24 months
Permanently / indefinitely
Other (please state)

10(d). Which type of additional magnesium do you currently use?

Magnesium Phosphate
Magnesium Oxide
Magnesium sulphate
Magnesium Mica
Magnesium Aspartate
Magnesium Chloride
Magnesium Fumarate
Magnesium Carbonate
Magnesium Acetate
Other (please state)
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| do not know the type of magnesium

10(e). If you have changed type of magnesium, please state which

type of additional magnesium you previously used.

Magnesium Phosphate
Magnesium Oxide
Magnesium sulphate
Magnesium Mica
Magnesium Aspartate
Magnesium Chloride
Magnesium Fumarate
Magnesium Carbonate
Magnesium Acetate
Other (please state)

| do not know the type of magnesium

Not applicable

10(f). If possible, can you indicate approximately, how much

additional magnesium you currently use?

0.01-0.1%
01-02%
02-03%
03-04%

Other (please state)

10(g). Where did you first hear about using additional magnesium?

Advice from nutritionist
Word of mouth

Own research

Magazine or news article

Other (please state)
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10(h). What are the main reasons you decided to use additional
magnesium? Please select all that apply.

- Stress within the herd or group

- Aggressive or harmful behaviours
- Meat quality

- Performance

- Health

- Advised by a nutritionist

- Other (please state)

10(i). Since giving additional magnesium to your pigs, have you
noticed any change in stress in the herd or group of pigs? (Stress
can be defined as the animal making physiological or behavioural
changes to cope with its environment, e.g. being more alert)

- Yes, | have seen a large decrease in stress within the
herd/group

- Yes, | have seen a small decrease in stress within the
herd/group

- Yes, | have seen a large increase in stress within the
herd/group

- Yes, | have seen a small increase in stress within the
herd/group

- No, | have seen no change in stress within the herd/group

10(j). Since giving additional magnesium to your pigs, have you
noticed any change in aggressive or harmful behaviours?

- Yes, | have seen a large decrease in aggressive and/or
harmful behaviours

- Yes, | have seen a small decrease in aggressive and/or
harmful behaviours

- Yes, | have seen a large increase in aggressive and/or
harmful behaviours

- Yes, | have seen a small increase in aggressive and/or

harmful behaviours



191

No, | have seen no change in aggressive and/or harmful

behaviours

10(k). Since giving additional magnesium to your pigs, have you

seen any change in performance?

Yes, | have seen a large positive effect on pig performance
measures

Yes, | have seen a small positive effect on pig performance
measures

Yes, | have seen a large negative effect on pig performance
measures

Yes, | have seen a small negative effect on pig
performance measures

No, | have seen no change in pig performance measures

10(1). Since giving additional magnesium to your pigs, have you

seen any change in meat quality?

Yes, | have seen a large positive effect on meat quality

Yes, | have seen a small positive effect on meat quality

Yes, | have seen a large negative effect on meat quality
Yes, | have seen a small negative effect on meat quality
No, | have seen no change in meat quality

Not applicable - | do not rear pigs to slaughter age

Not applicable - | do not receive feedback on meat quality.

10(m). Based on your experience, would you recommend using

additional magnesium to other producers?

Yes
No

11. Previously used additional magnesium

11(a). When adding additional magnesium, did you add it to:
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- Feed
- Water
- Both

- Other (please state)

11(b). At which age or stage of production did you use additional
magnesium? Please select all that apply:

- Piglets (0-4 weeks of age)

- Weaners (4-7 weeks of age)

- Growers (8-12 weeks of age)

- Finishers (13 weeks — slaughter weight)
- Breeding sows

- Boars

- Other (please state)

11(c). Approximately, how long did each pig receive additional

magnesium?

- <1 week

1-2 weeks

- 2-4 weeks

- 1-3 months

- 3 -6 months

- 6-12 months

- 12 - 24 months

- Permanently / indefinitely
- Other (please state)

11(d). Which type of additional magnesium did you previously use?

- Magnesium Phosphate
- Magnesium Oxide

- Magnesium Sulphate

- Magnesium Mica

- Magnesium Aspartate
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Magnesium Chloride

Magnesium Fumarate

Magnesium Carbonate

Magnesium Acetate

Other (please state)

| do not know the type of magnesium

11(e). If you have changed type of magnesium, please state which

type of magnesium you previously used.

Magnesium Phosphate
Magnesium Oxide
Magnesium Sulphate
Magnesium Mica
Magnesium Aspartate
Magnesium Chloride
Magnesium Fumarate
Magnesium Carbonate
Magnesium Acetate
Other (please state)

| do not know the type of magnesium
Not applicable

11(f). If possible, can you indicate approximately, how much

additional magnesium you previously used?

0.01-0.1%
01-02%
02-03%
03-04%

Other (please state)

11(g). Where did you first hear about using additional magnesium?

Advice from nutritionist
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Word of mouth
Own research
Magazine or news article

Other (please state)

11(h). What were the main reasons you decided to use additional

magnesium? Please select all that apply.

Stress within the herd or group
Aggressive or harmful behaviours
Meat quality

Performance

Health

Advised by a nutritionist

Other (please state)

11(i). Why did you stop using additional magnesium? Please select

all that apply.

Increase in stress within the herd or group

Increase in aggressive or harmful behaviours

Negative impact on meat quality

Negative impact on pig performance

Negative impact on pig health

Advised by a nutritionist

Found no benefit or effect of the additional magnesium
Cost

Other (please state)

11(j). While giving additional magnesium to your pigs, did you

noticed any change in stress within the herd or group? (Stress can

be defined as the animal making physiological or behavioural

changes to cope with its environment, e.g. being more alert)

Yes, | saw a large decrease in stress within the herd or

group
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- Yes, | saw a small decrease in stress within the herd or

group
- Yes, | saw a large increase in stress within the herd or

group
- Yes, | saw a small increase in stress within the herd or

group
- No, | saw no change in stress within the herd or group

11(k). While giving additional magnesium to your pigs, did you

noticed any change in aggressive or harmful behaviours?

- Yes, | saw a large decrease in aggressive and/or harmful
behaviours

- Yes, | saw a small decrease in aggressive and/or harmful
behaviours

- Yes, | saw a large increase in aggressive and/or harmful
behaviours

- Yes, | saw a small increase in aggressive and/or harmful
behaviours

- No, | saw no change in aggressive and/or harmful

behaviours

11(1). While giving additional magnesium to your pigs, have you

seen any change in performance?

- Yes, | saw a large positive effect on pig performance
measures

- Yes, | saw a small positive effect on pig performance
measures

- Yes, | saw a large negative effect on pig performance
measures

- Yes, | saw a small negative effect on pig performance
measures

- No, | saw no change in pig performance measures
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11(m). While giving additional magnesium to your pigs, did you see
any change in meat quality since giving additional magnesium to
your pigs?

- Yes, | saw a large positive effect on meat quality

- Yes, | saw a small positive effect on meat quality

- Yes, | saw a large negative effect on meat quality

- Yes, | saw a small negative effect on meat quality

- No, | saw no change in meat quality

- Not applicable — | do not rear pigs to slaughter age

- Not applicable - | do not receive feedback on meat quality.

11(n). Based on your experience, would you recommend using

additional magnesium to other producers?

- Yes
- No

Thank you for your time, please feel free to leave any additional comments or
relevant information if you wish. Please do not include any identifying

information such as names, addresses or contact details.

[TEXT BOX]

Pig World e-mail newsletter advert

Can nutrition reduce stress and increase performance and welfare?

Including additional dietary magnesium may reduce stress, resulting in improved pig
performance and welfare. At the University of Leeds we want to understand UK pig
farmers’ views and experiences using magnesium. If you would like to contribute,

take a quick survey here.
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(UK farmers, 18+, answers anonymised, and no identifying information collected.

Image: Simon Vine Photography)

Survey responses

Table B 1. Number and percentage of respondent’s answers to each
question. For length, unselected answers not stated in the table.

Question Answer Number of Percentage Comments
respondent of
s respondent
s
Country UK 24 96%
Ireland 1 4%
How would Farrow to 18 72%
you describe finish
your farm?
Wean to 2 8%
finish
Grower to 2 8%
finish
Breeding 3 12%
herd
Is your herd Open 8 32%
open or
closed?
Closed 17 68%
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Approximatel 0 - 500 pigs 3 12%
y, what is the
total size of
your pig
herd?
500 1000 1 4%
pigs
1000 - 5000 11 44%
pigs
5000 - 10,000 7 28%
pigs
10,000 - 1 4%
15,000 pigs
More  than 2 8%
15,000
(please state)
Is your farm Indoor 11 44%
an indoor or (slatted)
outdoor pig
system?
Indoor (straw) 6 24%
Outdoor bred 1 4%
and reared
indoors
(slatted)
Outdoor bred 2 8%
and reared
indoors
(straw)
Other (please 5 20% Indoor straw and
state) slatted;

indoor straw & slats;

Indoor farrow,
indoor finish on
straw (some on slats
for 6weeks after
weaning) dry sows
outdoors;

A mixture. Sows are
farrowed and served
indoors but after
scanning at 5 weeks
they spend the rest
of their pregnancy
outdoors. two thirds
of progeny are
reared to 40kg on
slatts the remainder
on straw, then from
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40kg to slaughter all
are on straw.;

Dry sows outdoors
farrow indoors on
slats pigs mostly
reared on slats
finished on straw

Which Large White 18 72%
genotype/bre X Landrace
ed is the dam
line?
Large White 4 16%
Landrace 3 12%
Duroc 4 16%
Welsh 1 4%
Hampshire 1 4%
Gloucestersh 1 4%
ire old spot
Lop 1 4%
Other 3 12% Durocxlandrace;
Rattlerow landroc;
Middle White.
Which Large White 4 16%
genotype/bre X Landrace
ed is the sire
line?
Large White 3 12%
Landrace 4%
Duroc 14 56%
Welsh 4%
Hampshire 5 20%
Gloucestersh 1 4%
ire old spot
Lop 1 4%
Berkshire 1 4%
Saddleback 1 4%
Other 9 36% Pic genetics;
Middle white;
tempo / jsr 900;
Tempo;

Pietran;
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hybred currently
mostly JSR Tempo;

Rattlerow maximus
(similar to pietrain);

JSR 900;

optimus rattlerow

Additional
magnesium
(in addition to
the standard
amount in
feed) may
reduce stress
in
pigs.(Stress
can be
defined as
the animal
making
physiological
or
behavioural
changes to
cope with its
environment,
e.g. being
more alert)

YeS, 2 80/0
additional

dietary

magnesium

reduces

stress in pigs

Yes, 7
additional

dietary

magnesium

reduces

stress in pigs

in some
circumstance

S

28%

No, additional 1 4%
magnesium

does not

influence

stress in pigs

| am unsure 15 60%
whether

additional

dietary

magnesium

reduces

stress in pigs

Additional
magnesium
(in addition to
the standard

Yes, 3 12%
additional

dietary

magnesium
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amount in
feed) may
reduce

aggressive or
harmful
behaviours in

pigs.

reduces
aggressive
and/or
harmful
behaviours in

pigs

Yes,
additional
dietary
magnesium
reduces
aggressive
and/or
harmful
behaviours in
pigs in some
circumstance
S

24%

No, additional
magnesium
does not
influence
aggressive
and/or
harmful
behaviours in

pigs

4%

I am unsure
whether
additional
dietary
magnesium
alters
aggressive
and/or
harmful
behaviours in

pigs

15

60%

Additional
magnesium
(in addition to
the standard
amount in
feed) may
improve pig
performance
measures
(e.g. average
daily gain)

Yes,
additional
dietary
magnesium
improves pig
performance

Yes,
additional
dietary

32%
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magnesium
improves pig
performance
in some
circumstance
S

No 0
| am unsure 17 68%
whether
additional
dietary
magnesium
alters pig
performance
Additional Yes, 2 8%
magnesium additional
(in addition to dietary
the standard magnesium
amount in improves
feed) may meat quality
improve meat
quality
Yes, 4 16%
additional
dietary
magnesium
improves
meat quality
in some
circumstance
S
No, additional 3 12%
magnesium
does not alter
meat quality
| am unsure 16 64%
whether
additional
dietary
magnesium
improves
meat quality
Do you, or Are currently 2 8%
have you using
previously, magnesium
used
magnesium
in pig feed or
water in
addition  to
standard

amounts  in
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the  mineral
pack or feed?

Have 9 36%
previously
used
magnesium
Have never 14 56%
used
magnesium
Where  did Advice from 2 18.18%
you first hear nutritionist
about using
additional
magnesium?
Word of 3 27.27%
mouth
Own 2 18.18%
research
Other (please 4 36.36% Vet
state)
What were Aggressive or 6 54.55%
the main harmful
reasons you behaviours
decided to
use
additional
magnesium?
Stress within 2 18.18%
the herd or
group
Health 1 9.09%
Other (please 2 18.18% vet advice to help
state) with a health issue;
Reduce constipation
in pre-farrowing
SOWS
Why did you Found no 3 33.33%
stop using benefit or
additional effect of the
magnesium?  additional
magnesium
Other (please 6 66.67%
state)
Since / While No, | saw no 2 18.18%
giving change in
additional stress within
magnesium the herd or
to your pigs, group

did you
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noticed any
change in
stress within
the herd or
group?(Stres
s can be
defined as
the animal
making
physiological
or
behavioural
changes to
cope with its
environment,

e.g. being
more alert)
Yes, | saw a 54.55%
small
decrease in
stress within
the herd or
group
Yes, | have 9.09%
seen a large
decrease in
stress within
the
herd/group
Yes, | saw a 18.18%
large
increase in
stress within
the herd or
group
Since / While No, | saw no 18.18%
giving change in
additional aggressive
magnesium and/or
to your pigs, harmful
have you behaviours
noticed any
change in
aggressive or
harmful
behaviours?
Yes, | have 9.09%

seen a large
decrease in
aggressive
and/or
harmful
behaviours
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Yes, | have 7 63.64%
seen a small
decrease in
aggressive
and/or
harmful
behaviours
Yes, | saw a 9.09%
large
increase in
aggressive
and/or
harmful
behaviours
Since / While No, | saw no 81.82%
giving change in pig
additional performance
magnesium measures
to your pigs,
have you
seen any
change in in
performance
o
Yes, | have 9.09%
seen a small
positive effect
on pig
performance
measures
Yes, | saw a 9.09%
large positive
effect on pig
performance
measures
Since / While Not 72.73%
giving applicable - |
additional do not
magnesium receive
to your pigs, feedback on
have you meat quality.
seen any
change in
meat quality?
No, | saw no 27.27%
change in
meat quality
When adding Added 63.64%
additional magnesium
magnesium, to feed
did / do you

add it to:
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Added 18.18%
magnesium
to water
Added 18.18% Put magnesium
magnesium grazing block in yard
to (other) of pigs;
magnesium  feed
block
Which type of Magnesium 18.18%
additional Oxide
magnesium
do / did you
previously
use?
Magnesium 18.18%
Sulphate
Magnesium 9.09%
Phosphate
Don’'t know 36.36%
type
Other 18.18% Calcium Magnesite;
Emgevet in water.
At which age Weaners (4-7 9.09%
or stage of weeksofage)
production
did / do you
use
additional
magnesium?
Growers (8- 36.36%
12 weeks of
age)
Finishers (13 27.27%
weeks -
slaughter
weight)
Breeding 18.18%
SOWS
Other (please 9.09% growers and
state) finishers
Approximatel <1 week 27.27%

y, how long
did each pig
receive / how
long do you
expect each
pig will
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receive
additional
magnesium?
2-4 weeks 5 45.45%
3-6 months 3 27.27%
If possible, 0.01-0.1% 1 9.09%
can you
indicate
approximatel
y, how much
additional
magnesium
you currently
use / how
much
additional
magnesium
you
previously
used?
01-02% 3 27.27%
03-04% 1 9.09%
Other (please 6 54.55% different for age
state) groups;
do not know;
Not sure;
not known;
By advise from the
vet
Based on Would 8 33.33%
your recommend
experience, using
would you magnesium
recommend to others
using
additional
magnesium
to other
producers?
Would NOT 3 66.67% Aggressive
recommend behaviour stopped;
;Salln?\esium just used in an
o oqthers aggressive batch;

Made a more
laxative pre-
lactation diet using
higher levels of
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wheat middlings and
soya hulls;
Ongoing;

It was a very basic
trial and something |
never  considered
further;

Not stopped.

Thank you for
your time,
please feel
free to leave
any
additional
comments or
relevant
information if
you wish.
Please do not
include any
identifying
information
such as
names,
addresses or
contact
details.

like to know more;

I  would suggest
genotype would
have a large
influence on stress
in pigs;

As with all additional
products they work
on some farms and
not others!;

Advise by vet;

non scientific trial
which showed some
benefits;

The breed of pig on
site at the time of
use were
deliberately bread to
be agressive by the
breeding company
so they would
compete more for
food in theory. we
have discontinued
that breed due to
their behaviour
issues being socially
unacceptable both
to each other and
the people working
with them and also
their general health
was not very robust
with the reduced
use of antibiotics
and routine meds
we all aim for;

| think it is the ratios
of ingredients such
as calcium,
phosphorus,

magnesium that are
important, rather




209

than just adding a
supplement of one
mineral.




10.

210

References

OECD-FAQO. OECD-FAO Agricultural Outlook 2021-2030. OECD-FAO
Agricultural Outlook 2021-2030. 2021.

Michalk DL, Kemp DR, Badgery WB, Wu J, Zhang Y, Thomassin PJ.
Sustainability and future food security—A global perspective for
livestock production. L Degrad Dev. 2019;30(5).

Pinotti L, Luciano A, Ottoboni M, Manoni M, Ferrari L, Marchis D, Tretola
M. Recycling food leftovers in feed as opportunity to increase the
sustainability of livestock production. Vol. 294, Journal of Cleaner
Production. 2021.

Hashem NM, Gonzalez-Bulnes A, Rodriguez-Morales AJ. Animal
Welfare and Livestock Supply Chain Sustainability Under the COVID-
19 Outbreak: An Overview. Vol. 7, Frontiers in Veterinary Science.
2020.

Escarcha JF, Lassa JA, Zander KK. Livestock under climate change: A

systematic review of impacts and adaptation. Vol. 6, Climate. 2018.

Schulte HD, Armbrecht L, Burger R, Gauly M, Musshoff O, Huttel S. Let
the cows graze: An empirical investigation on the trade-off between
efficiency and farm animal welfare in milk production. Land use policy.
2018;79.

Llonch P, Haskell MJ, Dewhurst RJ, Turner SP. Current available
strategies to mitigate greenhouse gas emissions in livestock systems:
An animal welfare perspective. Vol. 11, Animal. 2017.

Harley S, More S, Boyle L, O’Connell N, Hanlon A. Good animal welfare
makes economic sense: Potential of pig abattoir meat inspection as a
welfare surveillance tool. Vol. 65, Irish Veterinary Journal. 2012.

Dawkins MS. Animal welfare and efficient farming: Is conflict inevitable?
Vol. 57, Animal Production Science. 2017.

Peden RSE, Turner SP, Camerlink |, Akaichi F. An estimation of the
financial consequences of reducing pig aggression. PLoS One.
2021;16(5 May).



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

211

Pedersen LJ. Overview of commercial pig production systems and their
main welfare challenges. In: Advances in Pig Welfare. 2018.

Del Giudice M, Buck CL, Chaby LE, Gormally BM, Taff CC, Thawley CJ,
Vitousek MN, Wada H. What Is Stress? A Systems Perspective. Integr
Comp Biol. 2018;58(6).

Goldstein DS, Kopin IJ. Evolution of concepts of stress. Vol. 10, Stress.
2007.

Lu S, Wei F, Li G. The evolution of the concept of stress and the
framework of the stress system. Vol. 5, Cell Stress. 2021.

Herman JP, McKlveen JM, Ghosal S, Kopp B, Wulsin A, Makinson R,
Scheimann J, Myers B. Regulation of the hypothalamic-pituitary-

adrenocortical stress response. Compr Physiol. 2016;6(2).

Spencer RL, Deak T. A users guide to HPA axis research. Vol. 178,
Physiology and Behavior. 2017.

Martinez-Mir6 S, Tecles F, Ramén M, Escribano D, Hernandez F,
Madrid J, Orengo J, Martinez-Subiela S, Manteca X, Ceron JJ. Causes,
consequences and biomarkers of stress in swine: An update. Vol. 12,
BMC Veterinary Research. 2016.

Ralph CR, Tilbrook AJ. Invited Review: The usefulness of measuring
glucocorticoids for assessing animal welfare. Vol. 94, Journal of Animal
Science. 2016.

Pedersen LJ. Sexual behaviour in female pigs. Horm Behav.
2007;52(1).

Shen C, Tong X, Chen R, Gao S, Liu X, Schinckel AP, Li Y, Xu F, Zhou
B. Identifying blood-based biomarkers associated with aggression in
weaned pigs after mixing. Appl Anim Behav Sci. 2020;224.

Vink R, Nechifor M. Magnesium in the central nervous system.

Magnesium in the Central Nervous System. 2011.

Poleszak E, Szewczyk B, Wlaz A, Fidecka S, Wlaz P, Pilc A, Nowak G.
D-serine, a selective glycine/N-methyl-D-aspartate receptor agonist,
antagonizes the antidepressant-like effects of magnesium and zinc in



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

212

mice. Pharmacol Reports. 2008;60(6).

Pochwat B, Szewczyk B, Sowa-Kucma M, Siwek A, Doboszewska U,
Piekoszewski W, Gruca P, Papp M, Nowak G. Antidepressant-like
activity of magnesium in the chronic mild stress model in rats:
Alterations in the NMDA  receptor  subunits. Int J

Neuropsychopharmacol. 2014;17(3).

Botturi A, Ciappolino V, Delvecchio G, Boscutti A, Viscardi B, Brambilla
P. The role and the effect of magnesium in mental disorders: A
systematic review. Vol. 12, Nutrients. 2020.

Bangasser DA, Wiersielis KR. Sex differences in stress responses: a
critical role for corticotropin-releasing factor. Vol. 17, Hormones. 2018.

Murck H. Magnesium and affective disorders. Vol. 5, Nutritional
Neuroscience. 2002.

Boyle NB, Lawton C, Dye L. The effects of magnesium supplementation
on subjective anxiety and stress—a systematic review. Vol. 9, Nutrients.
2017.

Rajizadeh A, Mozaffari-Khosravi H, Yassini-Ardakani M, Dehghani A.
Effect of magnesium supplementation on depression status in
depressed patients with magnesium deficiency: A randomized, double-
blind, placebo-controlled trial. Nutrition. 2017;35.

Tarleton EK, Littenberg B. Magnesium intake and depression in adults.
J Am Board Fam Med. 2015;28(2).

Sartori SB, Whittle N, Hetzenauer A, Singewald N. Magnesium
deficiency induces anxiety and HPA axis dysregulation: Modulation by
therapeutic drug treatment. In: Neuropharmacology. 2012.

Winther G, Pyndt Jgrgensen BM, Elfving B, Nielsen DS, Kihl P, Lund S,
Sorensen DB, Wegener G. Dietary magnesium deficiency alters gut
microbiota and leads to depressive-like behaviour. Acta Neuropsychiatr.
2015;27(3).

Sutherland MA, Bryer PJ, Krebs N, McGlone JJ. Tail docking in pigs:
Acute physiological and behavioural responses. Animal. 2008;2(2).



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

213

Pickering G, Mazur A, Trousselard M, Bienkowski P, Yaltsewa N,
Amessou M, Noah L, Pouteau E. Magnesium status and stress: The
vicious circle concept revisited. Vol. 12, Nutrients. 2020.

Sutherland MA, Backus BL, McGlone JJ. Effects of transport at weaning
on the behavior, physiology and performance of pigs. Vol. 4, Animals.
2014.

Dokmanovi¢ M, Velarde A, Tomovi¢ V, Glamoclija N, Markovic¢ R, Janji¢
J, Baltic MZ. The effects of lairage time and handling procedure prior to
slaughter on stress and meat quality parameters in pigs. Meat Sci.
2014;98(2).

Mayorga EJ, Renaudeau D, Ramirez BC, Ross JW, Baumgard LH. Heat
stress adaptations in pigs. Anim Front. 2019;9(1).

Myers B, McKlveen JM, Herman JP. Glucocorticoid actions on
synapses, circuits, and behavior: Implications for the energetics of
stress. Vol. 35, Frontiers in Neuroendocrinology. 2014.

Taylor NR, Main DCJ, Mendl M, Edwards SA. Tail-biting: A new
perspective. Veterinary Journal. 2010.

Peden RSE, Turner SP, Boyle LA, Camerlink I. The translation of animal
welfare research into practice: The case of mixing aggression between

pigs. Vol. 204, Applied Animal Behaviour Science. 2018.

Marchant-Forde J, Marchant-Forde RM. Minimizing inter-pig aggression
during mixing. Pig News Inf. 2005;26(3).

Park HS, Min B, Oh SH. Research trends in outdoor pig production - A

review. Vol. 30, Asian-Australasian Journal of Animal Sciences. 2017.

Pomar C, Remus A. Precision pig feeding: A breakthrough toward
sustainability. Anim Front. 2019;9(2).

Tona GO. Current and Future Improvements in Livestock Nutrition and

Feed Resources. In: Animal Husbandry and Nutrition. 2018.

Humer E, Schwarz C, Schedle K. Phytate in pig and poultry nutrition.
Vol. 99, Journal of Animal Physiology and Animal Nutrition. 2015.

Bonetti A, Tugnoli B, Piva A, Grilli E. Towards zero zinc oxide: Feeding



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

214

strategies to manage post-weaning diarrhea in piglets. Vol. 11, Animals.
2021.

Gessner DK, Ringseis R, Eder K. Potential of plant polyphenols to
combat oxidative stress and inflammatory processes in farm animals.

Vol. 101, Journal of Animal Physiology and Animal Nutrition. 2017.

Koopmans SJ, van der Staay FJ, le Floc’h N, Dekker R, van Diepen
JTM, Jansman AJM. Effects of surplus dietary L-tryptophan on stress,
immunology, behavior, and nitrogen retention in endotoxemic pigs. J
Anim Sci. 2012;90(1).

Bushby E V., Dye L, Collins LM. Is Magnesium Supplementation an
Effective Nutritional Method to Reduce Stress in Domestic Pigs? A

Systematic Review. Vol. 7, Frontiers in Veterinary Science. 2021.

NRC. Nutrient Requirements of Swine: Eleventh Revised Edition. The
National Academies Press. 2012.

Roura E, Koopmans SJ, Lallés JP, Le Huerou-Luron |, De Jager N,
Schuurman T, Val-Laillet D. Critical review evaluating the pig as a model
for human nutritional physiology. Nutr Res Rev. 2016;29(1).

Val-Laillet D. Review: Impact of food, gut-brain signals and metabolic
status on brain activity in the pig model: 10 years of nutrition research

using in vivo brain imaging. Vol. 13, Animal. 2019.

Gimsa U, Tuchscherer M, Kanitz E. Psychosocial stress and immunity—
what can we learn from pig studies? Front Behav Neurosci. 2018;12.

Lunney JK, Van Goor A, Walker KE, Hailstock T, Franklin J, Dai C.
Importance of the pig as a human biomedical model. Sci Transl Med.
2021;13(621).

Hambrecht E, Eissen JJ, Newman DJ, Smits CHM, Den Hartog LA,
Verstegen MWA. Negative effects of stress immediately before
slaughter on pork quality are aggravated by suboptimal transport and
lairage conditions. J Anim Sci. 2005;83(2).

McLamb BL, Gibson AJ, Overman EL, Stahl C, Moeser AJ. Early
Weaning Stress in Pigs Impairs Innate Mucosal Immune Responses to



56.

57.

58.

59.

60.

61.

62.

63.

64.

215

Enterotoxigenic E. coli Challenge and Exacerbates Intestinal Injury and
Clinical Disease. PLoS One. 2013;8(4).

Aich P, Potter AA, Griebel PJ. Modern approaches to understanding
stress and disease susceptibility: A review with special emphasis on
respiratory disease. Vol. 2, International Journal of General Medicine.
20009.

Carroll GA, Boyle LA, Hanlon A, Palmer MA, Collins L, Griffin K,
Armstrong D, O’Connell NE. Identifying physiological measures of
lifetime welfare status in pigs: Exploring the usefulness of haptoglobin,
C- reactive protein and hair cortisol sampled at the time of slaughter. Ir
Vet J. 2018;71(1).

Merlot E, Mounier AM, Prunier A. Endocrine response of gilts to various
common stressors: A comparison of indicators and methods of analysis.
Physiol Behav. 2011;102(3-4).

Quirin M, Kazén M, Rohrmann S, Kuhl J. Implicit but not explicit
affectivity predicts circadian and reactive cortisol: Using the implicit
positive and negative affect test. J Pers. 2009;77(2).

Scollo A, Gottardo F, Contiero B, Edwards SA. Does stocking density
modify affective state in pigs as assessed by cognitive bias, behavioural

and physiological parameters? Appl Anim Behav Sci. 2014;153.

Young T, Creighton E, Smith T, Hosie C. A novel scale of behavioural
indicators of stress for use with domestic horses. Appl Anim Behav Sci.
2012;140(1-2).

Turner SP, Farnworth MJ, White IMS, Brotherstone S, Mendl M, Knap
P, Penny P, Lawrence AB. The accumulation of skin lesions and their
use as a predictor of individual aggressiveness in pigs. Appl Anim
Behav Sci. 2006;96(3—4).

Smulders D, Hautekiet V, Verbeke G, Geers R. Tail and ear biting
lesions in pigs: An epidemiological study. Anim Welf. 2008;17(1).

Campbell JM., Crenshaw JD., Polo J. The biological stress of early
weaned piglets. Journal of Animal Science and Biotechnology. 2013.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

216

Ross JW, Hale BJ, Seibert JT, Romoser MR, Adur MK, Keating AF,
Baumgard LH. Physiological mechanisms through which heat stress
compromises reproduction in pigs. Vol. 84, Molecular Reproduction and

Development. 2017.

D’Eath RB, Turner SP, Kurt E, Evans G, Tholking L, Looft H, Wimmers
K, Murani E, Klont R, Foury A, Ison SH, Lawrence AB, Morméde P. Pigs’
aggressive temperament affects pre-slaughter mixing aggression,

stress and meat quality. Animal. 2010;4(4).

Barton Gade P. Effect of rearing system and mixing at loading on
transport and lairage behaviour and meat quality: Comparison of
outdoor and conventionally raised pigs. Animal. 2008;2(6).

Foury A, Devillers N, Sanchez MP, Griffon H, Le Roy P, Morméde P.
Stress hormones, carcass composition and meat quality in Large White
x Duroc pigs. Meat Sci. 2005;69(4).

Dokmanovic M, Baltic MZ, Duric J, Ivanovic J, Popovic L, Todorovic M,
Markovic R, Pantic S. Correlations among stress parameters, meat and
carcass quality parameters in pigs. Asian-Australasian J Anim Sci.
2015;28(3).

FAWC. Farm Animal Welfare in Great Britain: Past, Present and Future.
Trends Food Sci Technol. 2009;(October).

McCulloch SP. A Critique of FAWC'’s Five Freedoms as a Framework
for the Analysis of Animal Welfare. J Agric Environ Ethics. 2013;26(5).

Lawrence AB, Newberry RC, Spinka M. Positive welfare: What does it
add to the debate over pig welfare? Advances in Pig Welfare .
Woodhead Publishing. 2018. pp. 415-444.

Manteca X, Villalba JJ, Atwood SB, Dziba L, Provenza FD. Is dietary
choice important to animal welfare? Vol. 3, Journal of Veterinary

Behavior: Clinical Applications and Research. 2008.

Rutter SM. Review: Grazing preferences in sheep and cattle:
Implications for production, the environment and animal welfare. Can J
Anim Sci. 2010;90(3).



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

217

Middelkoop A, van Marwijk MA, Kemp B, Bolhuis JE. Pigs Like It Varied;
Feeding Behavior and Pre- and Post-weaning Performance of Piglets
Exposed to Dietary Diversity and Feed Hidden in Substrate During
Lactation. Front Vet Sci. 2019;6.

Poletto R, Kretzer FC, Hotzel MJ. Minimizing aggression during mixing
of gestating sows with supplementation of a tryptophan-enriched diet.
Physiol Behav. 2014;132.

Bolhuis JE, van den Brand H, Bartels AC, Oostindjer M, van den Borne
JJGC, Kemp B, Gerrits WJJ. Effects of fermentable starch on behaviour
of growing pigs in barren or enriched housing. Appl Anim Behav Sci.
2010;123(3-4).

Kim CH, Paik IK, Kil DY. Effects of increasing supplementation of
magnesium in diets on productive performance and eggshell quality of
aged laying hens. Biol Trace Elem Res. 2013;151(1).

Donoghue DJ, Krueger WF, Donoghue AM, Byrd JA, Ali DH, el
Halawani ME. Magnesium-aspartate-hydrochloride reduces weight loss
in heat-stressed laying hens. Poult Sci. 1990;69(11).

Dove H, Kelman WM. Liveweight gains of young sheep grazing dual-
purpose wheat with sodium and magnesium supplied as direct
supplement, or with magnesium supplied as fertiliser. Anim Prod Sci.
2015;55(10).

Zang J, Chen J, Tian J, Wang A, Liu H, Hu S, Che X, Ma Y, Wang J,
Wang C, Du G, Ma X. Effects of magnesium on the performance of sows
and their piglets. J Anim Sci Biotechnol. 2014;5(1).

Tam M, Gomez S, Gonzalez-Gross M, Marcos A. Possible roles of
magnesium on the immune system. Vol. 57, European Journal of
Clinical Nutrition. 2003.

Swaminathan R. Magnesium metabolism and its disorders. Clin
Biochem Rev. 2003;24(2).

Serefko A, Szopa A, Wlaz P, Nowak G, Radziwon-Zaleska M, Skalski
M, Poleszak E. Magnesium in depression. Pharmacol Reports.
2013;65(3):547-54.



85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

218

Phelan D, Molero P, Martinez-Gonzalez MA, Molendijk M. Magnesium
and mood disorders: systematic review and meta-analysis. BJPsych
Open. 2018;4(4).

Derom ML, Sayén-Orea C, Martinez-Ortega JM, Martinez-Gonzalez
MA. Magnesium and depression: A systematic review. Vol. 16,

Nutritional Neuroscience. 2013.

Eby GA, Eby KL. Magnesium for treatment-resistant depression: A
review and hypothesis. Med Hypotheses. 2010;74(4).

O’Driscoll K., O'gorman DM., Taylor S., Boyle LA. The influence of a
magnesium-rich marine extract on behaviour, salivary cortisol levels

and skin lesions in growing pigs. Animal. 2013;7(6).

O’Driscoll K, Teixeira DL, O'Gorman D, Taylor S, Boyle LA. The
influence of a magnesium rich marine supplement on behaviour,
salivary cortisol levels, and skin lesions in growing pigs exposed to
acute stressors. Appl Anim Behav Sci. 2013;145(3—4).

Clarivate. Web of Science [Internet]. [cited 2022 Apr 26]. Available from:

https://www.webofscience.com/

Otten W, Bergerhoff T, Berrer A, Goldberg M, Eichinger H. Effects of a
magnesium fumarate supplementation on catecholamines, cortisol and
blood metabolites in swine. Proc 39th Int Congr Meat Sci Technol.
1993;82.

Kaemmerer K, Kietzmann M, Kreisner M. Studies on magnesium. 2.
Effect of magnesium chloride and magnesium aspartate hydrochloride
on stress reactions. Zentralbl Vet A. 1984;31((5)):321-33.

Kietzmann M, Jablonski H. Blocking of stress in swine with magnesium
aspartate hydrochloride. Prakt Tierarzt. 1985;661, 331.

Kuhn G, Nowak A, Otto E, Albrecht V, Gassmann B, Sandner E,
Przybilski H, Zahn L. Studies on the control of meat quality by special
treatment of swine. 1. Effects of stress and preventative magnesium
feeding on selected parameters of carcass value and blood serum. Arch
fur Tierzucht. 1981;24(217).



95.

96.

97.

98.

99.

100.

101.

102.

103.

219

D’Souza DN, Warner RD, Dunshea FR, Leury BJ. Comparison of
different dietary magnesium supplements on pork quality. Meat Sci.
1999;51(3).

Ehrenberg A, Berner H, Helbig J. Influence of the administration of
magnesium aspartate hydrochloride on porcine-stress-syndrome.
Magnesium-Bulletin. 1991;

Porta S, Ehrenberg A, Helbig J, Classen HG, Egger G, Weger M,
Zimmermann P, Weiss U. Time And Dose-Dependent Influence Of
Magnesium-Aspartate-Hydrochloride Treatment Upon Hormonal And
Enzymatic Changes As Well As Alterations In Meat Quality Due To
Slaughtering Stress In Pigs. Magnesium-Bulletin. 1995;17(2):56-61.

Peeters E, Neyt A, Beckers F, De Smet S, Aubert AE, Geers R.
Influence of supplemental magnesium, tryptophan, vitamin C, and
vitamin E on stress responses of pigs to vibration. J Anim Sci.
2005;83(7).

Peeters E., Driessen B., Geers R. Influence of supplemental
magnesium, tryptophan, vitamin C, vitamin E, and herbs on stress
responses and pork quality. J Anim Sci. 2006;84(7).

Caine WR, Schaefer AL, Aalhus JL, Dugan MER. Behaviour, growth
performance and pork quality of pigs differing in porcine stress
syndrome genotype receiving dietary magnesium aspartate
hydrochloride. Can J Anim Sci. 2000;80(1).

Apple JK, Kegley EB, Maxwell C V., Rakes LK, Galloway D, Wistuba
TJ. Effects of dietary magnesium and short-duration transportation on
stress response, postmortem muscle metabolism, and meat quality of
finishing swine. J Anim Sci. 2005;83(7).

Panella-Riera N, Dalmau A, Fabrega E, Font i Furnols M, Gispert M,
Tibau J, Soler J, Velarde A, Oliver MA, Gil M. Effect of supplementation
with MgCO3 and I-Tryptophan on the welfare and on the carcass and
meat quality of two halothane pig genotypes (NN and nn). Livest Sci.
2008;115(2-3).

Panella-Riera N, Velarde A, Dalmau A, Fabrega E, Font i Furnols M,



104.

105.

106.

107.

108.

109.

110.

111.

112.

220

Gispert M, Soler J, Tibau J, Oliver MA, Gil M. Effect of magnesium
sulphate and I-tryptophan and genotype on the feed intake, behaviour
and meat quality of pigs. Livest Sci. 2009;124(1-3).

Otten W, Berrer A, Bergerhoff T, Goldberg M, Eichinger HM. Effects of
a Dietary Magnesium Fumarate Supplementation on Blood Metabolites
and Meat Quality in Swine. Magnesium-Bulletin. 1995;17(3).

Band G de O, Guimaraes SEF, Lopes PS, Schierholt AS, Silva KM,
Pires AV, Benevenuto AA, Gomide LA de M. Relationship between the
Porcine Stress Syndrome gene and pork quality traits of F2 pigs
resulting from divergent crosses. Genet Mol Biol. 2005;28(1).

D’Souza DN, Warner RD, Leury BJ, Dunshea FR. The Effect of Dietary
Magnesium Aspartate Supplementation on Pork Quality. J Anim Sci.
1998;76(1).

Tang R, Yu B, Zhang K, Chen D. Effects of supplemental magnesium
aspartate and short-duration transportation on postmortem meat quality
and gene expression of p-calpain and calpastatin of finishing pigs.
Livest Sci. 2009;121(1).

Tang R, Yu B, Zhang K, Chen D. Effects of supplementing two levels of
magnesium aspartate and transportation stress on pork quality and
gene expression of p-calpain and calpastatin of finishing pigs. Arch
Anim Nutr. 2008;62(5).

Apple JK, Maxwell C V., DeRodas B, Watson HB, Johnson ZB. Effect
of magnesium mica on performance and carcass quality of growing-
finishing swine. J Anim Sci. 2000;78(8).

Tarsitano MA, Bridi AM, Da Silva CA, Constantino C, Andreo N, Dalto
DB. Magnesium supplementation in swine finishing stage:
Performance, carcass characteristics and meat quality. Semin Agrar.
2013;34(6).

Apple JK, Maxwell C V., Stivarius MR, Rakes LK, Johnson ZB. Effects
of dietary magnesium and halothane genotype on performance and
carcass traits of growing-finishing swine. Livest Prod Sci. 2002;76(1-2).

Alonso V, Provincial L, Gil M, Guillén E, Roncalés P, Beltran JA. The



113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

221

impact of short-term feeding of magnesium supplements on the quality
of pork packaged in modified atmosphere. Meat Sci. 2012;90(1).

Frederick BR, Van Heugten E, See MT. Timing of magnesium
supplementation administered through drinking water to improve fresh
and stored pork quality. J Anim Sci. 2004;82(5).

Godfray HCJ, Beddington JR, Crute IR, Haddad L, Lawrence D, Muir
JF, Pretty J, Robinson S, Thomas SM, Toulmin C. Food security: The
challenge of feeding 9 billion people. Vol. 327, Science. 2010.

OECD/FAQO. OECD-FAO Agricultural Outlook 2021-2030. OECD Publ
[Internet]. 2021; Available from: https://doi.org/10.1787/19428846-en

Benjamin M, Yik S. Precision livestock farming in swinewelfare: A

review for swine practitioners. Animals. 2019;9(4).

Drach U, Halachmi I, Pnini T, Izhaki |, Degani A. Automatic herding
reduces labour and increases milking frequency in robotic milking.
Biosyst Eng. 2017;155.

DiGiacomo K, Leury BJ. Review: Insect meal: a future source of protein
feed for pigs? Vol. 13, Animal. 2019.

Martin G, Barth K, Benoit M, Brock C, Destruel M, Dumont B, Grillot M,
Hubner S, Magne MA, Moerman M, Mosnier C, Parsons D, Ronchi B,
Schanz L, Steinmetz L, Werne S, Winckler C, Primi R. Potential of multi-
species livestock farming to improve the sustainability of livestock
farms: A review. Vol. 181, Agricultural Systems. 2020.

Vranken E, Berckmans D. Precision livestock farming for pigs. Anim
Front. 2017;7(1).

Benke K, Tomkins B. Future food-production systems: Vertical farming
and controlled-environment agriculture. Sustain Sci Pract Policy.
2017;13(1).

Wu'Y, Zhao J, Xu C, Ma N, He T, Zhao J, Ma X, Thacker PA. Progress
towards pig nutrition in the last 27 years. Vol. 100, Journal of the

Science of Food and Agriculture. 2020.

Douglas SL, Wellock I, Edwards SA, Kyriazakis |. High specification



124.

125.

126.

127.

128.

129.

130.

131.

132.

222

starter diets improve the performance of low birth weight pigs to 10
weeks of age. J Anim Sci. 2014;92(10).

Atsbeha DM, Flaten O, Olsen HF, Kjos NP, Kidane A, Skugor A,
Prestlokken E, @verland M. Technical and economic performance of
alternative feeds in dairy and pig production. Livest Sci. 2020;240.

Veldkamp T, Vernooij AG. Use of insect products in pig diets. J Insects
as Food Feed. 2021;7(5).

Schillings J, Bennett R, Rose DC. Exploring the Potential of Precision
Livestock Farming Technologies to Help Address Farm Animal Welfare.
Front Anim Sci. 2021;2.

Madrid J, Martinez S, Lépez C, Hernandez F. Effect of phytase on
nutrient digestibility, mineral utilization and performance in growing pigs.
Livest Sci. 2013;154(1-3).

Xu YT, Liu L, Long SF, Pan L, Piao XS. Effect of organic acids and
essential oils on performance, intestinal health and digestive enzyme

activities of weaned pigs. Anim Feed Sci Technol. 2018;235.

Yitbarek A, Lépez S, Tenuta M, Asgedom H, France J, Nyachoti CM,
Kebreab E. Effect of dietary phytase supplementation on greenhouse
gas emissions from soil after swine manure application. J Clean Prod.
2017;166.

Espinosa CD, Stein HH. Digestibility and metabolism of copper in diets
for pigs and influence of dietary copper on growth performance,
intestinal health, and overall immune status: a review. Vol. 12, Journal

of Animal Science and Biotechnology. 2021.

Pérez VG, Waguespack AM, Bidner TD, Southern LL, Fakler TM, Ward
TL, Steidinger M, Pettigrew JE. Additivity of effects from dietary copper
and zinc on growth performance and fecal microbiota of pigs after
weaning. J Anim Sci. 2011;89(2).

Godinho RM, Bastiaansen JWM, Sevillano CA, Silva FF, Guimaraes
SEF, Bergsma R. Genotype by feed interaction for feed efficiency and
growth performance traits in pigs. J Anim Sci. 2018;96(10).



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

223

Qualtrics [Internet]. 2022 [cited 2022 Jan 19]. Available from:

https://www.qualtrics.com

Pinotti L, Manoni M, Ferrari L, Tretola M, Cazzola R, Givens I. The
contribution of dietary magnesium in farm animals and human nutrition.
Vol. 13, Nutrients. 2021.

Rosenvold K, Andersen HJ. Factors of significance for pork quality - A
review. Vol. 64, Meat Science. 2003.

Pardo MR, Garicano Vilar E, San Mauro Martin |, Camina Martin MA.
Bioavailability of magnesium food supplements: A systematic review.
Vol. 89, Nutrition. 2021.

Uysal N, Kizildag S, Yuce Z, Guvendi G, Kandis S, Koc B, Karakilic A,
Camsari UM, Ates M. Timeline (Bioavailability) of Magnesium
Compounds in Hours: Which Magnesium Compound Works Best? Biol
Trace Elem Res. 2019;187(1).

Coudray C, Rambeau M, Feillet-Coudray C, Gueux E, Tressol JC,
Mazur A, Rayssiguier Y. Study of magnesium bioavailability from ten
organic and inorganic Mg salts in Mg-depleted rats using a stable
isotope approach. Magnes Res. 2005;18(4).

Khatri C, Chapman SJ, Glasbey J, Kelly M, Nepogodiev D, Bhangu A,
Fitzgerald JE. Social media and internet driven study recruitment:
Evaluating a new model for promoting collaborator engagement and
participation. PLoS One. 2015;10(3).

Pedersen ER, Kurz J. Using Facebook for health-related research study
recruitment and program delivery. Vol. 9, Current Opinion in
Psychology. 2016.

Kosinski M, Matz SC, Gosling SD, Popov V, Stillwell D. Facebook as a
research tool for the social sciences: Opportunities, challenges, ethical

considerations, and practical guidelines. Am Psychol. 2015;70(6).

Zahl-Thanem A, Burton RJF, Vik J. Should we use email for farm
surveys? A comparative study of email and postal survey response rate
and non-response bias. J Rural Stud. 2021;87.



143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

224

Mormede P, Andanson S, Aupérin B, Beerda B, Guémené D, Malmkvist
J, Manteca X, Manteuffel G, Prunet P, van Reenen CG, Richard S,
Veissier |. Exploration of the hypothalamic-pituitary-adrenal function as
a tool to evaluate animal welfare. Vol. 92, Physiology and Behavior.
2007.

Murani E, Ponsuksili S, D’Eath RB, Turner SP, Kurt E, Evans G,
Tholking L, Klont R, Foury A, Mormeéde P, Wimmers K. Association of
HPA axis-related genetic variation with stress reactivity and aggressive
behaviour in pigs. BMC Genet. 2010;11.

Camerlink I, Turner SP, Ursinus WW, Reimert |, Bolhuis JE. Aggression
and affiliation during social conflict in pigs. PLoS One. 2014;9(11).

Merlot E, Meunier-Salain MC, Prunier A. Behavioural, endocrine and
immune consequences of mixing in weaned piglets. Appl Anim Behav
Sci. 2004;85(3—4).

Greenwood EC, Plush KJ, van Wettere WHEJ, Hughes PE. Hierarchy
formation in newly mixed, group housed sows and management
strategies aimed at reducing its impact. Vol. 160, Applied Animal
Behaviour Science. 2014.

Camerlink |, Turner SP. Farmers’ perception of aggression between

growing pigs. Appl Anim Behav Sci. 2017;192.

Peden RSE, Akaichi F, Camerlink |, Boyle LA, Turner SP. Factors
influencing farmer willingness to reduce aggression between pigs.
Animals. 2019;9(1).

McGlone JJ. A quantitative ethogram of aggressive and submissive
behaviors in recently regrouped pigs. J Anim Sci. 1985;61(3).

Puppe B. Effects of familiarity and relatedness on agonistic pair
relationships in newly mixed domestic pigs. Appl Anim Behav Sci.
1998;58(3—4).

Mkwanazi MV, Ncobela CN, Kanengoni AT, Chimonyo M. Effects of
environmental enrichment on behaviour, physiology and performance

of pigs - A review. Vol. 32, Asian-Australasian Journal of Animal
Sciences. 2019.



153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

225

Hemsworth PH, Rice M, Nash J, Giri K, Butler KL, Tilbrook AJ, Morrison
RS. Effects of group size and floor space allowance on grouped sows:
Aggression, stress, skin injuries, and reproductive performance. J Anim
Sci. 2013;91(10).

Andersen IL, Andenaes H, Bge KE, Jensen P, Bakken M. The effects of
weight asymmetry and resource distribution on aggression in groups of
unacquainted pigs. Appl Anim Behav Sci. 2000;68(2).

Lagoda ME, O’Driscoll K, Marchewka J, Foister S, Turner SP, Boyle LA.
Associations between skin lesion counts, hair cortisol concentrations
and reproductive performance in group housed sows. Livest Sci.
2021;246.

Kritas SK, Morrison RB. Relationships between tail biting in pigs and
disease lesions and condemnations at slaughter. Vet Rec. 2007;160(5).

Samarakone TS, Gonyou HW. Productivity and aggression at grouping
of grower-finisher pigs in large groups. Can J Anim Sci. 2008;88(1).

Cornelison AS, Karriker LA, Williams NH, Haberl BJ, Stalder KJ, Schulz
LL, Patience JF. Impact of health challenges on pig growth
performance, carcass characteristics, and net returns under commercial
conditions. Transl Anim Sci. 2018;2(1).

Dehove A, Commault J, Petitclerc M, Teissier M, Macé J. Economic
analysis and costing of animal health: A literature review of methods
and importance. Vol. 31, OIE Revue Scientifique et Technique. 2012.

Racewicz P, Ludwiczak A, Skrzypczak E, Sktadanowska-Baryza J,
Biesiada H, Nowak T, Nowaczewski S, Zaborowicz M, Stanisz M,
Slésarz P. Welfare health and productivity in commercial pig herds. Vol.
11, Animals. 2021.

Taylor NR, Parker RMA, Mendl M, Edwards SA, Main DCJ. Prevalence
of risk factors for tail biting on commercial farms and intervention
strategies. Vet J. 2012;194(1).

Haigh A, O’Driscoll K. Irish pig farmer’s perceptions and experiences of
tail and ear biting. Porc Heal Manag. 2019;5(1).



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

226

Prunier A, Averos X, Dimitrov |, Edwards SA, Hillmann E, Holinger M,
llieski V, Leming R, Tallet C, Turner SP, Zupan M, Camerlink |. Review:
Early life predisposing factors for biting in pigs. Vol. 14, Animal. 2020.

Camerlink |, Farish M, D’eath RB, Arnott G, Turner SP. Long term
benefits on social behaviour after early life socialization of piglets.
Animals. 2018;8(11).

D’Eath RB, Roehe R, Turner SP, Ison SH, Farish M, Jack MC,
Lawrence AB. Genetics of animal temperament: Aggressive behaviour
at mixing is genetically associated with the response to handling in pigs.
Animal. 2009;3(11).

Melotti L, Oostindjer M, Bolhuis JE, Held S, Mendl M. Coping personality
type and environmental enrichment affect aggression at weaning in
pigs. Appl Anim Behav Sci. 2011;133(3—4).

Andersen IL, Naevdal E, Bakken M, Bge KE. Aggression and group size
in domesticated pigs, Sus scrofa: “When the winner takes it all and the

loser is standing small.” Anim Behav. 2004;68(4).

Meunier-Salaun MC, Edwards SA, Robert S. Effect of dietary fibre on
the behaviour and health of the restricted fed sow. Anim Feed Sci
Technol. 2001;90(1-2).

Arredondo MA, Casas GA, Stein HH. Increasing levels of microbial
phytase increases the digestibility of energy and minerals in diets fed to
pigs. Anim Feed Sci Technol. 2019;

Laird S, Kuhn I, Wilcock P, Miller HM. The effects of phytase on grower
pig growth performance and ileal inositol phosphate degradation. J
Anim Sci. 2016;94(7).

Zeng ZK, Wang D, Piao XS, Li PF, Zhang HY, Shi CX, Yu SK. Effects
of adding super dose phytase to the phosphorus-deficient diets of young
pigs on growth performance, bone quality, minerals and amino acids
digestibilities. Asian-Australasian J Anim Sci. 2014,

Stevens KN, Asher L, Griffin K, Friel M, O'Connell N, Collins LM. A
comparison of inferential analysis methods for multilevel studies:

Implications for drawing conclusions in animal welfare science. Appl



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

227

Anim Behav Sci. 2017;197.

Friard, O. & Gamba M. BORIS: a free, versatile open-source event-
logging software for video/audio coding and live observations. Methods
Ecol Evol. 2016;

R Core Team. R: A language and environment for statistical computing.
R Foundation for Statistical Computing. Vienna, Austria URL

https//wwwR-project.org/. 2019;

Fox J, Weisberg S. An {R} Companion to Applied Regression, Third
Edition. [Internet]. 2019. Available from:

https://socialsciences.mcmaster.ca/jfox/Books/Companion/

Christensen RHB. ordinal - Regression Models for Ordinal Data. R
package version 2019.12-10 https://CRAN.R-
project.org/package=ordinal. 2019.

Akaike H. Fitting autoregressive models for prediction. Ann Inst Stat
Math. 1969;21(1).

Kamil Barton. MuMin: Multi-Model Inference. R package version
1.43.15. https://CRAN.R-project.org/package=MuMIn. 2019.

Zeileis A, Kleiber C, Jackman S. Regression models for count data in
R. J Stat Softw. 2008;27(8).

Venables WN, Ripley BD. Modern Applied Statistics with S Fourth
edition by. Vol. 53, World. 2002.

Holloway CL, Dean Boyd R, Koehler D, Gould SA, Li Q, Patience JF.
The impact of “super-dosing” phytase in pig diets on growth
performance during the nursery and grow-out periods. Transl Anim Sci.
2019;3(1).

Turner SP, Roehe R, D’Eath RB, Ison SH, Farish M, Jack MC,
Lundeheim N, Rydhmer L, Lawrence AB. Genetic validation of
postmixing skin injuries in pigs as an indicator of aggressiveness and

the relationship with injuries under more stable social conditions. J Anim
Sci. 2009;87(10).

Cronin GM, Dunshea FR, Butler KL, McCauley I, Barnett JL, Hemsworth



184.

185.

186.

187.

188.

189.

190.

191.

192.

228

PH. The effects of immuno- and surgical-castration on the behaviour
and consequently growth of group-housed, male finisher pigs. Appl
Anim Behav Sci. 2003;81(2).

Valros A, Sali V, Halli O, Saari S, Heinonen M. Does weight matter?
Exploring links between birth weight, growth and pig-directed
manipulative behaviour in growing-finishing pigs. Appl Anim Behav Sci.
2021;245.

Hakansson F, Houe H. Risk factors associated with tail damage in
conventional non-docked pigs throughout the lactation and rearing
period. Prev Vet Med. 2020;184.

Schrgder-Petersen DL, Simonsen HB, Lawson LG. Tail-in-mouth
behaviour among weaner pigs in relation to age, gender and group
composition regarding gender. Acta Agric Scand - Sect A Anim Sci.
2003;53(1).

Rioja-Lang FC, Connor M, Bacon HJ, Lawrence AB, Dwyer CM.
Prioritization of Farm Animal Welfare Issues Using Expert Consensus.
Front Vet Sci. 2020;6.

O’Connell NE, Beattie VE, Watt D. Influence of regrouping strategy on
performance, behaviour and carcass parameters in pigs. Livest Prod
Sci. 2005;97(2-3).

Camerlink |, Prolegger C, Kubala D, Galunder K, Rault JL. Keeping
littermates together instead of social mixing benefits pig social
behaviour and growth post-weaning. Appl Anim Behav Sci. 2021;235.

Rhim SJ, Son SH, Hwang HS, Lee JK, Hong JK. Effects of mixing on
the aggressive behavior of commercially housed pigs. Asian-
Australasian J Anim Sci. 2015;28(7).

Cornale P, Macchi E, Miretti S, Renna M, Lussiana C, Perona G, Mimosi
A. Effects of stocking density and environmental enrichment on
behavior and fecal corticosteroid levels of pigs under commercial farm
conditions. J Vet Behav Clin Appl Res. 2015;10(6).

Kyrou I, Tsigos C. Stress hormones: physiological stress and regulation

of metabolism. Vol. 9, Current Opinion in Pharmacology. 2009.



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

229

Gordan R, Gwathmey JK, Xie LH. Autonomic and endocrine control of
cardiovascular function. World J Cardiol. 2015;7(4).

Munsterhjelm C, Valros A, Heinonen M, Halli O, Siljander-Rasi H,
Peltoniemi OAT. Environmental enrichment in early life affects cortisol
patterns in growing pigs. Animal. 2010;4(2).

Morey JN, Boggero IA, Scott AB, Segerstrom SC. Current directions in
stress and human immune function. Vol. 5, Current Opinion in

Psychology. 2015.

Vitlic A, Lord JM, Phillips AC. Stress, ageing and their influence on
functional, cellular and molecular aspects of the immune system. Vol.
36, Age. 2014.

Salak-Johnson JL, McGlone JJ. Making sense of apparently conflicting
data: stress and immunity in swine and cattle. Vol. 85, Journal of animal

science. 2007.

Schalk C, Pfaffinger B, Schmucker S, Weiler U, Stefanski V. Effects of
repeated social mixing on behavior and blood immune cells of group-
housed pregnant sows (Sus scrofa domestica). Livest Sci. 2018;217.

Dhabhar FS. Effects of stress on immune function: The good, the bad,
and the beautiful. Vol. 58, Immunologic Research. 2014.

Peterson CM, Pilcher CM, Rothe HM, Marchant-Forde JN, Ritter MJ,
Carr SN, Puls CL, Ellis M. Effect of feeding ractopamine hydrochloride
on growth performance and responses to handling and transport in
heavy-weight pigs. J Anim Sci. 2015;93(3).

Gaffey AE, Bergeman CS, Clark LA, Wirth MM. Aging and the HPA axis:
Stress and resilience in older adults. Vol. 68, Neuroscience and
Biobehavioral Reviews. 2016.

Stephens MAC, Mahon PB, McCaul ME, Wand GS. Hypothalamic-
pituitary-adrenal axis response to acute psychosocial stress: Effects of
biological sex and circulating sex hormones.

Psychoneuroendocrinology. 2016;66.

Panagiotakopoulos L, Neigh GN. Development of the HPA axis: Where



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

230

and when do sex differences manifest? Vol. 35, Frontiers in
Neuroendocrinology. 2014.

Hill EE, Zack E, Battaglini C, Viru M, Viru A, Hackney AC. Exercise and
circulating cortisol levels: The intensity threshold effect. J Endocrinol
Invest. 2008;31(7).

Anderson T, Lane AR, Hackney AC. Cortisol and testosterone dynamics
following exhaustive endurance exercise. Eur J Appl Physiol.
2016;116(8).

Hillmann E, Schrader L, Mayer C, Gygax L. Effects of weight,
temperature and behaviour on the circadian rhythm of salivary cortisol
in growing pigs. Animal. 2008;2(3).

Pol F, Courboulay V, Cotte JP, Martrenchar A, Hay M, Morméde P.
Urinary cortisol as an additional tool to assess the welfare of pregnant
sows kept in two types of housing. Vet Res. 2002;33(1).

Hall SA, Farish M, Coe J, Baker E, Camerlink |, Lawrence AB, Baxter
EM. Minimally invasive biomarkers to detect maternal physiological
status in sow saliva and milk. Animal. 2021;15(11).

Casal N, Manteca X, Pefia L R, Bassols A, Fabrega E. Analysis of
cortisol in hair samples as an indicator of stress in pigs. J Vet Behav
Clin Appl Res. 2017;19.

Cook NJ. Review: Minimally invasive sampling media and the
measurement of corticosteroids as biomarkers of stress in animals. Vol.

92, Canadian Journal of Animal Science. 2012.

Mohan NH, Nath A, Thomas R, Kumar S, Banik S, Das AK, Das RK,
Sarma DK. Relationship between plasma, saliva, urinary and faecal
cortisol levels in pigs. Indian J Anim Sci. 2020;90(5).

Ruis MAW, Te Brake JHA, Engel B, Ekkel ED, Buist WG, Blokhuis HJ,
Koolhaas JM. The circadian rhythm of salivary cortisol in growing pigs:
Effects of age, gender, and stress. Physiol Behav. 1997;62(3).

Wolf TE, Mangwiro N, Fasina FO, Ganswindt A. Non-invasive

monitoring of adrenocortical function in female domestic pigs using



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

231

saliva and faeces as sample matrices. PLoS One. 2020;15(6).

Marchant-Forde JN, Matthews DL, Poletto R, McCain RR, Mann DD,
DeGraw RT, Hampsch JM, Peters S, Knipp GT, Kissinger CB. Plasma
cortisol and noradrenalin concentrations in pigs: Automated sampling of
freely moving pigs housed in the PigTurn® versus manually sampled
and restrained pigs. Anim Welf. 2012;21(2).

Frederic C, Bot BM. nplr: N-Parameter Logistic Regression. R package
version 0.1-7. 2016.

Davenport MD, Tiefenbacher S, Lutz CK, Novak MA, Meyer JS.
Analysis of endogenous cortisol concentrations in the hair of rhesus
macaques. Gen Comp Endocrinol. 2006;147(3).

Jackman S. pscl: Classes and Methods for R Developed in the Political
Science Computational Laboratory. [Internet]. United States Studies
Centre, University of Sydney, Sydney, New South Wales, Australia;
2020. Available from: https://github.com/atahk/pscl/

V. Lenth R. emmeans: Estimated Marginal Means, aka Least-Squares
Means [Internet]. 2021. Available from: https://cran.r-

project.org/package=emmeans

Heimburge S, Kanitz E, Otten W. The use of hair cortisol for the
assessment of stress in animals. Vol. 270, General and Comparative
Endocrinology. 2019.

De Jong IC, Prelle IT, Van De Burgwal JA, Lambooij E, Korte SM,
Blokhuis HJ, Koolhaas JM. Effects of environmental enrichment on
behavioral responses to novelty, learning, and memory, and the
circadian rhythm in cortisol in growing pigs. Physiol Behav. 2000;68(4).

Kumar B, Manuja A, Aich P. Stress and its impact on farm animals.
Front Biosci - Elit. 2012;4 E(5).

Spencer H, Norris C, Williams D. Inhibitory effects of zinc on magnesium
balance and magnesium absorption in man. J Am Coll Nutr. 1994;13(5).

Nielsen FH, Milne DB. A moderately high intake compared to a low
intake of zinc depresses magnesium balance and alters indices of bone



224.

225.

226.

227.

228.

229.

230.

231.

232.

232

turnover in postmenopausal women. Eur J Clin Nutr. 2004;58(5).

Molina-Lépez J, Molina JM, Chirosa LJ, Florea D, Saez L, Millan E,
Planells E. Association between erythrocyte concentrations of
magnesium and zinc in high-performance handball players after dietary
magnesium supplementation. Magnes Res. 2012;25(2).

Maares M, Haase H. A guide to human zinc absorption: General
overview and recent advances of in vitro intestinal models. Vol. 12,
Nutrients. 2020.

McPhee CP, Daniels LJ. Effects of Genotype, Diet and Sex on Backfat
Depth in Pigs Measured Physically at Different Carcass Sites and
Ultrasonically at Different Liveweights. Aust J Exp Agric. 1991;31(6).

Yoosuk S, Ong HB, Roan SW, Morgan CA, Whittemore CT. Effects of
genotype and sex on predicted feed intake and performance of a
growing pig. Acta Agric Scand A Anim Sci. 2012;62(1).

Latorre MA, Lazaro R, Gracia MI, Nieto M, Mateos GG. Effect of sex
and terminal sire genotype on performance, carcass characteristics,
and meat quality of pigs slaughtered at 117 kg body weight. Meat Sci.
2003;65(4).

Collins CL, Pluske JR, Morrison RS, McDonald TN, Smits RJ, Henman
DJ, Stensland |, Dunshea FR. Post-weaning and whole-of-life
performance of pigs is determined by live weight at weaning and the
complexity of the diet fed after weaning. Anim Nutr. 2017;3(4).

Rekiel A, Wiecek J, Batorska M, Kulisiewicz J. Effect of piglet birth
weight on carcass muscle and fat content and pork quality - A review.
Ann Anim Sci. 2015;15(2).

Cooper TA, Roberts MP, Kattesh HG, Kojima CJ. Effects of Transport
Stress, Sex, and Weaning Weight on Postweaning Performance in Pigs.
Prof Anim Sci. 2009;25(2).

Slutsky |, Abumaria N, Wu LJ, Huang C, Zhang L, Li B, Zhao X,
Govindarajan A, Zhao MG, Zhuo M, Tonegawa S, Liu G. Enhancement
of Learning and Memory by Elevating Brain Magnesium. Neuron.
2010;65(2).



233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

233

Yu CH, Chen CY, Chang CC. The immediate effects of weaning stress
on the hypothalamus-pituitary-adrenal alteration of newly weaned
piglets. J Anim Physiol Anim Nutr (Berl). 2019;103(4).

Tong X, Shen C, Chen R, Gao S, Liu X, Schinckel AP, Zhou B.
Reestablishment of social hierarchies in weaned pigs after mixing.
Animals. 2020;10(1).

Le Dividich J, Séve B. Effects of underfeeding during the weaning period
on growth, metabolism, and hormonal adjustments in the piglet. In:
Domestic Animal Endocrinology. 2000.

Heo PS, Kim DH, Jang JC, Hong JS, Kim YY. Effects of different creep
feed types on pre-weaning and post-weaning performance and gut

development. Asian-Australasian J Anim Sci. 2018;31(12).

Gresse R, Chaucheyras-Durand F, Fleury MA, Van de Wiele T, Forano
E, Blanquet-Diot S. Gut Microbiota Dysbiosis in Postweaning Piglets:
Understanding the Keys to Health. Vol. 25, Trends in Microbiology.
2017.

Moeser AJ, Klok C Vander, Ryan KA, Wooten JG, Little D, Cook VL,
Blikslager AT. Stress signaling pathways activated by weaning mediate
intestinal dysfunction in the pig. Am J Physiol - Gastrointest Liver
Physiol. 2007;292(1).

Dong GZ, Pluske JR. The low feed intake in newly-weaned pigs:
Problems and possible solutions. Asian-Australasian J Anim Sci.
2007;20(3).

Mahan DC, Lepine AJ, Dabrowski K. Efficacy of magnesium-L-ascorbyl-
2-phosphate as a vitamin C source for weanling and growing-finishing
swine. J Anim Sci. 1994;72(9).

Thomaz MC, Watanabe PH, Pascoal LAF, Assis MM, Ruiz US, Amorim
AB, Silva SZ, Almeida V V., Melo GMP, Robles-Huaynate RA. Inorganic
and organic trace mineral supplementation in weanling pig diets. An
Acad Bras Cienc. 2015;87(2).

Veenhuizen MF, Shurson GC, Kohler EM. Effect of concentration and

source of sulfate on nursery pig performance and health. J Am Vet Med



243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

234

Assoc. 1992;201(8).

Champely S. pwr: Basic Functions for Power Analysis. R package
version 1.3-0. 2020.

Cohen J. Statistical Power Analysis for the Behavioural Science (2nd
Edition). Vol. 3, Statistical Power Anaylsis for the Behavioral Sciences.
1988.

Bates D, Maechler M, Bolker B, Walker S. Fitting Linear Mixed-Effects

Models Using Ime4. Journal of Statistical Software. 2015.

Kuznetsova A, Brockhoff P, Christensen R. ImerTest Package: Tests in
Linear Mixed Effects Models. J Stat Softw. 2017;

Lenth R. emmeans: Estimated Marginal Means, aka Least-Squares
Means [Internet]. 2022. Available from: https://cran.r-

project.org/package=emmeans

Plush K, Weaver A, Staveley L, van Wettere W. Maternal magnesium
sulfate supplementation in a pre-farrow diet improves factors important
for piglet viability. Animals. 2018;8(10).

Van Staaveren N, Doyle B, Manzanilla EG, Calderén Diaz JA, Hanlon
A, Boyle LA. Validation of carcass lesions as indicators for on-farm
health and welfare of pigs. J Anim Sci. 2017;95(4).

Teixeira DL, Boyle LA. A comparison of the impact of behaviours
performed by entire male and female pigs prior to slaughter on skin
lesion scores of the carcass. Livest Sci. 2014;170.

Prunier A, Brillouét A, Merlot E, Meunier-Salain MC, Tallet C. Influence
of housing and season on pubertal development, boar taint compounds
and skin lesions of male pigs. Animal. 2013;7(12).

Bushby E V., Friel M, Goold C, Gray H, Smith L, Collins LM. Factors
influencing individual variation in farm animal cognition and how to
account for these statistically. Vol. 5, Frontiers in Veterinary Science.
2018.

Driver A. Challenging times for pig sector set to continue, according to
latest AHDB Pork Outlook [Internet]. Pig World. 2022 [cited 2022 Apr



254.

255.

256.

257.

258.

259.

260.

261.

262.

235

26]. Available from: https://www.pig-world.co.uk/news/challenging-
times-for-pig-sector-set-to-continue-according-to-latest-ahdb-pork-
outlook.html

Bellini S, Casadei G, De Lorenzi G, Tamba M. A review of risk factors
of african swine fever incursion in pig farming within the European Union

scenario. Vol. 10, Pathogens. 2021.

Moeser AJ, Pohl CS, Rajput M. Weaning stress and gastrointestinal
barrier development: Implications for lifelong gut health in pigs. Vol. 3,
Animal Nutrition. 2017.

Dunshea FR, Kerton DK, Cranwell PD, Campbell RG, Mullan BP, King
RH, Power GN, Pluske JR. Lifetime and post-weaning determinants of

performance indices of pigs. Aust J Agric Res. 2003;54(4).

Turner SP, Roehe R, Mekkawy W, Farnworth MJ, Knap PW, Lawrence
AB. Bayesian analysis of genetic associations of skin lesions and
behavioural traits to identify genetic components of individual

aggressiveness in pigs. Behav Genet. 2008;38(1).

Lallés JP, Bosi P, Smidt H, Stokes CR. Weaning - A challenge to gut
physiologists. Livest Sci. 2007;108(1-3).

Ross DJ, Roberts JL. Equine Calming Products: A Short Survey Into
Their Use, Effect, and Knowledge Using a Small Sample of Horse
Owners in the North of Scotland, UK. J Equine Vet Sci. 2018;68.

Lahrmann HP, Hansen CF, D’Eath RB, Busch ME, Nielsen JP,
Forkman B. Early intervention with enrichment can prevent tail biting

outbreaks in weaner pigs. Livest Sci. 2018;214.

Luppi A, Gibellini M, Gin T, Vangroenweghe F, Vandenbroucke V,
Bauerfeind R, Bonilauri P, Labarque G, Hidalgo A. Prevalence of
virulence factors in enterotoxigenic Escherichia coli isolated from pigs

with post-weaning diarrhoea in Europe. Porc Heal Manag. 2016;2.

Heo JM, Opapeju FO, Pluske JR, Kim JC, Hampson DJ, Nyachoti CM.
Gastrointestinal health and function in weaned pigs: A review of feeding
strategies to control post-weaning diarrhoea without using in-feed

antimicrobial compounds. Vol. 97, Journal of Animal Physiology and



263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

236

Animal Nutrition. 2013.

Hou WX, Cheng SY, Liu ST, Shi BM, Shan AS. Dietary supplementation
of magnesium sulfate during late gestation and lactation affects the milk
composition and immunoglobulin levels in sows. Asian-Australasian J
Anim Sci. 2014;27(10).

Zhou X, Huang Z, Zhang J, Chen JL, Yao PW, Mai CL, Mai JZ, Zhang
H, Liu XG. Chronic Oral Administration of Magnesium-L-Threonate
Prevents Oxaliplatin-Induced Memory and Emotional Deficits by
Normalization of TNF-a/NF-kB Signaling in Rats. Neurosci Bull. 2020;

Shen Y, Dai L, Tian H, Xu R, Li F, Li Z, Zhou J, Wang L, Dong J, Sun L.
Treatment of magnesium-I-threonate elevates the magnesium level in
the cerebrospinal fluid and attenuates motor deficits and dopamine
neuron loss in a mouse model of Parkinson’s disease. Neuropsychiatr
Dis Treat. 2019;15.

AHDB. UK pig numbers and holdings [Internet]. 2021 [cited 2022 Jan
19]. Available from: https://ahdb.org.uk/pork/uk-pig-numbers-and-
holdings

Blancquaert L, Vervaet C, Derave W. Predicting and testing
bioavailability of magnesium supplements. Nutrients. 2019;11(7).

Samarakone TS, Gonyou HW. Domestic pigs alter their social strategy
in response to social group size. Appl Anim Behav Sci. 2009;121(1).

Zhang L, Gray H, Ye X, Collins L, Allinson N. Automatic individual pig

detection and tracking in pig farms. Sensors (Switzerland). 2019;19(5).

Chen C, Zhu W, Liu D, Steibel J, Siegford J, Wurtz K, Han J, Norton T.
Detection of aggressive behaviours in pigs using a RealSence depth
sensor. Comput Electron Agric. 2019;166.

Matthews SG, Miller AL, Plotz T, Kyriazakis |. Automated tracking to
measure behavioural changes in pigs for health and welfare monitoring.

Sci Rep. 2017;7(1).

Alameer A, Kyriazakis |, Dalton HA, Miller AL, Bacardit J. Automatic

recognition of feeding and foraging behaviour in pigs using deep



273.

274.

275.

276.

277.

237

learning. Biosyst Eng. 2020;197.

Blaine J, Chonchol M, Levi M. Renal control of calcium, phosphate, and

magnesium homeostasis. Clin J Am Soc Nephrol. 2015;10(7).

Lautrou M, Narcy A, Dourmad JY, Pomar C, Schmidely P, Létourneau
Montminy MP. Dietary Phosphorus and Calcium Utilization in Growing
Pigs: Requirements and Improvements. Vol. 8, Frontiers in Veterinary
Science. 2021.

Kemme PA, Jongbloed AW, Mroz Z, Kogut J, Beynen AC. Digestibility
of nutrients in growing-finishing pigs is affected by Aspergillus niger
phytase, phytate and lactic acid levels 2. Apparent total tract digestibility
of phosphorus, calcium and magnesium and ileal degradation of phytic
acid. Livest Prod Sci. 1999;58(2).

Selle PH, Ravindran V. Phytate-degrading enzymes in pig nutrition. Vol.
113, Livestock Science. 2008.

Abbasi F, Fakhur-un-Nisa T, Liu J, Luo X, Abbasi IHR. Low digestibility
of phytate phosphorus, their impacts on the environment, and phytase
opportunity in the poultry industry. Vol. 26, Environmental Science and
Pollution Research. 2019.



