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Paralleling similar advances in the medical field, astounding advances occurred in
Veterinary Medicine and Science in recent decades. These advances have helped
foster better support for animal health, more humane animal production, and

a better understanding of the physiology of endangered species to improve the
assisted reproductive technologies or the pathogenesis of certain diseases, where
animals can be used as models for human diseases (like cancer, degenerative
diseases or fertility), and even as a guarantee of public health. Bridging Human,
Animal, and Environmental health, the holistic and integrative “One Health”
concept intimately associates the developments within those fields, projecting its
advancements into practice. This book series aims to tackle various animal-related
medicine and sciences fields, providing thematic volumes consisting of high-qual-
ity significant research directed to researchers and postgraduates. It aims to give us
a glimpse into the new accomplishments in the Veterinary Medicine and Science
field. By addressing hot topics in veterinary sciences, we aim to gather author-
itative texts within each issue of this series, providing in-depth overviews and
analysis for graduates, academics, and practitioners and foreseeing a deeper un-
derstanding of the subject. Forthcoming texts, written and edited by experienced
researchers from both industry and academia, will also discuss scientific challeng-
es faced today in Veterinary Medicine and Science. In brief, we hope that books in
this series will provide accessible references for those interested or working in this
field and encourage learning in a range of different topics.
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Preface

The global livestock industry currently finds itself at a critical juncture, facing significant
challenges and decisions regarding innovation, sustainability, and responsibility. As popu-
lations increase and demand for animal products rises, the role of animal nutrition has
become more critical than ever. Feed is not merely a means of sustenance for animals; it is
a key driver of animal health, productivity, product quality, and environmental impact.

This book, Animal Feeds and Additives, was conceived to provide a comprehensive and up-to-
date resource on the complex and evolving field of animal feeding. It brings together a range
of topics essential to understanding both the science and application of modern feed strate-
gies. From conventional ingredients and alternative feedstuffs to functional additives, micro-
biome modulation, and precision nutrition technologies, each chapter has been carefully
developed to bridge the gap between research, innovation, and practical implementation.

The impetus behind preparing this volume was to devise a tool that is not only academically
rigorous but also accessible and applicable to professionals in the field. The present volume
is intended for a wide readership, including researchers, nutritionists, veterinarians,
students, and experts in the feed industry. It is hoped that the book will offer new insights
and inspire further inquiry.

In addition, contemporary challenges are addressed, including the development of
antibiotic alternatives, the implementation of circular feeding models utilising food waste,
and the sustainability of feed production. The objective of this initiative is to contribute

to the global discourse on the potential for the evolution of animal agriculture to meet
future demands in a manner that respects environmental and ethical boundaries.

We extend our sincere gratitude to the contributors, reviewers, and colleagues whose exper-
tise and dedication made this work possible. We hope that Animal Feeds and Additives will
serve as both a reference and a catalyst for continued progress in animal nutrition science.

Dr. Figen Kirkpinar

Professor,

Faculty of Agriculture,
Department of Animal Science,
Ege University,

[zmir, Turkey

Ziimriit Acikgoz

Faculty of Agriculture,
Department of Animal Science,
Ege University,

[zmir, Turkey
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Chapter1

Introductory Chapter: Recent
Advances in Animal Feeding and
Nutrition

Figen Kirkpinar

1. Introduction

Projections indicate that the global population will reach 10 billion by the year 2050.
Concurrently, a surge in demand for food is projected, with estimations ranging from
35 to 56% [1]. This prediction is confirmed in the United Nations’ “World Population
Prospects 2019’ report, which estimates that the world population will increase by
approximately 2 billion in 30 years and that rapid population growth will lead to
changes in food production and consumption all over the world due to globalisation,
urbanisation and economic pressures [2]. Moreover, there is an anticipated escalation
in the demand for the more efficient production of plants and animals in relation to
water, energy, land and nutrients, in order to satisfy consumers’ demands for safe and
sustainable food. The significance of animal production lies in its contribution to our
daily caloric and protein intake, which stands at 17 and 33% respectively. Furthermore,
it facilitates the conversion of waste and by-products into high-quality animal protein
sources, including milk, eggs and meat. Additionally, it plays a crucial role in utilising
land that is not suitable for plant production and maintains a traditional function in
various contexts [3, 4]. However, intensive animal production, while meeting the food
needs of billions of people, also has negative environmental impacts, including land
degradation, water pollution and increased carbon emissions. Moreover, the conse-
quences of intensive animal production, including augmented environmental foot-
prints and the diminution of biodiversity, have substantial negative effects [5, 6]. In
such instances, it is imperative to adopt safe, high-quality and environmentally friendly
production methods. The ‘Sustainable Development 2030’ project, which is supported
by UNESCO, emphasises the necessity of sustainable production [7]. The increasing
enforcement of European legal frameworks regarding food safety and animal welfare
has also led to growing interest in sustainable animal production.

The concept of sustainability is currently defined by the United States’ National
Agricultural Research, Publication and Education Policy Act of 1977 as a produc-
tion method that prioritises sustainable economic, environmental and social
efficiency, providing opportunities for future generations. It is imperative that
enterprises engaged in intensive animal production ensure social, environmental
and economic sustainability, particularly those that depend on external resources
for animal nutrition [8, 9]. While energy consumption on farms and greenhouse
gas emissions from animal shelters are recognised as environmental pollutants,
primary factors such as feed production and raw material dependency are also
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significant in limiting sustainability in animal production, particularly in the
context of poultry enterprises [10]. While a plethora of criteria exist for environ-
mentally friendly animal production in agriculture, including breeding, welfare
and health, animal nutrition is considered the most significant factor. It has been
determined that this cost constitutes 60-80% of operating costs and directly affects
production performance, animal health, the environmental footprint of animal
products and animal welfare [11].

The livestock sector is responsible for 14.5% of human-induced greenhouse gas
emissions, with emissions of 7.1 gigatonnes of CO2-eq per annum. Beef and cattle milk
production account for the majority of these emissions, at 41% and 20%, respectively.
Pork meat and poultry meat and eggs contribute to 9% and 8% respectively. Projections
show that this production will increase, leading to higher emissions. The main sources
of emissions are feed production and processing (45%) and enteric fermentation from
ruminants (39%). Manure storage and processing account for 10%. The remainder
is due to the processing and transportation of animal products. Expansion of pasture
and feed crops into forests contributes to about 9% of the sector’s emissions. Finally,
fossil fuel consumption along the sector supply chains accounts for about 20% of
sector emissions [12]. It is recommended that technological processes, breeding and
feeding strategies be developed to reduce greenhouse gas emission production. In order
to address this issue, feeding strategies are being implemented, including the use of
high-quality forages, additives (probiotics, prebiotics, organic acids and secondary
metabolites) and fat supplementation [13, 14]. Ruminants generally require extensive
grazing land, resulting in increased global greenhouse gas emissions due to changes in
land use and enteric fermentation. Poultry farms have exhibited an increasing trend
over the last 30 years, thus occupying a significant place among global industries, with
their short production cycles and rapid returns on capital. It is acknowledged that each
phase of poultry production, encompassing raw material processing, feed production
and manure management, exerts a discernible environmental influence [15, 16]. The
utilisation of imported protein sources, particularly soy, has been demonstrated to exert
a detrimental effect on sustainability [10]. These detrimental effects can be mitigated
through the implementation of appropriate feeding strategies, genetic research and
breeding studies, with the overarching aim of achieving environmentally sustainable
production practices. It is acknowledged that the resources exerting the most signifi-
cant influence on the natural environment in intensive poultry production are those
associated with feed production and manure management, which are inextricably
linked to nutrition [15-17]. The formulation of strategies to reduce these resources
must be approached with meticulous planning and development. The feeding strategies
employed in the context of sustainability in poultry production are predicated on the
impact of feed production, nutrient excretion and the digestive system.

In recent years, a number of feeding strategies have been developed with the aim
of reducing the environmental footprint. One such approach involves the adoption of
the ‘Life Cycle Assessment’ concept, with the objective of mitigating the environmen-
tal impact of feed production processes. The objective of this methodology is twofold:
firstly, to satisfy nutritional requirements and formulate an economical mixed feed,
and secondly, to consider the environmental impact [18, 19].

An alternative feeding strategy that has been employed is the evaluation of
alternative feed sources. The primary objective is to enhance the utilisation of alterna-
tive feed ingredients, with the aim of substituting animal protein sources and soy. It
has been established that hydroponic systems, a model of soilless farming, have the
capacity to reduce the environmental impact of feed production.
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In order to reduce nutrient excretion, feeding strategies that increase nutrient
digestibility are being implemented. These include reducing crude protein levels,
adding crude fibre and using biotechnological applications in raw materials and feed
additives [20, 21]. In recent years, the relationship between digestive system health,
production performance and environmental impact in poultry has been the focus of
much attention. Recent developments in animal feeding and nutrition can be exam-
ined under several headings.

2. Alternative feed ingredients

The growing global demand for animal protein, coupled with the rising cost and
limited availability of traditional feed ingredients such as corn and soybean meal,
has prompted researchers and the livestock industry to explore alternative feed
ingredients. These alternatives aim to reduce dependency on conventional feedstuffs,
lower feed costs, promote sustainability and minimise competition with human food
chains. The major categories of alternative feed ingredients are:

* Agricultural and agro-industrial by-products: Examples include wheat bran, rice
bran, sugar beet pulp and oilseed cakes.

* Food waste and kitchen residues: This includes bakery waste and vegetable
trimmings.

* Insects and insect meals: Insect-based feeds like black soldier fly larvae,
mealworm.

¢ Aquatic sources: Alternatives such as algae and fish silage.
* Novel plant-based ingredients: Duckweed, moringa and lupin.

* Microbial and fermentation products: Single-cell proteins and fermented feeds
offer sustainable protein sources.

* Soil-free produced feed ingredients: hydroponic, aeroponics and aquaponic

feeds.

In animal husbandry, feed costs constitute 60-80% of operating expenses and are
therefore crucial for environmentally friendly, sustainable and economical produc-
tion [11]. Currently, plant proteins are the primary source of protein in animal nutri-
tion. However, imported protein sources, especially soy, can have a negative impact
on environmentally friendly and sustainable production [10]. It has been reported
that sustainable and environmentally friendly animal production can be achieved by
using by-products from other industries, locally sourced feeds and invertebrates such
as insects, worms and algae as alternative protein sources in animal nutrition [15, 17].
Corn, wheat and barley are the most commonly used energy feeds in animal feed.
There have been several reasons for the rise in popularity of by-products and waste as
animal feed: pollution abatement, regulations, waste disposal costs and changing per-
ceptions of their value as feed alternatives. The main drivers are reducing feed costs
and using during droughts or when fibre-rich forages are limited. By-products come
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from various agro-industrial sources and market sources such as fruit and vegetable
waste. Livestock is one of the fastest-growing agricultural sectors, especially in devel-
oping countries. However, many developing countries have feed deficits. Alternative
feed sources such as by-products, fruits, vegetables and crop residue-derived feeds
could help to address these issues [22]. They could also be cost effective and beneficial
to producers.

It is vital to use resources most efficiently and evaluate the least wasteful foods. We
need to promote alternative feed materials to increase species productivity and reduce
food competition between humans and animals. About 30% of food is wasted before
it reaches people, and this figure is increasing [23]. So, we need to manage our waste
more sustainably.

According to Lassaletta et al. [15], 33% of the world’s arable land is used to
produce feed raw materials. Land scarcity and high production costs are the main
reasons why forage crop cultivation areas are not expanding more. Climate change
means we need more plants that can tolerate poor soil conditions and require less
water. So it is crucial to support forage crops and increase the profitability of live-
stock farming to ensure sustainable production. Supporting forage crops and increas-
ing livestock profitability are crucial for sustainable production. Drought and climate
change have a big impact on grain, legume and forage crop production. Global
warming is also affecting pasture and rangeland yields, which has a negative impact
on livestock farming. So it is important to develop and breed varieties of forage crop
seed that can withstand climate change, drought and cold and to increase the use of
disease-resistant varieties [24].

Soilless farming systems aim to produce crops without excessive fertiliser and
pesticide use, significantly increasing crop yields and allowing more efficient
water use [25]. These systems are the best alternative for sustainable and envi-
ronmentally friendly production, minimising negative impacts while increasing
production capacity and agricultural income. Soilless farming models permit
year-round plant production, independent of environmental conditions. Smart
technologies allow remote control of the systems. Plants can be grown in much
shorter times compared to traditional farming, yielding higher quality and quan-
tity. Less water and fertiliser are required, resulting in environmentally friendly
production. Because plant pests, diseases and weeds are less common, pesticide use
is eliminated.

Alternative feed ingredients hold significant potential to transform the future
of animal nutrition, making it more sustainable, efficient and resilient. Continued
research, feed safety regulations and technological advancements will be critical to
integrate these ingredients effectively into mainstream livestock diets.

In recent years, one of the feeding strategies adopted to reduce the environmental
footprint of sustainable animal production is the use of the ‘Life Cycle Assessment’
concept to minimise the environmental impact of feed and raw material produc-
tion when preparing compound feeds. This method aims to meet nutrient needs,
create economical compound feed and consider the environmental footprint [18,
19]. On the other hand, increasing feed utilisation is also important. Considering
the suitability and efficient use of production systems and identifying the rela-
tionship between each feed and farming systems will contribute to improving
self-sufficiency.

It is important to increase feed utilisation. The suitability and effective use of
production systems must be taken into account and identifying each feed and its use
in relation to the farming systems is conducive to cultivating self-reliance.
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3. Use of functional feed additives and nutritional modulation of the
microbiome

Functional feed additives are included in animal diets to enhance performance,
health, feed efficiency and product quality. These additives provide physiological
and immunological benefits that go beyond basic nutrition, supporting sustainable
livestock production in the face of increasing regulatory restrictions on antibiotic use.
In modern animal production systems, the demand for sustainable and efficient live-
stock production has prompted the increased use of functional feed additives. Unlike
traditional additives that primarily provide nutrients or preserve feed, functional
additives confer additional health and performance benefits by modulating immune
responses, improving gut health, enhancing nutrient absorption and mitigating envi-
ronmental impacts [26]. The incorporation of functional feed additives into animal
nutrition represents a critical innovation for sustainable livestock production. Their
ability to enhance growth performance, immune function, gut health and nutrient
utilisation makes them essential tools in antibiotic-free and environmentally friendly
production systems. As research advances, the development of more targeted and
synergistic additives will continue to improve animal welfare and productivity.

There is growing interest in natural feed additives as alternatives to antibiotics
and synthetic growth promoters. These include: phytogenics (essential oils, herbs
and spices), biotics (probiotics, prebiotics, symbiotics, postbiotics and parabiotics),
organic acids, functional amino acids, enzymes and mycotoxin binders.

Functional feed additives exert their benefits through several mechanisms: modu-
lation of the gut microbiota to favour beneficial bacteria, stimulation of the immune
system to improve disease resistance, enhancing nutrient digestibility via enzymatic
or microbial action, reduction of oxidative stress by boosting antioxidant activity,
reduction of pathogenic load and contributing to lower antibiotic use.

Functional feed additives will continue to gain prominence as part of integrated
health management systems. Future developments may focus on precision delivery,
synergistic combinations and data-driven formulation based on microbiome and
metabolome profiles. Alternative feed ingredients offer a sustainable and resilient
solution for animal nutrition. Research, safety standards and innovation will drive
their future adoption.

4. Precision nutrition and digital technologies

Precision nutrition aims to match dietary supply with the exact nutritional needs
of animals, taking into account genetic background, physiological stage, environmen-
tal conditions and health status [21]. This minimises nutrient excretion, improves
feed efficiency and reduces feed costs. Adoption of new technology is vital to man-
age greenhouse gas emissions, find sustainable protein sources and better utilise
grassland. Omics technologies will improve understanding of how the rumen affects
animal productivity and efficiency and of foetal programming. Precision farming
technologies will enable better management decisions, mitigate disease and improve
livestock welfare and genetics. Producers who implement business plans using this
technology will be able to meet the needs of a hungry global population [27].

Precision nutrition, integrated with digital technologies, represents a transforma-
tive approach in animal production systems. In recent years, livestock production
has faced increasing pressure to become more efficient, environmentally sustainable
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and responsive to animal welfare. Precision nutrition, defined as the precise supply
of nutrients to meet individual animal requirements, has emerged as a solution to
optimise feed utilisation and productivity [27]. When combined with digital tech-
nologies, this approach holds great promise for the future of animal agriculture.
Precision nutrition is a key part of this and involves supplying the right amount of
feed to animals at the right times. This needs automatic data collection and control.
There are challenges to precision nutrition’s success, but the benefits for producers
are great. The most suitable sensors must be used and developers should concentrate
on identifying the relevant information needed for precision nutrition to function
optimally. This can be achieved by using feedback control algorithms to automatically
determine the best nutrient supply. Mathematical models are the preferred way to
process data, but these must be designed to operate in real time. Combining knowledge-
based and data-driven models using machine learning enhances our ability to use farm
data, opening up new opportunities for precision nutrition [28]. Precision nutrition
supported by digital technologies is redefining animal feeding strategies. Continued
innovation, combined with farmer training and infrastructure support, will determine
its successful implementation in future animal production systems. Precision nutrition
provides animals with nutritional support based on their characteristics and stages. In
the agricultural and livestock industry, precision nutrition is applied in several key areas:

* Feed formula optimisation: Factors such as species, age, gender, growth stage and
production performance are used to design feed formulas. These enhance feed
utilisation efficiency and reduce costs.

* Nutritional requirement assessment: Biotechnology and information technology
enable precise evaluations of animals’ nutritional needs. This improves animal
health and productivity.

* Feeding strategy development: Scientific feeding strategies are formulated based
on feeding behaviours. Techniques such as phase feeding and time-restricted
feeding improve digestion and the efficiency of nutrient absorption.

* Online nutrition management systems: Large feed manufacturers use online ani-
mal nutrition management systems. These systems integrate smart equipment.
This ensures precise production of feed and real-time nutritional adjustments.

* Smart tech plays an integral role in precision nutrition by using data and automa-
tion. Precision nutrition means giving animals the right food at the right time to
help them grow & perform.

It covers:

* Optimising feeds to save costs and be more efficient

* Checking animals’ nutritional needs with tech to improve health and
productivity

* Coming up with feeding strategies based on how they eat and digest

* Online systems for managing animal nutrition
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5. Conclusion

Animal products play a vital role in providing nutritious food for the human popu-
lation. In light of the growing demand for animal protein, it is crucial that the sector
achieves environmentally, economically and socially sustainable production methods.

Sustainable animal production must be considered from environmental, economic
and social perspectives. This can be achieved by minimising the environmental
impact of feed production, reducing nutrient excretion and improving digestive
systems. Recommended strategies to reduce fertiliser and nutrient excretion and
emissions include precision feeding, reducing crude protein levels, adding crude
fibre, using feed additives and technological processes. Strategies such as Life Cycle
Assessment techniques, alternative protein sources and soilless farming models can
reduce the environmental impact of feed ingredients.

Livestock production faces challenges: competition for feed, shortage of high-
quality feeds, greenhouse gas emissions, pollution, feed safety, demand for better-
quality animal-origin safe foods, antibiotic-resistant human pathogens, animal
health and welfare. These will only worsen in future. Animal feeding and nutrition
will be key in solving these challenges. New feed resources, including valorisation of
biowastes and vegetable, fruit processing by-products as animal feeds, must replace
human-edible feeds and improve dietary quality. Proper feeding management can
reduce greenhouse gas emissions and environmental pollution, enrich health-promot-
ing bioactive principles in animal-derived foods, improve animal health and welfare.

Author details

Figen Kirkpinar
Department of Animal Science, Faculty of Agriculture, Ege University, [zmir, Tiirkiye

*Address all correspondence to: figen.kirkpinar@ege.edu.tr

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

7



Animal Feeds and Additives

References

[1] van Dijk M, Morley T, Rau ML,
Saghai Y. A meta-analysis of projected
global food demand and population
at risk of hunger for the period 2010-
2050. Nature Food. 2021;2:494-501.
DOI: 10.1038/s43016-021-00322-9

[2] United Nations. World Population
Prospects 2019: Data Booklet. New York:
Department of Economic and Social
Affairs Population Division, United
Nations; 2019. ISBN: 978-92-1-148316-1,
eISBN: 978-92-1-004235-2. Available
from: https://www.un.org/development/
desa/pd/sites/www.un.org.development.
desa.pd/files/files/documents/2020/Feb/
un_2019_wpp_databooklet.pdf

[3] Thornton PK. Livestock production:
Recent trends, future prospects.
Philosophical Transactions of the
Royal Society B: Biological Sciences.
2010;365(1554):2853-2867

[4] Lusk JL. Role of technology in the
global economic importance and viability
of animal protein production. Animal
Frontiers. 2013;3(3):20-27

[5] Sans P, Combris P. World meat
consumption patterns: An overview of
the last fifty years (1961-2011). Meat
Science. 2015;109:106-111

[6] Frenette E, Bahn O, Vaillancourt K.
Meat, dairy and climate change:
Assessing the long-term mitigation
potential of alternative agri-food
consumption patterns in Canada.
Environmental Modeling & Assessment.
2017;22(1):1-16

[71 UNESCO. Division for inclusion,
peace and sustainable development,
education sector. In: Education for
Sustainable Development Goals;
Learning Objectives. Paris, France: The

8

United Nations Educational, Scientific
and Cultural Organization (UNESCO);
2017. ISBN: 978-92-3-100209-0. Available
from: https://unesdoc.unesco.org/
ark:/48223/pf0000247444

[8] Makkar HPS, Ankers P. Towards a
concept of sustainable animal diets. In:
FAO Animal Production and Health
Report. No. 7. Rome, Italy: FAO; 2014.
Available from: http://www.fao.org/3/
ai4146e.pdf

[9]1 FEFAC. FEFAC Vision on Animal Feed
Industry: A Knowledge Driven, Reliable
Partner of a Competitive Livestock
Sector. FEFANA - Avenue Louise 130A -
1050 Bruxelles info@fefana.org - www.
fefana.org; 2016. (16) PR 7. Available
from: http://www.fefac.eu/files/67547.
pdf

[10] Leinonen I, Kyriazakis I. How can we
improve the environmental sustainability
of poultry production? Proceedings of

the Nutrition Society. 2016;75(3):265-273

[11] Herrero M, Thornton PK,
Notenbaert AM, Wood S, Msangi S,
Freeman HA, et al. Smart Investments in
Sustainable Food Production: Revisiting
mixed crop-livestock systems. Science.
2010;327:822-825

[12] Gerber PJ, Steinfeld H, Henderson B,
Mottet A, Opio C, Dijkman J, et al.
Tackling Climate Change through
Livestock: A Global Assessment of
Emissions and Mitigation Opportunities.
[talya-Roma: Food and Agriculture
Organization of the United Nations
(FAO); 2013.139 p

[13] USDA-EPA. Agricultural Air Quality
Conservation Measures Reference Guide
for Poultry and Livestock Production
Systems. USA: The United States



Introductory Chapter: Recent Advances in Animal Feeding and Nutvition

DOI: http://dx.doi.org/10.5772/intechopen.1012034

Environmental Protection Agency (EPA)
and the United States Department of
Agriculture (USDA); 2017. Available
from: https://www.epa.gov/sites/
default/files/2017-01/documents/
web_placeholder.pdf

[14] Niderkorn V, Jayanegara A.
Opportunities offered by plant bioactive
compounds to improve silage quality,
animal health and product quality for
sustainable ruminant production: A
review. Agronomy. 2021;1(1):86

[15] Lassaletta L, Estellés F, Beusen AH,
Bouwman L, Calvet S, Van Grinsven HJ,
et al. Future global pig production
systems according to the shared
socioeconomic pathways. Science of the
Total Environment. 2019;665(1):739-751

[16] MITECO. Sistema Espafiol

de inventario de emisiones. In:
Inventario 1990-2017. Madrid,

Spain: Ministerio para la Transicién
Ecolégica; 2019. Available from:
https://www.miteco.gob.es/es/
calidady-eva-luacion-ambiental/temas/
sistema-espanol-de-inventario-sei-/

[17] Tallentire CW, Mackenzie SG,
Kyriazakis I. Environmental impact
trade-offs in diet formulation for
broiler production systems in the
UK and USA. Agricultural Systems.
2017;154(5):145-156

[18] Mackenzie SG, Leinonen I,

Ferguson N, Kyriazakis I. Towards a
methodology to formulate sustainable
diets for livestock: Accounting

for environmental impact in diet
formulation. British Journal of Nutrition.
2016;115(10):1860-1874

[19] Garcia-Launay F, Dusart L,

Espagnol S, Laisse-Redoux S, Gaudré D,
Méda B, et al. Multiobjective formulation
is an effective method to reduce
environmental impacts of livestock

9

feeds. British Journal of Nutrition.
2018;120(11):1298-1309

[20] Rojas O], Stein HH. Processing of
ingredients and diets and effects on
nutritional value for pigs. Journal of

Animal Science and Biotechnology.
2017;8(1):1-13

[21] Pomar C, Remus A. Precision
pig feeding: A breakthrough toward
sustainability. Animal Frontiers.
2019;9(2):52-59. DOI: 10.1093/af/
v{z006

[22] Wadhwa M, Bakshi MPS. Utilization
of Fruit and Vegetable Wastes as
Livestock Feed and as Substrates for
Generation of Other Value-Added
Products. Rome: FAO; 2013. p. 67

[23] Ajila CM, Brar SK, Verma M,
Tyagi RD, Godbout S, Valéro JR. Bio-
processing of agro-byproducts to animal

feed. Critical Reviews in Biotechnology.
2012;32(4):1-20

[24] Kirkpinar F, A¢ikg6z Z. Sustainable
forage crops in global climate change. In:
Yiicel B, Tolon MT, editors. Conceptual
and Factual Approaches in Agriculture
and Aquaculture. Ankara, Tiirkiye,

In Turkish: Academician Publishing
House; 2022. pp. 1-22. ISBN 978-625-
8155-04-4. Available from: https://www.
akademisyen.com/. DOI: 10.37609/
akya.1610

[25] Pham HG, Chuah SH, Feeny S.
Factors affecting the adoption of
sustainable agricultural practices:
Findings from panel data for Vietnam.
Ecological Economics. 2021;184:107000.
DOI: 10.1016/j.ecolecon.2021.107000

[26] Makkar HPS, Tran G, Heuzé V,
Ankers P. State-of-the-art on use
of insects as animal feed. Animal
Feed Science and Technology.
2014;2014(197):1-33



Animal Feeds and Additives

[27] Tedeschi LO, Fonseca MA, Muir JP,
Poppi DP, Carstens GE, Angerer JP,

et al. A glimpse of the future in animal
nutrition science. 2. Current and future

solutions. Revista Brasileira de Zootecnia.
2017;46(5):452-469

[28] Pomar C, Remus A. Review:
Fundamentals, limitations and pitfalls
on the development and application
of precision nutrition techniques for
precision livestock farming. Animal.
2023;17:100763. DOI: 10.1016/j.
animal.2023.100763

10



Chapter?2

Current Situation, Future Goals,
and Strategies of the Global Feed
and Feed Additives Industries

Figen Kirkpinar, Ziimriit A¢ikgoz and Eric Niyonshuti

Abstract

As the world’s largest land users, livestock occupy one-third of the world’s ice-free
land surface for grazing and one-quarter of arable land for feed production. This
sector is a critical part of the overall agricultural economy and generates nearly 40%
of global agricultural gross domestic product. As a result of population and economic
growth plus urbanization, the demand for livestock products is growing rapidly. By
2050, the global demand for animal products will increase by 60-70%, although
with differences between all regions. The livestock sector can meet future demand
by increasing the number of animals and improving productivity. Increasing animal
numbers will clearly add to this demand for feed. However, additional feed produc-
tion will increase greenhouse gas emissions from the livestock sector. Moreover, food
insecurity will be further exacerbated if additional feed needs are met by food grains.
Under these circumstances, it is extremely important to increase livestock productiv-
ity through scientific and technological developments to meet public demand for
animal products. Feed additives are minor but important ingredients in animal nutri-
tion. In different livestock species, feed additives (amino acids, vitamins, minerals,
antioxidants, enzymes, herbs, organic acids, biotics, etc.) may influence feed quality,
feed producing, feed utilization, animal health, performance, products quality, pro-
duction cost, and environmental emissions. The global feed additives market size was
valued at USD 3792 billion in 2024. In the future, the feed additives market will grow
according to the demand and preference for animal products. In this book’s chapter,
the current status, future goals, and strategies of the global feed and feed additives
industries are informed.

Keywords: livestock, feeds, additives, climate change, sustainability

1. Introduction

Livestock systems are rapidly evolving in relation to various drivers. Human popu-
lation growth at 9.4-10.1 billion [1], urbanization at 68% [2], and growing incomes at
2% in developed countries and 3.3% in low- and middle-income countries [3] projec-
tions by 2050 will lead to considerable increases in the demand for livestock products
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in the future. Global demand for animal meat and milk is predicted to increase by

57 and 48%, respectively, between 2005 and 2050 [4]. This demand will trigger the
animal population growth from over 60 billion to 100 billion by 2050 [5]. Meeting
feed required by this animal population may put substantial pressure on a wide range
of natural resources such as land and water, and exacerbate climatic change and
variability.

As the world’s largest land users, livestock occupy one-third of the world’s ice-free
land surface for grazing and one-quarter of cropland for feed production [6]. The
rapid growth of the livestock sector has led to environmental degradation through
overgrazing, deforestation, and greenhouse gas (GHG) emissions [7].

The growing demand for food and animal feed imposes a high pressure on the land
use and can continuously generate more gas emissions, which harm the environment.
Global feed demand is projected to nearly double to feed animal population by 2050
compared to the year 2000. For example in 2004, 690 million tonnes of cereals, 18
million tonnes of oilseeds, and 295 million tonnes of protein-rich processing by-prod-
ucts were fed to livestock. Over 1.3 billion tonnes of cereal grains will be consumed by
farm animals each year by 2050 [5].

Feeding animals with soybean, other oilseeds, and cereals grains is currently
viewed as a direct competition against human food security, and on the other side it is
not sustainable [8]. The price fluctuation and supply challenges on these raw materi-
als have resulted from extreme weather conditions and impacts of the global COVID-
19 Pandemic. The outcomes are; operational efficiency has suffered, uncertainty
has grown, and firms have lost a lot of money [9]. Furthermore, 14% of the world’s
agricultural land, representing 50% of the world’s arable land, is pressured to convert
to cropland [10]. Therefore, substitute feeds and protein supplements or even feed
additives are definitely needed to replace the current supply and meet the growing
demand.

The future hope of feeding animals and safeguarding their food security will
depend on the better utilization of unconventional feed resources. Non-conventional
feeds can partially fill the gap in the feed supply, reduce the competition for food
grains among humans and animals, reduce feed costs, and contribute to the self-
sufficiency of nutrients from local feed resources [11]. The most popular non-con-
ventional feedstuffs are agro-industrial by-products. These include by-products from
flour milling, sugar factories, edible oil processing factories, breweries, and abattoirs.
Some of the constraints of unconventional feedstuffs include; low nutritive value,
high moisture content, and presence of anti-nutritional factors [12].

In order to feed over 9 billion people in the world by 2050, farmers will need to
produce relatively inexpensive high-quality products using raw materials that do not
compete with humans [13]. Considering low quality of the uncoventional feedstuffs,
it is strongly recommended to formulate them with feed additives to maximize their
utilization [14]. Feed additives are products that improve the quality of feed and the
quality of animal products. Additives also improve the animals’ performance and
health. For instance, a feed containing functional feed additives promotes the growth
and health of animal, improves their immune systems, and induces physiological
benefits beyond traditional feeds [15, 16].

Over the past decades, the animal feed industry has seen a tremendous growth
through advanced formulation practices, improved processing technologies, consis-
tency in quality control of the feed ingredients and finished products, new develop-
ments in the use of the feed additives and supplements for efficiency, and innovations
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in the search of novel or alternative feedstuffs. This chapter book will discuss the
current status, future goals, and strategies of the global feed and feed additives
industries.

2. Global status of animal feed production

Feed production is the main contributor to the environmental and economic
impacts associated with livestock production systems worldwide. It is predicted the
global feed demand to be almost doubled (1.8-2.3 times) by 2050 compared to 2000
[17]. Global livestock production systems rely largely on unsustainable feedstuffs of
plant origin to cover the needs for protein required in livestock nutrition [18]. Animal
feed production is in direct competition for resources required to produce human
food, particularly as a result of increased demand for animal products, population
growth, and adverse effect of climatic change.

Cropland occupies one-third (1.6 billion hectares) of the total agricultural land,
and the remaining two-thirds are permanent meadows and pastures for livestock
(3.2 billion hectares) [19]. It has also been reported that 33% of croplands are used
for livestock feed and fodder production. About one-third of the world’s cereal
production is fed to animals. Livestock decreases food supply, since the grains
used for human consumption are fed to animals, especially monogastric animals.
Approximately one-third of the world’s cereal production is fed to animals [8].

Maize is a major global and versatile cereal that is growingly playing a key role
in global agri-food systems. Today, maize is mainly used as an animal feed glob-
ally; 56.3% for feed, 12.8% for food, and 19.1% for other uses. Maize production has
increased by 118% between 1995 and 2019. This production is propelled by rising
demand by the feed industry, a combination of yield increases, and area expansion by
46% during the same period. This cereal already has the highest production volume
and is expected to be the most widely cultivated crop in terms of area in the coming
years. Generally, cereal production area and yield considerably increased over the
past decades [20].

Soybean production has seen a tremendous growth over recent years due to its
importance in the food and feed industries. Soybean is currently ranked sixth in
production volume, and fourth in both production area and economic value, mak-
ing it one of the most widely grown crops in the world [21]. The soybean market has
grown at a compound annual growth rate (CAGR) of 4.2% between 2019 and 2024
and is projected to reach a CAGR of 5.9% from 2025 to 2032 [22]. According to the
United States Department of Agriculture (USDA), 87% of the global soybean output
is used for oil and meal production. This high-protein meal accounts for approxi-
mately 70% of global protein meal production and is an important feed component,
especially for poultry and pigs. The growth of soybean production is primarily driven
by the increasing demand of soybean meal for animal feed, and hence by the growing
demand for animal-based products [21].

The feed industry has experienced average annual growth of 3 and 3.7% over the
last ten and five years, respectively. Total feed production decreased by 0.01% in 2023
(1295.28 million metric tonnes (MMT)) compared to 2022 (1.295.42 million metric
tonnes) (Table1). In both years, the highest feed production was recorded in the broiler
and pig sectors (Table 2). The slight decline in feed demand was partly due to the more
efficient use of feed made possible by intensive production systems that focus on the use
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Region 2023 feed tonnage 2022 feed tonnage Growth (MMT) Growth (%)
(MMT) (MMT)

Asia-Pacific 475.33 468.79 6.54 1.40%
Europe 261.89 26948 —-7.59 -2.82%
North America 259.26 262.06 —2.80 -1.07%
Latin America 200.67 198.21 2457 1.24%
Africa 51.42 50.44 0.98 1.94%
Middle East 35.93 36.05 -0.12 -0.32%
Oceania 10.78 10.40 0.39 3.71%
Total 1295.28 1.295.42 -0.14 -0.01%

MMT: million metric tonnes.

Table 1.
2022 and 2023 global compound feed production by region.

Sector 2023 feed tonnage (MMT) 2022 feed tonnage (MMT) Growth (MMT) Growth (%)
Broiler 386.33 373.52 12.81 3.4%

Pig 323.04 32717 -4.14 -1.3%
Layer 171.293 171.292 0.01 0.0%
Dairy 12792 129.38 —-145 -1.1%
Beef 119.56 124.26 —4.70 —3.8%
Aqua 52.09 54.49 -2.40 —4.4%
Pet 3544 34.52 0.92 2.7%
Equine 798 8.37 -0.39 —4.69%
Totals* 1295.276 1295.416 -0.14 -0.01%

MMT: million metric tonnes. Tncludes other ruminants, other poultry, turkey, and calf sector data.

Table 2.
2022 and 2023 global compound feed production by sector.

of animal nutrition, farm management, and other technologies to reduce feed consump-
tion while producing the same amount of protein, or more. The slowdown in animal
protein production in response to tight margins experienced by many feed and animal
protein companies also contributed to the small decline in feed demand. Changing
consumption patterns driven by inflation and dietary trends, higher production costs, and
geopolitical tensions also impacted feed production in 2023 [23].

Feed industry will grow much more in the coming years and its sustainability will
depend on the ability to explore and exploit new feed ingredients that are human inedible.
Prompt search for alternative feedstuffs that do not compete with crops for land is also
imperative. Therefore, it is important to consider the potential environmental, economic,
and social impacts of such alternatives to ensure the efficacy, viability, and sustainability
of animal feed, as well as to assure food safety and protect human health [24].

3. Common alternative feedstuffs used in animal nutrition

The need for alternative feedstuffs is highly influenced by societal demands.
On the other hand, there is a need for a more circular economy with less waste and
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environmental impacts due to the reuse of all products. Therefore, it is neces-
sary for the feed industry to exploit leftovers of human food and by-products

of human food processing and made available as livestock feed. Many of these
by-products from food industries are already reused nowadays, but there is much
to improve for human food leftovers. While by-products of food production are
often of lower feeding quality, they may be available at relatively lower cost [25].
On the other hand, there is a need to improve production and enhance the use

of genetically modified crops and novel protein sources (insects, algae, etc.) in
livestock nutrition.

3.1 Algae

Algae, photosynthetic organisms, live in water or moist places. They are divided
into two groups according to their size: microalgae or phytoplankton, which are
microscopic single cells, and macroalgae or seaweeds, which are macroscopic mul-
ticellular organisms visible to the naked eye [26, 27]. They have recently attracted
considerable attention due to their rapid growth potential, high biomass production,
low environmental impact, and non-competition with crops for arable land and fresh
water [28]. Algae are also rich in nutrients and bioactive compounds [29, 30], and
their nutritional composition varies between and within species according to growth
conditions [31, 32]. Microalgae have all essential amino acids, and some of them are
rich in protein and lipid. Many marine species produce n-3 long-chain polyunsatu-
rated fatty acids, such as eicosapentaenoic acid (EPA; C20:5 n-3) and docosahexae-
noic acid (DHA; C22:6 n-3), which have important health benefits [33]. Conversely,
macroalgae have highly variable protein content and quality, especially low in brown
macroalgae, and low lipid fractions, although marine species have a relatively high
content of long-chain polyunsaturated fatty acids [32]. Both groups of algae are good
sources of complex structural carbohydrates, natural pigments, and organic minerals
with important health-promoting qualities due to their prebiotic, immunomodula-
tory, and antioxidant activities [29, 30, 34, 35].

Nowadays, algae are favored in many commercial applications (food, feed,
cosmetics, pharmaceuticals, bioenergy, biofuels, etc.). Due to their nutritional and
functional properties, algae have the potential to be used as natural feed and feed
additives. Algae have been the subject of several animal studies. They have produced
conflicting results due to differences in dose, species, and experimental conditions.
Meanwhile, algae, especially red seaweed (Asparagopsis taxiformis and Asparagopsis
armata), show promise as a natural approach to reducing methane (CH,4) emissions
from ruminants [36].

3.2 Insects

In recent years, there has been growing interest in insect-based feeds due to their
high nutritional value and sustainability. Insects are natural decomposers and can
be grown on bio-waste and organic side streams, thus contributing to the circular
economy by transforming waste substrates into nutrient-rich resources (protein, fat,
and some minerals). Furthermore, insect farming needs significantly less land and
water, and emits fewer GHGs [37]. Despite these benefits, there are also challenges
and limitations related to their use, including the need for large-scale insect produc-
tion, legal regulatory frameworks, consumer acceptance, and ensuring consistent
nutritional quality [38, 39].
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Insects have a high-protein content, ranging from 20 to 76% of dry matter,
depending on the species, stage of development, and substrate used for production
[40]. The most common limiting amino acids are histidine, lysine, and tryptophan
[41]. Insect meals also have high protein digestibility rates [42-44]. Therefore, they
are recommended as an alternative to soybean and fish meals in fish, pig, and poultry
feed. The European Commission allowed the use of insect meals as feed for fish
farming in 2017 and for pigs and poultry sectors in 2021 [45]. The five insect species
approved as feeds are the housefly (Musca domestica), the black soldier fly (Hermetia
illucens), the mealworm (Tenebrio molitor), locusts (Locusta migratoria, Schistocerca

gregaria, Oxya species), and silkworms (Bombyx mori) [46].

The insect-based feed industry is still relatively new. It is estimated that the global
market potential for insect protein could reach up to half a million metric tonnes by
2030, of which 40, 14, 10, and 6% will be used in fish, broiler, layer, and pig feeds,
respectively [47]. Meanwhile, the International Platform of Insects for Food and Feed
(IPIFF) [48] estimates that the European insect sector’s total production capacity
could reach a million tonnes of insect meal by 2030 (i.e., including food-producing
animals and other applications) under the right conditions (e.g., regulatory devel-
opments). It also reported that more than 10% of the fish consumed, 1 in 40 eggs
consumed, 1 in 50 servings of chicken meat, and 1 in 100 servings of pig meat will be
derived from insect-fed fish, laying hens, broilers, and pigs, respectively.

3.3 Single-cell protein

Single-cell protein can be used as protein supplements in feeds, especially in
aquatic species and poultry. However, among many microorganisms that can produce
protein, including bacteria and yeast, only a limited number of organisms have been
exploited at a commercial scale. The single cells are able to use agricultural waste
materials, such as rice straw, rice husks, manure, and starchy residue, as fermenta-
tion substrates and transform them into high-quality protein [49]. Besides their high
protein content (between 60 and 82% of dry cell weight), single-cell proteins also
contain other nutrients [50]. Yeasts are probably the most widely used single-cell
protein [51]. Candida, Hansenula, Pichia, Torulopsis, and Saccharomyces are commonly
used yeast species. As well as having many attractive qualities, single-cell proteins
have limitations for animal nutrition, including low digestibility, presence of toxins,
and high concentrations of nucleic acids [10].

4. Trends in the use of feed additives

Today, intensive livestock and fish production has made remarkable progress in
efficiently and economically producing high-quality and safe milk, meat, eggs, and
other products. At the same time, the industry has been able to maximize animal
health and welfare and minimize the industry’s impact on the environment. The
use of feed additives has undoubtedly played a critical role in achieving this success.
Feed additives are important components in feed production because they increase
feed efficiency, provide essential nutrients, improve animal growth and health, and
enhance feed palatability and metabolism.

The global feed additives market is expected to grow from $37.92 billion in 2024 to
$53.66 billion in 2032, at a compound annual growth rate of 4.36% over the forecast
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period. Asia-Pacific dominates the feed additives market with a market share of
38.13% in 2024. This can be attributed to the presence of China and India, which are
among the top five countries in terms of animal feed production, which is expected to
grow by more than 4% from 2021 levels [52].

Based on animal type, the global feed market is mainly segmented into cattle,
poultry, swine, sheep, goats, and aqua feed. The poultry sector held the largest share
in 2022 and is expected to maintain this leadership during the forecast period. The
ever-growing poultry sector is expected to expand over the forecast period due to
increasing demand for eggs and chicken meat. After the poultry sector, the animal
feed industry is the second largest user of feed additives [52].

The animal feed additives market has been segmented into amino acids, vitamins,
and minerals, antioxidants and others on the basis of the type of additives. Amino
acids held the largest share of the feed additives market last year and this is expected
to remain unchanged over the forecast period. The optimum balance of amino acids
in the standard diet is important for achieving optimal productivity. L-methionine,
L-valine, L-lysine, L-tryptophan, L-threonine, and L-arginine are the main amino
acids added to the feed [52].

5. Common feed additives in animal farming

Antibiotics (as growth promoter) have been extensively used for enhancing
poultry production but due to development of antimicrobial resistance and residual
effects of these feed additives in eggs and meat, they lead to various health hazards to
consumers [53]. As a result, the use of antibiotics as growth promoters in animal feed
was banned in the European Union since January 2006. Therefore, natural alterna-
tives with antibiotic-like effects have been sought.

The most prevalent feed additives used in the animal diets are antimicrobials,
antioxidants, emulsifiers, toxin binders, colorant substances, probiotics, prebiotics
and enzymes, organic acids, amino acids, and herbs. However, only feed additives
that improve gut health and improve feed efficiency are discussed.

5.1 Biotics

Biotics are feed additives that have regulatory, protective, and activating proper-
ties on the microbiota. Probiotics, prebiotics, symbiotic, postbiotic, parabiotic, and
other biotic substances are effective ways to promote a healthy gastrointestinal tract,
immune system, and overall health of livestock.

Probiotics are live strains of strictly selected microorganisms that, when administered
in adequate quantities, provide health benefits to the host [54]. They are a popular way
to improve animal production performance, immune system, microbiota, overall health
and welfare [55, 56]. Many different species and strains of probiotics (Lactobacillus spp.,
Enterococcus spp., Bifidobacterium spp., Lactococcus spp., Pediococcus spp., Streptococcus
spp., Leuconostoc spp., Weissella spp., Bacillus spp., Saccharomyces spp., and Candida spp.)
have different mechanisms of action. Today, probiotics are widely used not only in animal
feeds, particularly in pig and poultry feeds, but also in ruminant feeds. Depending on
the species and age of the animals, one or more selected probiotic microorganisms can
be added to the feed or premix periodically or continuously in various forms (powder,
suspension, capsule, pellet, gel, or paste) [57].
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Prebiotics are defined as indigestible substrates that are selectively used by host
microorganisms to provide health benefits by stimulating the growth and/or activity
of beneficial bacteria of the genera Lactobacillus and Bifidobacterium in the gastro-
intestinal tract. These feed additives regulate the microbiota in the digestive system,
promote the production of short-chain fatty acids, and increase nutrient absorption
[58, 59]. Among the many prebiotics used in animal nutrition are inulin, fructooligo-
saccharides, galactooligosaccharides, and mannanoligosaccharides [60].

Symbiotics are defined as mixtures of probiotics and prebiotics that provide
health benefits to the host by selectively stimulating the growth and/or activating the
metabolic pathways of the health-promoting bacteria. Symbiotics have been shown to
beneficially alter the composition of the gut microbiota and increase villus height and
crypt depth in the intestinal mucosa [61]. They also have mechanisms of action, such
as protection of the gut microbiota and activation of beneficial bacteria. The com-
bined use of probiotics and prebiotics in animal nutrition has more favorable results
in improving growth and production performance, the immune system, and the gut
microbiota than their use alone. Care should be taken when selecting prebiotic and
probiotic combinations for symbiotic use and preference should be given to combina-
tions that have synergistic effects compared to the use of either product alone.

The fact that probiotic microorganisms are living and are significantly affected
by the conditions in the production process presents some technological difficulties
in their practical use. Recently, the production of postbiotics and parabiotics, which
offer the same benefits, has come to the fore. Technologically, it is becoming increas-
ingly important to use paraprobiotics and postbiotics instead of probiotics because
they can be easily added to products that require high heat treatment during their
production, there is no need for a cold chain as there is no problem of loss of viability,
and they are easy to store, transport, and sell.

Postbiotics are defined as metabolite products synthesized by probiotic microor-
ganisms during growth, reproduction, or fermentation and are predicted to have a
similar mechanism of action to probiotics [62, 63]. They are defined as cell metabo-
lites, biogenics, cell-free supernatant, functional proteins/enzymes, extracellular
polysaccharides, teichoic acid, pili-type structures, metabiotics (microbiota metabo-
lites), and metabolic wastes of probiotic activity [64, 65]. These metabolite-side
compounds and/or products are considered to have similar mechanisms of action to
probiotics [62, 63].

Parabiotics are defined as inactivated (non-living) microbial cells that provide
benefit when administered in sufficient quantities [66]. Parabiotics can have positive
effects on health through immune system modulation, inhibition of pathogens, and
secretion of various metabolites [67, 68].

Biotics have long been used to promote animal health, but responses to treatment
have been variable, so more experimental data are needed to move the field forward.
Improving understanding of the complicated microbiota-host interactions involved
will allow sound interpretation of experimental results, thus allowing the develop-
ment of more effective biotics in the future.

5.2 Enzymes

Specific digestive enzymes are added to animal feeds to improve their nutritional
value by increasing digestion efficiency. They are also used to support the breakdown
of anti-nutritional factors, reduce the viscosity in the digestive tract, allow the use
of cheaper feedstuffs, and reduce environmental risks related to manure and waste
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disposal [69-71]. For animals, exogenous microbial enzymes improve nutrient utiliza-
tion, optimize gut health, and enhance performance uniformity (e.g., daily growth
rate, egg production, or milk production). For producers, they decrease feed costs
and improve profitability.

The most common feed enzymes are phytases, xylanases, and p-glucanases (cellu-
lases). Currently, the use of mannanases, a-galactosidases, pectinases, amylases, and
proteases is increasing. The poultry and swine sectors are the major users of enzymes.
However, the use of enzymes in ruminants, aquaculture, and pets is expected to
increase in the forthcoming years [69].

5.3 Organic acids

Organic acids have antimicrobial activity and this effect is essentially the same,
whether acting in feed or digestive tract. The most prominent mechanisms of organic
acids are lowering the pH in the feed and gastrointestinal tract, increasing proteolytic
enzyme activity, improving pancreatic secretions, stimulating the activity of digestive
enzymes, inhibiting the growth of pathogens such as Escherichia coli, Campylobacter
spp., and Salmonella spp., promoting the growth of beneficial bacteria, and increas-
ing nutrient digestibility. They also act as an energy source during gastrointestinal
tract intermediary metabolism. The most used organic acids as feed additives are
lactic, formic, and propionic acids. In addition, the use of organic acid mixtures is
recommended due to the synergistic effect between them [72].

5.4 Phytogenics

Aromatic plants and products derived from them (extracts, cold-pressed oils, and
essential oils) have multifunctional properties (growth factor, digestive stimulant,
immunomodulator, antimicrobial, antioxidant, anti-inflammatory, anti-stress, etc.)
due to the bioactive compounds (flavonoids and polyphenols) in their structure [73,
74]. The use of herbal products in animal nutrition has increased due to the prohibi-
tion of antibiotics, and their growth stimulant effects have been examined. Phenolic
compounds have growth-promoting properties; cause a decrease in the number of
pathogenic bacteria, such as E. coli, Clostridium perfringens, Salmonella typhimurium,
etc., in the intestinal lumen due to their antimicrobial properties, increase in the
populations of beneficial bacteria such as Lactobacillus spp. and Bifidobacteria, etc.,
due to their prebiotic-like effect, improvements in intestinal morphology (absorp-
tion surface, villus:crypt ratio) due to antioxidant and anti-inflammatory properties,
digestive secretions such as bile and mucus, and enzyme activities such as pepsin,
trypsin, chymotrypsin, carboxypeptidase, lipase, and fermentation products such
as nitrogen release [75-82]. In addition, plant extracts and essential oils have the
potential to be used as rumen manipulation agents. They can increase total volatile
fatty acid production by stimulating propionate and decrease methane production by
reducing rumen methanogens [83-86].

5.5 Amino acids

Amino acid supplementation has been essential to produce meat, milk, fish, and
eggs in large quantities. Smaller amounts of protein-rich raw materials can be used in
animal feed due to amino acids. This reduces the limited resources used and improves
animal performance while lowering production costs. Awareness of additional
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benefits, such as improved animal health and reduced environmental impact, is also
growing. It has been reported that amino acid supplementation can reduce nitrogen
excretion by up to 50% in animals without detrimental effects on performance [87].

6. Effect of animal feeds on the environment

The demand for livestock products is projected to grow massively in the next
decades. By 2050, the global demand for animal products is projected to increase by
60 to 70%, and crop protein demand will increase by 100-120%. The developing
world will have a big share in this increase [88, 89]. Feed-food competition is more
likely to escalate, especially on maize and soybean, used for animal feeds production.

This projected demand for animal food and feed can have negative effects. Locally,
these effects include land conversion, deforestation, air and water pollution, and land
degradation. Approximately 20% of the global pasture and grazing land has been
degenerated by livestock-related damage. The animal production industry contrib-
utes 8-18% of GHGs, which is a significant share considering their projected future
growth [90].

According to Cheng et al. [91], livestock emissions account for 14.5% of total
anthropogenic activities. The three main GHGs emissions are CH,, carbon dioxide
(CO,), and nitrous oxide (N,O), which, respectively, contribute 50, 26, and 24% of
the total livestock emissions. CH,, mostly from enteric fermentation and manure stor-
age, has 28 times the global warming potential of CO,. Nitrous oxide, from manure
storage and fertilizers, has a global warming potential 265 times higher than CO, [92].

Regarding emission sources, CH, from enteric fermentation, manure manage-
ment, and rice production for feed contributes to the largest share of the total emis-
sions. Overall, CH, represents 54% of all animal husbandry emissions, while CO, and
N,O are smaller contributors at 31 and 15%, respectively (Table 3) [93].

Among the livestock species, cattle are the primary contributors to GHGs emis-
sions, accounting for approximately 62% of total livestock emissions. Emissions
from animal husbandry come from pigs 14%, chickens 9%, buffaloes 8%, and small
ruminants 7%. Accordingly, meat production accounts for the largest share of emis-
sions at 67%, dairy 30%, and eggs 3% (Table 4) [93].

Ruminants are the main producers of the greenhouse gas emissions. They produce
methane and carbon dioxide through their ability to digest fibrous feed through
bacteria in their rumen. In fact, livestock production contributes more greenhouse

Source Emission level (%) Source Emission level (%)
Enteric fermentation, CH, 46 Embedded on-farm energy, CO, 0.5
Manure, CH, 7.8 LUC: soybean and palm, CO, 1.6

Feed: rice, CH, 0.3 LUC: pasture expansion, CO, 9.3
Manure, N,O 5.0 Post-farm, CO, 54

Feed, N,O 9.8 Feed, CO, 12

Direct on-farm energy, CO, 2.5

LUC: Land-use change.

Table 3.
Total emissions by sources calculated with global livestock environmental assessment model.
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Species Emission level (%) Products Emission level (%)
Cattle 62% Meat 67%
Chicken 9% Milk 30%
Pig 14% Egg 3
Goat 4%
Buffalo 8%
Sheep 3%
for the year 2015.
Table 4.

Emission sources by species and products .

gas emissions than all forms of transport combined, which is responsible for 13% of
global emissions. Besides, ruminants need a lot of feed and water, which increases
pressure on earth’s natural resources. They also accelerate deforestation, which has
resulted in the fading possibility of using carbon sequestration in fighting climatic
change [94].

Livestock production is one of the most serious threats to rainforests around the
world. The world’s diverse ecosystems are being destroyed, mainly to make way for
pasture and arable land for the production of animal feed. Pasture creation alone
is responsible for around 80% of Amazon rainforest deforestation. Crop cultiva-
tion, mainly soya, is also linked with rainforest destruction. In 2020, 42,000 km? of
tropical rainforest was lost. Unfortunately, mankind has destroyed about 34% of the
global tropical rainforests and caused the destruction of another 30%. Most of this
destruction has taken place in and around the Amazon rainforest, more than half
of it. Rainforests are home to around 50% of the world’s plant and animal species.
Unfortunately, when their habitats are destroyed, these species are threatened with
extinction [95].

Continued efforts to meet global animal protein demand through intensive
livestock farming will encourage more water pollution, deplete fresh water needed for
human consumption, and increase climatic change. Simultaneously, climate change
will exhibit higher temperatures, increase precipitation variations, and more frequent
extremes, which negatively affect livestock production. The climate change impacts
on livestock farming are broadly classified as direct and indirect: Direct effects relate
to the effects of climate and CO, on thermal regulation, metabolism, immunity func-
tion of animal, and production quantity. Increased temperature (heat stress) results
in lower feed consumption, reduced animal products, etc., meat and milk production,
decreased reproductive performance, negative effects on immune functions, and
increased mortality. Indirect effects arise from the influence of climate on feedstuffs
production, water supply, pests, and pathogens. Increased CO; levels, rising tempera-
tures and changing precipitation patterns, more frequent extreme climate events lead
to changes in feedstuffs yield, changes in pasture composition and forage production,
changes in forage quality, decreasing water availability and increasing water use,
greater seasonal variation in resource availability, increased disease, pest, and parasite
stress (Table 5) [91, 96].

Several feeding strategies have been developed in sustainable animal production
to reduce the environmental impact of gas emissions, manure management, and
feed production. The aim of these strategies is to improve production performance,
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Impact type Observed impact More influential factors
Directimpact  Reduced feed intake Increased temperature (heat stress)
Decline in milk and meat production
Decreased reproductive performance
Negatively affected immune functions
Increased mortality
Indirect Change in feedstuff crop yield Elevated CO, level
impact Changes in pasture composition and forage
production
Changes in forage quality Increased temperature and elevated CO, level
Shrinking water availability and increasing Increased temperature
water use
Larger seasonal variation in resource More frequent extreme climate events
availability
Increased disease, pest, and parasite stress Increased temperature and changes in
precipitation pattern
Tables.

Climate change impacts on livestock production.

animal health and welfare, and to reduce the harmful effects of feed and/or raw
material production and manure management. The environmental impact of animal
production can be reduced through the regulation of the digestive system, the use

of technological processes and precision feeding, and the use of feed additives to
increase nutrient digestibility. To reduce the environmental impact of feed produc-
tion, life-cycle assessment of feed production, the use of alternative protein sources,
and the application of hydroponic farming models enable environmentally friendly
and sustainable production.

7. Sustainability of the animal feed and feed additive industries

The sustainability of livestock farming and animal products consumption is regarded
as the heart of the key challenges of modern food production. The feed sector hasan
important role to play in improving the sustainability of animal production and animal
welfare, the reduction of greenhouse gas emissions and nutrient waste, the prevention of
antimicrobial resistance, and the protection of forests and the environment [97]. Some
of the promising solutions include; the use of novel feed resources that are not usable by
humans, such as agro-industrial by-products, seaweeds, insects, leaf meals, single-cell
proteins, protein isolates and hydrolysates, spineless cactuses, co-products of ethanol and
biodiesel industry, and food wastes. Using grassland efficiently also offers possibilities
for increasing carbon sequestration, land reclamation, and livestock productivity. There
are also opportunities in decreasing feed wastages through increased harvesting crop
residues efficiently and converting them into complete feeds such as densified feed blocks
or pellets. In addition, it is also important that the animals are fed in accordance with their
nutritional requirements [89].
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8. Sustainable feed ingredient sources

Livestock fodder and feed production occupies most of the available agricultural
lands globally covering approximately two times more land than food crop produc-
tion. Increase in soybean cultivations has been the main driver for land-use change
(LUC). Increasing soybean production for animal feed is associated with increased
land degradation in the Brazilian tropical rainforest, one of the world’s most impor-
tant biodiversity hotspots [98, 99].

Although soybean is still considered one of the most balanced protein sources for
optimal animal growth and production. Various researchers have shown that alterna-
tive proteins from local, soilless, and circular sources can sufficiently replace con-
ventional feed ingredients from a nutritional point of view. Furthermore, the use of
such alternative protein sources can also provide solutions to the critical sustainability
issues of conventional feed production [99, 100].

Pexas et al. [99] highlighted that genetically modified/engineered crops
(mainly soya, potato, and maize), due to their resistances to pests, weeds,
drought, and disease, can provide abundant and healthy protein year-round
without the excessive use of synthetic and chemical inputs and water resources.
Reduced use of fertilizers, pesticides, and insecticides can help improve the
ecological quality of water and prevent loss of biodiversity by preventing the
leaching of such chemicals into freshwater and coastal environments. In this case,
however, the introduction of transgenic lines into weeds carries the potential for
adverse effects and the risk of the emergence of herbicide-resistant superweeds.
This should be considered, particularly in the context of water safety, as it could
lead to an overall increase in herbicide use.

There are many opportunities for agriculture and animal production
to become more resource efficient through the application of ‘circular economy’
principles. Animals use relatively high levels of inputs, much of which is not con-
verted into edible products but results in wasteful and environmentally damaging
outputs. Opportunities can be identified at all stages, from primary production
using precision farming techniques to the recycling and use of agricultural
waste, by looking at the whole agri-food system from a circular economy perspec-
tive [101].

Dairy cattle are an example that can be made sustainable by changing their feeding
methods. Dairy cattle can use pasture plants, a resource not available to humans as
food. However, many are fed concentrates that could be used by humans, resulting in
poor welfare due to lameness, mastitis, or reproductive disorders. Some high produc-
ing cows are fed 40% concentrates, with up to 96% of their dietary protein available
for human consumption. This system results in a net loss of nutrients for humans.
However, if the cows were fed a diet of 70% or more forage and 30% or less concen-
trates, the system would be a net nutrient gain for humans [102].

Semi-intensive silvopastoral dairy production systems are more productive
than fertilized pasture systems, use less water, manage the soil with consider-
ation for worms and water retention, encourage encourage predators of harm-
ful animals, minimize greenhouse gas emissions, improve job satisfaction for
farmers, reduce animal injury and stress, and maximize welfare. Semi-intensive
silvopastoral systems for beef production use one-fifth of the land and between
one-quarter and one-sixth of the conserved water used by fertilized pasture or
feedlot systems [102].
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9. Nutritional solutions

Recent advancements in nutritional science have revolutionized the field of animal
nutrition, offering new insights into personalized feeding strategies and the optimi-
zation of nutrient utilization for improved health and performance. By understanding
the unique genetic make-up of individual animals, nutritionists can tailor dietary
interventions to optimize nutrient metabolism, mitigate genetic predispositions to
certain diseases, and enhance overall animal well-being. Recent research has focused
on enhancing the bioavailability of key nutrients through innovative formulation
techniques and ingredient selection [100].

Improvements in feeding good quality forages have shown positive feedback in reduc-
ing CH, emission. Quality forage is achieved by better management of grasses in pastures
and by growing better forage in the ‘cut and carry’ systems that predominate in much of
Asia and much of Africa. Other improvements that both increase production and reduce
CH, emission intensity include the use of mineral supplements and other additives in
livestock rations. Feed additives fall into two broad categories: those that alter the rumen
environment in a way that inhibits the growth of CH4-producing archaea, and those that
directly interfere with some step in the CH, production process [103].

Feed formulation will continue to play an important role towards sustainable
livestock industry. Formulation ensures that animals receive optimal nutrition, con-
tributing to economic viability and environmental sustainability. Formulation that
includes feed additives, such as probiotics, prebiotics, enzymes, etc., are presented
as a top solution pertinent to the feed industry [23, 104]. The incorporation of feed
additives in feeds has led to increased usability of non-conventional feeds, improved
nutrient utilization and gut health, which resulted in reduced feed costs, increased
animal farming business profitability, and reduced environmental pollution.

Precision feeding is a practice that involves customized diets tailored to individual
nutritional requirements. By reducing feed waste and minimizing nutrient excretion,
precision feeding is a powerful solution for reducing the environmental footprint of
livestock production. This includes a significant reduction in greenhouse gas emis-
sions and the prevention of water pollution. The future trajectory of precision feeding
is intrinsically tied to the resolution of pressing challenges, including the need for
real-time monitoring, the development of cost-effective large-scale implementa-
tion, and the comprehensive elucidation of long-term effects on animal health and
welfare. From optimizing resource efficiency and reducing environmental impact to
formulating personalized nutritional strategies, the resulting overview offers promis-
ing prospects [105]. The use of innovative technologies in animal production will
contribute to animal health and welfare. It will also make a significant contribution to
the economic sustainability of animal production by reducing costs in the long term
through more efficient and higher quality animal products.

10. Application of artificial intelligence and digital technology in livestock
farming

Technological advances, such as smart technologies, the internet of things, cloud
computing, etc., can help livestock farming adapt to the future. Some basic prob-
lems, such as yield loss, excessive use of water, feed, additives, and medicines, can
be prevented through smart livestock applications, such as sensor technologies, data
processing, cloud systems, management, and prediction.
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Digital tools are transforming feed management and animal nutrition. The
internet of things, sensors, and artificial intelligence enable precise tracking of feed
intake, animal growth, and health parameters. Big data analysis optimizes feed strate-
gies, improves productivity, and forecasts disease. Blockchain technology improves
traceability and transparency in the feed supply chain and addresses food safety and
sourcing concerns.

The use of advanced digital technologies on farms helps to optimize the economic con-
tribution per animal, reduce repetitive tasks, and activate more effective solutions. This
trend will support further research on topics such as the use of new biometric sensors,
big data, and blockchain technology for the mutual benefit of producers, consumers, and
farm animals. High-tech will focus on interoperability, creating a digital ecosystem for
farms. Sensors, drones, and software will share data, providing insights and improving
productivity and sustainability. As these technologies develop, accessibility will be crucial.
It is important to ensure that all farmers can benefit from these advances. Education,
training, and resources must be made available [106].

11. Multistakeholder partnership to address complexity and diversity

Global demand for animal proteins, such as meat, eggs, dairy, and fish, is increas-
ing due to population growth, urbanization, and rising incomes. At the same time,
the issue of making global food production and consumption more sustainable is
becoming increasingly urgent, particularly in light of limited resources and the need
to reduce environmental pressures. The contribution of animal feed to the carbon
footprint of animal products is significant due to the cultivation, transport, and pro-
cessing of ingredients, as well as the impact of livestock farming. However, significant
improvements in the sustainability of animal products are possible.

There is a need to make livestock production more environmentally friendly with
appropriate, practical, and economic strategies, without compromising performance
and health. This is a broad and topical issue, and in addition to improving animal
performance parameters, it is important to consider environmental impacts and
implement appropriate strategies. Socio-economic sustainable performance means
ensuring a safe and efficient livestock production system with good opportunities for
farmers in local, national, international, or global food supply chains.

Given the diversity of the livestock sector, its potential to contribute to develop-
ment goals is significant. Solutions to meet growing demand vary according to
production systems, stakeholders, and economic conditions. Implementation is the
responsibility of governments, the private/public sector, civil society organizations,
research centres, academia, and all stakeholders. The global agenda for sustainable
livestock requires an inclusive partnership at all levels, based on a shared vision,
agreed goals, and principles that put people, animal welfare, and the environment we
live in at the centre, while recognizing different pathways to improved sustainability.
This partnership provides an integrated approach to mobilizing and sharing knowl-
edge, developing cutting-edge tools, and strengthening policy [107].

12. Conclusion

The demand for livestock products is nearly unstoppable due to the steady and
projected growth of world’s population, urbanization, and increasing incomes by
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2050. The livestock sector can only meet future demand by increasing the number

of animals and improving productivity. Increasing animal numbers will certainly
increase the demand for animal feed. Some of the strategies to meet the feed demand
will involve utilization of non-conventional feedstuffs (insects, seaweeds, geneti-
cally modified crops, etc.), efficient use of the available feed through advanced feed
formulations and the application of artificial intelligence, and improving the value of
available feed resources using feed additives. Combining these strategies will result
into profitable and sustainable livestock farming with less effect on the environment
and considerably decreased GHGs emissions, which lead to global warming and
climate change.

Author details
Figen Kirkpinar™, Ziimriit A¢ikgoz' and Eric Niyonshuti’

1 Faculty of Agriculture, Department of Animal Science, Ege University, {zmir,
Turkey

2 ProDev Rwanda Ltd., Muhazi, Rwanda
*Address all correspondence to: figen.kirkpinar@ege.edu.tr

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

26



Current Situation, Future Goals, and Strategies of the Global Feed and Feed Additives Industries

DOI: http://dx.doi.org/10.5772/intechopen.1011333

References

[1] United Nations. World population
prospects 2019: Data booklet. 2019.
Available from: https://wwwun.org/
development/desa/pd/sites/www.
un.org.development.desa.pd/files/files/
documents/2020/Feb/un_2019_wpp_
databooklet.pdf

[2] United Nations. World urbanization
prospects 2018: Highlights. Department
of Economic and Social Affairs,
Population Division; 2019. ISBN:978-92-
1-148318-5 (ST/ESA/SER.A/421)

[3] The World Bank. The road to 2050.
Sustainable development for the

21% century. 2006. The World Bank
Washington, D.C. 20433 USA

[4] Alexandratos N, Bruinsma J. World
agriculture towards 2030/2050: The
2012 revision. ESA Working Paper 2012;
No.12-03

[5] Yitbarek M. Livestock and livestock
product trends by 2050. International
Journal of Animal Research. 2019;4:30

[6] Steinfeld H, Gerber P, Wassenaar T,
Castel V, Rosales M, de Haan C.
Livestock’s Long Shadow. Rome, FAO:
Environmental issues and options; 2006

[71 FAO. Greenhouse Gas Emissions
from the Dairy Sector. A Life Cycle
Assessment. Rome, Italy: Food and
Agriculture Organization of the United
Nations; 2010

[8] Mottet A, de Haan C, Falcucci A,
Tempio G, Opio C, Gerber P. Livestock:
On our plates or eating at our table? A
new analysis of the feed/food debate.
Global Food Security. 2017;14:1-8.
DOI: 10.1016/.gfs.2017.01.001

[9] Chaudhary N. Future of animal
feed: An industry in transition. Just

27

Agriculture-Multi-Disciplinary
e-Newsletter. 2021;2(1):1-8. Available
from: https://www.researchgate.net/
publication/355394668

[10] Kim SW, Less JF, Wang L, Yan T,
Kiron V, Kaushik §J, et al. Meeting

global feed protein demand: Challenge,
opportunity, and strategy. Annual Review
of Animal Biosciences. 2019;7:221-243.
DOI: 10.1146/annurev-animal-030117

[11] Onte S, Bhattacharjee S, Arif M,
Dey D. Non-conventional feed resources.
Agr1. 2019;1:29-35

[12] Singh AK. Non-conventional feed
resources for small ruminants. Journal of

Animal Health and Behavioural Science.
2018;2(2):115

[13] Pirgozliev V, Rose SP, Ivanova S. Feed
additives in poultry nutrition. Bulgarian
Journal of Agricultural Science.
2019;25(Suppl. 1):8-11

[14] Okey SN. Classification of feed
additives used in poultry and livestock
production: A review. Global Research
in Environment and Sustainability.
2023;1(2):35-46

[15] Pandey AK, Kumar P, Saxena MJ.
Feed additives in animal health.

In: Gupta RC, Srivastava A,

Lall R, editors. Nutraceuticals in
Veterinary Medicine. Switzerland:
Springer Nature; 2019. pp. 345-362.
DOI: 10.1007/978-3-030-04624-8_23

[16] Bedasso GT. The functional feed
additives in animal nutrition: The
substitute to antibiotics. Quest Journals
Journal of Research in Agriculture and
Animal Science. 2021;8(6):18-23

[17] Pradhan P, Ludeke MKB,
Reusser DE, Kropp JP. Embodied



Animal Feeds and Additives

crop calories in animal products.
Environmental Research Letters.
2013;8:044044

[18] FAO. World Livestock: Transforming
the Livestock Sector through the
Sustainable Development Goals. Rome,
Italy: Food and Agriculture Organization
of the United Nations; 2018

[19] FAO. Land Statistics. Global,
Regional and Country Trends, 1990-
2018. Rome, Italy: Food and Agriculture
Organization of the United Nations;
2021. FAOSTAT Analytical Brief Series
No.15

[20] Erenstein O, Jaleta M, Sonder K,
Mottaleb K, PrasannaBM. Global
maize production, consumption and
trade: Trends and R&D implications.
Food Security. 2022;14(5):1295-1319.
DOI: 10.1007/s12571-022-01288-7

[21] Fraanje W, Garnett T. Soy: Food,
feed, and land use change. (Foodsource:
Building blocks). In: Breewood H, editor.
Food Climate Research Network. United
Kingdom: University of Oxford. FCRN;
2020

[22] Persistence Market Research.

Soybean by-products market size, share,
and growth forecast for 2025-2032.

2025. Available from: https://www.
persistencemarketresearch.com/market-
research/soybean-by-products-market.asp

[23] Alltech-Agri-food outlook. 2024.
Available from: https://www.alltech.com/
sites/default/files/2024-04/Alltech%20
Agrifood%200utlook%202024%20v13.
pdf

[24] Muscat A, de Olde EM, de Boer IJM,
Ripoll-Bosch R. The battle for biomass:
A systematic review of food-feed-fuel
competition. Global Food Security.
2020;25:100330. DOI: 10.1016/j.
¢£s.2019.100330

28

[25] Te Pas MFW, Veldkamp T, de Haas Y,
Bannink A, Ellen ED. Adaptation

of livestock to new diets using feed
components without competition with
human edible protein sources-a review of
the possibilities and recommendations.
Animals. 2021;11(8):MDPIAG.
DOI:10.3390/ani11082293

[26] Pereira L. Macroalgae. Encyclopedia.
2021;1:177-188. DOI: 10.3390/
encyclopedial010017

[271 Ahmed E, Suzuki K, Nishida T.
Micro- and macro-algae combination as
a novel alternative ruminant feed with

methane-mitigation potential. Animals.
2023;13:796. DOI: 10.3390/ani13050796

[28] Hull-Cantillo M, Lay M,
Rosentrater K. Agriculture waste
bioremediation with algae and
potential for methane production. In:
Shah MP, Rodriguez-Couto S, Vargas-
De-La-Cruz C, Biswas JK, editors.
An Integration of Phycoremediation
Processes in Wastewater Treatment.
Amsterdam, Netherlands: Elsevier;
2022. pp. 419-450. DOI: 10.1016/
B978-0-12-823499-0.00015-8

[29] Wells ML, Potin P, Craigie JS,
Raven JA, Merchant SS, Helliwell KE,
etal. Algae as nutritional and
functional food sources: Revisiting
our understanding. Journal of
Applied Phycology. 2017;29:949-982.
DOI: 10.1007/s10811-016-0974-5

[30] Nagarajan D, Varjani S, Lee D-J,
Chang J-S. Sustainable aquaculture

and animal feed from microalgae-
nutritive value and techno-functional
components. Renewable and Sustainable
Energy Reviews. 2021;150:111549.

DOI: 10.1016/j.rser.2021.111549

[31] Spolaore P, Joannis-Cassan C,
Duran E, Isambert A. Commercial
applications of microalgae. Journal



Current Situation, Future Goals, and Strategies of the Global Feed and Feed Additives Industries

DOI: http://dx.doi.org/10.5772/intechopen.1011333

of Bioscience and Bioengineering.
2006;101:87-96. DOI: 10.1263/jbb.101.87

[32] @verland M, Mydland LT, Skrede A.
Marine macroalgae as sources of protein
and bioactive compounds in feed

for monogastric animals. Journal of

the Science of Food and Agriculture.
2019;99:13-24. DOI: 10.1002/jsfa.9143

[33] Saadaoui I, Rasheed R, Aguilar A,
Cherif M, Al Jabri H, Sayadi S, et al.
Microalgal-based feed: Promising
alternative feedstocks for livestock and
poultry production. Journal of Animal
Science and Biotechnology. 2021;12:76.
DOI: 10.1186/s40104-021-00593-z

[34] Patel AK, Singhania RR,

Awasthi MK, Varjani S, Bhatia SK, Tsai
M-L, et al. Emerging prospects of macro-
and microalgae as prebiotic. Microbial
Cell Factories. 2021;20:112. DOI: 10.1186/
s12934-021-01601-7

[35] Ferreira M, Teixeira C, Abreu H,
Silva J, Costas B, Kiron V, et al.
Nutritional value, antimicrobial and
antioxidant activities of micro- and
macroalgae, single or blended, unravel
their potential use for aquafeeds. Journal
of Applied Phycology. 2021;33:3507-3518.
DOI: 10.1007/s10811-021-02549-2

[36] Wanapat M, Prachumchai R,
Dagaew G, Matra M, Phupaboon S,
Sommai S, et al. Potential use of seaweed
as a dietary supplement to mitigate
enteric methane emission in ruminants.
Science of the Total Environment.
2024;931:173015. DOI: 10.1016/j.
scitotenv.2024.173015

[37] van Huis A, van Itterbeeck J,
Klunder H, Mertens E, Halloran A,
Muir G, et al. Edible Insects. Future
Prospects for Food and Feed Security.
Rome: FAO; 2013. 201 pp

[38] Sajid QUA, Asghar MU, Tariq H,
Wilk M, Platek A. Insect meal as an

29

alternative to protein concentrates

in poultry nutrition with future
perspectives (an updated review).
Agriculture. 2023;13:1239. DOI: 10.3390/
agriculture13061239

[39] Fu C, Cheema WA, Mobashar M,
Shah AA, MM AF. Insects as sustainable
feed: Enhancing animal nutrition and
reducing livestock environmental
impression. Journal of Animal
Physiology and Animal Nutrition.
2025;109:280-290. DOI: 10.1111/
jpn.14055

[40] Koutimskd L, Addmkova A.
Nutritional and sensory quaity of edible
insects. NFS Journal. 2016;4:22-26.
DOI: 10.1016/j.nfs.2016.07.001

[41] Sdnchez-Muros M-J, Barroso FG,
Manzano-Agugliaro F. Insect meal
as renewable source of food for
animal feeding: A review. Journal of
Cleaner Production. 2014;65:16-27.
DOI: 10.1016/jjclepro.2013.11.068

[42] Jin XH, Heo PS, Hong JS, Kim NJ,
Kim YY. Supplementation of dried
mealworm (Tenebrio molitor larva)

on growth performance, nutrient
digestibility and blood profiles in
weaning pigs. Asian-Australasian Journal
of Animal Sciences. 2016;29(7):979-986.
DOI: 10.5713/ajas.15.0535

[43] Shin ], Lee K-J. Digestibility of
insect meals for Pacific white shrimp
(Litopenaeus vannamei) and their
performance for growth, feed utilization
and immune responses. PLoS One.
2021;16(11):e0260305. DOI: 10.1371/
journal. pone.0260305

[44] Ko H, Kim Y, Kim J. The produced
mealworm meal through organic wastes
as a sustainable protein source for
weanling pigs. Journal of Animal Science
and Technology. 2020;62(3):365-373.
DOI: 10.5187/jast.2020.62.3.365



Animal Feeds and Additives

[45] European Commission. Commission
Regulation (EU) 2021/1372 of 17 August
2021 Amending Annex IV to Regulation
(EC) N0 999/2001 of the European
Parliament and of the Council as Regards
the Prohibition to Feed Non-ruminant
Farmed Animals, Other than Fur
Animals, with Protein Derived from
Animals. Brussels, Belgium: EU; 2021

[46] European Commission. Regulation
(EU) 2017/893 amending Annexes [ and
IV to Regulation (EC) No. 999/2001

of the European Parliament and of

the Council and Annexes X, XIV and
XV to Commission Regulation (EU)

No 142/2011 as regards the provisions
on processed animal protein2017. EU,
Brussels, Belgium

[47] de Jong B, Nikolik G. No Longer
Crawling: Insect Protein to Come of
Age in the 2020s. Amsterdam, The
Netherlands: RaboResearch; 2021

[48] International Platform of Insects for
Food and Feed (IPIFF). An overview

of the European market of insects as
feed2021. Available from: https://ipiff.
org/wp-content/uploads/2021/04/Apr-
27-2021-1PIFF_The-European-market-of-
insects-as-feed.pdf

[49] Oshoma CE, Eguakun-Owie SO.
Conversion of food waste to single cell
protein using Aspergillus niger. Journal
of Applied Sciences and Environmental
Management. 2018;22(3):350-355.
DOI: 10.4314/jasemv22i3.10

[50] Bajpai P. Singe Cell Protein
Production from Lignocellulosic
Biomass. Singapore: Springer; 2017

[51] Patelski P, Berlowska J, Dziugan P,
Pielech-Przybylska K, Balcerek M,
Dziekonska U, et al. Utilization of sugar
beet bagasse for the biosynthesis of
yeast SCP. Journal of Food Engineering.
2015;167:32-37. DOI: 10.1016/j.
jfoodeng.2015.03.031

30

[52] Feed Additives Market Size,

Share, Growth & Industry Analysis,

By Type (Amino Acids, Vitamins &
Minerals, Antioxidants, and Others),
By Animal Type (Cattle, Poultry, Swine,
and Others), and Regional Forecast,
2024-2032. Available from: https://
www.fortunebusinessinsights.com/
feed-additives-market-104345

[53] Bidarkar VK, Swain PS, Ray S,
Dominic G. Probiotics: Potential
alternative to antibiotics in ruminant
feeding. Trends in Veterinaryand Animal
Sciences. 2014;1(1):1-4

[54] FAO/WHO. Report of a Joint FAO/
WHO Working Group on Drafting
Guidelines for the Evaluation of
Probiotics in Food. London, Ontario,
Canada: FAO/WHO Working Group
Report; 2002. Available from: http://ftp.
fao.org/es/esn/food/wgreport2

[55] Lambo MT, Chang X, Liu D. The
recent trend in the use of multistrain
probiotics in livestock production: An
overview. Animals (Basel). 2021;11:2805.
DOI: 10.3390/ani11102805. PMID:
34679827; PMCID: PMC8532664

[56] Saleh AA, Shukry M, Farrag F,
Soliman MM, Abdel-Moneim AME.
Effect of feeding wet feed or wet feed
fermented by Bacillus licheniformis on
growth performance, histopathology
and growth and lipid metabolism marker

genes in broiler chickens. Animals.
2021;11:83. DOI: 10.3390/ani11010083

[57] Markowiak P, Slizewska K. The
role of probiotics, prebiotics and
synbiotics in animal nutrition. Gut
Pathogens. 2018;10:1. DOI: 10.1186/
s13099-018-0250-0

[58] Alloui MN, Szczurek W,
Swiatkiewicz S. The usefulness of
prebiotics and probiotics in modern
poultry nutrition: A review. Annals



Current Situation, Future Goals, and Strategies of the Global Feed and Feed Additives Industries

DOI: http://dx.doi.org/10.5772/intechopen.1011333

of Animal Science. 2013;13(1):17-32.
DOI: 10.2478/v10220-012-0055-x

[59] Solis-Cruz B, Hernandez-Patlan D,
Hargis BM, Tellez G. Use of prebiotics
as an alternative to antibiotic growth
promoters in the poultry industry. In:
Franco-Robles E, Ramirez-Emiliano J,
editors. Prebiotics and Probiotics-
Potential Benefits in Nutrition and
Health. London, UK: IntechOpen; 2019.
DOI: 10.5772/intechopen.89053

[60] Ricke SC. Impact of prebiotics on
poultry production and food safety.
Yale Journal of Biology and Medicine.
2018;91(2):151-159

[61] Sohail MU, Hume ME, Byrd JA,
Nisbet DJ, ljaz A, Sohail A, et al.

Effect of supplementation of prebiotic
mannan-oligosaccharides and probiotic
mixture on growth performance of
broilers subjected to chronic heat stress.
Poultry Science. 2012;91:2235-2240.
DOI: 10.3382/ps.2012-02182

[62] Humam AM, Loh TC, Foo HL,
Samsudin AA, Mustapha NM, Zulkifli I,
et al. Effects of feeding different
postbiotics produced by Lactobacillus
plantarum on growth performance,
carcass yield, intestinal morphology, gut
microbiota composition, immune status,
and growth gene expression in broilers
under heat stress. Animals (Basel).
2019;2(9):644. DOI: 10.3390/ani9090644

[63] Liu C, Ma N, Feng Y, Zhou M,

Li H, Zhang X, et al. From probiotics to
postbiotics: Concepts and applications.
Animal Research and One Health.
2023;1:92-114. DOI: 10.1002/ar02.7

[64] Malashree L, Vishwanath A,
Shivalkar Y, Prabha R. “Postbiotics”- one
step ahead of probiotics. International
Journal of Current Microbiology and
Applied Sciences. 2019;8(01):2319-7706.
DOI: 10.20546/ijcmas.2019.801.214

31

[65] Wegh CA, Geerlings SY, Knol J,
Roeselers G, Belzer C. Postbiotics and
their potential applications in early life
nutrition and beyond. International
Journal of Molecular Sciences.
2019;20(19):4673. DOI: 10.3390/
ijms20194673

[66] Nataraj BH, Ali SA, Behare PV,
Yadav H. Postbiotics-parabiotics: The
new horizons in microbial biotherapy
and functional foods. Microbial Cell
Factories. 2020;19(1):1-22. DOI: 10.1186/
§12934-020-01426-w

[67] Deshpande G, Athalye-Jape G,
Patole S. Para-probiotics for preterm
neonates-the next frontier. Nutrients.
2018;10(7):871. DOI: 10.3390/
nul0070871

[68] Tukaram NM, Biswas A, Deo C,
Laxman AJ, Monika M, Tiwari AK.
Effects of paraprobiotic as replacements
for antibiotic on performance, immunity,
gut health and carcass characteristics

in broiler chickens. Scientific Reports.
2022;12(1):22619. DOI: 10.1038/
s41598-022-27181-z

[69] Menezes-Blackburn D, Greiner R.
Enzymes used in animal feed: Leading
technologies and forthcoming
developments. In: Cirillo G,

Spizzirri UG, Iemma F, editors.
Functional Polymers in Food Science:
From Technology to Biology. Beverly,
United States of America: Scrivener
Publishing LLC; 2015. pp. 47-73.

DOI: 10.1002/9781119108580

[70] Imran M, Nazar M, Saif M,
Khan MA, Sanaullah VM, Javed O.
Role of enzymes in animal nutrition:
A review. PSM Veterinary Research.
2016;01(2):38-45

[71] Ivanova I, Kovaleva O,
Karmatskikh J, Koshelev S, Neverov V,
Trigub V. Enzyme compositions in



Animal Feeds and Additives

biological processes of animals to
obtain environmentally friendly
products. E3S Web of Conferences.
2021;244(200):03022. DOI: 10.1051/
e3sconf/202124403022

[72] Rathnayake D, Mun HS, Dilawar MA,
Baek KS, Yang CJ. Time for a paradigm
shift in animal nutrition metabolic
pathway: Dietary inclusion of organic
acids on the production parameters,
nutrient digestibility, and meat quality
traits of swine and broilers. Life.
2021;11:476. DOL: 10.3390/1ife11060476 []

[73] Das D, Roul AK, Muduli S, Nath S,
Sabat GP. Immunomodulation in
poultry. The Pharma Innovation Journal.
2020;9(9):467-472

[74] Alagawany M, Abd El-Hack ME.
An overview of natural feed additive
alternatives to AGPs. In: Alagawany M,
Abd El-Hack ME, editors. Natural Feed
Additives Used in the Poultry Industry.
Singapore: Bentham Science Publishers
Pte. Ltd.; 2021. pp. 1-2. ISBN (Online):
978-981-14-8845-0

[75] Platel K, Srinivasan K. Digestive
stimulant action of spices: A myth
or reality? Indian Journal of Medical
Research. 2004;119(5):167-179

[76] Jamroz D, Wiliczkiewicz A,
Wertelecki T, Orda J, Skorupinska J.
Use of active substances of herbal
origin in chicken diets based on
maize and domestic grains. British
Poultry Science. 2005;46(4):485-493.
DOI: 10.1080/00071660500191056

[77] Lan Y, Verstegen MWA,

Tamminga S, Williams BA. The role of
the commensal gut microbial community
in broiler chickens. World's Poultry
Science Journal. 2005;61(1):95-104

[78] Jamroz D, Wertelecki T, Houszka M,
Kamel C. Influence of diet type on

32

the inclusion of herbal origin active
substances on morphological and
histochemical characteristics of the
stomach and jejunum walls in chicken.
Journal of Animal Physiology and
Animal Nutrition. 2006;90(5-6):255-268.
DOI: 10.1111/j.1439-0396.2005.00603.x

[79] Miguel MG. Antioxidant and anti-
inflammatory activities of essential
oils: A short review. Molecules.
2010;15(12):9252-9287. DOI: 10.3390/
molecules15129252

[80] Khalaji S, Zaghari M, Hatami KH,
Hedari-Dastjerdi S, Lotfi L, Nazarian H.
Black cumin seeds, Artemisia leaves
(Artemisia sieberi), and camellia L. plant
extract as phytogenic products in broiler
diets and their effects on performance,
blood constituents, immunity, and cecal
microbial population. Poultry Science.
2011;90(11):2500-2510. DOI: 10.3382/
ps.2011-01393

[81] Ahmed ST, Hossain ME, Kim GM,
Hwang JA, Ji H, Yang CJ. Effects of
resveratrol and essential oils on growth
performance, immunity, digestibility
and microbial shedding in challenged
piglets. Asian-Australasian Journal of
Animal Sciences. 2013;26(5):683-690.
DOI: 10.5713/ajas.2012.12683

[82] Costa LB, Luciano FB, Miyada VS,
Gois FD. Herbal extracts and organic
acids as natural feed additives in

pig diets. South African Journal of
Animal Science. 2013;43(2):181-193.
DOI: 10.4314/sajasv43i2.9

[83] Varel VH, Miller DN. Plant-
derived oils reduce pathogens and
gaseous emissions from stored cattle
waste. Applied and Environmental
Microbiology. 2001;67(3):1366-1370.
DOI: 10.1128/AEM.67.3.1366-1370.2001

[84] Hart K], Yafiez-Ruiz DR, Duval SM,
McEwan NR, Newbold CJ. Plant extracts



Current Situation, Future Goals, and Strategies of the Global Feed and Feed Additives Industries

DOI: http://dx.doi.org/10.5772/intechopen.1011333

to manipulate rumen fermentation.
Animal Feed Science and Technology.
2008;147:8-35. DOI: 10.1016/j.
anifeedsci.2007.09.007

[85] Calsamiglia S, Busquet M,

Cardozo PW, Castillejos L, Ferret A.
Invited review: Essential oils as modifiers
of rumen microbial fermentation.
Journal of Dairy Science. 2007;90:2580-
2595. DOI: 10.3168/jds.2006-644

[86] Patra AK, Yu Z. Effects of essential
oils on methane production and
fermentation by, and abundance

and diversity of, rumen microbial
populations. Applied and Environmental
Microbiology. 2012;78:4271-4280.

DOI: 10.1128/ AEM.00309-12

[87] Dalibard P, Hess V, Le Tutour L,
Peisker M, Peris S, Gutierrez AP, et al.
Amino Acids in Animal Nutrition.

Brussels, Belgium: Fefana Publication;
2014. pp. 1-96

[88] Vera L, Mufioz E. Environmental
mmpact of livestock production.
Agricultural Research & Technology:
Open Access Journal. 2017;8(4):ARTOA]J.
MS.ID.555745. DOI: 10.19080/
artoaj.2017.08.555745

[89] Makkar HPS. Review: Feed
demand landscape and implications
of food-not feed strategy for food
security and climate change. Animal.
2018;12(8):1744-1754. DOI: 10.1017/
§175173111700324X

[90] Herrero M, Thornton PK. Livestock
and global change: Emerging issues for
sustainable food systems. Proceedings

of the National Academy of Sciences

of the United States of America.
2013;110(52):20878-20881. DOI: 10.1073/
pnas.1321844111

[91] Cheng M, McCarl B, Fei C. Climate
change and livestock production:

33

A literature review. Atmosphere.
2022;13(1):140. DOI: 10.3390/
atmos13010140

[92] Grossi G, Goglio P, Vitali A,
Williams AG. Livestock and climate
change: Impact of livestock on climate
and mitigation strategies. Animal
Frontiers. 2019;9(1):69-76. DOI: 10.1093/
af/vfy034

[93] FAO. Pathways towards Lower
Emissions-a Global Assessment of

the Greenhouse Gas Emissions and
Mitigation Options from Livestock
Agrifood Systems. Rome, Italy: Food and
Agriculture Organization of the United
Nations; 2023

[94] Sandler V. The environmental cost of
animal agriculture. 2022. Available from:
https://iapwa.org/the-environmental-
cost-of-animal-agriculture/

[95] The environmental impact of
animal farming. Available from: https://
www.animalaid.org.uk/wp-content/
uploads/2022/06/The-environmental-
impact-of-animal-farming-factsheet-
web.pdf

[96] Collier RJ, Baumgard LH,
Zimbelman RB, Xiao Y. Heat stress:
Physiology of acclimation and
adaptation. Animal Frontiers. 2019;9:12-
19. DOLI: 10.1093/ af/vfy031

[97]1 FEFAC. Feed sustainability charter
2030. Fefac experts in animal nutrition.
2020. Available from: https://fefac.eu/
wp-content/uploads/2020/09/FEFAC-
Feed-Sustainability-Charter-2030.pdf

[98] Salter AM, Lopez-Viso C. Role of
novel protein sources in sustainably
meeting future global requirements.
Proceedings of the Nutrition Society.
2021;80(2):186-194. DOI: 10.1017/
S0029665121000513



Animal Feeds and Additives

[99] Pexas G, Kyriazakis I, Doherty B.
The Future of Animal Feed. United
Kingdom: Food Standart Agency; 2023.
57 p. DOI: 10.46756/sci.fsa.gzi586

[100] Prabakar G, Arun L, Kumaravel P,
Chahande JM, Majumder J,
Gangopadhyay S, et al. Advancements

in animal nutrition an insights from
veterinary science. Uttar Pradesh Journal
of Zoology. 2024;45(16):139-145.

DOI: 10.56557/upjoz/2024/v45i164294

[101] Ward SM, Holden NM, White EP,
Oldfield TL. The ‘circular economy’
applied to the agriculture (livestock
production) sector-discussion paper.
In: Presented at Workshop on the
Sustainability of the EU's Livestock
Production Systems. Brussels, Belgium;
2016. Available from: https://www.
researchgate.net/profile/ Thomas-
Oldfield-4/publication/328638161_
The_%?27circular_economy%?27_
applied_to_the_agriculture_livestock_
production_sector_-_discussion_paper/
links/5bd9bde492851c6b279¢73ca/
The-circular-economy-applied-to-the-
agriculture-livestock-production-sector-

discussion-paper.pdf

[102] Broom DM. Sustainability,

the role of animal welfare and
silvopastoral systems. 2017. Available
from: https://www.researchgate.net/
publication/335453531_Sustainability_
the_role_of animal welfare_and_
silvopastoral_systems

[103] Searchinger T, Herrero M,

Yan X, Wang J, Dumas P, Beauchemin K,
etal. Opportunities to Reduce Methane
Emissions from Global Agriculture.
Cornel University; 2021. Available from:
https://searchinger.princeton.edu/
sites/g/files/toruqf4701/files/methane_
discussion_paper_nov_2021.pdf

[104] Akintan O, Gebremedhin KG,
Uyeh DD. Animal feed

34

formulation-connecting technologies
to build a resilient and sustainable
system. Animals. 2024;14(10):1497.
DOI: 10.3390/ani14101497

[105] Sonea C, Gheorghe-Irimia RA,
Tapaloaga D, Gurau MR, Udrea L,
Tapaloaga P-R. Optimizing animal
nutrition and sustainability through
precision feeding: A mini review of
emerging strategies and technologies.
Annals of “Valahia” University of
Targovigte. Agriculture. 2023;15(2):7-11.
DOI: 10.2478/agr-2023-0011

[106] International magazine for the
animal feed and additive industry.
2025. Available from: https://www.
feedandadditive.com/

[107] Schneider F, Tarawali S. Sustainable
development goals and livestock systems.
Revue Scientifique et Technique.
2021;40(2):585-595. DOI: 10.20506/
rst.40.2.3247



Chapter 3

Use of Food Waste in Animal
Nutrition

Sibel Soycan Oneng

Abstract

Meat, milk and eggs derived from animals play an important role in ensuring
an adequate and balanced diet for human beings. Between 50 and 70% of their
production costs are feed costs. The profitability of the business is greatly affected
by increases or decreases in feed costs. It is important that the feed used in livestock
farms is high quality and inexpensive. Animal nutritionists and the feed industry,
through their research into the evaluation, processing and use of new feeds, have
turned to cheap and readily available alternative sources of crude matter not previ-
ously used as feeds to reduce feed costs. Alternative feed sources play an important
role in reducing feed costs by ensuring that feeds within the same nutrient group are
preferred over each other. In today’s world of recycling, many studies have been car-
ried out on the use of expired food, food that poses a hygiene risk to humans but not
to animals, or food industry waste in animal nutrition. In this section, the studies will
be reviewed and the results will be evaluated.

Keywords: food waste, alternative feed, animal nutrition, recycle, sustainability

1. Introduction

In many parts of the world, the use of food waste and food production residues (left-
over food) as animal feed has been a traditional practice for many years [1]. The feeding
of animals with food materials that are not suitable for human consumption is a source
of valuable food products such as meat, milk and eggs, and is a means of recycling
[1-4]. In modern production systems, this method is used less frequently [1]. These
include intensive animal feeding programmes that ensure maximum efficiency through
precise feeding with the use of feed grains such as maize and soya beans [4]. Food waste
from different sources causes variability in nutrient content. In modern production
systems, this limits the use of food waste. However, a very important and overlooked
aspect of food waste is its impact on society and sustainability. Today, there is a grow-
ing interest in re-applying traditional methods to solve new problems, as climate and
sustainability challenges increase [1-15]. Any reduction in the quantity or quality of
food throughout the food supply chain [16], in other words, losses that occur during the
production, post-harvest and processing stages [6], is referred to as food loss [6, 16].
However, food waste is defined as: “any change in the availability, edibility, integrity or
quality of food that prevents it from being consumed by humans”. In other words, it is
defined as healthy edible material intended for human consumption that is produced
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at any point in the food supply chain and that is thrown away, lost, spoiled or eaten by
pests instead of being consumed [6, 17]. There is no formal distinction between the two
in the literature. Therefore, ‘food waste’ can be replaced by ‘food loss’ [7]. Food waste is
defined as the disposal of food and beverages that were once edible before being thrown
away, according to the Waste and Resources Action Programme [18]. In addition,

the definition of food waste was emphasised: “It consists of raw or cooked food and
includes food lost before, during or after food preparation in households, as well as food
discarded during production, distribution, retail and food service activities” [18].

Throughout the food supply chain, food waste can be prevented or unavoid-
able waste. Preventable waste is waste that could easily be converted into a useful
product, but which ends up in a landfill. Unavoidable waste is the part of food that
cannot be eaten by humans. It includes some fruit and vegetable peels, bones and
eggshells. However, unavoidable waste can also be transformed into useful products.
A frequently observed correlation is an inverse relationship between food insecurity
and food waste. Food insecurity is defined as the difficulty in providing a sufficient
supply of food for the human population [7]. It is evident that a number of factors
contribute to food losses in the initial stages of the food supply chain. These include,
but are not limited to, losses that occur during the harvesting process, such as edible
crops that are left in the field or crops that are damaged during the harvesting
process. Additionally, losses can also arise during the transportation and storage of
food. During the later stages of the supply chain, there is a possibility of product loss
occurring during processing, product evaluation, packaging and marketing. The
sources of final stage food waste are as follows: households, food service enterprises
(e.g. restaurants, the hospitality sector and cafes) and institutions (e.g. educational
institutions, prisons and hospitals) [6].

The issue of food waste is a pervasive problem, with ramifications for the envi-
ronment, society and the economy [3]. Indeed, the issue under discussion is closely
related to that of food security [4]. While 13.2% of global food production is wasted
before reaching retail, 17% occurs at retail and consumption [19]. The issue of
food waste represents a significant global problem that is currently being faced by
humanity. It is evident that the existing food systems are inadequate, with estimates
suggesting that between one-third and one-half of all food produced is wasted before
reaching consumers [5]. It has been determined that one-third of the total food
production of the world each year is either lost or wasted. This results in a total of 1.3
billion tons of consumable food being discarded each year [1, 4-8].

According to the Food Waste Index report (FWIR), the annual global production
of edible food that is subsequently wasted is estimated to be 931 million tons, with
a financial cost to society of approximately $1 trillion per year [3, 19]. A study of
food waste generation across different levels in various countries has identified the
United States, China, the European Union (EU), Saudi Arabia and Australia as the
leading countries [5]. A substantial quantity of food waste, comprising both edible
and inedible components, is produced within the EU on an annual basis. This waste
is estimated to total 88 million tonnes [6]. In the EU, the following proportions of lost
or wasted food are recorded: 12% from food services, 53% from households, 5% from
wholesale and retail and 30% from manufacturing and processing [6]. In some social
and cultural contexts, the preparation of substantial quantities of food is a requisite
element for the purpose of symbolising such values as charity, wealth and social sta-
tus. This leads to significant food waste. The FWIR, published in 2021, indicates that
India is the world’s seventh-largest generator of food waste, with an annual domestic
production of 50 kg of food per person [18].
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It is estimated that approximately 40% of food waste in industrialised countries
originates at the retail and consumer levels [7]. In the context of developing coun-
tries, a greater proportion of food is unfortunately lost during the initial and medial
phases of the food supply chain when compared with food waste in the subsequent
phases, specifically in the retail sector and during final consumption. This shows that
food losses occur mainly during production, processing and storage [6].

2. Classification of food waste

In recent years, many studies have been carried out on the recycling of food waste
through animal feed. The food waste used in the studies varies widely in type, source
and form. Depending on the species and physiological period, the composition of the
ration (energy, protein, amino acids, etc.) and therefore the costs vary. Food waste
should be grouped because it is heterogeneous [1]. The grouping should be conducted
in accordance with the following parameters: firstly, the potential suitability for
animal feeding must be considered; secondly, the available quantities must be taken
into account; finally, the source of production must be identified [4]. The classifica-
tion of waste as being either of a plant or animal origin is dependent upon its nature
and provenance [8]. In a similar fashion, depending on the mode of cooking, the
food waste may be classified as being raw or uncooked, or as having been cooked or
semi-cooked. Throughout the production process, food is transported from producer
to consumer in a variety of ways, and waste is generated at each of these levels [2].
Agriculture represents the initial link in the food chain, with growers thus being
regarded as primary producers. As previously outlined, losses can also occur during
transport from the field to the warehouse, from the warehouse to the grain cleaning
and sorting facilities, or to distribution networks. Furthermore, a loss of grain is
also possible during storage, milling, processing and marketing. It is evident that the
most significant losses, which arise from an ethical and moral standpoint, are those
that transpire prior to or in the aftermath of food preparation in both domestic and
culinary settings. These losses are predominantly attributable to negligence and a
paucity of meticulous planning [9]. In the context of the food industry, consumers are
considered to be at the pinnacle of the supply chain. In consideration of the aforemen-
tioned factors, the classification of food waste can be determined as follows [2]:

1. Agricultural food waste: Those originating from farmers.
2.Industrial food waste: Those produced by wholesalers.

3.Market food waste: This category comprises fresh and uncooked food items that
are produced by secondary distributors.

4.Hotel and restaurant food waste: Cooked products produced additionally by
secondary distributors.

5.Domestic food waste generated by consumers (clients).

They are classified as solid, semi-solid and liquid food waste according to their
physical state [2]. This classification is particularly important for waste disposal.
Manufactured food is sometimes referred to as ‘stale food’ if it has been removed from
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the human food supply chain because it does not meet certain product specifications
or because of incorrect labelling, packaging, etc. Examples of stale foods include sug-
ary confectionery, salty snacks and excess baked goods [1].

Food waste occurs at every stage of the food system, from farm to table. In devel-
oped countries, consumer-facing businesses (supermarkets, grocery stores, distribution
centres, restaurants, institutional food services) and households account for the largest
waste stream at the end of the food chain. The second is food waste at the consumption
stage in consumer-facing businesses. In many developed economies, a large proportion
of food waste is sent to landfills at the consumption stage. To reduce the burden on
landfills worldwide, alternative options are being promoted. These include composting,
anaerobic digestion, incineration and livestock feeding. In particular, sustainable food
security issues are not directly addressed by any option other than animal feed [4].

3. The environmental impact of food waste

Food waste is a problem with significant environmental impacts, such as the
production of greenhouse gases in agriculture [1], the reduction of biodiversity [3],
ecological degradation, excessive contamination of soil and water with nutrients,
herbicides and pesticides [2, 20]. Inequalities in food production, distribution and
consumption around the world have led to excessive food waste [2, 7]. The move-
ment of people from rural areas to urban settlements and the continued production
of waste are further complicating these factors and exacerbating the problems [2,

7]. Therefore, the management of food loss and waste is of great importance [2].
Scientists estimate that by 2050, ~68% of the world’s population will live in cities,
while ~30% will remain in rural areas. It is also thought that people living in rural
areas may not be able to provide themselves and urban dwellers with large amounts
of fruit, vegetables and meat products [2, 7]. It is estimated that 22% of food waste,
generated at various points in the food supply chain, is disposed of in landfills [7]. It
is an established fact that livestock producers have historically fed their animals food
waste instead of grain or protein sources [2].

The issue of food waste is of particular concern when considered in relation to
significant environmental degradation and the erosion of fertile soils. This is due to
the complex nature of food waste and its high moisture content. Moreover, the issue
of pollution in landfills is exacerbated by the presence of food waste, the occurrence
of leachate formation and the presence of malodorous and pest-infested conditions
[5]. Furthermore, the issue under discussion has been demonstrated to engender
water scarcity (leachate), agricultural land erosion and biodiversity [3]. In the
course of food production, distribution and waste disposal, the release of substantial
quantities of gases such as methane and carbon dioxide into the atmosphere is a
consequence [5, 13]. Moreover, the degradation of organic matter in an anaerobic
environment leads to the production of methane gas (CH,), which has a negative
environmental impact that is 25-37 times greater than that of carbon dioxide (CO,)
[3, 5, 13]. Methane has been identified as a significant greenhouse gas, with a consid-
erably higher global warming potential than carbon dioxide [5]. Annually, the global
production of food that is subsequently discarded amounts to a quantity of 1.3 billion
tons. This process gives rise to the emission of 3.3 billion tons of carbon dioxide [3,
5]. In 2017, the worldwide emissions of food loss and waste from supply chains and
waste management systems amounted to 9.3 Gt CO, equivalent. This is responsible
for approximately 50% of the total annual greenhouse gas emissions from the global
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food system [13]. According to the Food and Agriculture Organisation (FAO), the
carbon footprint of global food waste is estimated to account for approximately 8% of
all greenhouse gas emissions caused by human activity. For every kilogramme of food
produced, 4.5 kilogrammes of CO, are released into the atmosphere. The magnitude
of food losses remains consistent across both industrialised and developing countries,
with a reported 670 million tons in the former and 630 million tons in the latter. The
distinction lies in the fact that within low-income countries, the most significant
losses transpire at the inception of the production and supply chain. Conversely, in
middle- and high-income countries, edible food is frequently discarded even when it
remains fit for consumption [14].

In accordance with European legislation, food waste is permitted to be utilised as
a constituent of animal feed for fur-bearing animals and companion animals, subse-
quent to the rigorous management procedure that necessitates sterilisation [4, 6]. The
process of sterilisation has been shown to engender a considerable increase in the cost
and environmental impact, owing to its substantial energy requirements. The animal
feed industry’s recognition that foods deemed unfit for human consumption do not
constitute waste, but rather represent alternative feed sources, has the potential to
significantly reduce the volume of waste disposed of in landfills on an annual basis. At
the same time, it reduces feed costs and reduces environmental damage, thus reduc-
ing the environmental footprint of the feed production process [10].

The processing of food waste is a critical step in the production of safe feed [1].
Depending on the particular type of food waste in question and the conditions it is
in, a range of methods are employed for the purpose of recycling and reuse [5]. These
methods include composting, the production of renewable bioenergy, animal feed
production, food recovery, redistribution and industrial applications. The implemen-
tation of recycling methodologies has been demonstrated to assist in the mitigation of
environmental impacts, the conservation of resources and the reduction of the social
and economic ramifications associated with food waste [3, 5, 7]. It is imperative to
minimise food waste in order to optimise the utilisation of resources, reduce environ-
mental impacts and promote sustainable agricultural practices [5]. The utilisation of
food waste as a substitute for conventional feed ingredients, such as corn and soy-
beans, has the potential to engender a reduction in greenhouse gas emissions, nutrient
losses and other forms of pollution. This approach may also result in a reduction in the
consumption of land, water, fuel and fertiliser, thereby engendering a cascading effect.
Moreover, it has been demonstrated that food waste that is disposed of in landfills in a
number of developed countries contributes to methane emissions in a disproportionate
manner [1]. In order to address the environmental issues posed by food waste, there is
a necessity for the development of alternative methods that can be utilised for the pur-
pose of recycling food waste and transforming it into higher-value products. This will
serve to minimise the impact of food waste on the environment, thereby promoting
the long-term sustainability of the food production system [2]. In order to ensure the
sustainable use of resources throughout the food system, efforts to address food waste
should focus on the following three areas: the prevention of food waste, the efficient
management of supply chains and the raising of consumer awareness [5].

4. Food waste and the circular economy

Animal feed occupies a pivotal position within the food chain, exerting a sig-
nificant influence on the composition and quality of animal products (e.g., meat,
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milk and eggs) that are subsequently consumed by humans [7]. The utilisation of
non-human foodstuffs as animal fodder has been explicitly incorporated into both the
EU Commission Report and the updated EU Bioeconomy Strategy, on the condition
that the prevailing regulations and legal stipulations for the safeguarding of human
health are adhered to [10, 11]. The bioeconomy and the circular economy are two
such concepts that are at the forefront of this paradigm shift. In accordance with the
provisions stipulated within the Circular Economy Action Plan, the term “circular
economy” is defined as follows: the long-term preservation of product value, materi-
als and resources in the economy through the reduction of waste production. It is
vital to acknowledge the significance of food waste as an integral component of the
circular economy. This issue should be given careful consideration at various points
along the value chain [2]. The concept of a circular economy has garnered consider-
able attention in recent years as a strategy to address the sustainability issues inherent
in the linear system. Such issues include material scarcity, climate change, depletion
of natural resources and waste generation. The circular economy can be defined as an
economic model aimed at eliminating waste by recycling materials within process-
ing systems. The principle underpinning this model is the notion that “waste equals
food”. This principle is predicated on the notion that the concept of recycling is to be
extended beyond the mere recycling of materials to encompass the concept of upcy-
cling. The latter is defined as any process that is capable of transforming waste into
higher-value products by using it as the input for the production of other products.

In essence, the circular economy is designed to facilitate the transformation of “one
person’s waste into another person’s resource”, a concept that has the potential to
encourage sustainable consumption habits [18].

While the main effort to reduce food waste should be focused on prevention,
returning it to the food supply chain is a prerequisite for implementing the principles
of the circular economy, which sees waste as a resource [6]. This circular bioeconomy
model minimises waste generation through the reuse, renewal and recycling of mate-
rials and products for as long as possible [12]. The feeding of food waste to animals, a
food waste recovery measure based on the practical application of the EU food waste
hierarchy [11], has been in practice worldwide for many years [7], but its disadvantage
is the risk of diseases such as foot-and-mouth disease and swine plague in animals
[10]. In the quest for a circular agri-food system for a more sustainable future, the
recovery and reuse of large amounts of food waste is essential. In comparison to other
recycling options, the upcycling of food waste through animal feed is a strategy that
creates the greatest value by simultaneously addressing food security, climate change,
resource constraints, biodiversity loss and other sustainability issues [1]. Food that
is discarded and digested ends up as organic waste, in energy recovery or in a landfill
[2]. The issue of food waste is twofold, being both a resource and a sustainability issue
[1, 4]. A substantial proportion of this loss is attributable to fruits and vegetables. It
has been estimated that this amount would be sufficient to feed more than one billion
people [1, 4, 5]. In addition to the depreciation of resources such as labour, water,
energy and land that are utilised for food production, this process also engenders
financial losses for retailers and consumers [2]. As stated in Target 12.3 of the United
Nations’ Sustainable Development Goals, the objective is to reduce food losses at the
consumer and retail levels throughout the entire food supply by half by the year 2030
[3]. It is evident that food production processes consume substantial resources, includ-
ing land, water, energy, fertiliser and other inputs. These processes have a detrimental
effect on the environment, giving rise to a number of problems, including biodiversity
and habitat loss, soil and water degradation and greenhouse gas emissions [4].
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5. Use of food waste in animal feed production

Despite the implementation of various initiatives, global food waste continues to
be a pervasive problem, with no discernible decrease in comparison with a decade ago
[1]. It can thus be posited that food waste can be considered as a reflection of human
behaviour as opposed to a reflection of the quality of the food itself [7]. The genera-
tion of food waste is an inherent aspect of the diverse stages of the food supply chain.
These stages encompass production, harvesting, processing, handling, distribution
and retail [5]. The processing of food waste is imperative for its incorporation into
animal feed, owing to its presence of undesirable characteristics, such as variable
nutrient content [6]. The processing technologies available in the present day have
the capacity to convert food waste into animal feed products that are both safe and of
a higher quality than previously available, as well as products that contain additional
nutrients [4]. The processing of food waste encompasses a variety of processes,
including cooking, extrusion, pelleting, dehydration, ensiling and probiotic pro-
cesses. It is imperative to treat food waste properly in order to minimise the risk of
disease transmission between animals and between animals and humans. This can
be achieved by ensuring sufficient microbial reduction in order to guarantee safety.

In countries where the provision of these products for consumption by animals is
permitted, a specific procedure must be undertaken prior to their provision. In the
United States, the requirement for the treatment of food waste is that it should be
subjected to a temperature of 100°C for a duration of 30 minutes. In Japan, the term
“ecofeed” is used to denote processed food waste designated for animal feeding.

The production of Ecofeed entails the cooking of raw materials that may contain
uncooked meat. These materials are required to undergo a heating process at tempera-
tures of 70°C for a duration of 30 minutes, or alternatively at 80°C for 3 minutes [6].
The recycling of food waste for the purpose of animal feeding (ReFeed) has emerged
as a viable solution that holds the potential to address multiple issues concurrently,
including waste management (i.e., reduction of landfill), food safety concerns and
challenges related to resources and the environment. This process will also result in a
reduction of feed grains, resources and environmental burdens linked with feed grain
production. It is possible for farmers to increase their income by utilising food waste
in order to reduce the cost of animal feed [4]. Nevertheless, there are certain disad-
vantages associated with the utilisation of food waste as animal feed. These include

a lack of safety, an unpredictable nutritional profile and expensive production costs.
Due to the high water content, it has been determined that food waste is susceptible to
deterioration during collection, transportation and storage [2]. Nevertheless, legisla-
tive measures have been implemented in the USA and Japan to address this issue,
establishing specific regulations pertaining to the collection, handling, storage and
transportation of food waste [6].

In order to reduce the burden on landfills worldwide, a range of alternative options
are being promoted, including composting, anaerobic fermentation, incineration and
the use of waste materials as a feed source for livestock [4]. It is recommended that
the origin of food waste intended for use in animal feeding be strictly regulated. In
addition, during processing, food waste should be supplemented with other feed-
stuffs, thus creating a balanced diet [6]. Among these processes, extrusion, pelleting
and dehydration provide a longer shelf life for the final food waste product compared
to cooking and ensiling. Additionally, the process of dehydration can be instrumental
in facilitating the integration of the resultant food waste products into the existing
feeding programmes of swine [6]. As reported in a recent study, the concentrations of
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dioxin, organic chloride, agricultural chemicals and heavy metals in chicken meat fed
on dried food waste were found to be in accordance with regulations stipulated by the
Food and Drug Administration (FDA) [15]. The processes of drying and installation
of food waste (i.e., fermentation with lactic acid bacteria) are utilised to increase the
shelf life of ecofeed. A range of technologies are employed to reduce the moisture
content, nutrient variability and microbial load of food waste and to inactivate the
presence of anti-nutritional factors. The processing of food waste prior to its utilisa-
tion in animal feeding is of paramount importance, as it facilitates the incorporation
of the waste into the animal’s diet [6]. It is evident that the utilisation of food waste

as an alternative feed source will have a substantial impact on the resolution of issues
afflicting the livestock industry. This industry is encountering instability due to
suboptimal feed production and considerable costs [2].

6. Composition of food waste

In the context of wholesale, food is stored and sold in large quantities. The phe-
nomenon of wholesale losses can be attributed to a number of factors, including the
short shelf life of products, low demand, incorrect labelling and failures in the cold
chain. Analogous issues have been identified in the retail sector, where financial losses
are attributable to the following [7]:

* Packaging that has deteriorated

* Packaging that has been damaged

* Packaging that has been tampered with

* Packaging that has reached, or is nearing, its expiry date

Firstly, food waste can be a significant source of protein in the nutrition of ani-
mals. However, it should be noted that this relationship is not consistent across all
species. A significant number of agricultural by-products, including milling residues
and oilseed meals, are commonly utilised as animal feed. It is important to note that
these by-products are generally not considered to be part of FLW (food loss and
waste). As a result, they will not be discussed in this chapter [1]. As these products are
not of animal origin, they are not subject to restrictions on their use as livestock feed.
This classification encompasses items such as bread, biscuits, breakfast cereals, chips
and candy [10]. These foods have a high nutritional value as a source of fat, sugar
and carbohydrates. Consequently, the issue of how to dispose of food waste has been
elevated to a position of increasing priority on the agendas of governments worldwide
[10]. In this section, the food waste under discussion will be examined in terms of its
application in animal nutrition.

The scarcity of feed resources in terms of both quantity and quality, coupled with
the exorbitant cost of existing feedstuffs, has prompted feed producers and animal
breeders to explore alternative feed sources. In animal nutrition, the use of many
industrial wastes as alternative feed sources has been investigated. The expiration of
foodstuffs utilised for human nutrition, consequent to the disturbances that transpire
during the manufacturing process (e.g., spillage and damage to packaging) and the
complications that ensue during transportation and storage, results in substantial
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amounts of food waste. Many of these, including pasta, biscuits, cakes, waffle
crumbs, instant soups and puddings, are used to feed animals on farms [21].

The results of a study carried out on dry food waste are shown in Table 1 [21]. The
food material in this study consisted of human food such as pasta, pudding, waffle
meal, ice cream and bran mix, vegetable and yoghurt soups that had reached expiry
date. Problems with storage increase as the amount of water in food waste increases.
Korkmaz and Soycan Oneng [21] reported that high dry matter (DM) ingredients
(98.69-87.15%) of products used in their research are not at a problem-causing level.
It is also easier to incorporate into the ration due to its low water content. Analyses of
the crude nutrient contents of pasta, pudding, vegetable soup, yoghurt soup, waffle
meal and ice cream bran mix showed changes of CP 3.43-15.84%, EE 4.38-33.03%
and CA 0.94-28.16% in DM. As these materials are being investigated for use as
energy replacers in ruminant diets, it is suggested that they could be compared with
the nutritional components of barley, wheat, oats, maize and wheat bran.

In one study, changes in DM of barley, wheat, oats, maize and wheat bran were
reported to be 9.26-18.42% CP, 1.72-5.6% EE and 1.74-9.12% CA [22]. The CP con-
tents in the DM of pudding and wafer meal were found to be lower, the EE contents
of vegetable soup and wafer meal were found to be higher and the NFE contents
were found to be similar to those of the materials in Abag et al. [22]. In general, food
waste contains a relatively high level of ether extract (EE). The EE of the wafer meal
and vegetable soup are found to be 33.03% and 13.15%, respectively. Crude ash (CA)
being determined to be high in vegetable soup and yoghurt soup can be explained
with the salt and mineral content as calcium, magnesium etc. found in these soups.
The salt content of food waste may be higher than that of conventional feed. Above-
tolerance levels of salt in feed can be a cause of salt poisoning in pigs and poultry.
However, if properly included in the ration, food waste can replace salt supplementa-
tion [6]. While soybean meal from traditional diets contains 0.27-0.47% Ca, 47.2%
CP, maize has been reported to contain 0.01-0.03% Ca in DM [23]. In addition, pork
can become soft and rancid more quickly due to the high salt content in pig feed
[6]. Barley, wheat, corn and wheat bran, which are high in energy, are widely used
in rations for ruminants. Korkmaz and Soycan Oneng [21], concluded that pasta,
pudding, vegetable and yoghurt soups, waffle flour and ice cream bran mixture can
be used as alternatives to the traditional feeds (barley, wheat, corn and wheat bran).
The nutrient composition and metabolic energy content of food wastes used in vari-
ous studies are shown in Table 2. The DM content of the jam liquid and particles is

Sample DM* cp* EE* CF* NFE* Starch* Sugar* CA* ME**
Pasta 94.74 11.82 4.38 0.25 82.61 64.54 4.92 0.94 34576
Pudding 98.69 343 5.84 0.02 89.54 440 1745 117 3480.1
Vegetable soup 95.29 9.27 1315 0.57 61.85 54.86 716 15.16 3741.8

Yoghurt soup 93.94 15.84 779 0.35 4786 29.04 24.20 28.16 3591.9

Wafer meal 8715 4.75 33.03 0.06 60.20 39.59 3213 1.96 44411

Ice cream bran 96.54 11.02 8.87 725 65.81 10.20 16.72 7.05 33293

mix

DM: Dry matter, CP: Crude protein, EE: Ether extract, CF: Crude fibre, NFE: Nitrogen-free extract, CA: Crude ash,
ME: Metabolisable energy, Mix: Mixture, *: % in dry matter, **kcal/kg in dry matter.

Table 1.
Nutrient composition and metabolisable energy values of samples.
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Sample DM CP EE CF NFE WSC** CA ME Ref.
Maize* 88.00 9.40 4.20 1.20 72.00 — 1.90 3450 [24]
Cornflakes waste* 94.70 6.74 3.80 2.74 81.28 — 0.14 3330 [24]
Wafer biscuit waste 88.46 9.87 11.92 214 62.52 — 2.01 3805 [25]
meal*

Biscuit-wafer waste® 92.00 12.80 4.05 2.55 70.40 — 2.20 3300 [26]
Biscuit waste meal* 92.40 7.87 10.16 — — — 1.62 — [27]
Pudding™* 98.96 3.50 1.64 0.18 93.64 19.75 1.04 — [28]
Wafer meal*™* 98.24 6.21 2313 — 69.08 18.13 1.59 [29]
Whipped cream™* 98.63 512 — — — 21.25 1.68 — [30]
Jam liquid* 73.68 — — — — 2730 — — [31]
Jam particle* 75.34 — — — — — 919 — [31]
Sour yoghurt* 12.99 548 — — — 9.03 0.97 [32]

DM: Dry matter, CP: Crude protein, EE: Ether exvact, CF: Crude fibre, NFE: Nitrogen-free extract, WSC: Water
soluble carbohydrates, CA: Crude ash, ME: Metabolisable energy kcal/kg, Ref: Reference, “: Biscuit and wafer mixture
was containing 60% biscuit with 40% wafer flour, * Nutrient composition: %, **: % in dry matter.

Table 2.
Nutrient composition and metabolisable energy values of different food wastes.

relatively low compared to traditional feed maize. In addition, its high sugar content
makes it difficult to transport and difficult to use. Sour yoghurt has a very low DM
content and is very likely to spoil due to its high water content.

Therefore, it should be collected very quickly and delivered to the farms. It should
be used with caution due to the growth of microorganisms in it. The presence of a
low dry matter content renders these products suitable for incorporation into the
total mixed ration. These food wastes, which contain low levels of DM, can also be
used as silage additives. A comprehensive examination of studies on this subject has
been undertaken within the silage section. The DM contents of other waste materials
are higher than those of maize and can be readily incorporated into the ration. Food
waste can be a good source of protein and fat, as long as there has been no deteriora-
tion in quality [23]. The CP contents of wafer biscuit waste meal and biscuit-wafer
waste mixture were found to be higher than maize. The EE is present in high con-
centrations in wafer meal, wafer biscuit waste meal and biscuit waste meal. Due to
the relatively high EE content of food waste and exposure to high cooking and heat
treatment conditions during drying, lipid peroxidation may occur [23].

In another study [33], quinoa (white, black and red), chia (white and black), teff,
mung bean and buckwheat were investigated as feeds (Table 3). However, they had
expired due to tearing or damage to the packaging. Quinoa is known to have 125 dif-
ferent varieties of seeds. The commercial ones introduced in supermarkets in Turkey
are white, black and red, although they have a colour scale that changes from green to
grey. The research carried out has concluded that the highest levels of crude protein
have been found in white, black and red quinoa, teff and buckwheat compared
to many other crops, but lower than in legumes. Chia seeds contain 24% protein,
25-35% oil and 22% crude fibre (CF). They are also particularly rich in unsaturated
fatty acids [34]. A study found that adding chia seeds to the ration did not have a
negative effect on rumen fermentation, digestibility, microbial activity or rumen
nitrogen (N) metabolism [35]. In comparison with barley, a traditional cereal, CP was
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found to be higher than in barley, except for teff and buckwheat [22, 36]. However,
nitrogen-free extract (NFE) was found to be high in teff but significantly low in white
and black chia (Table 3). Baye [37] found that teff’s CP, starch and CF contents were
similar to maize, sorghum and wheat, traditional cereals used in animal nutrition.
Food waste may also contain bioactive compounds. Bioactive compounds include
long-chain polyunsaturated fatty acids (PUFAs), vitamins, carotenoids, peptides
and polyphenols. The most important of these are eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and arachidonic acid [6]. The fatty acid compounds of
quinoa, chia, teff, mung bean and buckwheat, which were used in the experiment,
are given in Table 4 [33]. The main fatty acids, linoleic, oleic, palmitic and linolenic,
were found to be high in quinoa of three different colours. However, linolenic acid
levels were high in both types of chia [33]. The addition of chia seeds to the ration
can change the fatty acid composition of meat and milk due to their richness in
omega-3 fatty acids [35]. Moreover, it was stated that chia oilcake is a good source of
protein (19.0-23.0%) and fibre (33.9-39.9%), and it also contains antioxidants [34].
One study found that phospholipids and triglycerides were high in mung beans, and
that the dominant fatty acids were linoleic and oleic [38]. In addition, high levels of
linoleic acid have been reported in mung beans, teff and buckwheat [33].

7. Food waste utilisation in monogastric animals

It is an established fact that traditional swine and poultry diets rely on corn as
an energy source and soybeans as a source of protein [6, 7, 39]. Non-ruminants are
both pigs and poultry [7]. However, a large part of the world’s population, especially
in developing countries, relies on corn as its staple food [6]. The escalating global
demand for grains has resulted in a persistent increase in prices. Therefore, there isa
necessity for alternative feed sources to be utilised in place of traditional feed sources,
with a view to reducing feed costs in livestock enterprises [39]. Feed costs are a signifi-
cant component of meat production, impacting the financial viability of the enterprise
[6]. In the EU, feed costs constitute 55-72% of pig production costs and 55-75% of
poultry production costs. It is evident that a considerable proportion of by-products
obtained from the human food industry have the potential to be utilised in pig and
poultry diets [40]. The financial advantage of utilising food waste as a feed alternative,
as compared to conventional feed options, has been demonstrated, leading to potential
cost savings in production [6]. In addition to making a significant contribution to the
fight against food insecurity, evidence suggests that it can also provide health benefits
as it contains bioactive compounds [6]. It is recognised that the utilisation of food
waste as chicken feed has the capacity to provide nutrients to animals and, indirectly,
to humans [10]. As asserted by Stefanello et al. [39], it is necessary to evaluate the
nutrients and energy usage of unconventional feeds. The processing of food waste is
also a significant consideration, as the presence of mould in feed can compromise its
nutritional value and pose a risk to animal health. Consequently, the process of drying
or fermenting food waste has been identified as a method of preventing mould growth
and should be given due consideration when integrating food waste as a constituent
of poultry feed [6]. An experiment to evaluate discarded biscuits as an alternative
to maize in pig diets was conducted by Manu [41]. They were fed ad libitum with
isonitrogenous diets containing 0%, 10%, 20% and 30% levels of discarded biscuits,
which replaced similar amounts of maize. He found that there were no significant
differences in average daily feed intake, average total feed intake, average daily weight
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gain, average total weight gain and feed conversion ratio (FCR) between the four diets.
There was a linear decrease in feed costs with increasing discarded biscuits in the diet,
and gain costs followed a similar trend. It was concluded that discarded biscuits could
make up to 30% of the diet and replace about 60% of the maize in the diet of grow-
ing pigs without adversely affecting growth performance and carcass characteristics,
thereby reducing competition for maize between humans and livestock. Poultry con-
stitutes a significant component of animal husbandry. The demand for chickens is high
in many regions worldwide due to their rapid growth rate and resilience. Chicken meat
and eggs are one of the main sources of protein for many people in the world [7], who
are heavily dependent on corn and soy as their main feed sources. It is thus imperative
that the effects of alternative feed materials are subjected to rigorous scrutiny. Poultry
diets are mainly based on maize and soya, and almost 60-70% of poultry require-
ments are met by cereals (energy source), mainly maize. Cereals are also needed

for human consumption. This leads to increased competition between poultry and
humans. Therefore, there is an urgent need to look for unconventional energy sources
for poultry feed formulation to reduce feed costs [42]. The primary concern regarding
the utilisation of food waste as a broiler feed is attributable to the high ligno-cellulose
content thereof [7]. However, bakery flour is a constituent of products that are unsold
or unsaleable, and are obtained from bakeries and food processing facilities.

This product is widely used in the feed industry [40] and can be readily incorpo-
rated into poultry compound feeds due to its very low ligno-cellulose content. Bakery
waste is a by-product which can be used as an energy-rich feed for feeding animals.
Its protein and amino acid content is similar to that of maize (10.8% CP, 0.27% lysine
and 0.10% tryptophan). However, it has a higher fat content (11%). Similarly, a
bakery meal is rich in starch. This is because wheat meal is the main ingredient in all
bakery products. Since the starch is thermally processed (cooked), it is highly digest-
ible and therefore has a high nutritional value [43].

In the nutrition of pigs and poultry, both the quantity and quality of dietary
protein are important [6]. Indeed, a considerable number of by-products from the
corn processing industry and other industries, including the bakery and grain indus-
tries, are frequently utilised in pig diets [44]. One of the earliest studies reported that
when fed to pigs on pasture, oven-dried stale bread moistened with water was almost
equivalent to corn. However, when not administered with a laxative feed, it caused
constipation. It has been posited that oven-dried bakery wastes exhibit a composi-
tion analogous to grain, though they may contain reduced levels of fibre and elevated
levels of oil [45]. Barman et al. [46] reported that up to 50% of maize can be replaced
with bakery waste for the formulation of economic rations, with no effect on piglet
growth, FCR and feed cost per kg gain. Bakery products are the result of a complex
process involving the mixing, grinding and drying of a variety of ingredients, includ-
ing wheat products, pasta, potato chip waste, cakes and breakfast cereals [44]. Bakery
flour is a by-product of unsold or unsaleable products obtained from bakeries and
food processing factories, and its main component is wheat flour. This ingredient can
be successfully used as a part of grain replacement in broiler feeds as an energy source
due to the presence of digestible starches and sugars within its carbohydrate composi-
tion [39, 45, 47]. In general, bakery meal contains around 2981 kcal/kg net energy,
which compares very favourably with maize at 2672 kcal/kg net energy [48]. It can
also reduce dependence on corn, which is the primary energy source [47]. It is esti-
mated that 70-80% of corn production globally is utilised for the purpose of livestock
feed [43]. It is estimated that demand for corn and soybeans will increase by 40%
of the amount produced [7]. Damron et al. [45], determined that the addition of up
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to 10% dried bakery waste to broiler diets did not significantly affect the live weight
and feed conversion ratio of broilers fed only corn-soybean meal. Furthermore, the
analysis concluded that the dried bakery waste was homogeneous, according to the
performance and nutrient analysis of the broilers. Al-Tulaihan et al. [47], found that
the addition of up to 30% dried bakery waste resulted in live weight, FCR and feed
consumption that were similar to those of 42-day-old broilers fed only corn-soybean.
It was reported that dried bakery waste, obtained from local bakeries, can be used to
replace part of the corn in broiler rations without adversely affecting performance.
Al-Rugqaie et al. [49] reported that replacing up to 100% of dietary maize with BW
reduced the total feed and feed cost to produce 1 kg of live weight without compromis-
ing performance, nutrient utilisation and carcass characteristics of broiler chickens.
Yadav et al. [50] show that the inclusion of up to 40% dried bakery waste in broiler
diets does not negatively affect the economic feasibility of broiler production. A recent
study [51] showed that replacing up to 40% of maize with bakery waste in broiler
diets is a cost-effective strategy that does not adversely affect growth performance.
However, carcass evaluation showed that while overall carcass traits were unaffected,
eviscerated carcass and breast yields were significantly lower (p < 0.05) in broilers fed
bakery waste diets. This suggests possible nutritional imbalances, particularly in amino
acid composition. These may have influenced muscle deposition and fat distribution.
In addition to understanding how bakery waste affects protein utilisation and fat stor-
age, further studies on nutrient digestibility and metabolism are needed [51]. A study
concludes that dry bakery waste can be used as an alternative to maize up to 60% of the
broiler diet to give comparable growth performance and higher profits [52]. Replacing
5 and 10% of wheat with body weight (BW) in quail diets had no adverse effects on
body weight gain (BWG), feed intake and FCR, according to Lukanov et al. [53].
Gupta et al. [54] reported that up to 20% of the maize can be replaced with
bakery waste for the formulation of all quail (Coturnix japonica) groups, which
performed similarly in terms of body weight gain, feed conversion ratio and protein
efficiency ratio. Statistically similar results were also obtained for blood biochemical
parameters, carcass trait yield, small intestine micrometry and sensory traits. It was
concluded that the maize flakes in the quail diet can be safely replaced by up to 20%
of BW without any negative effects on the diet. Bakery waste has no other specific use
and is cheaper than maize. Tiwari et al. [43] revealed that without any adverse effect
on feed intake, FCR and BWG, up to 75% of maize could be replaced by bakery waste.
Similarly, the inclusion of bakery waste in pig feed, where it is abundant, reduces the
cost of pork production and helps to improve the livelihoods of pig farmers.
Additionally, the phytate-bound phosphorus (P) content in bakery flour is
comparatively lower than that found in corn. This is probably a result of the pre-
dominant use of wheat in the production of food products used in the production of
bakery flour. Wheat has been shown to contain a higher proportion of non-phytate-
bound P compared to corn. Bakery products are derived from foodstuffs intended for
human consumption, which have undergone various processing techniques such as
fermentation, steaming, cooking or baking [40]. This approach serves to eliminate
disadvantages such as nutritional variability between batches of food waste, packag-
ing materials and possible contamination from bacteria [7].
Shittu et al. [55], reported that for the formulation of economical broiler rations,
an inedible, cheaper bakery by-product, biscuit dough, could replace up to 15% of
the costly maize in conventional diets. Broiler performance and profitability can be
improved by using biscuit dough in the diet. The level of biscuit dough in the diet can
also be up to 15%. A study by Adeyemo et al. [56], found that biscuit waste could be
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used as a feed for broilers up to a 50% replacement level for maize in the starter and fin-
isher phases, without compromising the performance and carcass value of the broilers.

Nutrients such as energy, crude protein and crude fibre are of particular impor-
tance in the formulation of broiler and layer diets. Consequently, when evaluating the
utilisation of food waste products in chicken diets, a nutritional composition analysis
is imperative. A diet that is well-formulated, based on the needs of the animal in ques-
tion and the nutritional analysis of the ingredients in the feed, has been found to lead
to an increased feed conversion ratio in animals. As demonstrated in numerous stud-
ies, the performance of broilers fed different percentages of food waste was shown to
be significantly similar to that of those fed a regular diet of corn and soybeans [39, 45,
47]. The incorporation of a substitute ingredient into poultry diets has the potential to
influence the physiological status and growth of poultry. The post-hatching period in
poultry is a critical time for the growth of muscle and bone tissue, and it is imperative
that this process is supported by high levels of nutrients [39].

In general, the researchers reported no significant difference in cholesterol levels
in chickens fed bakery waste compared to those fed a maize-soya-based basal diet [52,
57-59]. Chauhan et al. [60] indicate that, without any adverse effects on the blood
biochemistry and immune status of broilers, bakery waste can be used as a substitute
for up to 20% of maize in broiler rations. However, significantly higher cholesterol
levels were reported in birds fed 100% bakery waste as a maize replacement in broiler
rations by Ahaotu et al. [61]. These differences may be explained by the fact that
higher levels of bakery waste (50 and 100%) were used in the diets, and their bakery
waste source contains a higher EE content (17.14%).

The results of a trial investigating the usability of corn flakes waste as an energy
source in broiler diets are displayed in Table 5 [24]. In the initial phase of the

Cornflakes waste level* 0 20 40 60 100 SEM

Starter, 0-35 day

DM* 5841 74.83 6390% 6379 76.82° 3,08*
CP* 61.00° 70.35° 6728 65.07° 7473 4.38*
CF* 22,50 28.41° 26.81° 25.47° 27.82° 419*
EE* 53.00* 58.66° 54.15% 56.58% 59.25" 446
NFE* 72.94 73.96 77.24 71.86 74.22 2.86N

Finisher, 36-63 day

DM* 7631 7643 7844 78.16 78.13 157"
CP* 63.59* 68.84%° 6828 71.38% 74.00 241
CF* 4269 4536 4830 4761 4961 463"
EE* 74.52 74.87 71.01 74.86 7443 264N
NFE* 83.05 86.43 86.70 83.55 83.96 233"
BW at starter, g 1033.33* 1058.33% 1004.42° 1125.42° 1014.44* 785
BW at finisher, g 23332 217778 2111.13 227778 2975.25 261

DM: Dry mattey, CP: Crude protein, EE: Ether exract, CF: Crude fibre, NFE: Nitrogen-free extract, BW: Body
weight, * %, “*: Means denoted by the diffevent alphabetical are significantly different (P0.05), NS: Not significantly
different (P*0.05),” SEM: Standard error of means.

Table 5.
Performance, apparent nutrient digestibility of broilers fed cornflakes waste diets.
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experiment, it was observed that the subjects fed with a blend of 80% corn and 20%
corn flakes exhibited higher average live weight when compared to those fed with

a mixture containing 40% and 60% corn flakes, respectively. It was observed that
broilers fed a diet consisting of 100% corn flakes waste exhibited higher live weight
at the finishing stage. However, this difference was not found to be statistically
significant (p > 0.05). The optimal nutrient digestibility was observed in broilers
fed a mixture of 80% corn and 20% corn flakes, with a comparable level of nutrient
digestibility being recorded in broilers fed a diet consisting of 100% corn flakes waste
[24]. A recent study reported that the addition of multi-enzymes (a-galactosidase,
galactomannanase, xylanase and p-glucanase) to bakery and biscuit meals had no
significant effect on the nutrient utilisation of pigs [62].

8. Use in ruminant nutrition

Barley grain is the most commonly used cereal in lamb and kid diets, accounting
for between 50 and 75% of the dietary DM, according to Obeidat [63]. Compared to
the barley grain, the bread by-products are much cheaper (20-40% of the price of the
barley grain) and have a similar composition. Examples of this waste include leftover
cakes, bread, croissants, biscuits, dough and products past their expiration date. Due
to consumer preference, acceptance and business policy, these are not used for human
consumption [64]. The chemical content of bakery waste used in animal feed has
been shown to vary widely in many previous studies [47]. Several studies have been
conducted in which ruminants were fed varying amounts of bread by-products or
bakery waste. Bread by-products can replace up to 750 g/kg of whole grain maize in a
growing-finishing beef feedlot diet, with no loss of performance or meat quality [65].
Replacing 200 g/kg of dietary barley in DM with bread did not affect the nutrient
intake, growth or digestibility of kids, while reducing feed costs, according to Haddad
and Ereifej [66].

In addition, Afzalzadeh et al. [67] found that up to 250 g/kg of bakery waste could
be included in the diets of growing lambs without affecting their performance, result-
ing in an improvement in the quality of internal and tail fat. As a more cost-effective
option, Salama et al. [68] suggested replacing yellow maize with dried bakery by-
products at levels up to 1000 g/kg in lamb fattening diets. Obeidat [63] reported that
the effects on feed intake, digestibility, growth performance, carcass characteristics,
meat quality and general health of black goat kids were comparable when 50 and
100 g/kg bakery waste were included in the diet. The use of up to 100 g/kg bakery
waste on a DM basis can also reduce feed costs. It suggested the partial replacement of
barley grain in the diet as an alternative feed for growing kids.

In addition, the inclusion of bakery waste had no effect on blood metabolites,
haematological characteristics, liver enzymes or renal function. Blood serum metabo-
lites and haematological parameters, which can be influenced by internal and external
factors, are important diagnostic tools for the nutritional status and health of animals.
In another study, blood parameters other than total protein, albumin, globulin and
blood glucose were not affected by the inclusion of 300 and 600 g/kg bakery by-
products on a DM basis [69].

Bakery by-products are leftovers of various bakery products such as bread, rolls,
biscuits, cakes, cookies and dough that do not meet consumer freshness requirements
or expire [64]. Nutritionally, they can be used as an energy concentrate in cattle diets,
with an energy content comparable to conventional cereals [70]. One study reported
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that dried bakery flour is a very satisfactory feed for lactating cows. In particular, it
has been posited that the subject can act as an energy source, capable of replacing
corn and oil in dairy feeds [45]. Bakery waste can be incorporated into sheep diets to
promote greater ammonia nitrogen utilisation by ruminal microorganisms without
altering intake, nutrient digestibility, nitrogen balance, ruminal pH or volatile fatty
acid concentration. However, the concentration of ammonia nitrogen showed a nega-
tive linear response in relation to the level of inclusion, in which each increase of 1%
of bakery waste promoted a reduction of 0.11 mg/dL in the concentration of ammonia
nitrogen. This may be related to increased ruminal energy availability, allowing more
ammonia to become available for microbial growth [70]. This reduction in ruminal
NH3-N concentration may be related to the increased energy availability for microbial
protein synthesis provided by the inclusion of bakery waste in the diet, or to the
reduced inclusion of soybean meal in the diet due to the higher CP content of the
waste compared to maize meal. Cabral et al. [71] reported that the lower inclusion of
soybean meal in diets could reduce the availability of NH3-N for microbial protein
synthesis. This is due to the fact that soybean meal protein is intermediate in degrada-
tion in the rumen. In general, bakery wastes contain lower levels of starch and fibre,
but higher levels of EE and sugars when compared to cereal grains. The increased
amount of EE increases the total amount of energy, but may reduce nutrient digest-
ibility, including fibre digestibility, when the total amount of EE in the diet exceeds
6-7% DM. In addition, heat treatment during the baking process can alter the digest-
ibility of certain nutrients, such as starch and protein. This modulates the availability
of energy and CP to rumen microbes. In addition, especially when fed at high levels,
as in high-yielding dairy cows, changes in the profile and chemical nature of nutrients
such as starch, sugars and fat during heating may increase nutrient flux from the
rumen and impair post-rumen digestion [64]. The biscuit industry is the food indus-
try branch that produces biscuits, crackers, wafers and cake-type bakery products
using soft wheat flour. The production of these foods generates a certain amount of
waste material that fails to meet the sensory quality criteria of the products, depend-
ing on the ingredients and processing technologies utilised. This waste material is
then referred to as “scrap” by biscuit industrialists. The precise proportion of waste
material in question remains undetermined; however, it is estimated to range from 1
to 5%, contingent on the specific product [72].

The results of the study conducted by Korkmaz and Soycan C)neng [21] on food
waste are presented in Table 6. When gas production (GP) amounts in this study
are evaluated [21], the highest GP amount was found to be 53.69 m1/200 mg DM in
pasta, and the lowest amount was determined as 25.76 ml/200 mg DM in ice cream
bran mixture (Table 6). Soycan Oneng [73] determined in her study that GP in the
most used feed dry meadow (DMD), cotton seed meal (COM), and barley were
39.28, 42.34 and 69.85 m1/200 mg DM. In another study conducted by Abag et al.

[22] in the 24 hour incubation, the GP amounts of barley, wheat, oat, maize and
wheat bran have changed as 50.00-72.18, 48.65-75.17, 52.58-68.42, 54.77-77.69 and
32.54-56.59 m1/200 mg DM.

In Korkmaz and Soycan Oneng’s study [21], the determined GP amount in pasta
and pudding in 24 hours was higher than those determined by Soycan-Oneng [73] for
DMD and COM and lower than those determined for barley. The obtained results are
used to calculate the digestibility of organic matter and the NEL of feedstuff. When
DOM, ME and NEL ingredients with the help of net GP amounts are evaluated, it
was determined that amounts except DOM for pasta were 96.00%, 13.84 MJ/kg DM
and 7.96 MJ/kg DM, respectively (Table 7), were within the values given by Abag
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Sample 3 h* 6 h* 9 h 12 h* 24 h*

Pasta 172+0.38 1548 + 1.52% 34.25+1.27 4115+ 1.92° 53.69 + 0.86"
Pudding 099:028™  2257:4.03  2868:218"  3361:438% 4563 + 763"
Vegetable soup 0.52 + 0.00° 12.79 + 1.37 2533 +2.00° 2820 +215° 4099 + 263
Yoghurt soup 329+ 017 13.00 + 1.31° 2392 +1.68° 2912 +1.38° 35.88 + 0.79™
Wafer flour 111+ 0.24 13.85 + 3.64° 2233+328" 2584 :388" 42.80 +2.58°
Ice cream bran mix 142 £ 0.56™ 11.75 + 1.22° 16.01 + 2.12° 17.85 + 2.03° 25.76 + 1.53¢

Mix: Mixture, “: Means with different letters in the same columns ave statistically significant (P < 0.05). * SEM:
Standard ervor of means, h: Hour, *: ml/200 mg in dry matter.

Table 6.
Gas production amounts in the incubation period.

etal. [22] for wheat (DOM = 64.25-90.97, ME = 9.89-14.10 MJ/kg DM, NEL = 5.99-
9.06 M]/kg DM).

It was found out that GP amounts were lower, but DOM, ME and NEL ingredients
revealed a similarity with the findings of Abag et al. [22]. In addition, DOM values
were found to be similar to those determined by Umucalilar et al. [74]. When data
obtained for pasta are considered, it was determined that pasta could be used as an
alternative to wheat in ruminant rations. Denek et al. [75] determined that in vitro
NEL and ME values of maize, barley, wheat, rye, oat and triticale were 8.41, 12.90 MJ/
kg DM; 8.11, 12.51 MJ/kg DM; 8.23, 12.68 M]/kg DM;8.30, 12.68 M]/kg DM; 6.79,

9.90 MJ/kg DM and 8.43, 13.04 MJ/kg DM respectively. Graminae are an important
energy source in ruminant rations [74]. Digestibility of barley starch in the rumen is
approximately 80-90%, while the value in sorghum and maize is 55-70% [76]. DOM
of pasta, pudding, vegetable soup, yoghurt soup, wafer flour and ice cream bran
mixture in this study, being determined as 70.37-90.99%, supports the idea that these
foods could be used as an alternative to wheat and barley in ruminant rations. Barley,
wheat, maize and wheat bran, which are rich in energy, are widely used in ruminant
rations. When the data found at the end of this study are considered, it was concluded
that pasta, pudding, vegetable and yoghurt soups, wafer meal and ice cream bran
mixture can be used as an alternative to the above-mentioned materials [21].

It is known that today quinoa, chia, teff, mung bean and buckwheat are widely
used in human nutrition. However, the use of these crops is limited in animal

Sample DOM* ME** NEL™

Pasta 90.99 + 0.76* 1231+ 0.15° 6.68 + 0.10°
Pudding 7139 + 678" 968 + 1.20° 5.82 + 0.88%
Vegetable soup 91.83 +2.33° 1161 + 0.46° 6.51+ 0.30°
Yoghurt soup 70.37 £ 0.71° 915 + 0.14% 491+0.09
Wafer meal 72614229 15.09 + 0.45° 873 + 0.29°
Ice cream bran mix 89.89 + 1.36 78 +0.27° 4.01+0.18

Mix: Mixture, DOM: Digestible organic matter, ME: Metabolisable energy, NEL: Net energy lactation, a4 Means with
different letters in the same columns are statically significant (P < 0.05),),* SEM: Standard error of means *: % in dry
matter, **: MJ/kg in dry matter.

Table7.
Digestible organic mattey, metabolisable energy and net energy lactation of samples.
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nutrition. In a study [33], besides CP contents of white, black and red quinoa being
higher than those of gramineae, their EE contents were also high, and this resulted in
higher ME values calculated from the ME equation for ruminants according to TSE.
The ESOM content, which was determined via the cellulase technique, was also found
to be high (Table 8). Quinoa can be used as an alternative to traditional cereals as an
energy source during the early lactation period or fattening period, when ruminants
have high energy requirements. Particularly due to their linoleic acid amounts being
high, their use in the fattening period, it will affect the meat quality positively. It will
enable the meat to be rich in conjugated linoleic acid.

The CA contents of white and black chia being high, reveals that they are rich in
minerals (see Table 3). At the same time, their CP, EE contents being high, resulted
in their ME contents also being high. However, their ESOM contents were found out
to be very low. The reason was that NDF, and particularly their ADF were at high
level. Their oil content being high may also be effective in heat stress prevention in
dairy cattle. When fatty acid components are analysed, linolenic acid being high,
will increase the polyunsaturated fatty acids and especially conjugated linoleic acid
contents of milk fat. Thus, the functionality of milk will increase. When the results
obtained from the research are evaluated together, it is concluded that mung bean is
an alternative protein source, and teff and buckwheat are new alternatives to cere-
als. Ikizoglu and Soycan Oneng [33] concluded that quinoa, chia, teff, mung bean
and buckwheat, which have passed their shelf life due to damage in their package in
supermarkets or storehouses, can be used as an alternative feed source in ruminant
animal nutrition.

9. Evaluation of food waste as silage

The moisture content of food waste has been found to vary between 50 and 85%.
The process has the consequence of reducing the shelf life of the food, which makes it
more difficult to collect and incorporate it into animal feed [6]. In a study, similar to
Malhatun Cotuk and Soycan Oneng [28] DM contents of silages increased due to the
increase in the amount of wafers. However, the reason for the high DM content of the
control group was due to the high DM of the starting materials (37.03% of alfalfa and
98.24% of the crumb wafer) (Table 9). Kurtoglu [77] reported that with the wither-
ing up to 37% DM, the desired quality of silage fermentation would be achieved. In
the study, the starting DM content of alfalfa with withering increased to 37.03%;
therefore, as Kurtoglu [77] reported, the DM content of the control group silages was
also found to be high. However, it is thought that the effect of the wafer may be more
pronounced in alfalfa with low DM. In the study determined that the amount of CA
decreased in the 40 and 50 groups (Table 9) compared to the control group. Sakalar
and Kamalak [78] reported that increasing the addition of dried molasses beet pulp
to alfalfa reversed the rate of increase of CA due to the CA content of dried molasses
beet pulp. The decrease in the amount of CA in the 40 and 50 groups in this study
was similar to that of Sakalar and Kamalak [78] and was caused by the low amount
of CA in the wafer. In this study, adding 30 g/kg and above crumb wafer to withered
alfalfa prevented CP fragmentation, especially in 50 group; the CP amount was found
to be 25.79%. Increasing the WSC content with the addition of wafers caused a rapid
increase in the Lactobacilli counts, lowering the pH and inhibiting proteolysis in low
pH silages (4.43-4.67). Proteolytic enzymes can reduce the feed value of the silage
material. These enzymes convert protein nitrogen into non- protein nitrogen (NPN)
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forms, such as peptides and free amino acids. However, it is known that microbial
activity in silage plays a significant role in the degradation of ammonia and amines
[79]. In the study, NH;-N levels decreased significantly by adding 40 and 50 g/kg
crumb wafers, indicating that the wafer successfully prevents proteolysis. It has been
reported that alfalfa silage causes 85% of the total N in alfalfa to become NPN [79].
Also, when large amounts of proteolysis occur, additional protein supplements may
have to be used even if the total CP of the ratio appears sufficient to achieve optimum
milk production. Therefore, proteolysis in silage-making can seriously affect the cost
of milk production [28]. The EE content was higher in the groups with wafers added
than in the control group (Table 9). However, the highest value in the 50 group was
due to the high amount of added wafers. However, the fact that the wafer contained
23.13% EE in DM explains the increase in EE in the 50 group. In the study, adding
30 and 40 g of the wafer decreased NDF and ADF while adding 50 g increased them
(Table 9), and this may be related to the fact that the high WSC in the wafer was used
together with Lactobacilli by yeasts and the relaxant effect of lactic acid (LA) on the
cell wall could not be revealed.

The fact that the pH levels of the wafer-added groups are close to each other
and above 4.5 also supports this situation. However, in Ozaslan’s [80] study, it was
reported that the cell wall components decreased with the addition of corn syrup,
and the silage pH was around 4.22. In silage production, there must be lactic acid
bacteria (LAB) in the environment so that the silage material does not deteriorate,
and WSC content must be sufficient for them to produce lactic acid [28]. In the
study, the addition of wafers showed an encouraging effect on the development
of Lactobacilli counts (Table 9), while the Lactobacilli counts increased, the yeast
counts increased due to the increase in the wafer level. It is reported that carbohydrate
sources activate the proliferation of some anaerobic bacteria, primarily LAB, in silage
[81]. The increase in Lactobacilli and yeast counts was due to the addition of crumb
wafers, a carbohydrate source, as reported by Bolsen et al. [81]. Although an increase
in LAB counts is desired in silages, an increase in yeast counts is not desired. However,
due to the high WSC content of the added wafer in this study, the yeast counts were
increased along with the Lactobacilli, which is not an expected result.

10. Conclusion

The utilisation of food waste as animal feed has the dual benefits of providing
nutrients to both animals and humans, while simultaneously reducing the amount of
waste sent to landfills. It could be argued that this approach represents a model which
could be adopted in other contexts. Moreover, recycling food waste in animal feeding
can contribute to reducing environmental impact and improving the environmental
footprint of livestock production.
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Abstract

Antibiotics have been widely used in animal feeds for decades to promote growth
and prevent diseases in poultry, livestock, and aquaculture. Antibiotics play a crucial
role in enhancing weight gain, improving feed efficiency, boosting nutrient absorp-
tion, modulating gut microbiota, reducing morbidity, and preventing infections, all
of which ultimately contribute to higher productivity in animal farming systems.
However, the unchecked and widespread use of antibiotics in animal feed over
prolonged periods has raised significant concerns regarding environmental safety
and public health. This is primarily associated with the development of antimicrobial
resistance (AMR) in pathogenic bacteria, which increases their resistance to a variety
of antibiotics. Antibiotics function through various mechanisms of action in animals,
which can affect their performance and may even lead to the emergence of resistant
bacterial strains. Controlled and responsible use of antibiotics, following expert
recommendations, is crucial and should be regulated according to the guidelines of
the WHO, FAO, and WOAH.

Keywords: gut microbiota, antimicrobial resistance, animal feeds, feed efficiency,
prevention of infections

1. Introduction

Antibiotics are naturally occurring or synthetically produced chemotherapeutic
agents that destroy or inhibit the growth of bacteria and other microorganisms [1].
The first antibiotic, penicillin, was discovered by Alexander Fleming in 1928. He
observed that the mold Penicillium notatum (later known as Penicillium chrysogenum)
secreted a substance named penicillin. He found penicillin to be effective against
various gram-positive bacteria, including Streptococcus and Staphylococcus [2].
Penicillin was widely used during and after World War II to treat bacterial infections
in civilians and soldiers. Penicillin saved countless lives. The discovery of penicillin
laid the foundation for the development of other antibiotics [3]. China is the world’s
largest producer and supplier of raw materials for antibiotics. Other major contrib-
uting countries include the USA, Germany, India, Japan, Switzerland, Italy, South
Korea, France, the UK, Russia, Brazil, and Canada [4].
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Antibiotics can inhibit bacterial growth or kill bacteria, enhance feed efficiency in
aquaculture, poultry, and livestock production, promote growth, and prevent dis-
eases in animal agriculture [5, 6]. Antibiotics have revolutionized animal agriculture
by enhancing productivity and ensuring healthier animals. They are administered at
sub-therapeutic levels to meet the growing global demand for animal protein, main-
tain optimal gut health, and reduce mortality rates [7, 8].

Animal feeds are a vital component and play an important role in aquaculture,
poultry, and livestock production, providing the necessary nutrients to support
reproduction, growth, and overall animal health [9]. Animal feeds consist of grains,
minerals, vitamins, protein sources, and other additives, including antibiotics,
probiotics, prebiotics, and phytogenics [10, 11]. Antibiotics were initially introduced
to combat bacterial infections in animals [5]. Suppressing pathogenic bacteria results
in faster growth rates and improved feed conversion ratios, ultimately increasing
animal production [12]. Antibiotics are also being administered as growth-promotor
[13]. However, frequent and uncontrolled use of antibiotics resulted in development
and spread of antibiotic-resistant bacteria, undermining the efficacy of antibiotics in
treating human and animal infections [14, 15]. Antibiotic residues in animal-derived
food products can lead to adverse health effects, including allergic reactions and
disruptions to gut microbiome [16].

The application of antibiotics in human and animal feeds and their impacts have
been major concerns for the last three decades [14]. However, this has become a
worldwide issue over the past five years due to the widespread occurrence of antibi-
otic resistance and the emergence of antibiotic-resistant bacteria [17]. These concerns
have become critical focus for researcher, to balance the benefits of antibiotics with
sustainable livestock practices [18].

2. Categories and classes of antibiotics

Antibiotics have been divided into two major categories such as broad-spectrum
antibiotics (effective against a wide range of bacteria) and narrow spectrum antibiot-
ics (effective specific range of bacteria). Antibiotics have been divided into three
groups on the basis of their sources including natural antibiotics (derived from
microorganisms such as Penicillin and Streptomycin), semi-synthetic antibiotics
(chemically modified such as Amoxicillin and Methicillin), and synthetic antibi-
otics (completely man-made such as Sulfonamides and Quinolones) [19]. Some
antibiotics totally kill bacteria known as bactericidal antibiotics (Aminoglycosides,
Cephalosporins, and Penicillins), and others only inhibit bacterial growth and
allow the immune system to eliminate bacteria, known as bacteriostatic antibiotics
(Tetracyclines and Sulfonamides) [20, 21].

Major classes of antibiotics include Beta-Lactams (Penicillins and
Cephalosporins), Aminoglycosides (Gentamicin and Streptomycin), Macrolides
(Erythromycin and Azithromycin), Quinolones (Ciprofloxacin and Levofloxacin),
and Tetracyclines (Doxycycline and Tetracycline) (Table 1). Antibiotics are
administered by oral route (Amoxicillin and Ciprofloxacin) and intravenous
route (Vancomycin and Ceftriaxone). Some are applied through skin or mucous
membranes and generally known as topical antibiotics such as Bacitracin and
Mupirocin [1, 22].
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Classes Mechanism of action Examples

Aminoglycosides Inhibition of protein synthesis (30S Amikacin, Gentamicin, Streptomycin
ribosome)

Ansamycins Inhibition of RNA polymerase Geldanamycin, Rifamycin

Beta-Lactams

Inhibition of cell wall synthesis

Carbapenems, Cephalosporins,
Monobactams Penicillins (amoxicillin,
penicillin),

Chloramphenicol Inhibition of protein synthesis (50S Chloramphenicol
ribosome)

Fidaxomicin Inhibition of RNA polymerase Fidaxomicin

Fluoroquinolones Inhibition of DNA gyrase and Ciprofloxacin, Levofloxacin, Moxifloxacin
topoisomerase IV

Glycopeptides Inhibition of cell wall synthesis Vancomycin, Teicoplanin

Lincosamides Inhibition of protein synthesis (50S Clindamycin, Lincomycin
ribosome)

Lipopeptides Disruption of bacterial membrane Daptomycin
potential

Macrolides Inhibition of protein synthesis (50S Azithromycin, Clarithromycin,
ribosome) Erythromycin

Nitrofurans Disruption of DNA and other Nitrofurantoin
macromolecules

Nitroimidazoles Disruption of DNA structure Metronidazole, Tinidazole

Oxazolidinones Inhibition of protein synthesis (50S Linezolid, Tedizolid
ribosome)

Pleuromutilins Inhibition of protein synthesis (50S Lefamulin
ribosome)

Polypeptides Disruption of bacterial membrane Bacitracin, Polymyxins (Polymyxin B,
integrity Colistin)

Rifamycins Inhibition of RNA polymerase Rifampin, Rifabutin

Streptogramins Inhibition of protein synthesis (50S Quinupristin-Dalfopristin
ribosome)

Sulfonamides Inhibition of folic acid synthesis Sulfadiazine, Sulfamethoxazole

Tetracyclines Inhibition of protein synthesis (30S Doxycycline, Minocycline
ribosome) Tetracycline

Table1.

Magor classes of antibiotics.

3. Use of antibiotics

The basic uses of antibiotics in animals are to treat sick animals (therapeutic use),
prevent infections (prophylactic use), and improve feed utilization and production
(as growth promoters) [23]. The therapeutic use of antibiotics involves exposing the
suspected pathogen to an antibiotic for a short period of time at a dose higher than its
minimal inhibitory concentration (MIC). Sometimes, therapeutic treatment involves
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providing antibiotics to animals in intensive farming systems through feed or water,
which may have doubtful efficacy because sick animals might not eat or drink [24].
Prophylactic treatment involves applying antibiotics to farmed animals in moderate to
high doses, either in feed or water, for a defined period of time. As growth promoters,
sub-therapeutic levels of antibiotics are generally applied to entire flocks and herds
over extended periods of time [13].

Generally, sub-therapeutic levels of antibiotics still exceed the MIC of the target
probiotics or bacteria such as Enterococcus spp. and Clostridium perfringens. The major
concern regarding the application of antibiotics is both the types of antibiotics being
used and the manner in which they are used [25]. Antibiotics intended for human
use should not be applied therapeutically in food-producing animals, as the duration
and dosage of these antibiotics are now considered to compromise the efficacy of
human antibiotics [26]. Antimicrobials have also been used to prevent the occurrence
of diseases, in animal feed at sub-therapeutic doses, to enhance production through
improved feed conversion for higher mass, and as growth-promoting agents. These
antibiotics must be readily available within the country and are largely produced by
feed manufacturers and farmers [11].

3.1 Antibiotic use in animal feeds

Antibiotics are generally incorporated into a variety of animal feeds to control
disease and promote growth and health in animals. Antibiotics are being used
in poultry, swine, cattle, aquaculture (fish and shrimp), and almost all animals.
Commonly used antibiotics in poultry feeds include Tylosin, Bacitracin, and
Virginiamycin, swine feeds (Chlortetracycline, Tylosin, and Lincomycin), cattle
feeds (Monensin, Lasalocid, and Tylosin), and aquaculture (Oxytetracycline,
Florfenicol, and Sulfonamides) [17]. Mostly countries have banned, and some have
restricted the use of antibiotics as growth promotor in animal feeds due to health
risks associated with antimicrobial resistance. Farmers have advised to use alterna-
tive to antibiotics such as probiotics, prebiotics, enzymes, and phytogenics (plant-
based feed additives with antimicrobial properties such as oregano oil and garlic)
[27]. Mostly antibiotics are being used in animal feeds to improve feed efficiency,
promote growth, prevent (prophylaxis) infections, control diseases (metaphylaxis),
and treat illness (therapeutic use). Use of antibiotics other than prevention and
treatment of diseases causes antimicrobial resistance and residues in animal products
(meat, milk, and eggs). Following tables (Tables 2, 3, and 4) show bacterial infec-
tions and concerned effective antibiotics used to control these infections in poultry,
livestock, and aquaculture [28].

The increasing trend of application of antibiotics in animal production systems
caused emergence of antibiotic-resistant bacteria having zoonotic nature that are
transmitted to humans via food chains. Increasing frequency in emergence of these
antibiotic-resistant bacteria causes failure of treatment, making disease more severe
[29]. Chromosomal changes are major factors which result in emergence of antibiotic-
resistant bacteria, but mobile genetic elements cause horizontal transmission of
resistance determinants [30, 31].

Food is one of the major sources that transfers antibiotic resistance determinants
among bacteria. Food preservation strategies also spread antibiotic resistance among
food-borne pathogens, resulting in the spread of resistant infections in the com-
munity, increased mortality as well as increased treatment costs, treatment failure,
and decreased infection control efficacy [32]. Food-producing animals are significant
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Diseases

Causative Bacteria

Antibiotics

Chronic Respiratory
Disease (CRD)

Mycoplasma gallisepticum

Tylosin, Doxycycline, Oxytetracycline,
Enrofloxacin

Fowl Cholera Pasteurella multocida Sulfonamides (Sulfaquinoxaline),
Tetracyclines, Amoxicillin
Colibacillosis Escherichia coli Enrofloxacin, Florfenicol, Amoxicillin,

Oxytetracycline

Necrotic Enteritis

Clostridium perfringens

Bacitracin, Lincomycin, Tylosin,

Infectious Coryza

Avibacterium paragallinarum

Sulfonamides, Erythromycin,

Oxytetracycline

Salmonellosis Salmonella spp. (S. pullorum and Enrofloxacin, Florfenicol, Amoxicillin,

S. gallinarum)

Campylobacteriosis Campylobacter jejuni Erythromycin, Tetracyclines

Pullorum Disease Salmonella pullorum Sulfonamides, Tetracyclines,
Fluoroquinolones

Botulism Clostridium botulinum Pencillin

Bumblefoot Staphylococcus aureus Amoxicillin, Erythromycin, Clindamycin

(Pododermatitis)

Ornithobacterium Ornithobacterium rhinotracheale Tylosin, Doxycycline, Amoxicillin

Rhinotracheale

Table 2.

Most effective antibiotics against common bacterial infections and diseases of poultry.

Diseases

Causative Bacteria

Antibiotics

Mastitis (Cattle, Goats, Sheep)

Staphylococcus aureus, Escherichia
coli, Streptococcus agalactiae

Penicillin, Cephalosporins
(Ceftiofur), Tetracyclines,
Amoxicillin

Bovine Respiratory Disease
(BRD)

Mannheimia haemolytica, Pasteurella

multocida, Histophilus somni.

Enrofloxacin, Tylosin,
Florfenicol, Oxytetracycline

Clostridial Disease (Blackleg,
Tetanus, Enterotoxemia)

Clostridium chauvoei (Blackleg),
C. tetani (Tetanus), C. perfringens
(Enterotoxemia)

Penicillin, Tetracyclines

Foot Rot (Cattle, Sheep, Goats)

Fusobacterium necrophorum,

Tetracyclines, Sulfonamides,

Dichelobacter nodosus Florfenicol
Leptospirosis (Cattle, Sheep, Leptospira spp. Penicillin, Streptomycin,
Goats, Swine) Tetracyclines
Brucellosis (Cattle, Goats, Brucella spp. Tetracyclines (Doxycycline)

Sheep, Swine)

combined with Streptomycin

Swine Dysentery

Brachyspira hyodysenteriae.

Tylosin, Lincomycin, Tiamulin

Listeriosis (Cattle, Sheep,
Goats)

Listeria monocytogenes

Penicillin, Amoxicillin,
Tetracyclines

Actinobacillosis (Wooden
Tongue)

Actinobacillus lignieresii.

Tetracyclines, Streptomycin

Actinomycosis (Lumpy Jaw)

Actinomyces bovis

Penicillin, Tetracyclines

Salmonellosis (Cattle, Swine,
Sheep, Goats)

Salmonella spp.

Florfenicol, Amoxicillin,
Tetracyclines
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Diseases

Causative Bacteria

Antibiotics

Contagious Caprine
Pleuropneumonia (CCPP)

Mycoplasma capricolum subsp.

capripneumoniae

Tylosin, Oxytetracycline

Erysipelas (Swine, Sheep,
Poultry)

Erysipelothrix rhusiopathiae

Penicillin, Tetracyclines

Johne’s Disease

Mycobacterium avium subsp.

paratuberculosis

Supportive care as antibiotics are
not fully effective

Pink Eye (Infectious Bovine
Keratoconjunctivitis)

Moraxella bovis

Oxytetracycline, Penicillin
(topical)

Table 3.

Most effective antibiotics against common bacterial infections and diseases of livestock.

Diseases

Causative Bacteria

Antibiotics

Vibriosis

Vibrio spp. (V. anguillarum, V.
harveyi, V. vulnificus)

Oxytetracycline, Sulfonamides, Florfenicol

Columnaris Disease

Flavobacterium columnare

Oxytetracycline, Florfenicol

Aeromonas Infections

Aeromonas hydrophila, A.
salmonicida

Oxytetracycline, Enrofloxacin, Florfenicol

Edwardsiellosis Edwardsiella tavda, E. ictaluri Oxytetracycline, Sulfadiazine-Trimethoprim
Streptococcosis Streptococcus iniae, S. agalactiae Amoxicillin, Oxytetracycline, Erythromycin
Furunculosis Aeromonas salmonicida Oxytetracycline, Florfenicol

Bacterial Kidney Renibacterium salmoninarum Erythromycin

Disease (BKD)

Epitheliocystis Chlamydia-like bacteria Oxytetracycline

Mycobacteriosis Mycobacterium marinum Rifampin (rare, under veterinary prescription)

Yersiniosis (Enteric
Redmouth Disease)

Yersinia ruckeri

Oxytetracycline, Florfenicol

Table 4.

Most effective antibiotics against common bacterial infections and diseases of aquaculture.

source of transfer of antibiotic-resistant bacteria and antibiotic resistance genes from
the farm to the consumer’s plate. Antibiotic residues also play a vital role in transfer of
antibiotic resistance in the environment [33, 34].

3.2 Importance of antibiotics in animal feeds

Basic strategy of use of antibiotics in animal feeds was to combat infectious
diseases in livestock, ensuring more consistent production and healthier animals.
Beyond disease prevention, currently, farmers and industrialists use antibiotics to
improve feed efficiency and increase productivity. Extensive application of anti-
biotics in animal feeds proved particularly beneficial for rapidly growing human
population in reducing mortality rates, improving health of livestock, ensuring
consistent supply of animal protein, and meeting the demand for meat, dairy, and
poultry products [5, 24].
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4. Mechanism of action of antibiotics

When administered through feeds, antibiotics enter digestive system of animal.
These antibiotics target specific bacterial processes which are essential for their
reproduction and survival inside the animal body. After ingestion, antibiotics are
absorbed into bloodstream from stomach and intestine. Antibiotics circulate to tissues
and organs to approach the specific target site of bacterial infection [5]. Antibiotics
target-specific cellular processes in specific structure in bacteria such as some antibi-
otics involve inhibition of cell wall synthesis in bacteria (penicillins, cephalosporins,
and bacitracin), disruption of cell membranes (polymyxins), inhibition of protein
synthesis (tetracyclines, macrolides (erythromycin), and aminoglycosides streptomy-
cin), inhibition of nucleic acid synthesis (quinolones (ciprofloxacin) and rifampin),
and inhibition of metabolic pathways (sulfonamides and trimethoprim). Antibiotics
inhibit or kill bacteria at the infection site and activate immune system to clear the
remnant of the killed bacteria. Kill of bacteria at infected sites subside inflamma-
tory responses and infected tissues heal. Antibiotics are metabolized by the liver and
excreted through kidneys [35, 36].

Primary function of antibiotics is to prevent diseases, improve overall productiv-
ity, and promote growth. Their mechanism of action includes altering microbial
populations in the gut, improving nutrient utilization, and modulating the immune
system (Figure 1). However, these effects are complex and vary depending on the
species and the type of antibiotics [37].

4.1 Effects of gut microflora

Antibiotics influence the function and composition of the gut microbiota animal
agriculture. They reduce pathogenic bacteria and suppress harmful microorganisms.
Antibiotics decrease gut inflammation and the risk of infections. Antibiotics promote
growth of beneficial gut bacteria such as probiotics and other bacteria that aid in
health and digestion. Antibiotics maintain microbial balance in gut of animals and
also prevent dysbiosis (an imbalance in the gut microbiota). However, misuse and
overuse of antibiotics leads to antibiotic resistance (ABR) in gut bacteria, posing risks
to both human and animal health [5, 38].
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Figure 1.
Flowchart of antibiotic mechanism of action.

73



Animal Feeds and Additives

4.2 Enhanced nutrition absorption

Antibiotics create a more favorable environment for nutrient absorption, by
preventing inflammation and subclinical infections. Antibiotics improve digestion
efficiency and ensure more efficient utilization of feed, by reducing the competition
between gut microbes and host animals for nutrients. Antibiotics optimize growth
rates and lead to higher productivity in livestock, by improving nutrient uptake and
supporting better growth performance [39, 40].

4.3 Immune modulation

Antibiotics also play an important role in immune modulation. Antibiotics reduce
the energy expended by animals on immune responses and lower immune stress, by
controlling inflammation and infections. Antibiotics enhance immunity and stimu-
late immune pathways, promoting gut health in animals. Antibiotics increase the
ability of animals to resist against diseases [10].

5. Benefits associated with the use of antibiotics

Regular supplementation of antibiotics in feed decreases the feed requirement up to
10-15% to achieve a desired level of growth, resulting in decrease of feed cost involved in
rearing animals. Antibiotics as feed supplement ensure conversion of feed into improved
animal product. The daily growth rate of animals feeding on antibiotic-supplemented
food is improved up to 1-10%. The meat quality of such animals is also better with high
level of proteins and low lipids [41]. Antibiotics supplementation in poultry feed also
increases the production of eggs and their hatchability [42]. Antibiotic-supplemented
food also significantly improves the health status of livestock and decreases the rate
of diseases surveillance, including chronic respiratory disease and bovine respiratory
disease. Antibiotic-supplemented feed also increased body weight gain and decreased
the mortality and morbidity rate, resulting in the decrease of disease surveillance [24].

6. Risks associated with the use of antibiotics

Approximately 12 million kg antibiotics is used yearly, of which 75% is used to treat
infections and remaining for the purpose of growth and preventive measures [14]. Major
portion of 13 million kg antibiotics used in 2010 was used as growth promotor in live-
stock. Only in USA about 24.6 million pound antibiotics are used as growth promoters in
agriculture and animal husbandry rather than treatment of infections [43, 44]. Standard
about low dose of antibiotics which can be used as growth promotors for animals and
birds set in 1940s. This standard was widely exploited worldwide and currently use of
antibiotics as growth stimulator has become global practice [5].

Antibiotic-supplemented feed promotes the emergence of antibiotic-resistant
bacterial strains, posing serious threats to human and animal health. World Health
Organization (WHO) reported the increased death rate caused by the antibiotic-resistant
bacteria when compared to other major diseases including HIV AIDS, during last decade.
Residues of antibiotics in animal products and the environment can disrupt ecosystems
and affect food safety. Indiscriminate antibiotic usage may weaken the natural immunity
of animals, making them more susceptible to infections in the long term [24, 45].
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6.1 Development of antibiotic resistance

One of the most critical risks of antibiotic use is the development of antibiotic-
resistant bacteria. When antibiotics are overused or misused, they create selective
pressure that allows only resistant strains to survive and proliferate [46]. These
resistant bacteria can spread among animals, humans, and the environment, leading
to infections that are difficult to treat [47]. The rise of multidrug-resistant pathogens,
often termed “superbugs,” poses a severe challenge to global healthcare systems. These
antibiotic-resistant bacteria (ARB), such as Aeromonas, Pseudomonas, Escherichia,
Edwardsiella, Flavobacterium, Staphylococcus, Salmonella, Campylobacter,
Enterococcus, Clostridium, and Vibrio species pose a significant public health and
environmental challenge worldwide. The emergence of resistance occurs when bac-
teria evolve mechanisms to withstand the effects of antibiotics, rendering standard
treatments ineffective. This leads to prolonged infections, higher medical costs, and
increased mortality rates [14].

Antibiotics easily kill susceptible bacterial strains, allowing resistant strains to
thrive and multiply. Survival of resistant bacterial strains causes emergence of anti-
biotic resistance genes (ARGs) which are transferred to non-resistant bacteria in the
farm environment through horizontal gene transfer and also through mechanisms like
transposons, bacteriophages, and plasmids. The emergence of ARGs in aquaculture,
poultry, and livestock presents a significant threat to global health, food safety, and
environmental sustainability. Manure contaminated with heavy load of antibiotics
residues can spread AMR genes to soil and water ecosystems [48].

6.2 Impact on human health

Farmers who rely heavily on antibiotics face many challenges and heavy economic
losses due to high mortality and high costs of ineffective drugs. The presence of anti-
biotic residues in food products such as meat, milk, and fish can directly affect human
health. The consumption of food products containing antibiotic residues and AMR
genes poses a significant risk to human health by increasing antibiotic resistance,
disrupting gut microbiota, the gradual accumulation of resistance genes in humans,
and making infections more difficult to treat [49].

Chronic exposure of antibiotics in food animals can transfer these residues,
contributing to low-dose resistance in humans. Antibiotic-resistant pathogens of
zoonotic nature can be transferred directly to humans through contact with animals,
environmental exposure, or consumption of contaminated food [50]. Customers give
up use of such products in which antibiotics residues have been suspected including
meat, eggs, and milk [51]. Moreover, resistant infections in humans often require
longer treatment durations, the use of more toxic drugs, and increased healthcare
costs, further compounding the public health burden [52].

6.3 Environmental contamination

Antibiotics used in agriculture and aquaculture often end up in the environment
through animal waste, feed runoff, and improper disposal [53]. This contamination
can affect soil and water ecosystems, altering microbial communities and promoting
the spread of resistance genes among environmental bacteria. The long-term ecologi-
cal consequences of such contamination include disruptions in nutrient cycling and
loss of biodiversity [54].
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Excretion of un-metabolized antibiotics from food animals contaminates water
and soil. Release of antibiotic residues and pathogenic antibiotic-resistant bacteria
from animal farms runoff or manure contaminate local water bodies, affecting aquatic
organisms, including fish, insects, and amphibians, and whole aquatic ecosystem.
Such practice can cause biodiversity loss. Antibiotics can also harm beneficial micro-
organisms of soil and water, disrupting nutrient cycles and ecological balance [52].

6.4 Reduction in efficacy of antibiotics

Frequent exposure to antibiotics in non-therapeutic applications, such as growth
promotion in animals, reduces the efficacy of these drugs for treating infectious
diseases [55]. Over time, pathogens that were once easily treatable with common
antibiotics may no longer respond to treatment, limiting therapeutic options for criti-
cal conditions in both humans and animals [56].

6.5 Economic consequences

The emergence of resistant bacteria due to antibiotic misuse has significant
economic implications [57]. Costs associated with prolonged hospital stays, the
development of new antibiotics, and the loss of productivity due to untreatable infec-
tions place a heavy financial burden on healthcare systems and the global economy.
In agriculture, reduced drug efficacy can lead to decreased productivity and higher
mortality rates in livestock, negatively impacting farmers’ livelihoods [14].

6.6 Disruption of natural microbiomes

The indiscriminate use of antibiotics can disrupt the natural balance of micro-
biomes in humans, animals, and the environment. In humans, this may lead to
dysbiosis, increasing the risk of infections, metabolic disorders, and immune system
malfunctions. In aquatic and terrestrial ecosystems, disrupted microbiomes can affect
the health of flora and fauna, influencing ecosystem stability [58, 59].

6.7 Risk of horizontal gene transfer

Antibiotics in the environment can facilitate the horizontal transfer of resistance
genes among bacteria through mechanisms like conjugation, transformation, and
transduction. This phenomenon accelerates the spread of resistance, making it pos-
sible for non-pathogenic bacteria to pass resistance traits to pathogenic counterparts,
amplifying the global threat of antibiotic resistance [60, 61].

7. Role of antibiotics in animal feeds
Antibiotics have multiple uses and applications in a variety of disciplines.
7.1 Growth promotion and feed efficiency
Extensive use of antibiotics in sub-therapeutic doses promotes growth in live-

stock. Antibiotics alter gut microflora, allow beneficial microbes to thrive, and
reduce harmful bacterial populations. This mode of action of antibiotics improves
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nutrient absorption and digestion and gives better weight gain and feed conversion
rates [5]. These actions help farmers by reducing production costs because their

low use in feed makes animals grow faster. Such practices exhibited significant
improvements in growth rates animal agriculture, including poultry production and
aquaculture. Use of antibiotics in intensive optimized productivity, essential to meet
market demands [49].

7.2 Disease prevention and control

Antibiotics are basically used as prophylactic agents in animal feed to prevent
the outbreak of infectious diseases. In intensive farming system, animals are kept
in closed quarters and farms which makes them more susceptible to diseases. Sub-
therapeutic doses of antibiotics suppress the growth of pathogenic bacteria, reduc-
ing the risks of bacterial infections. For instance, use of sub-therapeutic doses of
antibiotics in feed can control the necrotic enteritis in poultry and bovine respiratory
disease in cattle. Such approach not only minimizes mortality rate but also reduces the
need for high therapeutic doses of antibiotics during disease outbreaks [1].

7.3 Improving livestock production

The combined effects of disease prevention and growth promotion help in
improving productivity in livestock and aquaculture. Healthy animals produce
higher-quality milk, eggs, and meat and show optimized growth rates, ensuring
better yields for farmers. Antibiotics allow farmers to achieve predictable outputs,
reducing the variability in production. Such consistency plays an important role for
meeting the demands and needs of large-scale commercial markets. Antibiotics also
enhance reproductive efficiency and improve the general health and vigor of breeding
animals, contributing better offspring and long-term productivity [49].

7.4 Increased livestock productivity

Antibiotics also enhance productivity by improving feed efficiency. Sub-
therapeutic doses of antibiotics promote growth and improve overall metabolic per-
formance. Antibiotics improve efficiency of digestive enzymes, minimizing the feed
requirement, leading to reduced feed costs. Antibiotics contribute to faster growth
cycles, helping farmers to bring animals to market sooner. Use of antibiotics ensures
higher yield, utilizing same resources in large-scale farming operations [49].

7.5 Reduction in disease incidence

Normally infections impair growth of animal. Use of antibiotics reduces the preva-
lence of subclinical infections, suppress harmful microorganisms in gut of animals,
and lead to better survival despite environmental changes. Low prevalence minimizes
the need for therapeutic antibiotic interventions, saving more expenses of labor [49].

7.6 Economic advantages for farmers

Antibiotics enhance feed efficiency which reduces feed consumption, lowering
feed cost and overall expenses. Antibiotics increase profit rate, reducing mortality of
animals which enhances production and reduce veterinary costs. Such practice offers
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Figure 2.
Flowchart of uses of antibiotics in poultry, livestock, aquaculture, and other fields.

significant financial benefits to farmers. Controlled use of antibiotics in commercial
farming gives margin profits to farmers (Figure 2) [62].

8. Global perspective on antibiotic use

Researchers and farmers in many countries used antibiotics extensively for the
purpose of treatment and prevention of disease. Global health agencies, the World
Organization for Animal Health (OIE), the Food and Agriculture Organization (FAO),
and the World Health Organization (WHO) have declared antimicrobial resistance
(AMR) and forced nations for limited use of antibiotics for non-therapeutic purpose
in animal agriculture. These organizations advocate for a “One Health Approach” to
address antibiotic use in animals and humans to secure the environment [63].

9. Regulatory frameworks and guidelines

Regulations and guidelines for antibiotic use aim to promote responsible practices
while balancing animal health and productivity.

1. Veterinary oversight: Many countries require veterinary prescriptions for the use
of antibiotics in animals to prevent misuse. Surveillance systems monitor the sale
and usage of antibiotics.

2. Withdrawal periods: Regulatory bodies mandate withdrawal periods to ensure
antibiotics are cleared from animals’ systems before their products (meat, milk,
and eggs) enter the human food chain.

3. Antibiotic stewardship programs: Encourage farmers and veterinarians to adopt
judicious use of antibiotics. Promote alternative methods to improve animal
health, such as vaccination and enhanced biosecurity.

78



Antibiotics in Animal Feeds: Benefits and Risks
DOI: http://dx.doi.org/10.5772/intechopen.1009998

4. Harmoniged standards: International bodies like Codex Alimentarius develop
guidelines to harmonize food safety standards, ensuring antibiotic residues in
animal products remain within safe limits.

5. Enforcement challenges: In developing nations, weak regulatory enforcement and
lack of awareness remain significant obstacles to effective implementation.

10. Alternative feed strategies

Farmers and researchers must ensure use of probiotics, prebiotics, and phytogen-
ics to make nutritionally balanced feeds to promote health and increase production.
Fermented feeds must be incorporated to reduce pathogens and improve gut microbi-
ota. Waste from livestock, poultry, and aquaculture must be recycled into biogas and
compost to improve sustainability and reduce environmental contamination. Synergy
must be promoted between crop and livestock, poultry, and aquaculture systems [5].

10.1 Probiotics and prebiotics

These feed additives promote gut health and enhance the immune system
without contributing to antimicrobial resistance. Probiotics (e.g., Lactobacillus and
Bifidobacterium) suppress the pathogenic bacteria, reduce gut infections, improve
digestion, enhance absorption and feed efficiency, and support immune system and
overall animal health [64]. Prebiotics are non-digestible food ingredients (e.g., inulin
and oligosaccharides). Prebiotics promote bacterial growth in animal’s gut, support
efficient digestion, and enhance productivity. The combined use of probiotics and
prebiotics, termed synbiotics, further amplifies their positive effects [65].

10.2 Phytogenic feed additives

Phytogenics, derived from plants, are gaining popularity as natural growth
promoters and immune enhancers. Phytogenics include essential oils (e.g., thyme and
oregano), herbal extracts (e.g., garlic and turmeric), spices, and other plant-derived
bioactives. Phytogenics have natural antimicrobial effects. These reduce the need for
antibiotics, minimize gut inflammation, improve nutrient absorption, enhance feed
flavor, and encourage higher feed intake. These are considered and act as friends of
environment and best alternative to antibiotics and do not contribute AMR [66].

10.3 Vaccination strategies

Vaccines are a preventive tool that protects livestock from specific diseases, reduc-
ing the reliance on antibiotics. Vaccination stimulates animal’s immune system, and
antibodies are produced to protect against pathogens for longer periods to decrease
the risks of major outbreaks. But development of vaccine against a specific pathogen
has always been time and cost consuming [67].

11. Success stories from reduced antibiotic use

Several countries and organizations have successfully implemented strategies
to reduce antibiotic use in animal farming without compromising productivity or
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animal health. Denmark, Netherlands, China, USA, India, and many other countries
with major industrial sectors have banned and restricted antibiotics use in poultry,
livestock, and aquaculture for growth promotion and feed efficiency purposes

[55, 58]. This ban and restricted antibiotics use has resulted healthy and high produc-
tion. These countries have given strict guidelines to implement and suggested to
ensure better biosecurity, hygiene, and use of vaccines, probiotics, prebiotics, and
phytogenics. Such practice will save from major economic losses and protection of
environment. Such practice will also win the trust of consumers [49].

12. Lessons learned from antibiotic mismanagement

Mismanagement of antibiotics in animal farming has led to severe consequences,
providing critical lessons for the global community. Antibiotic mismanagement has
taught that misuse fosters antibiotic resistance, threatening global health and render-
ing treatments ineffective [63]. It highlights the need for responsible stewardship,
stricter regulations, and awareness campaigns to prevent overuse. Sustainable prac-
tices, including alternatives like probiotics and vaccines, are essential to safeguard
antibiotics for future generations [59, 63].

13. Advances in sustainable poultry, livestock, and aquaculture
management

Sustainable livestock management focuses on improving productivity while minimiz-
ing environmental impact and reliance on antibiotics. Farmers must improve ventilation
and housing system to reduce the risk of disease. Integrated pest-parasite management
must have adopted to ensure a healthy management at poultry, livestock, and aquacul-
ture. Biosecurity measures must be enhanced to prevent the spread of diseases [62, 64].

14. Innovations in disease prevention

Highly advanced methods have been adapted for disease prevention that reduce
dependency on antibiotics while ensuring animal health.

14.1 Next-generation vaccines

Currently, next-generation vaccines have been developed which are highly effec-
tive, precise, and specific to target pathogens. Next-generation vaccines include
subunit and mRNA-based vaccine. Similarly, autogenous vaccines have been devel-
oped and being used to control specific pathogens and outbreaks at farms [61, 62].
Bacteriophage therapy and probiotics are also the best alternatives which are used
against specific pathogenic bacteria. Nanotechnology is also innovative alternative
used to deliver antimicrobial agents which reduces the quantity of antibiotics [68].

14.2 Role of research and technology

Research projects must be performed to study mechanisms of AMR and its
impacts to develop awareness in the public for sensible and responsible use of
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antibiotics. Recently, CRISPR-Cas9 technology has been explored to eliminate patho-
genic bacteria and to engineer disease-resistant [60, 61]. Research of AMR genes will
help to improve the immunity against pathogenic bacteria. Global organizations must
collaborate to address AMR and enforce the farmers and researchers to use alterna-
tives to decrease effects of resistance [5].

15. Balancing benefits and risks for sustainable practices

International organizations and local government of each country should enforce
farmers and researchers to use antibiotics according to internationally set regula-
tions and guidelines by World Health Organization (WHO), Food and Agriculture
Organization of the United Nations (FAO), and World Organization for Animal
Health (WOAH) (formerly OIE—Office International des Epizooties). Regular
screening of farms is mandatory to use correct antibiotics and avoid their misuse.
Farmers must use alternatives of antibiotics such as probiotics, prebiotics, phytogen-
ics, and vaccines [62, 63]. Seminars and conferences must be organized at national
level to educate farmers and veterinarians about the correct use of antibiotics. They
must be given full knowledge of impact of misuse of antibiotics. Consumers aware-
ness is also mandatory for responsible use of quality animal products. One health
approach must be applied, and all the food sectors must collaborate to address AMR.
Public and private sector partnership can also play a significant role in eradicating the
misuse of antibiotics. Innovative research must be done to develop new technology
(genetic and nanotechnology) and strategies to control AMR [5].

16. Future of antibiotics in animal feeds

The future of antibiotics in animal feeds is shifting toward reduced reliance due
to growing concerns over antimicrobial resistance (AMR) and its implications for
public health and food safety [65, 68]. Advances in science and technology are paving
the way for alternative strategies such as probiotics, prebiotics, phytogenics, and
immunostimulants to replace antibiotics as growth promoters and disease preventives
[64, 66]. Global regulatory frameworks are increasingly restrictive, emphasizing
responsible use, while research continues to explore novel feed additives and preci-
sion nutrition techniques to maintain livestock productivity [68]. Collaboration
between researchers, policymakers, and the agricultural industry will be critical to
developing sustainable solutions, ensuring that animal health and food security are
achieved without compromising human health [67].

17. Conclusion

The use of antibiotics in animal feeds has long been recognized for its benefits in
improving animal growth performance and preventing diseases, but the associated
risks, particularly the emergence of antimicrobial resistance (AMR), have raised
serious global concerns. To address these challenges, alternative strategies such as the
use of probiotics, prebiotics, phytogenics, and immune-boosting additives should
be explored and implemented to reduce dependency on antibiotics. Strict adherence
to international rules and regulations, such as those established by the World Health
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Organization (WHO) and the Food and Agriculture Organization (FAO), is essential
to ensure responsible use of antibiotics in livestock. National and regional regulatory
bodies should also enforce stringent policies to monitor and control antibiotic usage,
coupled with educational initiatives to raise awareness among stakeholders. It is rec-
ommended that future research focuses on developing cost-effective and sustainable
alternatives, while governments and industries collaborate to support the transition
toward antibiotic-free farming systems. By adopting these measures, the livestock
sector can mitigate the risks of AMR while ensuring animal health, productivity, and
food security for future generations.
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Chapter 5

The Role of Feed Additives in

Enhancing Ruminant Performance
and Sustainability

Ugur Serbester

Abstract

Feed additives are essential in advancing modern ruminant nutrition by addressing
challenges related to productivity, environmental sustainability, and animal health.
This chapter explores the diverse roles of feed additives in optimizing rumen fermenta-
tion, enhancing nutrient utilization, and reducing methane emissions within evolving
global livestock production systems. It provides a comprehensive classification of addi-
tives—including buffers, ionophores, probiotics, enzymes, tannins, essential oils, and
rumen-protected nutrients—detailing their mechanisms for improving feed efficiency
and mitigating environmental impacts. The integration of these additives with nutri-
tional models and emerging innovations such as microbial precision engineering and
algae-based solutions is examined. While feed additives demonstrate significant benefits,
challenges remain in economic feasibility, regulatory compliance, and global accessibility.
Future directions emphasize precision nutrition approaches and the development of scal-
able solutions to ensure a sustainable livestock sector that meets growing global demand.

Keywords: feed additives, rumen fermentation, methane reduction, nutrient
utilization, sustainability

1. Introduction

Ruminants play a crucial role in global food production, contributing significantly
to food security and nutrition. The global ruminant sector, including cattle, sheep,
and goats, produces approximately 30% of all animal protein consumed by humans,
with beef and dairy products being major contributors [1]. According to the Food and
Agriculture Organization (FAO), world meat production reached 337 million tons
in 2022, with beef accounting for approximately 22% (74 million tons) of this total.
Global milk production exceeded 880 million tons, with over 81% coming from cattle
[2]. Notably, the demand for animal-derived products continues to rise, driven by
population growth, increasing incomes, and urbanization, particularly in developing
regions. Projections indicate that global meat consumption will increase by 14% by
2030 compared to the 2018-2020 average, while dairy consumption is expected to
grow by approximately 22% over the same period [3].

Despite their importance in global nutrition, ruminant production systems face
several sustainability challenges. Environmental impact represents a significant
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concern, as ruminants contribute approximately 14.5% of global anthropogenic
greenhouse gas (GHG) emissions, with enteric methane (CH,4) accounting for about
44% of livestock sector emissions. A single dairy cow can produce 70-120 kg of CH,
annually, equivalent to the greenhouse effect of 1.75-3 tons of carbon dioxide (CO,)
[4]. Additionally, ruminant production is associated with nitrous oxide emissions
from manure management and land use changes.

Resource utilization presents another challenge, as the livestock sector utilizes
approximately 70% of agricultural land globally, including one-third of arable land
for feed crop production. With increasing competition for land, water, and grain
resources, optimizing feed efficiency in ruminant systems is critical for sustainable
resource utilization [5]. Animal health and welfare concerns have also grown, as
ensuring optimal health while reducing reliance on antibiotics and growth promoters
has become increasingly important for consumers and regulatory bodies. Disease
prevention and animal welfare considerations are increasingly integrated into sustain-
ability frameworks for livestock production [6].

Economic viability remains a primary concern for producers facing volatile market
conditions and increasing input costs. Rising feed costs, which can represent 60-70%
of total production costs in intensive systems, necessitate strategies to enhance feed
efficiency and reduce waste [7].

Feed additives have emerged as essential tools in addressing these challenges by
improving digestion, enhancing nutrient utilization, and mitigating environmental
impacts. They represent a diverse group of compounds that, when added to ruminant
diets in small quantities, can significantly modify digestive processes, metabolism,
and production outcomes [8]. Through various mechanisms, feed additives can
optimize rumen fermentation patterns, enhance nutrient absorption, reduce CH,
emissions, and improve overall animal health and productivity.

This chapter aims to (i) define the role of feed additives in modern ruminant
nutrition within the context of global production demands; (ii) explore the sustain-
ability challenges facing ruminant livestock systems; (iii) provide a comprehensive
examination of different types of feed additives and their mechanisms of action;

(iv) highlight strategies for enhancing feed efficiency and reducing environmental
impacts; and (v) discuss emerging innovations and future directions in feed additive
development and application. By synthesizing current knowledge and research on
feed additives in ruminant nutrition, this chapter provides insights into how these
tools can contribute to more sustainable and productive livestock systems.

2. Types of feed additives for ruminants

Feed additives encompass a diverse range of compounds that can be strategically
incorporated into ruminant diets to enhance performance, improve feed efficiency,
and reduce environmental impacts. This section provides a comprehensive overview
of major categories of feed additives used in ruminant nutrition, detailing their
modes of action and practical applications.

2.1 Buffers and pH regulators

In ruminant diets, buffers are primarily used to maintain rumen pH and prevent
acidosis. The rumen functions as a complex fermentation system where microbes
break down feed into volatile fatty acids (VFAs). However, excessive VFA production,
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particularly when feeding high-grain diets, can lower rumen pH and lead to acidosis.
Buffers help maintain an optimal pH range (6.2-6.8), ensuring efficient microbial
activity and fiber digestion [9].

Buffers commonly used in ruminant nutrition include sodium bicarbonate
(NaHCO;3), one of the most widely used buffers, which neutralizes excess acidity and
stabilizes rumen pH. Research indicates that sodium bicarbonate supplementation
at 0.75-1.5% of dietary dry matter (DM) can increase rumen pH by 0.1-0.2 units
in high-concentrate diets [10]. Magnesium oxide (MgO) functions as an alkalizing
agent, supporting fiber digestion and reducing the risk of subacute ruminal acidosis
(SARA). Typically included at 0.25-0.4% of dietary DM, magnesium oxide hasa
higher neutralizing capacity per unit weight compared to sodium bicarbonate [11].
Calcium carbonate (CaCO;) is often included in dairy cow diets to provide both buft-
ering capacity and calcium supplementation. It is commonly included at 0.7-1.0% of
dietary DM [12]. Sodium sesquicarbonate (Na,CO;-NaHCO;-2H,0), a combination of
sodium carbonate and sodium bicarbonate, provides longer-lasting buffering effects
in the rumen. Studies show it can maintain higher average daily rumen pH compared
to single-component buffers [10].

The efficacy of buffers depends on several factors, including dietary composition,
forage-to-concentrate ratio, and animal production level. Buffers are particularly
beneficial in high-producing dairy cows consuming energy-dense diets or during
dietary transitions when the risk of acidosis is elevated [13].

2.2 Ionophores

Ionophores are antimicrobial compounds that selectively modify rumen microbial
populations, altering fermentation patterns to improve energy utilization and reduce
CH, production. The most commonly used ionophores in ruminant nutrition include
monensin, the most widely studied ionophore, which alters ion transport across bac-
terial cell membranes, inhibiting gram-positive bacteria while favoring gram-negative
species. This shifts fermentation toward propionate production, reducing the acetate
ratio and decreasing CH, formation. Studies demonstrate that monensin can reduce
CH, emissions by 4-10% while improving feed efficiency by 2-8% [14]. Lasalocid,
similar to monensin in its mode of action, modifies rumen fermentation by inhibiting
certain bacterial populations. Research indicates it can enhance nutrient digestibility
and reduce CH, production, although its effects may differ slightly from monensin
[15]. Salinomycin, used primarily in beef cattle production, alters VFA production
patterns and improves feed efficiency. Studies show it can reduce CH, production by
4-8% and improve average daily gain by 2-5% in feedlot cattle [16].

Ionophores exert their effects through several mechanisms, including selective
antimicrobial action, where they disrupt ion gradients across cell membranes of
gram-positive bacteria, reducing their activity while favoring gram-negative species
that produce propionate. They create altered fermentation patterns by shifting fer-
mentation toward propionate production, improving energy capture efficiency, as
propionate is glucogenic and energetically more efficient than acetate. Additionally,
ionophores reduce protein degradation by inhibiting hyper-ammonia-producing
bacteria, decreasing ruminal protein degradation, and improving nitrogen utiliza-
tion [17].

The inclusion of ionophores in ruminant diets has been associated with multiple
benefits, including improved feed efficiency, reduced CH, emissions, decreased
risk of acidosis, and prevention of certain metabolic disorders. However, regulatory

91



Animal Feeds and Additives

restrictions on their use exist in some regions, particularly in the European Union,
where they are not permitted as growth promoters due to concerns about antimicro-
bial resistance [18].

2.3 Probiotics and prebiotics

Probiotics and prebiotics enhance the microbial balance in the rumen, improv-
ing digestion and fermentation efficiency. Probiotics are live microorganisms that
confer health benefits when administered in adequate amounts, while prebiotics are
non-digestible compounds that selectively stimulate beneficial microbial populations.
Together, they enhance gut microbial stability, improve digestion and fermentation
efficiency, and reduce the risk of pathogenic infections [19].

Probiotics in ruminant nutrition include bacterial probiotics, where Lactobacillus and
Enterococcus species are commonly used in ruminant diets to stabilize rumen pH, reduce
lactate accumulation, and improve fiber digestion. Research shows that Lactobacillus
supplementation can increase milk production by 2-5% in dairy cows and improve daily
weight gain by 3-8% in beef cattle [20]. Fungal probiotics, particularly Saccharomyces
cerevisiae (yeast) and Aspergillus oryzae, are the most widely used fungal probiotics. Yeast
cultures stimulate cellulolytic bacteria, enhance fiber digestion, and stabilize rumen pH.
Meta-analyses indicate that yeast supplementation can increase milk yield by 1.2 kg/day
and improve feed efficiency by 3-4% in dairy cows [21].

Prebiotics in ruminant nutrition include fructooligosaccharides (FOS), which are
short chains of fructose molecules that selectively promote beneficial bacteria such as
Bifidobacteria, enhancing immune function and nutrient absorption [22]. Mannan-
oligosaccharides (MOS), derived from yeast cell walls, bind to pathogenic bacteria
with type-1 fimbriae, preventing their attachment to the gut wall and supporting
immune modulation [23]. Galacto-oligosaccharides (GOS) stimulate beneficial
bacteria and improve mineral absorption in the gastrointestinal tract [24].

The combination of probiotics and prebiotics (synbiotics) has shown promis-
ing results in ruminant nutrition, offering synergistic benefits for rumen function
and animal performance. Recent studies indicate that synbiotic supplementation
can improve milk yield by 5-7% and reduce CH, emissions by 8-12% compared to
individual component supplementation [25].

2.4 Enzymes

Exogenous enzymes play a crucial role in breaking down complex carbohydrates,
proteins, and fiber components in feed, improving feed efficiency by increasing nutrient
availability from fibrous feeds and enhancing the digestibility of low-quality forages [26].
Key enzymes used in ruminant nutrition include cellulases, which break down cellulose
into simpler sugars, aiding in fiber digestion. Research indicates that cellulase supplemen-
tation can increase neutral detergent fiber (NDF) digestibility by 3-7% and improve milk
production by 1-3 kg/day in dairy cows [27]. Xylanases target hemicellulose to improve
the availability of energy. Studies show that xylanase inclusion can enhance fiber digest-
ibility by 5-10% and increase VFA production in the rumen [28]. Amylases enhance
starch digestion, improving energy availability from grain-based diets. Research demon-
strates that amylase supplementation can increase total tract starch digestibility by 2-5%
and milk yield by 1-2 kg/day [29]. Proteases enhance protein breakdown and absorption,
supporting growth and milk production. Studies indicate that protease supplementation
can improve crude protein digestibility by 3-6% and nitrogen utilization efficiency [30].
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Phytases release phosphorus from phytate complexes in plant-based feeds, improving
phosphorus availability and reducing phosphorus excretion. Research shows that phytase
supplementation can improve phosphorus digestibility by 15-25% and reduce fecal
phosphorus output [31].

Factors affecting enzyme efficacy include enzyme stability in the rumen environ-
ment, substrate specificity, application method, and dietary composition. Advanced
formulation techniques, such as encapsulation and liquid application, can enhance
enzyme stability and efficacy in ruminant diets [32].

2.5 Plant extracts and essential oils

Plant extracts and essential oils are secondary metabolites derived from various
plant sources that exhibit antimicrobial, anti-inflammatory, antioxidant, and rumen-
modulating properties [33]. These compounds offer natural alternatives to conven-
tional feed additives and can significantly influence rumen fermentation patterns.

Tannins are polyphenolic compounds found in various plants, including oak, que-
bracho, and mimosa. They can be classified as hydrolyzable or condensed tannins based
on their chemical structure. Hydrolyzable tannins, primarily found in oak and chestnut,
can reduce protein degradation in the rumen, improving bypass protein availability [34].
Condensed tannins, found in legumes like sainfoin and birdsfoot trefoil, bind to proteins,
protecting them from ruminal degradation. Research shows they can reduce CH, emis-
sions by 10-15% and improve nitrogen utilization efficiency by 8-12% [35].

Essential oils are volatile, aromatic compounds extracted from plants that have
antimicrobial and antioxidant properties. Key essential oils used in ruminant nutri-
tion include garlic oil (Allium sativum), which contains organosulfur compounds that
inhibit methanogenic archaea. Studies demonstrate that garlic oil supplementation
can reduce CH, emissions by 12-20% without negatively affecting feed digestibility
[36]. Cinnamon oil (Cinnamomum spp.) is rich in cinnamaldehyde, which selectively
inhibits certain rumen bacteria, altering fermentation patterns toward propionate
production. Research indicates it can reduce CH, emissions by 8-12% and improve
feed efficiency [37]. Thyme oil (Thymus vulgaris) contains thymol and carvacrol,
which exhibit strong antimicrobial activity against gram-positive bacteria. Studies
show it can enhance propionate production and reduce CH, formation by 5-10% [38].
Oregano oil (Origanum vulgare) is rich in carvacrol and thymol; oregano oil modifies
rumen fermentation patterns and exhibits antioxidant properties. Research demon-
strates it can improve nutrient digestibility by 3-5% and reduce CH4 emissions [39].

Saponins are glycosides found in plants such as yucca, quillaja, and tea. They
form complexes with cholesterol in microbial cell membranes, disrupting membrane
integrity and inhibiting protozoa. Research indicates that saponin supplementation
can reduce protozoa numbers by 40-60%, decrease CH, emissions by 6-12%, and
improve nitrogen utilization [40].

The efficacy of plant extracts and essential oils depends on their chemical compo-
sition, inclusion rate, diet type, and animal factors. Combination approaches, where
multiple plant compounds are used together, often yield synergistic effects on rumen
fermentation and CH, reduction [41].

2.6 Rumen-protected nutrients

In ruminant diets, rumen-protected nutrients ensure that essential compounds
bypass microbial degradation in the rumen and reach the small intestine for
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absorption. This technology has revolutionized precision nutrition in ruminants,
allowing for more efficient nutrient delivery and improved production outcomes [42].

Rumen-protected amino acids ensure that certain amino acids, particularly lysine
and methionine, which are often limiting in ruminant diets due to microbial degra-
dation in the rumen, bypass the rumen and become available for absorption in the
small intestine. Rumen-protected methionine supports milk protein synthesis and
metabolic processes. Research indicates that supplementation with rumen-protected
methionine can increase milk protein yield by 3-7% and improve nitrogen efficiency
in dairy cows [43]. Rumen-protected lysine is essential for milk protein synthesis and
growth. Studies show that rumen-protected lysine supplementation can enhance milk
yield by 1-3 kg/day and improve milk protein content in dairy cows [44]. Rumen-
protected histidine has emerging research suggesting it may be limiting in certain
high-producing dairy cow diets. Supplementation has been shown to improve milk
yield and protein content in specific dietary scenarios [45].

Rumen-protected fats address the issue that lipids are extensively biohydroge-
nated in the rumen, altering their fatty acid profile. Rumen-protected fats bypass
this process, delivering intact fatty acids to the small intestine. Calcium salts of fatty
acids, formed by binding fatty acids with calcium, are stable at normal rumen pH
but dissociate in the acidic environment of the abomasum. Research shows they can
increase milk fat yield by 5-10% and improve energy balance in early lactation [46].
Prilled fatty acids with high melting points remain solid at rumen temperature, resist-
ing biohydrogenation. Studies indicate they can improve energy intake and support
body condition maintenance during periods of negative energy balance [47]. Fatty
acid amides, formed by reacting fatty acids with amines, resist ruminal degradation.
Research demonstrates they can deliver specific fatty acids, such as omega-3 and
omega-6, to the small intestine [48].

Rumen-protected vitamins and minerals address the issue that certain vitamins,
particularly B vitamins, are extensively degraded in the rumen. Rumen-protected
forms ensure these vitamins reach the small intestine for absorption. Rumen-
protected niacin supports liver function and metabolism. Studies show that rumen-
protected niacin supplementation can improve energy metabolism and reduce the
risk of ketosis in transition dairy cows [49]. Rumen-protected choline is essential for
lipid metabolism and transport. Research indicates that rumen-protected choline
supplementation can reduce liver fat accumulation by 15-25% and improve milk
production in early lactation dairy cows [50]. Rumen-protected vitamin B12 supports
energy metabolism and hematopoiesis. Emerging research suggests it may improve
feed efficiency and metabolic health in high-producing ruminants [51].

Protection technologies for these nutrients include lipid coating, encapsulation
with pH-sensitive materials, chemical modification of nutrients, and formulation
into matrix systems. Each technology offers specific advantages in terms of protection
efficiency, release characteristics, and cost-effectiveness [52].

2.7 Nitrate and sulfate supplements

Nitrate and sulfate supplements represent innovative approaches to reducing
CH, emissions from ruminants while potentially improving nitrogen utilization
efficiency.

Nitrate supplements utilize nitrate (NO;") as an alternative hydrogen sink in the
rumen, competing with methanogenesis for hydrogen. The reduction of nitrate to
ammonia consumes 8 electrons, effectively capturing hydrogen that would otherwise
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be used for CH, formation [53]. The mechanism of action involves nitrate being
reduced to nitrite and subsequently to ammonia through the pathway:

NO,” —»NO,” — NH, 1)

This process is more thermodynamically favorable than methanogenesis, diverting
hydrogen from CH, production [54]. Research demonstrates that nitrate supplemen-
tation can reduce CH, emissions by 16-22% when included at 1.5-2.0% of dietary
DM. A meta-analysis of multiple studies found an average CH, reduction of 12%
across various production systems [55]. Careful adaptation to nitrate supplementa-
tion is essential to prevent nitrite accumulation and methemoglobinemia. Gradual
introduction over 2-3 weeks allows for the development of nitrate-reducing bacterial
populations [56].

Sulfate supplements, similar to nitrate, can serve as an alternative electron accep-
tor in the rumen, competing with methanogenesis for hydrogen. The mechanism
of action involves sulfate-reducing bacteria utilizing hydrogen to reduce sulfate to
hydrogen sulfide:

SO, +8H" +8e” —S* +4H,0 )

This process diverts hydrogen from methanogenesis, reducing CH, formation [57].
Studies indicate that sulfate supplementation can reduce CH, emissions by 8-12%
when included at appropriate levels in ruminant diets [58]. However, excessive sulfate
supplementation can lead to hydrogen sulfide accumulation and sulfur toxicity.
Careful monitoring of total dietary sulfur is necessary to prevent adverse effects [59].

Combined nitrate and sulfate supplementation has shown additive effects on CH,4
reduction in some studies, with potential CH, reductions of 20-30% when properly
formulated. However, careful attention must be paid to adaptation protocols and total
dietary levels to ensure animal safety and optimal performance [60].

3. Additives and rumen function
3.1 Interaction of feed additives with rumen microbiome

The rumen microbiome consists of a diverse community of bacteria, archaea,
protozoa, and fungi that collectively ferment feed components to produce energy and
nutrients for the host animal. Feed additives can significantly influence this microbial
ecosystem through various mechanisms, resulting in altered fermentation patterns
and improved feed utilization [61].

Feed additives selectively promote beneficial microorganisms while suppressing
harmful ones, leading to optimized rumen function. Ionophores selectively inhibit
gram-positive bacteria such as Streptococcus bovis and Lactobacillus species, which
produce lactate, while favoring gram-negative bacteria like Megasphaera elsdenii and
Selenomonas ruminantium, which utilize lactate. This shift reduces the risk of acidosis
and improves energy utilization efficiency [62]. Probiotics, particularly yeast cultures
(e.g., Saccharomyces cerevisiae), stimulate the growth of cellulolytic bacteria such as
Fibrobacter succinogenes and Ruminococcus albus, enhancing fiber digestion. Research
indicates that yeast supplementation can increase the population of cellulolytic
bacteria by 1-2 log units [63]. Plant extracts, including compounds like saponins,
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selectively inhibit rumen protozoa, reducing CH, emissions and improving microbial
protein synthesis. Studies show that saponin-containing plants can reduce protozoal
counts by 40-60% [64].

Certain additives stimulate enzymatic activities within the rumen, improving
substrate breakdown and nutrient availability. Exogenous enzymes, such as fibrolytic
enzymes like cellulases and xylanases, work synergistically with microbial enzymes,
creating a priming effect that enhances fiber degradation. Research demonstrates
that enzyme supplementation can increase the fibrolytic activity in rumen fluid by
15-30% [65]. Trace minerals, including copper, zinc, and manganese, function as
cofactors for various microbial enzymes, enhancing their activity. Supplementation
with chelated forms of these minerals has been shown to improve fiber digestion and
microbial protein synthesis [66].

Feed additives can alter the rumen environment to favor certain microbial
groups and fermentation pathways. Buffers maintain optimal rumen pH (6.2-6.8),
supporting the growth of cellulolytic bacteria that are sensitive to acidic condi-
tions. Research shows that buffer supplementation can increase the abundance of
fiber-digesting bacteria by 30-40% in high-concentrate diets [67]. Essential oils,
including compounds like thymol and eugenol, possess selective antimicrobial
properties, altering microbial competition and fermentation outcomes. Studies
indicate that certain essential oils can reduce the population of hyper-ammonia-
producing bacteria by 40-50%, improving nitrogen utilization [68]. Electron sink
compounds such as nitrates and sulfates serve as alternative hydrogen acceptors,
competing with methanogenic archaea and reducing CH,4 production. Research
demonstrates that nitrate supplementation can reduce the abundance of methano-
gens by 20-30% [69].

Advanced techniques such as metagenomics, metabolomics, and real-time PCR
have enhanced our understanding of how feed additives interact with the rumen
microbiome. These tools allow for precise monitoring of microbial population shifts
and functional changes in response to different additives, facilitating the develop-
ment of more targeted intervention strategies [70].

3.2 Effects on rumen fermentation patterns and volatile fatty acid production

Feed additives significantly influence rumen fermentation patterns by modifying
microbial activity, substrate availability, and fermentation pathways. These altera-
tions in fermentation dynamics directly impact VFA production, which represents the
primary energy source for ruminants [71].

Different feed additives can shift the proportions of major VFAs (acetate,
propionate, and butyrate), affecting energy utilization efficiency and production
outcomes. Propionate-enhancing additives like ionophores and fumaric acid increase
propionate production at the expense of acetate, improving energy capture efficiency.
Research shows that monensin supplementation can increase propionate proportion
by 10-20% and reduce the acetate ratio from 3.5:1 to 2.5:1 [72]. Acetate-promoting
additives, including certain buffers and fibrolytic enzymes, maintain or enhance
acetate production, supporting milk fat synthesis in dairy cattle. Studies indicate that
sodium bicarbonate supplementation can increase the acetate proportion by 3-5%
in high-concentrate diets [73]. Butyrate-stimulating additives such as prebiotics like
FOS promote butyrate-producing bacteria, enhancing rumen epithelial development
and nutrient absorption. Research demonstrates that prebiotic supplementation can
increase butyrate proportion by 5-15% [74].
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Feed additives can influence the total production of VFAs, affecting overall energy
availability to the host animal. Enhanced VFAs production results from enzymes,
probiotics, and certain plant extracts that improve substrate degradation, leading
to increased total VFA concentration. Meta-analyses show that fibrolytic enzyme
supplementation can increase total VFA concentration by 5-12% [75]. Regulated VFA
production occurs when buffers stabilize fermentation rates, preventing rapid VFA
accumulation and acidosis while maintaining optimal total VFA levels for efficient
energy utilization [76].

Feed additives also affect the production of fermentation gases, which represent
energy and nutrient losses from the system. Methane reduction compounds like
nitrates, sulfates, and certain plant extracts reduce CH, production by diverting
hydrogen toward alternative pathways. Research indicates that 3-nitrooxypropanol
(3-NOP) supplementation can reduce CH, production by 25-30% without negatively
affecting VFA production [77]. Carbon dioxide alteration occurs with some additives
that influence CO, production, affecting rumen buffering capacity and gas dynam-
ics. Studies show that high-fat supplements can reduce CO, production by altering
fermentation pathways [78]. Hydrogen utilization is enhanced by alternative electron
acceptors that capture hydrogen into reduced end products, improving energy recov-
ery. Research demonstrates that fumarate supplementation can increase propionate
production through hydrogen utilization, reducing energy losses [79].

Feed additives can significantly impact nitrogen cycling in the rumen, affecting
protein degradation, ammonia formation, and microbial protein synthesis. Reduced
protein degradation results from tannins and essential oils that can decrease protein
degradation rates, increasing rumen-undegradable protein flow to the small intestine.
Studies show that condensed tannins can reduce protein degradation by 20-30% at
moderate inclusion levels [80]. Improved nitrogen capture occurs when probiotics
and prebiotic compounds enhance microbial protein synthesis efficiency, reducing
ammonia losses. Research indicates that yeast culture supplementation can improve
microbial nitrogen capture by 5-10% [81]. Ammonia utilization is enhanced by
synchronizing carbohydrate and protein degradation through strategic additive use,
which improves ammonia incorporation into microbial protein. Studies demonstrate
that combining rapidly fermentable carbohydrates with slow-release nitrogen sources
can improve nitrogen utilization efficiency by 10-15% [82].

3.3 Strategies to enhance feed efficiency

Feed efficiency represents a critical metric in ruminant production, reflecting the
animal’s ability to convert feed inputs into valuable outputs such as meat, milk, or
fiber. Feed additives play a pivotal role in optimizing this efficiency through various
mechanisms and strategic applications [83].

Improving the breakdown and absorption of nutrients represents a fundamental
approach to enhancing feed efficiency. Exogenous enzymes, including the application
of enzyme cocktails containing cellulases, xylanases, and amylases, improve fiber
and starch digestion. Research indicates that fibrolytic enzyme supplementation
can increase NDF digestibility by 3-8% and improve feed efficiency by 4-7% [84].
Surfactants and emulsifiers enhance the interaction between digestive enzymes and
substrates, improving digestion kinetics. Studies show that non-ionic surfactants can
increase fat digestibility by 5-10% and improve nutrient absorption [85]. Physical
processing techniques, when combined with feed additives and appropriate pro-
cessing methods (e.g., steam flaking, extrusion), enhance their efficacy. Research
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demonstrates that enzyme application on steam-flaked grains can improve starch
digestibility by 8-12% compared to enzyme application alone [86].

Ensuring efficient utilization of absorbed nutrients is essential for maximizing
productive outputs. Rumen-protected nutrients, including strategic supplementa-
tion with rumen-protected amino acids, fatty acids, and vitamins, improve nutrient
utilization at the tissue level. Studies show that balancing amino acid profiles with
rumen-protected methionine and lysine can improve nitrogen efficiency by 10-15%
in dairy cattle [87]. Metabolic modifiers such as compounds like chromium propio-
nate and carnitine enhance metabolic efficiency and nutrient partitioning. Research
indicates that chromium supplementation can improve glucose utilization efficiency
and increase milk production by 2-5% in dairy cows [88]. Antioxidants, including
selenium, vitamin E, and plant-derived antioxidants, protect tissues from oxidative
damage, improving overall metabolic efficiency. Studies demonstrate that organic
selenium supplementation can enhance immune function and productive perfor-
mance during stress periods [89].

Fine-tuning rumen fermentation processes is critical for maximizing energy
capture and minimizing losses. VFA profile manipulation through additives that shift
fermentation toward propionate production improves energy utilization efficiency.
Research shows that monensin supplementation can increase energy retention by
3-5% through propionate enhancement [90]. Methane reduction compounds that
suppress methanogenesis reduce energy losses as CH,. Studies indicate that 3-NOP
supplementation can improve feed efficiency by 2-4% through reduced CH, produc-
tion [91]. Synchronization of nutrient release, which matches the degradation rates of
carbohydrates and proteins, optimizes microbial protein synthesis. Research demon-
strates that synchronized diets can improve microbial protein yield by 10-15% and
nitrogen utilization efficiency [92].

Tailoring feed additive strategies to specific animal requirements and produc-
tion scenarios maximizes their benefits. Phase feeding involves adjusting additive
inclusion rates based on production stage and physiological status. Studies show that
phase-feeding approaches can improve overall feed efficiency by 5-8% compared
to static feeding programs [93]. Individual animal monitoring uses real-time data to
adjust additive supplementation based on individual animal responses. Research indi-
cates that precision feeding systems can reduce feed costs by 7-12% while maintain-
ing or improving production [94]. Predictive modeling employs nutritional models
to optimize additive combinations and inclusion rates. Studies demonstrate that
model-based formulation approaches can improve feed efficiency by 3-6% compared
to conventional formulation methods [95].

Combining multiple strategies often yields synergistic effects on feed efficiency.
For example, integrating exogenous enzymes with ionophores has been shown to
improve feed efficiency by 8-12%, exceeding the individual effects of either additive
alone [96].

4. Additives targeting enteric methane production

Enteric CH, emissions from ruminants represent a significant environmental
concern, contributing approximately 28% of global anthropogenic CH, emissions
[97]. These emissions result from anaerobic fermentation processes in the rumen,
where methanogenic archaea convert hydrogen and CO, into CH, [98]. Several feed
additives have demonstrated potential for mitigating enteric CH, production.
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4.1Ionophores

Ionophores like monensin alter microbial populations in the rumen by disrupting
ion gradients across the cell membranes of gram-positive bacteria [99]. This shifts fer-
mentation patterns toward propionate production, which serves as a hydrogen sink,
reducing hydrogen availability for methanogenesis. Studies have shown monensin can
reduce CH, emissions by 5-15%, though effectiveness varies with diet composition
and adaptation of the rumen microbiome over time [100].

4.2 Plant bioactive compounds
4.2.1 Condensed tannins

These polyphenolic compounds inhibit methanogen activity through protein
binding and direct antimicrobial actions [101]. Sources include legume forages such
as sainfoin and birdsfoot trefoil. Methane reduction potential ranges from 10 to 30%,
depending on concentration and structure [102].

4.2.2 Essential oils

Compounds such as thymol, carvacrol, and eugenol possess antimicrobial proper-
ties that can inhibit methanogen growth [103]. Garlic derivatives containing organo-
sulfur compounds have shown particular promise, with allicin demonstrating potent
anti-methanogenic effects in vitro. In vivo studies have reported 10-25% reductions
in CH, yield [56].

4.2.3 Saponins

These glycosides, found in plants like Yucca schidigera and Quillaja saponaria,
suppress protozoa populations that have symbiotic relationships with methanogens
[55]. By reducing protozoal numbers, hydrogen transfer to methanogens decreases,
inhibiting CH4 formation.

4.3 Synthetic compounds
4.3.1 3-Nitrooxypropanol (3-NOP)

This novel compound specifically inhibits methyl-coenzyme M reductase, a crit-
ical enzyme in the final step of methanogenesis [104]. Field trials have consistently
demonstrated 20-40% reductions in enteric CH, without compromising animal
productivity [105]. 3-NOP has emerged as one of the most promising CH, mitiga-
tion strategies due to its specific mode of action and consistent efficacy [106].

4.3.2 Halogenated compounds

Bromochloromethane and chloroform act as analogues to coenzyme M, inhibiting
methanogenesis [107]. Despite high efficacy (up to 60% reduction), concerns regard-
ing their environmental persistence, ozone depletion potential, and animal health
effects have limited practical application [108].
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4.4 Alternative hydrogen sinks
4.4.1 Fumaric and malic acid

These organic acids serve as alternative hydrogen acceptors in the rumen, compet-
ing with methanogenesis pathways [109]. By redirecting hydrogen toward propionate
production, they can reduce CH, formation by 5-15% while potentially improving
feed efficiency.

4.4.2 Nitrate and sulfate

These compounds act as terminal electron acceptors that outcompete methano-
gens for hydrogen [16]. Nitrate supplementation has demonstrated CH, reductions of
15-30%, though careful dose management is crucial to prevent nitrite accumulation
and methemoglobinemia [110].

4.5 Microbial interventions
4.5.1 Direct-fed microbials

Certain yeast strains (particularly Saccharomyces cerevisiae) can modify fermenta-
tion patterns and enhance fiber degradation, indirectly reducing CH, yield [108].
Acetogenic bacteria capable of converting hydrogen and CO, to acetate represent a
promising approach to compete with methanogens for substrate [111].

4.5.2 Bacteriocins

These antimicrobial peptides produced by certain bacteria can selectively inhibit
methanogens [105]. Bovicin HC5 and nisin have demonstrated anti-methanogenic
effects in vitro, with research focusing on delivery systems for consistent rumen
activity.

4.6 Microalgae supplements

Marine algae containing bromoform compounds, particularly Asparagopsis taxifor-
mis, have emerged as potent CH, inhibitors [106]. Studies have reported CH, reduc-
tions exceeding 80% at inclusion rates of 0.5-2% of DM intake [107]. Challenges
include commercial-scale production, bromoform stability in feed, and potential
impacts on meat organoleptic properties.

5. Integrating additives with feeding models

Integrating feed additives with advanced nutritional models is essential for
achieving optimal ruminant health, productivity, and sustainability. Nutritional
guidelines, such as those provided by the National Research Council (NRC, 2001)
and the National Academies of Sciences, Engineering, and Medicine (NASEM, 2021),
play a pivotal role in evaluating the efficacy of feed additives. These models not only
predict the nutrient requirements of ruminants across various production stages but
also assess the impact of additives on rumen fermentation, nutrient absorption, and
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overall feed efficiency. By incorporating such models, producers can ensure targeted
and precise use of additives, aligning with both the nutritional demands of the
animals and economic goals.

The integration of feed additives should be tailored to the production level of the
ruminants to maximize their benefits. For low-producing ruminants, the focus is
primarily on enhancing the digestibility of fibrous feeds and providing basic nutrient
supplementation to meet maintenance requirements without over-supplying energy
or protein. Medium-producing ruminants can benefit from incorporating additives
like enzymes and probiotics, which boost microbial efficiency, improve fiber diges-
tion, and support increased productivity without compromising nutrient balance.
High-producing ruminants require a more sophisticated approach, involving the use
of rumen-protected nutrients such as amino acids and fats, as well as buffers and
targeted feed additives that support high metabolic demands. These strategies ensure
that the animals receive adequate nutrition to sustain peak production levels while
maintaining health and reproductive efficiency.

Predictive modeling offers advanced tools for optimizing the inclusion rates of
additives, enhancing their efficacy through data-driven adjustments. By analyzing
rumen microbial responses, digestibility coefficients, and feed conversion ratios,
producers can fine-tune additive usage to maximize performance while minimiz-
ing waste. Models also facilitate the economic evaluation of additive applications,
allowing producers to assess the cost-benefit ratio and prioritize interventions
that offer the greatest return on investment. Additionally, these models provide
insights into how additives influence not only productivity metrics but also envi-
ronmental sustainability outcomes, such as reduced CH, emissions and improved
nitrogen utilization.

Modern technologies, such as real-time monitoring systems and precision farming
tools, can further enhance the integration of feed additives within nutritional models.
By leveraging sensors and data analytics, producers can monitor changes in animal
performance and rumen activity, enabling dynamic adjustments to feeding strategies.
This adaptive approach ensures that feed additives are used efficiently, addressing
individual animal needs and responding to fluctuations in environmental conditions
or feed quality. Combining these innovations with established nutritional models like
NRC and NASEM creates a powerful framework for sustainable and precision-driven
livestock management.

6. Practical applications and challenges

The development of innovative feed additives is transforming livestock nutrition,
offering novel solutions to enhance productivity and sustainability. A key area of
advancement is microbial precision engineering, which involves the design of tailored
probiotics to optimize rumen function. These specialized probiotics target specific
microbial populations, enhancing fermentation efficiency and nutrient utilization
while supporting animal health. Similarly, encapsulated phytogenic compounds
represent a significant step forward in additive technology. By improving the stabil-
ity and efficacy of plant-based additives, encapsulation ensures these compounds
reach their target site within the digestive system, providing consistent benefits.
Additionally, algae-derived compounds, including seaweed extracts, are gaining
attention for their dual role in reducing CH, emissions and enriching animal diets
with essential nutrients like omega-3 fatty acids.
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Technological advancements are playing a transformative role in the develop-
ment and application of feed additives. Artificial intelligence (AI) is now being
utilized to enhance feed formulation, with machine learning models predicting
the efficacy of various additives based on animal-specific needs and produc-
tion conditions. These predictive capabilities enable more precise and efficient
additive selection. Complementing this, smart feed monitoring systems provide
real-time tracking of rumen parameters, such as pH and fermentation activity,
allowing producers to dynamically adjust additive inclusion rates. Such technolo-
gies not only improve feed efficiency but also reduce waste and environmental
impact.

While significant progress has been made, there are several areas where further
research is needed. One priority is evaluating the long-term effects of feed additives
on animal health and productivity, ensuring their sustained efficacy and safety over
extended periods. Another crucial area involves exploring the interactions between
different feed additives to understand their synergistic and antagonistic effects,
which could influence overall feed formulation strategies. Finally, addressing global
adoption challenges remains critical. Regional disparities in access to feed additive
technologies must be overcome by developing cost-effective solutions and improving
knowledge transfer, particularly in regions with limited resources.

7. Conclusions

Feed additives are indispensable in modern ruminant nutrition, offering numer-
ous benefits that bolster productivity and sustainability. By enhancing feed efficiency
and nutrient absorption, additives ensure optimal utilization of dietary components,
leading to improved growth rates and production outputs. Their ability to mitigate
environmental impact, particularly through the reduction of CH, emissions, aligns
livestock systems with global sustainability goals. Additionally, feed additives sup-
port animal health and performance by improving rumen function, digestion, and
immune responses, which collectively enhance overall productivity. Despite these
advantages, significant challenges remain. Economic viability often poses a barrier,
as the cost of certain advanced additives may outweigh their perceived benefits.
Regulatory compliance is another hurdle, requiring stringent evaluations to ensure
additives meet safety and efficacy standards. Furthermore, consumer acceptance
plays a vital role in adoption, with growing demands for transparency and eco-
friendly practices influencing additive use.

To fully harness the potential of feed additives, future strategies must focus
on integrating advanced formulations with precision nutrition models. This
involves using data-driven tools and real-time monitoring systems to tailor addi-
tive use according to specific production scenarios and animal needs. Promoting
sustainable and scientifically backed applications will foster confidence among
producers and consumers alike, ensuring the additives contribute positively to
productivity and environmental goals. Collaborative research efforts between
industry, academia, and policymakers are essential for driving innovation and
addressing existing challenges, such as understanding long-term additive effects
and resolving accessibility disparities. By adopting this comprehensive approach,
feed additives can continue to play a pivotal role in enhancing productivity while
supporting environmental sustainability and economic feasibility within rumi-
nant livestock production systems.
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Abstract

In recent years, the search for alternative feed resources has increased, primarily
due to the rise in the prices of protein materials. Spray-dried plasma (SDP) has
emerged as a valuable feed additive for broiler production, serving as a natural and
effective alternative to antibiotic growth promoters. SDP is a rich source of nutritious
substances and has peptides, amino acids, immunoglobulin, albumin, fibrinogen,
lipids, growth factors, enzymes, and other components that have specific biological
activities. These bioactive compounds enhance growth performance, immune status,
and gut health of broiler chickens. This chapter provides a comprehensive discussion
on the structure, safety of production, and mechanisms of action of the SDP, with
a particular emphasis on its effects under both normal and challenging conditions
in broiler chickens. Recent studies have suggested that supplementing broiler diets
with SDP at lower dosages over extended periods promotes nutrient digestibility, gut
integrity, modulation of inflammatory responses, and reduction in oxidative stress,
thereby improving feed conversion ratio (FCR) and overall well-being of broilers.
Moreover, the effects of SDP on broilers were more pronounced under challenging
conditions than under normal production conditions. Additionally, this chapter
evaluates the efficacy of SDP in addressing various production and microbial chal-
lenges, establishing it as a biosafe and sustainable component of poultry nutrition.

Keywords: broiler, disease challenge, feed additive, performance, spray-dried plasma,
stress condition

1. Introduction

The global demand for white meat, especially poultry, is on the rise due to its rela-
tively lower production costs, shorter production cycles, and superior feed conversion
compared to other livestock. This increase is primarily because poultry offers sig-
nificant nutritional advantages, including high levels of protein, abundant essential
amino acids, vitamins, and minerals, rendering it a fundamental component of diets
worldwide [1]. Moreover, poultry farming is linked to lower greenhouse gas emissions
than other animal protein sources, making it a more sustainable choice in the face of
climate change concerns [2]. The growing consumer preference for poultry products
highlights the need to optimize broiler production. However, the optimization of
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broiler chicken production is influenced by various stresses, which shows the need to
refine production techniques to boost output and quality while ensuring the health
and welfare of birds. To address these challenges, feed additives have become vital to
enhance the performance of broiler chickens. Among these, SDP has gained signifi-
cant attention because of its ability to improve the growth performance, immune
function, and health of poultry.

SDP, derived from animal blood, is characterized by its high protein content and
bioactive compounds, which enhance gut health and immune function [3]. Research
has demonstrated that SDP improves growth performance, feed efficiency, and
intestinal structure in broilers, particularly under challenging conditions [4]. The
immune-enhancing properties of SDP are attributed to its abundant immunoglobu-
lins, growth factors, and other bioactive elements that strengthen the immune system
and promote digestive health [5]. SDP has demonstrated the capacity to mitigate
stress-induced adverse effects by enhancing antioxidant defenses and reducing
inflammation in poultry [6]. In addition, SDP has shown potential in modulating the
gut microbiome and supporting the immune response, which are crucial for disease
resistance [7]. Furthermore, it can serve as a competitive exclusion agent against
harmful pathogens, thereby promoting a healthier gut environment for broilers. This
multifaceted role of SDP positions it as a valuable alternative to traditional antibiotic
growth promoters [8]. This chapter summarizes the nutritional profile of SDP from
various sources, outlines the safe production of SDP, explores its mode of action in
broiler chickens, and analyzes the effects of recent studies on broiler chickens under
both normal and challenging conditions.

2. Methodology

This methodology involved a thorough and up-to-date review of the literature,
focusing on studies relevant to SDP, including its production and safety, nutritional
composition, mechanism of action, and effects on broilers under both normal and
stressful conditions. Studies were selected based on their relevance, research quality,
and publication in reputable journals. This chapter offers valuable insights into the
potential benefits and limitations of SDP as a sustainable feed additive to enhance
broiler production.

3. Spray-dried plasma

Dried plasma is a by-product derived from the blood of animals in slaughter-
houses. SDP is derived from the blood of healthy animals [9]. The process involves
separating the cellular components of blood, and the plasma undergoes concentra-
tion, followed by the final step involving spray drying, resulting in what is termed
“spray-dried plasma” [9].

During the slaughter process, it is feasible to obtain 10-15 L of blood from each
bovine, whereas porcine animals yield only 2-3 L of blood. Whole blood and plasma
comprise 17-18% and 6-8% of crude protein, respectively [10, 11]. Nevertheless,
the concentration of crude protein increases when whole blood or plasma undergoes
drying and additional processing, transforming it into a protein-rich component for
animal-feed formulations. With appropriate collection procedures, sufficient blood
can be obtained annually to utilize it in its entirety or its derivatives as a nutritional
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source for humans and feed for livestock, poultry, and companion animals [5, 12, 13].
Commonly used blood products for humans and animals are classified as spray-dried
animal blood, SDP, spray-dried blood cells, and blood meals (avian, bovine, and
porcine). Among these, SDP is widely used as a protein-rich source for animals.

The classification of spray-dried blood products is based on the animal blood
source from which it is derived. There are four primary types of plasma: spray-dried
chicken plasma (SDCP), which originates from poultry blood; spray-dried porcine
plasma (SDPP), obtained from pig blood; spray-dried bovine plasma (SDBP),
obtained from cattle blood; and SDP, which is produced from a combination of blood
sources from various animals.

4. Production process of spray-dried plasma and biosafety

The production of SDP is a highly controlled process, with regulations imple-
mented to ensure the production of a stable, protein-rich product for application in
animal nutrition. The basis of SDP production is strict adherence to hygiene, quality,
and safety standards from collection to the end product [14]. The detailed production
process is illustrated in Figure 1.

SDP manufacturing processes on a commercial scale comply with good manufac-
turing practices and adhere to stringent quality standards to ensure a safe, high-grade,
and pathogen-free product. The process commences with the collection of blood
exclusively from healthy animals that have been inspected by veterinarians, using
anticoagulants to maintain plasma quality [15]. Blood collection is conducted sepa-
rately from the meat processing chain to prevent cross-contamination [16]. Through
storage and transportation, temperature control is employed to limit microbial
growth. The presence of neutralizing antibodies in mixed-species blood provides an
additional natural defense mechanism. A critical biosafety feature involves ultraviolet-
C irradiation (254 nm, 3000 J/L), which inactivates a broad spectrum of pathogens
without compromising the nutritional and functional properties of the plasma
proteins [16]. This step is followed by spray drying at 80°C to effectively eliminate
bacteria and viruses. The usual inlet air temperatures vary between 170 and 310°C,
and the outlet temperature is maintained at >80°C, a threshold that assures microbial
safety [17, 18]. This controlled drying process rapidly removes moisture, thereby

1) Animal's 2) Aseptic 3) Blood Pooling and 4) Controlled,

Health Blood Anti i
Screening by Collection Administration Transport to the

Qualified Processing Facility

5) Pre-Processing  6) Centiifugationand  7) Filsationand  8) Ultraviolet.C 9) Computer- 10) Post- 1) Sterile  12) Envirommentally 13) Quality
Blood Quality  Fr { Plasma Based (UV-C) Controlled Drying Packaging, Regulated Conirol, Safety
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Figure 1.
Key steps involved in the safe production of spray-dried plasma.
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transforming the plasma into a shelf-stable powder while preserving its functional and
bioactive properties [16]. Further biosafety is achieved through a low final moisture
content (~9%) and a 14-day storage period at room temperature, which further inac-
tivates residual microbes [18]. Collectively, these overlapping safety measures ensure
the microbiological safety of SDP and its suitability for inclusion in animal feed.

5. Nutritional composition of spray-dried plasma

SDP is a good source of nutrients, especially because of its high protein, essential
amino acids, and mineral content. SDP exhibits high dry matter content, ranging
from 89.4 to 97.5% depending upon the source, with SDBP demonstrating the highest
levels, from 91.8 to 97.5% (Table 1). The crude protein content varies considerably
among the plasma sources; SDP ranges from 77.95 to 91.17%, SDBP from 70.88 to
79.54%, SDCP from 69.36 to 71.80%, and SDPP from 68.4 to 87.5%. Variations in
the protein content are also affected by the production process. Regarding protein
composition, albumins and globulins constitute the majority, comprising 95% of the
total protein in SDP [9]. Globulins, which represent 40-50% of plasma proteins [38],
include gamma globulins that perform immunological functions, with IgG being
the most significant functional component in blood plasma. Other immunoglobulin
types, such as IgM, IgA, and IgE, are present in smaller quantities in blood plasma
[9]. Although SDP has a lower protein content than casein [39], its protein quality, as
indicated by its amino acid composition, is relatively high (Table 2). SDP contains
more essential amino acids compared to soybean meal [39]. It has a higher essential
amino acid content than other protein sources [31, 32, 39].

SDP is highly valuable not only for its protein and bioactive components but
also for its mineral content. It provides essential macro-minerals, such as calcium,
phosphorus, sodium, potassium, chloride, and magnesium, although the concentra-
tions vary among different plasma sources. The ash content exhibits considerable
variation across different plasma types. Specifically, SDPP demonstrates a range of
5.00-16.22%, SDCP ranges from 5.52 to 18.28%, SDBP falls between 7.26 and 8.01%,
and SDP spans from 8.60 to 15.7% (Table 3). Notably, SDBP and SDPP are recognized
for their high sodium and chloride contents, while SDPP is abundant in micro-
minerals, including iron, copper, manganese, and zinc. The minerals present in SDP
demonstrate high digestibility and solubility, thereby enhancing their bioavailability
for animal consumption. Although an increased mineral content in SDP may lead to

Item SDP SDBP SDCP SDPP
Dry Matter (%) 90.85-95.1 91.8-975 91.40-95.42 89.4-94.6
Crude Protein (%) 7795-91.17 70.88-79.54 69.36-71.80 68.4-87.5
Gross Energy (MJ/kg) 21.33 19.5 19.99-20.12 191
Ether Extract (%) 0.02-2.60 0.02-1.45 4.02-5.30 0.3-25
Ash (%) 8.60-15.7 7.26-8.01 5.52-18.28 5.00-16.22
Reference [19-24] [11, 25-27] [1,28-30] [25, 28, 31-37]

SDP: spray-dried plasma, SDBP: spray-dried bovine plasma, SDCP: spray-dried chicken plasma, SDPP: spray-dried
porcine plasma.

Table 1.
Nutrient composition of spray-dried plasma derived from various animal sources.
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Item SDP SDBP SDCP SDPP
Arginine 42.1-49.5 38.0-50.0 44.5-49.40 38.0-51.0
Histidine 234-26.1 23.0-41.8 18.6-36.60 21.0-32.0
Leucine 70.5-80.1 67.0-101.0 55.7-75.59 62.0-92.0
Isoleucine 271-29.0 18.0-335 25.5-2773 20.33-32.0
Lysine 68.7-76.1 61.0-92.0 45.3-68.5 46.0-94.0
Methionine 6.9-10.3 8.6-10.0 16.4-19.6 5.0-11.0
Cysteine 25.9-294 12.0-19.0 19.1-26.50 17.9-28.0
Phenylalanine 39.1-44.9 36.0-51.6 32.3-474 35.0-45.0
Threonine 43.3-554 43.0-66.0 374-44.4 36.0-85.0
Tryptophan 13.8-17.0 11.8-19.0 12.8-13.8 13.0-15.0
Tyrosine 373-42.6 36.0-478 31.4-351 10.6-47.0
Valine 50.9-59.7 49.0-70.0 37.7-49.6 9.0-58.0
Alanine 41.1-41.8 39.0-53.0 33.5-49.80 34.9-51.0
Aspartic Acid 73.5-86.0 69.0-107.0 51.70-67.3 62.0-101.0
Glutamic Acid 115.3-1191 90.0-140.8 676-115.4 83.2-140.0
Glycine 276 25.0-36.0 26.1-34.0 23.0-33.0
Proline 44.4-452 34.0-474 33.6-43.2 38.0-59.0
Serine 39.8-52.1 43.0-66.7 41.9-49.9 36.0-65.0
Reference [21-24] [11, 25, 27] [1,28-30] [25, 28, 31-36]

SDP: spray-dried plasma, SDBP: spray-dried bovine plasma, SDCP: spray-dried chicken plasma, SDPP: spray-dried
porcine plasma.

Table 2.
Amino acid composition of spray-dried plasma derived from various animal sources.

Item SDP SDBP SDCP SDPP

Macro-minerals (g/kg)

Calcium 15 0.60-10.0 21-2.2 0.90-8.5
Phosphorus 15.17-171 1.10-13.1 1.7-10.3 1.30-13.0
Sodium — 24.96-85.0 — 22.0-70.61
Potassium — 3.30-4.6 — 3.5-13.35
Chlorine — 36.68-99.3 — 11.0-21.90
Magnesium — 0.10-0.3 — 0.11-0.30
Micro-minerals (mg/kg)

Iron — — 90.0-998.47
Copper — 15.0 — 17.0-50.25
Manganese — — — 5.0-11.87
Zinc — 15.0 — 9.0-79.88
Reference [21,22] [11, 25-27] [28-30] [25, 28, 31-33, 36, 37]

SDP: spray-dried plasma, SDBP: spray-dried bovine plasma, SDCP: spray-dried chicken plasma, SDPP: spray-dried
porcine plasma.

Table 3.
Mineral composition of spray-dried plasma derived from various animal sources.
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adverse effects at elevated plasma inclusion levels, it is possible to reduce plasma ash
content through specific technological processes. Additionally, ultracentrifugation
can effectively decrease salt content prior to spray drying.

6. Mechanism of action of spray-dried plasma in broiler chickens

SDP contains high levels of bioactive ingredients, including metalloproteins, cyto-
kines, immunoglobulins, albumins, growth factors, hormones, enzymes, bioactive pep-
tides, amino acids, and transferrin [5, 13]. These components enhance broiler chicken
performance by enhancing gut health, immune modulation, alleviating oxidative stress,
and maintaining the best bone and meat composition [40]. Figure 2 shows the impact
of SDP supplementation on broiler performance, gut health, immune system, and stress
resistance. SDP supplementation has been reported to enhance growth performance
and feed conversion ratio by enhancing nutrient digestion and absorption [41]. SDP
increases the apparent metabolizable energy, dry matter, and organic matter absorp-
tion, leading to greater feed intake (FI), body weight gain (BWG), and overall perfor-
mance. SDP also enhances the digestibility of essential amino acids, such as cysteine,
proline, alanine, leucine, threonine, tryptophan, tyrosine, valine, and serine, showing
better nutrient absorption, which supposedly leads to better growth performance [42].

Broiler Consuming SDP-Enriched Diet
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Additionally, SDP maintains gut health by positively modulating the gut microbiota
through the enhancement of beneficial bacteria, such as Bifidobacteria, which enrich
the intestinal microbiome and improve the utilization of nutrients [41]. The modulation
results in enhanced intestinal permeability and intestinal integrity. Moreover, SDP has
been found to maintain the gut-associated lymphoid tissue, the largest lymphoid tissue
in the body, along with other lymphoid tissues like bronchoalveolar-associated lym-
phoid tissue and genitourinary-associated lymphoid tissue under the common mucosal
immune system. This system protects the gut barrier by inhibiting the invasion of harm-
ful microorganisms and pathogens into the intestinal epithelium. Supplementation with
SDP elevates mucosal cytokine levels, enhances the intestinal barrier, and maintains
immune homeostasis, thereby preventing the negative effects of external pathogens
and promoting general gut health [43]. On the immune system, SDP supplementation
has been observed to regulate pro-inflammatory cytokines such as IL-6 and IFN-y but
induces anti-inflammatory effects by enhancing IL-13 upregulation, enhancing the
overall immune system, and suppressing inflammation [44]. These immune-enhancing
activities are also beneficial for disease control, where SDP has been observed to serve
as a natural antibiotic substitute in the treatment of Salmonella enteritidis infection in
broilers, enabling immune surveillance and gut colonization regulation [7].

In addition to its immune-enhancing properties, studies have confirmed that
SDP aids in managing stress. SDP supplementation decreased heterophil counts and
increased IgY levels, indicating improved stress resistance. Its high content of immu-
noglobulins and glycoproteins further protects cells from oxidative stress, helping
to maintain an oxidative balance [41]. In a study on the composition of bone and
meat, SDP supplementation was found to enhance tibia strength and carcass yield,
especially when broilers were fed high-density diets during the starter phase [45].
Furthermore, progeny from breeder hens receiving 1% SDP supplementation showed
enhanced bone strength [46]. A previous study demonstrated that SDP exhibited the
highest phosphorus digestibility [47]. Nevertheless, some studies have reported that
supplementation with SDP does not influence the ash content or retention of calcium
and phosphorus within the body [48]. In rapidly growing broilers, tibia development
necessitates increased nutrient intake to accommodate their accelerated growth
demands, and the addition of SDP can enhance bone development in the early stages
without altering mineral content at the finishing stage [45].

7. Effects of spray-dried plasma in non-challenged broiler chickens

SDP has emerged as a valuable feed component in broiler nutrition due to its
active bioactive compounds. Over the past two decades, numerous studies have been
conducted on the use of SDP in broiler chickens under both normal and challenging
conditions. Cost constraints have restricted the extensive adoption of SDP for poultry
feed. Nevertheless, the documented advantages of plasma supplementation indicate
its potential as a valuable component of poultry production [5]. Consequently, studies
have been conducted to ascertain the optimal dosage and duration of plasma supple-
mentation in poultry feed to enhance performance and health.

A study investigating the supplementation of spray-dried colostrum, SDBP, and
SDPP in broiler chickens demonstrated that the incorporation of SDBP and SDPP
into starter diets from days 1 to 14 elicited beneficial effects on intestinal morphology.
Compared to the control group, birds fed SDBP and SDPP diets exhibited increased
villus height. Furthermore, chickens receiving the SDPP diet displayed a significant
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reduction in crypt depth, while the SDBP supplemented diet did not produce a notable
impact on this parameter. Despite these improvements in gut structure, the addition
of SDBP or SDPP to the diet did not significantly affect body weight (BW), FI, or FCR
during the initial two-week period. Similarly, neither SDBP nor SDPP supplementa-
tion influenced growth performance or feed efficiency during the grower-finisher
phase (days 14-35) or the overall study period (days 1-35). In addition, supplementa-
tion with SDPP and SDBP increased villus height and decreased crypt depth compared
with the control group [25]. A study conducted by Jamroz et al. [32] examined the
effects of dietary supplementation with 2 and 4% SDPP for a duration of 28 days. The
investigators reported no significant changes in BW or FI and mineral composition

of bones; however, they observed improved intestinal health and calcium and cop-
per retention in the 2% SDPP-supplemented groups compared to the control group.
Further research conducted by Jamroz et al. [48] conducted two broiler studies in
which chicks were housed in battery cages and fed 2 and 4% SDP for either 1-28 or
1-30 days. In the initial experiment, the highest BW was attained on day 14 with 4%
SDPP. However, by day 28, SDPP had resulted in a decrease in BW. The second experi-
ment demonstrated improved BW on day 30. The FCR in experiment 1 was enhanced
for both the 2% and 4% SDPP groups compared to the control during days 1-14. No
significant differences were observed in experiment 1 on days 14-28 or in experiment 2
on days 0-30. In addition, the digestibility of essential amino acids (proline, cysteine,
valine, histidine, lysine, and arginine) was improved. However, no effects on calcium
and phosphorus retention were observed in either experiment; however, jejunum
villus height and gut health parameters improved with SDPP supplementation.

A study by Henn et al. [49] examined the effect of SDP supplementation on broiler
chicken performance through two distinct experiments with varying dosages and
feeding regimens. In the first experiment, broilers were divided into five groups and
administered SDP at different levels (0/0/0, 1.5/0/0, 1.5/0.5/0, 3.0/0/0, and 3.0/0.5/0)
across three feeding stages (day 1-7, day 8-21, and day 22-42). In the second experi-
ment, four groups were fed alternate SDP dosages (0/0/0, 1.5/0/0, 1.5/0.5/0, and
1.5/0.5/0.25) over three feeding periods (day 1-8, day 9-21, and day 22-42). Findings
from experiment 1 revealed that SDP supplementation decreased FI and FCR from day
1 to 21. However, no statistically significant differences were observed in performance
parameters during days 22-42 or in carcass and cut yields, livability, and uniformity
on day 42. In experiment 2, broilers receiving SDP supplementation demonstrated
increased BWG from day 8-21 to day 1-42 when compared to the control group.

In another study, Beski et al. [33] studied the effects of different inclusion levels
(0, 1, or 2%) and feeding periods (5 or 10 days) of SDPP on broilers. The results
showed an interaction between SDPP concentration and feeding duration at day
10. The highest level of SDPP feeding for a longer period improved BW, lowered
FI, and decreased FCR. Feeding SDPP for a longer period further improved FCR
and increased the size of the pancreas. Villus height and apparent villus surface
area significantly increased with higher levels of SDPP. On day 35, there was a trend
toward an increase in BW in birds fed diets containing SDPP. Higher dosing and
longer feeding significantly improved the FCR. Researchers have concluded that the
use of low-dose SDPP for longer feeding periods can be more economically effective
for optimizing the performance of broiler chickens.

A study conducted by Beski et al. [36] investigated the addition of SDPP at 0,

0.5, 1, or 2% in starter diets for 10 days to replace meat meal in wheat- or corn-based
broiler diets. SDPP inclusion significantly improved BW and FCR during both
the initial 10-day and the entire study period (35 days). On day 10, higher SDPP
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concentrations increased the relative organ weights. On day 24, compared with
wheat-based diets, the highest dose of SDPP in corn-based diets depressed bursa and
spleen weights but increased the pancreatic weight of broilers. SDPP supplementa-
tion improved intestinal morphology, as evidenced by longer villi, deeper crypts, and
lower villus-to-crypt ratios, irrespective of the grain type. However, on day 35, the
SDPP-based diets did not affect dressing percentage or breast muscle yield.

Campbell et al. [50] examined the effects of varying concentrations of SDP (0,
0.75, and 1.5%) in the initial feed of broiler chickens. The investigation involved
administering corn-soy-based diets containing different levels of SDP to broilers from
days O to 14. The data obtained on days 0, 7, and 14 demonstrated that increasing
SDP levels resulted in linear improvements in BW, BWG, and FI. The research also
revealed that FCR and adjusted FCR decreased linearly, indicating an enhanced feed
efficiency at higher SDP concentrations. Notably, the mortality rates remained consis-
tent across all treatment groups. The results of this study demonstrate that starter diet
supplementation with SDP improves performance at an early age.

A study conducted by Dabbou et al. [51] investigated the effects of globin and
SDPP on broiler chickens from 1 to 40 days of age. SDPP was administered at con-
centrations of 2, 1%, and 1% during the starter (1-12 days), grower (12-25 days), and
finisher (25-40 days) phases, respectively. Compared with the control and globin
diets, the SDPP diet significantly increased BW at 12, 25, and 40 days of age. SDPP
improved BWG and enhanced FCR, while FI remained unaffected compared to the
other two study groups during the entire study period (1-40 days). Neither globin
nor SDPP supplementation affected gut morphology, histopathological findings, or
lymphoid organs (bursa of Fabricius and spleen) at 12 and 40 days.

Another study assessed the effects of SDP at 0% or 2% inclusion in starter diets
for 10 and 21 days on growth performance and nutrient digestibility in a corn-soy-
based diet in broiler chicks. BW, FI, and FCR were unaffected by dietary treatments
on day 21. However, SDP supplementation significantly improved the digestibility of
apparent metabolizable energy, dry matter, and organic matter at both 10 and 21 days.
These findings suggest that, while SDP may not influence growth performance, it
enhances nutrient digestibility in broiler diets [42].

8. Effects of spray-dried plasma in challenged broiler chickens

Zootechnical stress refers to the physiological and behavioral challenges associated
with ambient, managerial, and husbandry practices imposed on broiler chickens.
These stresses (high stocking density, poor ventilation, extreme temperatures, feed
and water restrictions, handling, and transport) are usually associated with intensive
poultry production systems. Understanding and mitigating zootechnical stress is
indispensable from the perspective of sustainable and ethical poultry production, as
long-term exposure to such stressors compromises not only the health of the birds
but also the economic efficiency of the industry. In addition to production challenges,
broilers undergo biotic stress (salmonellosis, colibacillosis, mycotoxicosis, necrotic
enteritis) during intensive production. These pathogenic challenges decrease produc-
tion performance, impair gut integrity and health, and affect the health, welfare, and
profit margins of production. Antibiotics have been widely used to mitigate the nega-
tive effects of these challenges. However, the ban on antibiotic growth promoters in
animal feed is coupled with the rise in infectious diseases and public health concerns
[52, 53]. Several nutritional strategies have been adopted as alternatives to antibiotics.
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SDP has emerged as an effective alternative source of antibiotics. Because of its mode
of action that enhances gut health and bolsters the immune system, SDP has been
explored as an alternative to or supplement for growth-promoting antibiotics [4].
Studies have demonstrated that SDP supplementation as an alternative to bacitracin
methylene disalicylate improved the growth performance, increased the immunity
through increasing IgY, decreased the heterophil count, and maintained the oxidative
stress [8, 41]. Several studies have been conducted on the supplementation of SDP

in different challenges (Table 4), and results showed that SDP supplementation has
more pronounced results in stressful or challenging conditions.

SDP Dose Challenge Supplementation Effects Reference
source duration

Production challenge

SDPP 0,2% Clean litter 0-42 days Exp.1: No effect on performance [3]
(Exp.1) and carcass characteristics
Dirty litter Exp.2: Increased BWG, FI, and
(Exp. 2) breast meat yield
SDP 0, 1% Ventilation 0-10 days Improved FCR, reduced [54]
pressure mortality
SDP — Stocking 0-4 days Improved BW, flock uniformity, [55]
density and decreased lameness
SDP 1,2% Heat stress 0-28 days (2%) SDP mitigated the negative [56]
0-42 days (1%) effects of heat stress on growth
performance, gut permeability,
and tibial strength
SDP 0,1% Nutrient 0-10 days Increased starter phase growth [45]
density performance, enhanced tibial
quality
SDP 0,1% Stocking 0-42 days Improved performance, [40]
density intestinal health, and tibial
bone morphometric parameters
Biotic challenge
SDPP 10, 20 g/kg Salmonella 0-14 days Supplementation improved the [33]
sofia nutrients’ digestibility, birds’
performance, and intestinal
health on the 24th day and on
the 35th day
SDP 30 g/kg Salmonella 0-42 days Improved growth performance, [7]
enteritidis reduced cecal pathogen load at
2 weeks of age
SDP 0,2% Necrotic 0-10 days Decreased FCR, increased [6]
enteritis immune organ weight,
enhanced gut integrity, and
immune response
SDP 0,2% Mycotoxins SDP supplementation [57]
performance and immune
response

SDP: spray-dried plasma, SDPP: spray-dried porcine plasma, Exp: experiment, BW: body weight, BWG: body weight
gain, FI: feed intake, FCR: feed conversion ratio.

Table 4.
Effects of spray-dried plasma on broilers under production or microbial challenges.
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9. Conclusion

SDP has demonstrated significant potential as a feed additive in broiler produc-
tion, with applications extending beyond nutritional benefits. It has been shown to
enhance growth performance, improve immune function, and promote gut health,
particularly under conditions of stress or disease. The bioactive components of SDP,
including immunoglobulins and growth factors, contribute to immune modulation
and attenuation of inflammatory responses while also optimizing nutrient utilization.
Although economic factors may limit the widespread adoption of SDP, its proven effi-
cacy, especially under stressful conditions, makes it a viable alternative to antibiotic
growth promoters. Consequently, prolonged supplementation of broiler diets at low
doses is recommended to enhance productivity and improve the health of broilers.
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