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ABSTRACT

Conventional diets used in the swine production sector, which rely heavily on soybean meal
(SBM) and cereal grains, do not align with sustainable development goals. Hence, exploring
alternative feedstuffs that are inexpensive, environmentally friendly, and do not compete with
human food sources is essential to meeting future expectations around sustainability. As pigs
are omnivores, they can efficiently convert many types of feed into a nutritious protein source
for human consumption. Therefore, research and development in alternative feedstuffs for
pigs are ongoing, and farmers are encouraged to adopt these options to enhance the
sustainability of their operations. However, incorporating alternative feedstuffs in the diets of
grower-finisher pigs requires proper risk management as they can contain high levels of
insoluble fibre and other anti-nutritional factors that may affect pig growth performance, pork

quality, and welfare.

This thesis aimed to investigate alternative ingredients for inclusion in growing-finishing pig
diets. The first experiment (Chapter 3) examined the effect of replacing barley, SBM and
soybean oil with dried distiller’s grains with solubles, canola meal, wheat middlings and
tallow on pig growth performance and meat quality. There were no negative effects of the
alternative diet on overall pig growth or carcass performance, however, skatole levels of

backfat were significantly lower in pigs fed the alternative diet.

The second experiment (Chapter 4) investigated the effect of lucerne as an ingredient in
grower-finisher diets and as manipulable enrichment material on pig growth performance and
behaviour. Feeding the lucerne diet reduced average daily feed intake, live weight gain, feed
intake per feeder visit, and feeding rate, but increased feed efficiency. Despite these effects,
overall performance was not significantly different between treatments when considering

feed conversion ratio, final slaughter weight, dressing out percentage and backfat thickness.

The third experiment (Chapter 5) investigated the effect of replacing SBM with Poultry by-
product meal (PBM) in growing-finishing pig diets on growth performance, carcass yield and
meat quality. Four experimental diets were formulated, in which SBM was replaced with
PBM at the increasing level of 0%, 33%, 77% and 100%. The diets were then fed to growing-
finishing pigs. The results clearly demonstrate that PBM can be used as the primary protein
source in pig diets without compromising the performance of growing pigs, as long as the

diets are properly formulated to meet their nutritional requirements.
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A meta-analysis (Chapter 6) was conducted to assess the impact of substituting SBM with
alternative oilseed meal, including canola meal, camelina meal, cottonseed meal, sunflower
meal and rapeseed meal, on the performance of growing-finishing pigs. The findings indicate
that this replacement adversely affected pig's daily weight gain while maintaining daily feed
intake, resulting in an increased feed conversion ratio for both growers and finishers.
Furthermore, the use of alternative oilseed meals led to reducing carcass and loin yield,
although there was no significant impact on meat quality. However, the heterogeneities of the
analysis for most parameters were substantial, possibly due to the variation in the nutritive

value of the alternative oilseed meal.

Overall, the results showed that substituting conventional feed ingredients with alternative
feedstuffs had no or minor impacts on pig growth performance and meat quality.
Additionally, several benefits of using alternative feedstuffs ingredients in growing pig diets
were identified: reducing skatole in pork from entire males and improving feed conversion
efficiency. The present research indicates that using alternative feedstuffs can be a viable

option for pig feed, with possible benefits for pig production, meat quality and animal welfare.

The field of alternative feedstuffs for pigs has much to explore, with numerous undiscovered
options, such as legumes, brassicas, insects, and by-products, which can offer valuable
nutrients and support sustainable pork production. These alternative feedstuffs may have
multiple benefits, such as improved gut utilization, support for pig health, lower production
costs, and reduced environmental impact. Furthermore, using feed additives to enhance the
utilization of low-nutritive-value alternative feedstuffs is a viable option. As such, further
research should focus on integrating these feedstuffs into pig diets while promoting

sustainable development.
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CHAPTERII.
INTRODUCTION

“End hunger, achieve food security and improved nutrition and promote sustainable

agriculture.” - The sustainable development goal 2

Pork is the second most consumed meat worldwide, following poultry meat. It provides a
high-quality protein food source for humans (Pereira & Vicente, 2013). Due to a fast-
growing population, together with the improvement of living standards and expansion of
urbanization, the demand for meat is increasing (Babinszky et al., 2019). These motivations
encourage the development of pig production. Pork production is projected to increase by
25% during the next decade, accounting for 38% of global meat production growth

(OECD/FAO, 2022).

Conventional diets for pigs are based on cereal grains and soybean meal (SBM) (Myer &
Brendemuhl, 2004; Stein & Lange, 2007). Cereal grains are highly appetizing and
digestible, rich in starch, supplying most of the energy to support growth, maintenance,
and fat deposition. They generally account for 60-80 per cent of growing-finishing pig diets
(Stein et al., 2016). Around 20 per cent of growing — finishing pig diets during the grower-
finisher period comprises SBM. It is a popular protein source for pigs as it has a high
protein level and an amino acid (AA) profile close to ideal for growing pigs to support
building tissue, predominantly muscle (van Kempen et al., 2006). The complement of
amino acids (AA) from SBM for cereal grain is believed to be the best formulation to
maximize pig growth. Therefore, precision feeding using grains and SBM for pigs has

been applied worldwide since the 1950s (Stein et al., 2016).

However, conventional diets for growing-finishing pigs may present sustainability
challenges for the pig industry (Mottet et al., 2017; Myer & Brendemuhl, 2004). Pigs are
considered as competitors of humans for staple food ingredients, while nearly 10% of
people worldwide suffer from hunger (FAO, 2022a). Therefore, sharing human food with

pigs counteracts Sustainable Development Goal 2 of the United Nations, which aims to
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achieve "zero hunger”. At the same time, using SBM as a universal protein source for
animal feed goes against the sustainable management forest’s objective of Goal 15 because
the high demand for SBM for animal feed drives soybean production, resulting in
biodiversity loss and deforestation in high-volume soybean-producing countries in
Amazon area (Lathuilliere et al., 2017; Ritchie & Roser, 2021). Above all, the heavy
dependency on a few sources of cereal grains and SBM makes the pig industry vulnerable
to commodity price volatility, trade distortions and the accessibility of the feed source.

Furthermore, the pig industry has significant indirect impacts on the world's agricultural
resources and climate change due to the use of conventional feedstuffs. A significant
portion of arable land, approximately 85 million hectares globally, is utilized for growing
crops to produce cereal grains and oilseed meals for pig feed (Mottet et al., 2017).
Moreover, feed production for the swine sector substantially contributes to the water
footprint since it involves intensive agriculture systems that require high levels of irrigation
for cereal grains and soybeans, which serve as feed for pigs(de Miguel et al., 2015;
Mekonnen et al., 2019). Therefore, the dependency on conventional feed for pigs indirectly
puts pressure on using the limited cropland and freshwater resource on our planet. On the
other hand, the primary source of greenhouse gas emissions in pig production comes from
feed production and feed transportation (Basset-Mens & Van Der Werf, 2005; Van der
Werf et al., 2005). Transporting imported feed contributes substantially to eutrophication,
acidification and energy use (Van der Werf et al., 2005). Therefore, using local ingredients
or other alternative feedstuffs for pigs is recommended to reduce the ecological footprints

(Van der Werf et al., 2005).

In summary, the use of traditional feedstuffs in the pig industry poses significant challenges
for producers seeking profitability and sustainable development. Therefore, it is apparent
that there is a need for alternative feedstuffs to reduce competition for food with humans
whilst being readily available and less expensive for pig producers, and friendly to the
environment. These ambitions are feasible because pigs are omnivores. They are ideal
biological organisms capable of converting many feedstuffs into high-quality animal
protein for human consumption (Moon et al., 2004; Zijlstra & Beltranena, 2013).
Historically, pigs used to scavenge human food leftovers and forage plants around villages
(Lutwyche, 2019). The use of cereal grains and SBM does not come from pig necessity,
but because of the human wish to maximize the productivity of pig farms based on existing

knowledge. Many studies have attempted to find novel feedstuffs for pigs to replace
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conventional feed ingredients. Some research successfully provides evidence that modern
pig breeds can be fed agri-industrial co-products (Zijlstra & Beltranena, 2013), food waste
(Salemdeeb et al., 2017) or forage plants (B. Kambashi, C. Boudry, et al., 2014) without
any impairment on growth performance, carcass traits and meat quality. However, there

are still a vast number of alternative feedstuffs that are unutilised.

In addition, alternative feedstuffs commonly contain anti-nutritional factors (ANFs) that
might impact pig production. Therefore, proper risk management must be applied when
using alternative feedstuffs for pigs to ensure pig growth, animal welfare and profit. The
investigations on the nutritive values of alternative feedstuffs and their effects on pig

growth performance and carcass quality need to be published as references for farmers.
The alternative feedstuffs investigated in the present research included:

1) Co-products from biofuel production, food and oil processing: Distiller's dried grains
with soluble, canola meal, and wheat middling. These co-products have been studied as
feed sources for pigs for many years. The experiment in Chapter 3 aimed to increase the
inclusion of these co-products in the finisher diet beyond the levels recommended in
previous studies to maximize replacing conventional ingredients with co-products for pigs.
2) Forage plants: Lucerne (Medicago sativa), also known as alfalfa, has the potential to
serve as a nutritious feed ingredient in pig diets and a source of roughage for the enrichment
of grower-finisher pens. In Chapter 4, the inclusion of 10% lucerne in pig diets and the
provision of lucerne chaff as enrichment material were supplied for pigs during the growing
and finishing stages. This study aimed to investigate the effect of dietary fibre from lucerne
on pig production and behaviour.

3) By-products from poultry processing: Poultry by-product meal is a potential protein
source for pigs due to its availability and quality. However, a long-lasting ban on using
poultry by-products in livestock diets has led to a lack of information on optimal inclusion
levels and their effect on pig performance. In Chapter 5 of this study, poultry by-product
meal was used to replace SBM in grower-finisher diets at increasing levels of 0%, 33%,
77% and 100%. The objective was to provide precise information on how PBM can be
included in growing-finishing pig diets.

4) Alternative oilseed meals: Numerous studies have investigated the impact of substituting
SBM with alternative oilseed meals on pig growth performance. However, many of these
studies failed to incorporate alternative oilseed meals into pig diets. On the other hand,

other studies have proved that including alternative oilseed meals in grower-finisher diets
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did not have a negative effect on pig growth traits. The conflicting reports might result
from the varying quality of oilseed meals, replacement levels, and growing stages of pigs.
These different results can perplex farmers who want to include alternative oilseed meals
in pig diets. To address these inconsistencies, Chapter 6 presents a meta-analysis that
systematically reviews the effects of replacing SBM with alternative oilseed meals on
growing-finishing pigs. The meta-analysis can provide more precise recommendations for

farmers who are interested in incorporating alternative oilseed meals into their pig diets.

The goal of this thesis is to contribute new insights and information on alternative
feedstuffs for pig diets, with the aim of advancing pork production towards sustainability.
The thesis findings may serve as a foundation for further exploration of alternative
feedstuffs, including their optimal inclusion levels and impact on pig performance, meat
quality and behaviour. The results can also function as a catalyst for future studies on
alternative feedstuffs for pigs. This research can provide valuable information for farmers
on the benefits and limitations of incorporating alternative feedstuffs into their pig feed
composition. By offering information on the potential sustainability benefits of alternative

feedstuffs, this research can inspire farmers to explore new options for pig diets.
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CHAPTER 11I.
LITERATURE REVIEW

2.1. Why use alternative feedstuffs for pigs?

2.1.1. Increasing pork demand

The demand for pork is inevitably increasing, driven by the rapid growth of the population
and improved living standards. The burgeoning population has spurred increased demands
for food (Chakraborty & Newton, 2011; Vos & Bellu, 2019) while improving living quality
has boosted meat consumption (Boland et al., 2013; Henchion et al., 2014; Mottet et al.,
2017).

Food is the most basic need for any living creature to provide energy and nutrients for its
existence. Therefore, ensuring enough food for everyone on Earth is a fundamental
precursor of humankind for a good life, as one of the UN's Millennium Development Goals.
In 2021, the total population reached 7.8 billion; nearly one billion people have been added
this century (OECD/FAOQ, 2022). The population is projected to increase to 9.7 billion by
2050 (UN, 2019). Therefore, food production will need to increase in the coming decades
to feed nearly 10 billion people (UN, 2019).

Population size determines food requirements but improved living standards and lifestyle
shift diets towards animal-based products like dairy and meat. This significant human diet
replacement can obviously be seen in developing countries. For example, Vietnam's daily
rice consumption declined from 458g/capita/day in 1985 to 373 g/capita/day in 2010
(Harris et al., 2020). Over the same period, meat consumption increased 8 times due to
higher average incomes and population growth (Hansen, 2018; Harris et al., 2020).

Globally, the average meat consumption per person increased by 25%, while total global
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meat consumption rose by 60% from 1990 to 2009 (Henchion et al., 2014). Moreover,
expenditure on meat will likely continue growing in the future (OECD/FAQ, 2020).

The nutrition transition occurs in developing countries as the population becomes wealthier
and can afford more nutritious and flavourful animal-based foods. While plant-based foods
often have lower levels of essential amino acids (EAA) and bioavailable minerals (Young
& Pellett, 1994), animal-sourced foods are rich in high-quality protein and other essential
micro-nutrients (Reig et al., 2013). Evidence shows that meat contributed to human
evolutionary heritage (Stanford, 1999). As shown in Figure 2.1, pork accounts for the
second highest proportion of meat production, even though much of the world’s population
does not consume pig meat due to their religious and cultural beliefs. The reasonable price
of pork meat and its palatable flavour results in a highly desirable product for the customer

(Resano et al., 2011)
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Figure 2.1. Production of meat worldwide from 2016 to 2022

* The data in 2022 were estimated
Source: OECD/FAO (2022)

Furthermore, the popularity of pork production is related to the close relationship between
human society and pig production (Bai et al., 2019; Lutwyche, 2019). With a long history
of domestication, the pig is an important farmed animal as a source of income,
employment, food, and fertilizer (Chauhan et al., 2016; Ebata et al., 2020). China, the

greatest pork producer in the world, implemented a national “shopping basket program”,
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which significantly increased pig production in the country (Bai et al., 2014). Over almost
60 years, pork production increased approximately 5-fold (Figure 2.2) (Mayorga et al.,
2019). The annual world production of pig meat is over 100 million metric tons
(OECD/FAO, 2022). Pig production is projected to continue growing in the next few
decades with increases in population and the standard of living (Mottet et al., 2017;

OECD/FAO, 2022).

Figure 2.2. Pig meat production per area across 60 years
Source: Mayorga et al. (2019)
2.1.2. Conventional feedstuffs for pigs are unsustainable.

2.1.2.1. Conventional feedstuffs for pigs

Diets for growing pigs are traditionally formulated using cereal grains (primarily maize
and other grains) and soybean meal (SBM) (Myer & Brendemuhl, 2004; Stein & Lange,
2007). Table 2.1 illustrates a standard diet for growing pigs, where cereal often comprises

up to 80% of a pig ration. The second largest proportion in growing pigs’ diet is SBM.
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Table 2.1. Example of conventional grower pig diets based on cereal grains.

Ingredient (%) Maize Barley Wheat
Maize 74.48 — —
Barley — 83.27 —
Wheat — — 83.04
Soybean meal (dehulled) 22.21 13.62 14.01
Tallow 1.00 1.00 1.00
Limestone 0.85 0.85 0.85
Dicalcium phosphate 0.80 0.60 0.27
Trace mineral salt 0.30 0.30 0.30
Vitamin mix 0.10 0.10 0.10
L-LysinesHC1 0.16 0.16 0.33
L-Threonine 0.05 0.05 0.05
DL-Methionine 0.05 0.05 0.05

Source: Carr et al. (2005)
a. Conventional energy source for pigs

Cereal grain has been cropped for thousands of years and is the dominant crop in world
agriculture. Cereal grains, rich in starch, highly appetizing and digestible, supply the
majority of energy in pig rations (Stein et al., 2016). Moreover, they also supply up to 60%
of the amino acid (AA) requirements for growing pigs (Myrie et al., 2008). Maize, wheat,

and barley are the most common cereal grain used as pig feed.

Maize (or corn) is the leading cereal grain fed to pigs worldwide, thanks to its availability
and low market price, as illustrated in Figure 2.3. Having high starch concentration and
starch that is likely almost 100% digestible, maize is one of the best sources
of metabolizable energy (ME) among the grains for monogastric animals (McGhee &
Stein, 2018; Stein et al., 2016; Wiseman et al., 1982). However, the crude protein (CP)
concentration in maize is relatively low (McGhee & Stein, 2018). Moreover, maize protein
is deficient in tryptophan and lysine, which are EAA for pigs (Baker et al., 1969). In
addition, significant phosphorus in maize is unavailable as it is present as phytate (Lei et
al., 1993). Therefore, maize-based diets for growing pigs require supplemental minerals

and AA to meet requirements for optimal growth (Loy & Lundy, 2019).
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Figure 2.3. Worldwide cereal production and use in 2019-2021 and projected in
2031.
Source: OECD/FAO (2022)

Wheat is the second most commonly used cereal grain in pig feed after maize, with similar
concentrations of starch, fibre, and energy. However, wheat has higher protein content and
quality due to its better amino acid profile (Loy & Lundy, 2019; McGhee & Stein, 2018;
Rosenfelder et al., 2013). Therefore, pigs fed wheat-based diets grew as fast and had equal
meat quality as maize-based diets, providing that the two diets were formulated equally to
meet requirements (Han et al., 2005). The decision to use wheat or maize is based on the
cost of these ingredients. Wheat is generally more expensive than maize in the international
market (Figure 2.3). Therefore, wheat is used as animal food mainly in the parts of the
world close to where it is grown, such as Canada, Australia, and some Northern European

countries, when the price gap between maize and wheat is close (Stein et al., 2016)

Barley is the fourth highest grain produced worldwide after maize, wheat and rice
(OECD/FAO, 2020; Statista, 2019). While rice is commonly supplied for human
consumption because of its high price (OECD/FAOQO, 2020), barley is the third most popular
animal feed. CP and starch in barley are similar to that of wheat. The AA quality in barley
is higher than in maize (Stein et al., 2016). Unfortunately, barley has a higher fibre content
than wheat and maize, which results in lower metabolizable energy (ME) and standardized
ileal digestibility (SID) of most essential amino acids (EAA) (Stein et al., 2016). Despite
that, many researchers have shown that barley can be included in weaner, grower and

finisher diets without negatively affecting pig growth performance (Stein et al., 2016).
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Furthermore, the high presence of beta-glucans in barley benefits gut microbiota (Weiss et

al., 2016).

b. Conventional protein sources for pigs

Feeding a diet based solely on cereal grain cannot sustain growth for growing pigs,
especially the weaner diet, since protein quality is insufficient for optimum growth.

Therefore, most cereal grain-based diets are supplemented with other types of protein-rich

feed.

SBM is the most dominant protein source in pig diets because it has a high protein level
and AA profile close to ideal for growing pigs. The use of soybean meal (SBM) in animal
feed gained popularity following the European Commission's (EC) directive 999/2001,
which banned the use of meat and bone meal in farmed animal diets as a measure to prevent
infectious diseases. Nutritional values of SBM are relatively constant due to uniform
processing conditions and homogeneous soybean varieties used in the process (Ferket et
al., 2002). CP ranges from 48.3 to 52.1% on an as-fed basis, while the apparent ileal
digestibility (AID) of CP is from 80.6 to 84.6% (van Kempen et al., 2006). The AID of AA
is also very high, up to 90% (van Kempen et al., 2006). As heat treatment destroys
antinutritional factors in the original soybean, such as trypsin inhibitors, saponin, and
isoflavones, SBM is a safe feed source (Anderson & Wolf, 1995). However, the
inadequacy of methionine, vitamin B, and unavailable phytate-phosphorous in SBM needs
to be considered when including SBM in pig diets. SBM is rich in lysine, tryptophan,
threonine, and isoleucine (Cho & Kim, 2011), becoming an excellent AA complement for

cereal grains.

Before soya products were commonly used as a high protein source for pig diets, fish meal
(FM) was historically used to supply protein for pigs (Asche et al., 2013). The nutritional
value of FM is well documented by Cho and Kim (2011). FM is not only rich in protein
but also energy and minerals. CP in FM ranges from 60 to 72%, dry matter (DM) basis,
and AA profile is very favourable, making it an attractive protein source for pigs. While
SBM is low in methionine, FM is abundant in this essential sulphur-containing AA (Cho
& Kim, 2011). Additionally, FM is rich in vitamins, essential trace elements, and long-
chain polyunsaturated omega-3 fatty acids. Including FM in the diets fed during the
growing period can improve growth performance. Moreover, pigs fed FM had better meat

qua