IntechOpen

IntechOpen Series
Veterinary Medicine and Science, Volume 21

Latest Scientific Findings in
Ruminant Nutrition

Research for Practical Implementation

Edited by Ldszlo Babinszky







Latest Scientific Findings
in Ruminant Nutrition
- Research for Practical

Implementation
Edited by Ldszld Babinszky

Published in London, United Kingdom




Latest Scientific Findings in Ruminant Nutrition - Research for Practical Implementation
http:/dx.doi.org/10.5772/10.5772/intechopen. 1001764
Edited by Lasz16 Babinszky

Contributors

Aemiro Kehaliew, Asfaw Bisrat, Ayele Abebe, Azmat Alam Khan, Bala Krishna Rao Dabbir, Bethlehem
Mekonnen, Busisiwe Gunya, Diego Maredi Matabane, Diriba Geleti, Fekede Feyissa, Geberemariyam
Terefe, Gebeyehu Goshu, Getu Kitaw, Gezahegn Kebede, Hoda Javaheri Barfourooshi, Jones Wilfred
Ng'ambi, Kasa Biratu, Katalin Somfalvi-Téth, L&sz16 Babinszky, Mani Saravanan, Mesfin Dejene, Monnye
Mabelebele, Mulugeta Walelegne, Razia Kausar, Rébert Téthi, Safdar Imran, Showkeen Muzamil, Snober
Irshad, Somu Yogeshpriya, Sreenivasa Reddy Rajavolu, Subramanian Sivaraman, Syed Mudasir Ahmad,
Szilvia Orosz, Tesfaye Getachew, Tesfaye Zewdie, Tlou Grace Manyelo, Tsegaab Bekele, Veronika Halas,
Zulfgarul Haq

© The Editor(s) and the Author(s) 2024

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988 . All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2024 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 167-169 Great Portland Street, London, W1W 5PF, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Latest Scientific Findings in Ruminant Nutrition - Research for Practical Implementation
Edited by L&sz16 Babinszky
p.cm.

This title is part of the Veterinary Medicine and Science Book Series, Volume 21
Topic: Animal Nutrition

Series Editor: Rita Payan Carreira

Topic Editor: Manuel Gonzalez Ronquillo

Print ISBN 978-0-85466-977-6
Online ISBN 978-0-85466-976-9
eBook (PDF) ISBN 978-0-85466-978-3
ISSN 2632-0517



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

72(D(D+ 192,000+ 210M+

ailable International authors and editor Downloads

Our author: among the

156 Top 1% 12. 2%

Countries deliv most cited s Contributors from top 500 universities

J ook *
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

1






IntechOpen Book Series
Veterinary Medicine

and Science
Volume 21

Aims and Scope of the Series

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

Ruminants (Ruminantia) are a suborder of mammals (Mammalia) that belong to the
order of even-toed ungulates (Artiodactyla). The word “ruminant” comes from the
Latin ruminare, which means “to chew over again.”

Ruminants were domesticated 8,000-10,000 years ago and still play a significant
role in human life today. Ruminants and the products derived from them are an
important food source worldwide. Large ruminants (such as cattle and buffalo) and
small ruminants (such as sheep and goats) are vital not only because they provide
animal-derived protein important for human nutrition but also because they primar-
ily consume high-fiber feed that is unsuitable for human consumption.

It is essential to emphasize that the products of these animals (meat and milk) are not
only important for their high biological value protein content but also because they
contain numerous micronutrients (e.g., vitamin By,, essential fatty acids) that are
biologically more accessible to humans than those found in plant-based foods.

Furthermore, these animals also serve as tools for ecosystem management, and in
some countries, their ownership provides social status and livelihood. They also sup-
ply important industrial and pharmaceutical raw materials.

In general, ruminant animals contribute positively to human wellbeing by convert-
ing inedible plant materials, such as grasslands and fibrous feedstuffs, into valuable
sources of food energy and nutrients. Dairy cattle, in particular, are considered the
most efficient ruminants in converting feed protein and energy into animal-derived
food products like milk and dairy goods.

As the global population continues to grow, the demand for beef and milk is expected
to rise accordingly. In 2023, global milk production reached 9,657 million tons, mark-
ing a 15% increase compared to the previous year. Various projections predict further
growth in this area in the coming decades. To meet this increasing demand for meat
and milk, it is necessary to improve the sustainability of ruminant livestock farming.

Several strategies can be applied to enhance the sustainability of ruminant breeding
systems, such as selecting appropriate ruminant breeds, improving the efficiency of
housing systems and manure management technologies, ensuring the proper health
status of livestock farms, and mitigating the negative effects of climate change. In
addition, it is crucial to develop efficient feeding systems because their application
allows for the sustainable and profitable production of high-quality animal-derived
foodstuffs that are safe for human consumption.

This book presents the latest scientific findings in ruminant (cattle, sheep, and
goats) nutrition. It focuses on feeding solutions that can sustainably improve the
quality of animal-derived products to enhance consumer health. It also demonstrates



how feeding methods can reduce harmful emissions of nitrogen, phosphorus, and
methane. Furthermore, the book addresses the pressing issue of climate change,
particularly the effects of heat stress on ruminants, and offers innovative solutions for
mitigating these impacts through improved feeding and forage production methods.

Additionally, the book highlights the critical importance of animal health in ensur-

ing the production of safe and high-quality food raw materials. It also touches upon
the intersection of nutrition and the leather industry, exploring how the nutritional
status of sheep influences the quality of their leather.

This book is designed for researchers, academics, university students, and practitio-
ners who are engaged in ruminant nutrition and sustainable agriculture.

I would like to thank the chapter authors for their excellent contributions. I am also
grateful to the staff at IntechOpen for their technical assistance in publishing the
book, especially Publishing Process Manager Dorian Salati¢ and Commissioning
Editor Lucija Tomicic-Dromgool.

Dr. Laszl6 Babinszky

Professor,

Faculty of Agricultural and Food Sciences and Environmental Management,
Department of Animal Nutrition and Physiology,

University of Debrecen,

Debrecen, Hungary,

Hungarian University of Agriculture and Life Sciences,
Kaposvar Campus,

Institute of Physiology and Nutrition,

Department of Farm Animal Nutrition,

Kaposvar, Hungary
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Chapter 1

New Trends in the Treatment
of Hypokalemia in Cows

Bala Krishna Rao Dabbir and Sreenivasa Reddy Rajavolu

Abstract

Of all the mineral cations, potassium (K) is an essential nutrient for animals, and it
is the third most common mineral in the body. Potassium has a role in maintaining
normal cardiac and renal function, neuronal transmission, muscular contraction, and
acid-base balance. The main thrust of this chapter is to review the physiology, pathol-
ogy, pharmacology, occurrence, etiology, clinical signs of hypokalemia and its diag-
nostic and therapeutic approach in cows. The ambulatory measures to minimize the
agony and preventive strategies to reduce the incidence of hypokalemia were
discussed. Beside the potassium salt therapy, the inclusion of Taurine in the thera-
peutic regime was rational and to be appreciated.

Keywords: hypokalemia, pathophysiology, causes, diagnosis, treatment, taurine,
prevention

1. Introduction

The main cation in intracellular fluid is potassium. It is essential for controlling
osmotic pressure, maintaining acid-base balance, transmitting nerve impulses, con-
tracting muscles, especially the heart muscle, and performing several cell membrane
tasks as a component of the sodium-potassium pump. Additionally, necessary for
glycogenesis, potassium facilitates the conversion of adenosine triphosphate to
pyruvic acid by transferring phosphate. Potassium is also essential for many funda-
mental cellular enzymatic processes, including protein synthesis, amino acid absorp-
tion, and glucose metabolism [1, 2].

Alterations in the equilibrium between intracellular and extracellular potassium
can result in hyperkalemia or hypokalemia despite the unaltered total body potassium
content. Internal potassium balance is most typically impacted by disturbances in the
acid-base balance [3-5]. The transport of hydrogen ions into the cells counteracts the
elevated concentration of hydrogen ions in the extracellular fluid that results from
metabolic acidosis. To maintain electro-neutrality, potassium ions must exit the intra-
cellular compartment, which raises the concentration of potassium in plasma. Similar
to this, potassium may be redistributed from the extracellular to the intracellular
compartment in metabolic alkalosis, leading to hypokalemia [3, 5]. Maintaining the
resting membrane potential depends on the ratio of extracellular to intracellular
potassium [1]. Recently, isoflupredone acetate was administered intramuscularly to

1 IntechOpen



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

lactating dairy cows in conjunction with ketosis to cause a state of severe muscle
weakness, recumbency, and hypokalemia [6]. Theileriosis, recumbency, traumatic
reticulo-peritonitis, excessive use of isoflupredone acetate in the treatment of ketosis,
excessive bicarbonate administration in the treatment of ruminal lactic acidosis, ileus,
botulism, and abomasal displacement were the main causes of hypokalemia [7]. The
parenteral administration of dextrose or insulin may result in hypokalemia [8].

Animal cells contain potassium as the primary cation (positive ion), whereas
sodium is the primary cation outside of animal cells. The membrane potential, which
is the differential in electric potential between the inside and exterior of cells, is
caused by the concentration differences of these charged particles. Ion pumps in the
cell membrane regulate the potassium and sodium levels in the membrane. An action
potential, or “spike” of electrical discharge, can be produced by the cell thanks to the
potential in the cell membrane that potassium and sodium ions cause. For bodily
processes including neurotransmission, muscle contraction, and heart function, cells
must be able to generate electrical discharge. In addition, potassium is a necessary
mineral for controlling blood pressure, acidity levels, and water balance [9].

It is well knowledge that potassium homeostasis and acid-base balance are related.
Generally speaking, hypokalaemia (lower blood pH) is linked to lower plasma potas-
sium concentration, whereas acidaemia (lower blood pH) is linked to higher plasma
potassium concentration (hyperkalaemia) [10].

The objective of this chapter is to describe the pathophysiology, diagnosis and
therapy through intravenous and/or oral route (powder and bolus) of potassium
formulations. A further aim is to demonstrate the role of taurine in potassium
homeostasis and measures to prevent hypokalemia in the cows.

1.1 Absorption and excretion

In the rat, Rajendran and Geoffrey [11] noted that despite the colon’s great potential
for K+ secretion and absorption, its function in preserving K+ homeostasis is frequently
disregarded. For a long time, it was believed that the main processes for K+ absorption in
the colons of humans and animals were solvent drag and/or passive diffusion. Nonethe-
less, it is now evident that electro neutral K+ absorption in the animal colon is mediated
by apical H+, K+-ATPase, in conjunction with basolateral K+-Cl— co-transport and/or
K+ and Cl— channels functioning in tandem. The rat colon’s K+ absorption is indicative
of both ouabain-sensitive and -insensitive apical H+, K+-ATPase activities. H+, K+-
ATPases that are ouabain-sensitive and -insensitive found in crypt cells and surface cells,
respectively. Colonic H+, K+-ATPase is made up of the subunits o (HKCa) and f
(HKCpB), which when co-expressed in HEK293 cells that show ouabain-insensitive H+,
K+-ATPase activity; in Xenopus oocytes. On the other hand, HKCa co-expressed with
the gastric f-subunit shows ouabain sensitive H+, K+-ATPase activity. Apical H+, K+-
ATPase activity, HKCa specific mRNA and protein expression, and K+ absorption are all
improved by aldosterone. Conversely, apical K+ channels that work in tandem with the
baso-lateral Na+-K+-2Cl— co-transporter induce active K+ secretion [11].

1.2 Causes of hypokalemia
1.2.1 Lactation stress

In the lactating cow, 75% of potassium elimination is via the urine, 13% in feces
and 12% in the milk Table 1 [12]. In the hypokalemic cow, this may be concentrated
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Serial Disorders Causes References
number
1 Physiological Lactational stress, summer stress [6, 12-16]

or metabolic

2 Pathological Left displaced abomasum, right displaced abomasum, abomasal  [7, 17-20]
volvulus, abomasal impaction, clinical mastitis, dystocia,
retained placenta, and hepatic lipidosis,
prolonge anorexia, diarrohea

3 Induced Frequent administration of cortisones with minerlocoticoid [7, 8]
activity, calcium, mifex, calcium, borogluconate, dextrose,
insulin, bicarbonates

Table 1.
Showing causes of hypokalemia.

in the first 45 days of lactation [13] or 60 days [6]. In general, the younger cow seems
to be more at risk than older cows [14].

Large milk producers have lower mean serum potassium concentrations than small
milk producers [15]. These high milk producers are also more likely to experience
hypokalemia during the early stages of lactation due to increased potassium loss in
milk and a noticeable negative energy balance [16].

1.2.2 Summer stress

Nutritionists discovered a link between heat stress and potassium loss, with cows
that stayed in the shade losing five times less potassium than the group of cows that
had no shade. Heat-stressed cows also ate less during the daytime, thus also reducing
their potassium intake [21].

1.2.3 Frequent administration calcium magnesium phosphite

The authors observed that the infusion of Calcium 1.86% w/v (as Calcium Gluco-
nate I.P.) in (Miphocal or Mifex brands), Anhydrous Dextrose I.P. 20% w/v and
Magnesium Hypophosphite 5.0% w/v were indiscriminately administered by para
veterinarians to cure downers to more than 25 cows, resulted in 22.5-3 mM of potas-
sium and 2 mM of calcium per liter respectively.

Tamer and Chandra Deep [17] report the development of hypocalcemia and
hyperkalemia attributable to magnesium infusion in a pre-eclamptic human patient
(Table 1).

1.2.4 Pathology

A nursing dairy cow with left or right displaced abomasum, abomasal volvulus,
abomasal impaction, clinical mastitis, dystocia, retained placenta, and hepatic
lipidosis is likely to have hypokalemia, which is defined as serum or plasma potassium
concentration < 3.9 mEq/L [17-19]. In cows, hypokalemia is frequently seen as a
result of prolonged anorexia and other main gastrointestinal and urinary system
disorders [20, 22].
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1.2.5 Clinical signs of hypokalemia

Following their initial period of rigidity and disinclination to move, the majority of
animals exhibit the following clinical symptoms:

1. Depression characterized by a lack of resistance to manipulation and generalized
weakness.

2.Diminished muscle tone in different parts of the body from tail to tongue.
3.Bradycardia.

4. An unusual neck alignment (an S-shaped neck) (Figure 1).
5.Recumbency.

6.Generalized intestinal and stomach stasis, resulting in minimal defecation and
ruminal atony.

2. Diagnosis of hypokalemia

Confirming a hypokalemia diagnosis requires serum biochemical investigation. A
prompt and precise diagnosis is necessary to save the recumbent cowl, determine the
prognosis, and choose the dosage and method of potassium chloride administration.
Serum potassium levels below 2.5 mM/L indicate severe hypokalemia, which will
cause most cows to be less alert, recumbent. Moderate hypokalemia is indicated by a
serum potassium content of 2.5-3.5 mM/L. Some of these cows also are recumbent,

Figure 1.
Showing hypokalemic cow (photo courtesy—Dr. Manjunath, Mangalore).
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and reduced gut motility. Serum potassium concentrations can be measured, but
measurements of sodium, chloride, calcium, and phosphorus concentrations as well as
serum CK and AST activity may be y useful in deciding the drug therapy. Aciduria can
occur when the potassium concentration in the urine drops [13].

2.1 Strides in the estimation of serum and blood potassium
2.1.1 Potentiometric dirvect measurement

Since the development of commercially available electrodes for sodium and potas-
sium ions and electrodes selective for univalent cations over a decade ago, the deter-
mination of sodium and potassium in biological fluids has been the subject of
substantial research (Table 2). This electrode, a glass electrode that is sodium ion
selective, and a reference electrode are all included in a small-volume cell. Since a
potassium ion specific electrode is the gold standard for clinical potassium measure-
ments and can be miniaturized for small blood volumes, can be used to measure
potassium in the blood sample. Anantibiotic, valinomycin, selectively binds potassium
and it, is pumped into a membrane inside the ion specific electrode. When
valinomycin comes in contact with a potassium-containing solution, potassium binds
to it, creating a potential difference relative to a reference and building up a charge.
Thus, by measuring this voltage, one would be able to ascertain the potassium con-
centration in a sample solution. Potassium is relatively low in concentration, thus
amplification of the signal will be necessary to successfully detect it at clinically
relevant concentration [23].

2.1.2 Rapid quantitative turbid-metric spot test analysis of potassium in the blood serum
The market offers a quantitative turbid metric spot test method for determining

potassium concentration in the blood serum. Potassium is precipitated using
sodium tetraphenylborate, a traditional analytical reagent, in basic media. Using a

Serial  Design Principle References
number
1 Potentiometric direct measurement Valinomycin, selectively binds potassium [23]

and it, is pumped into a membrane inside
the ion specific electrode. When
valinomycin comes in contact with a
potassium-containing solution, potassium
binds to it, creating a potential difference
relative to a reference and building up a
charge

2 Turbid-metric Potassium is precipitated using sodium [24]
tetraphenylborate. The turbidity is
measured with spectrophotometer

3 Smartphone-enabled quantification Turbid metric principle [25]
of potassium in the blood plasma
4 Equipment-free detection of K+ Microfluidic paper-based analytical devices  [26]
Table 2.

Showing various diagnostic techniques’.
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micro-turbid metric cell created for this purpose, the turbidity is measured directly in
this solution without any additional dilution. The buffer and the solution of the
analytical reagent were combined with the blood serum. At 700 nm, the turbidity is
measured with a spectrophotometer in the working concentration range, the calibra-
tion curve is a straight line with a correlation coefficient of 0.9998. The analytical
outcomes achieved using this technique is in contrast those obtained using an elec-
trode that selectively use ionized potassium ions [24].

2.1.3 Smartphone-enabled quantification of potassium in the blood plasma

A novel technique for measuring the K+ concentration, [K+], in the blood plasma
using an optical attachment that was specially made for a smartphone. Turbidity is the
basis for the development of the approach. Measurement of blood plasma solutions
using sodium tetraphenylborate, a recognized reagent that cause potassium to precip-
itate. A unique image-processing technique is used to analyze the photo taken with a
smartphone camera. This allows the data to be converted from RGB to HSV color
space and the mean value of the light-intensity component (V) to be calculated.
Photographs of blood plasma with varying K+ concentrations analyzed show a rela-
tionship between V and [K+]. The outcome with those obtained using an ion-selective
electrode device and atomic absorption spectroscopy, the method’s correctness is
verified. When employing the treated blood plasma calibration, the method’s accuracy
was within £0.18 mM and precision was within £0.27 mM in the [K+] range of 1.5-
7.5 mM. Good correlation was observed between the data collected by the smartphone
approach and the ion-selective electrode device in spike test conducted on a fresh
blood plasma. The method’s inexpensive cost and smartphone integration make it
advantageous for measuring [K+] on demand and in remote locations with restricted
hospital access [25].

2.1.4 Equipment-free K+ detection on microfluidic paper-based analytical devices using
ionic dye in ion-selective capillary sensor

A microfluidic paper-based analytical device (WPAD) is linked to an ion-selective
capillary sensor to enable remote potassium ion (K+) analysis. The concept is based on
two sequential steps: first, the analyte ion is selectively substituted with an ionic dye,
and this dye is subsequently detected in a distance-based paper readout. To perform
the first step, the capillary sensor holds the polyvinyl chloride membrane film layer in
place after it has been plasticized with dioctylsebacate. This layer has potassium
ionophorevalinomycin on its inner wall, a lipophilic cation-exchanger, and the ionic
indicator Thioflavin T (ThT) dye. When the sample is introduced into the film mem-
brane, K+ in the aqueous sample solution is quantitatively removed, and ThT is
substituted. This solution was placed onto the inlet region of a pPAD to flow the ThT
down a channel formed by wax printing, resulting in the electrostatic binding of ThT
to the cellulose carboxylic groups, converting the ion exchange signal into a distance-
based analysis. The starting K+ concentration This solution was applied to the pPAD’s
intake region, allowing ThT to flow through a channel created by wax printing. ThT
then electrostatically bound to the carboxylic groups in cellulose, transforming the ion
exchange signal into a distance-based analysis. The initial K+ concentration deter-
mines the quantity of ThT in the aqueous solution after ion-exchange; hence, the
sample K+ concentration is reflected in the distance of the ThT-colored area. An
identifiable response in the K+ concentration range of 1-6 mM was generated by the
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ion exchange process when it was operated in what is referred to as a “exhaustive
sensing mode,” which is not achievable with the traditional optode sensing mode.
Because there are no hydrogen ions present, the equilibrium competition of the
capillary sensor is entirely pH-independent, in contrast to conventional optodes that
have a pH-sensitive signal. Studies using mixed and separate solutions have shown
that K+ has extremely high selectivity over Na+ and Ca2+ [26].

3. Various treatment options
3.1 Nonspecific treatment

Any concurrent or pre-existing ailment needs to be properly managed. A downer
cow should receive good nursing care, be comfortable, and not be bothered.
Maintaining the cow’s constant access to water and nutrition is especially crucial.
Regular milking and turning from one side to the other is necessary for dairy cows.
Any equipment that aids in the animal’s emergence is beneficial, but timing is crucial.
Because weak animals are more likely to be injured due to a lack of muscle tone,
premature attempts may exacerbate or even induce a musculoskeletal problem.

After the serum potassium content returns to the normal level, using a flotation tank
(Aqua cow Rise System) is quite beneficial [27].

3.2 Nursing the downer cow

Only when the cow has a good chance of recovering and there is a capable person
nearby who is willing to dedicate the necessary time and energy to offer proper
nursing care may a downed cow be nursed. The downer cow’s chances of recovering
completely are increased with proper nursing, but this can be labour- and time-
intensive. If you are unable to provide the cow proper nursing care, you should think
about euthanizing it right away [28].

3.3 Guideline for tending to a downtrodden cow

1. Give the cow comfortable, clean, dry bedding so that when it tries to stand, it has
a non-slip surface [28].

2.Ensure a steady supply of wholesome food and clean water,

3.Every 3-4 hours, move the cow from side to side.

4.Make sure the cow is periodically moved and that her weight is not always on one
side if she is unable to switch sides on her own. She should also flex and lengthen
her hind limbs each time.

5.Remove the milk by hand from the udder.

6.Consistently encourage the cow to stand; only use a lifting hoist equipment to

help her do so.

7.Never let a cow dangle inside a hoisting mechanism [28].
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3.4 Specific treatment

The severity of the hypokalemia should determine the oral or intravenous
potassium therapy. It is crucial to keep in mind that a potassium deficiency be
200-400 mEq is represented by every 1 mEq/L reductions in serum potassium.
Nevertheless, this computation may overestimate or underestimate the potassium
shortage. Individuals with mild to moderate hypokalemia (potassium concentration of
2.5-3.5 mEq/L), may just require oral potassium replacement. If potassium levels are
less than 2.5 mEq/L, intravenous potassium should be given, very slowly and call for
the attendance of a veterinarian.

3.5 Injectable formulations

Potassium injections should never be given intravenously; instead, they should be
diluted with 500 ml of regular saline injections, with a pace of between 0.1 and
0.2 mEq/kg/h being the ideal range. A maximum injection rate of 0.5 mEq/kg/h is
recommended for intravenous supplementation; at replacement fluid flow rates, this
translates to 20-40 mEq/L of fluid.

Dosage: The dose should be frequently adjusted for the animal, and continuous
monitoring of plasma concentration should be performed. When the severity of
hypokalemia is known, an administration regime is recommended:

1.Mild hypokalemia: serum concentration 3.0-3.5 K+ mEq/l | quantity of potassium
chloride per kg/weight administered for 24 hours: 2-3 mEq.

2.Moderate hypokalemia: serum levels 2.5-3.0 K+ mEq/l | quantity of potassium
chloride/kg/weight administered for 24 hours: 3-5 mEq.

3.Severe hypokalemia: serum concentration < 2.5 K+ mEq/l | quantity of potassium
chloride per kg/weight administered for 24 hours: 5-10 mEq.

If the serum potassium concentration is not known, 20-40 mEq/1 potassium chlo-
ride should be added to the solution for intravenous perfusion.

One millimole is equivalent to one milli equivalent (mEq) or 39.1 milligram of
potassium. Potassium chloride sterile aqueous solution is widely accessible in the
market for this use, often at a concentration of 2 mEq K/mL. As an alternative,
adding 1 g of KCI powder to fluids meant for intravenous delivery yields about 13 mEq
of K+ [26].

3.6 Potassium chloride injection

Potassium chloride injection is available in the market globally as vials
and ampoule potassium chloride concentrate is used for electrolyte and fluid
replenishment. It must be diluted before use. Potassium chloride can rehydrate
the cow and restore electrolyte balance. 10 ml and 20 ml single-dose vials are a
administration & dosage: intravenous. Before being administered, it must be
diluted with water or another acceptable fluid to the proper strength. Potassium
chloride, 2 mEq (149 mg), is present in each milliliter of sterile aqueous solution
available in the market.
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3.7 Potassium acetate injections Hospira, Inc.

Potassium acetate in water, sterile, nonpyrogenic, concentrated solution for injec-
tion is known as acetate injection, USP (2 mEq/mL). As an electrolyte replenisher, the
fluid is given intravenously following dilution. It cannot be given without diluting it.
Bicarbonate (HCO3—) can also be generated from acetate (CH3COO—), a source of
hydrogen ion acceptors, through the liver’s metabolic conversion process. It has been
demonstrated that this can happen quickly, even in cases of severe liver disease.
Potassium acetate (196 mg/mL) yields 2 mEq of potassium (K+) and acetate
(CH3COO—) respectively. To alter the pH, acetic acid may be added to the solution.
With a range of 5.5-8.0, the pH is 6.2. The specific gravity is 1.089 and the osmolar
concentration is 4 mOsmol/mL (calculated). A maximum infusion rate of 1 mEq/kg/h
is recommended [29, 30].

3.8 Oral formulation

According to Sweeney [31] oral potassium supplementation is better than intrave-
nous since it is less expensive, easier to administer, and allows for higher doses to be
given with fewer risk of side effects (Table 3). Given that potassium is needed in
cattle with whole-body K depletion and chloride is needed in cattle with alkalaemia
and pH-induced compartmental shift of K to the intracellular space, oral potassium
chloride administration appears to offer the best salt formulation for treating cows
with hypokalemia [14].

Drug/s Presentation Dose Remarks References
1 Potassium 60 g Powder Two doses Effective in mild to moderate [19]
hypokalemia
2 Potassium Solution Sodium Both salts are dissolved in 15 liters ~ [31]
chloride 60 chloride 60 g  of water and given as drench in
sodium chloride 30 Potassium mild hypokalemia

chloride 30

3 Potassium chloride  Bolus One Plasma potassium concentrations [32]
52¢g for all preparations increased
4 Potassium 500 g gel One within 30 minutes and the increase
A lasted for 12 hours.. The feed intake
propionates2 increased in 50% of cows within
5 Potassium chloride  Solution One 2 hours after potassium application,
powder52 which may contribute to the
increase of plasma potassium
concentration
6 Potassium acetate 10% solution BID for daily Treatment continued till recovery — [29]
for 1 days
7 Potassium chloride:  Bolus One or two In the moderate hypokalemic cow,a [33]
51 wt.% bolus administration resulted in
CaCl, 2H,0: 25 wt- reconstitution of mean and medium
% plasma potassium concentration to
Water: 15 wt.% normal (reference range 3.5-

5.0 mmol/l) within an hour
following administration. In severe
hypokalemia, one more bolus was
given with no adverse effect
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Drug/s Presentation Dose Remarks References
8 Dipotassium Bolus two boluses  Recovery within 3 days [34]
phosphate 100 g of once daily for
phosphate 1 and a maximum
83 g of potassium of 3-5 days
Potassium chloride ~ Powder and  Both were Recovery within 3-12 hours’ [35]
24¢g liquid together stabilizes the potassium, provides
Sodium carbonate administered energy palatable
Potassium carbonate and repeated
Taurine 6 after
Propylene glycol 10 hours if
200 ml necessary
Table 3.

Various oral treatment methods of hypokalemia.

3.9 Powder formulations

Since potassium chloride tastes bad when taken orally, giving cows access to it
usually does not lead to enough voluntary consumption. Second, some of the
advantages of supplementing may be offset by increased potassium excretion in the
urine, which is linked to increased urine flow during intravenous replacement fluid
administration. If a free-choice oral electrolyte solution consisting of 60 g sodium
chloride and 30 g potassium chloride diluted in 15 L of water is made available to
patients with minor cases of hypokalemia, it will be easily ingested and help correct
the modest deficiency [31] Wittek et al. [32] conducted a comparative study on three
oral potassium formulations and discovered that the cows treated for hypokalemia
received 52 g of potassium in three different formulations: group B was given a
potassium chloride bolus (released over 12 hours); group G was given potassium
propionate gel (released over 2 hours); and group S was given potassium chloride
solution (available immediately). They discovered that the amounts of potassium in
plasma for all preparations rose in less than 30 minutes and continued to rise for
12 hours. Within two hours of the potassium administration, 50% of the cows’
feed intake increased, which could have contributed to the rise in plasma potassium
content.

3.10 Potassium acetate

Narayana et al. [29] successfully treated the downer cows, creeper cow and cattle
with leg weakness with Potassium acetate 10 g b.i.d. orally, and 10% solution 100 ml
intravenously/day until signs of recovery which was in a week to a month.

3.11 Bolus formulations

3.11.1 The bolus formulation is easy to administer with a Balling gun and is easy
to pack and transport

Wilhelm-Olany [33] conducted a trial with a following composition bolus with
ingredients.
Potassium chloride: 51 wt.%

10
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CaClz 2H203 25 wt.%

Water: 15 wt.%

Magnesium oxide: 9 wt.%.

There were 45-48 g of potassium per piece in the bolus formulation, or roughly 85~
91 g of potassium chloride. Bolus is administered orally with a Balling gun. An hour
after bolus injection, the mean and medium plasma potassium concentrations in the
moderately hypokalemic cow were returned to normal (reference range 3.5-
5.0 mmol/l). One extra bolus was administered in cases of severe hypokalemia with no
negative consequences.

3.12 Kalitop (Resco Product, Belgium)
3.12.1 Each bolus contains 70 g of potassium
3.12.1.1 Dosage and adwministration

Two Kalitop bolus together in 1 application, and 2 boluses 12 hours later if neces-
sary. Orally with the help of a bolus applicator or Balling gun.

3.12.1.2 Potassium Bolus (] Farm, Poland)

Potassium bolus for the dairy cow; includes 66 g of potassium in each bolus
reduction of the risk of hypokalaemia.
Indications:

* A cow with prolonged inappetence (>2 days) after labour, especially with
recurrent ketosis

* The cow receiving more than one injection of corticosteroid that have
mineralocorticoid activity

Properties:
* rapid disintegration and assimilation
* reduction of the risk of hypokalemia

* counteraction of depression gastrointestinal tract motility and stimulation of
appetite

* all ingredients are digestible

Composition:

Potassium chloride, magnesium stearate.

Instruction for proper use:

Give 1 bolus into the cow’s mouth by using applicator.

After 8-12 hours repeat the administration of 1 bolus, if needed.

Shelf life: 18 months from the manufacturing date.

Packaging: Each 150 g bolus is secured in a plastic tube. There are four boluses in
one paper box.

11
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3.12.1.3 K-Phos Boost Bolus

Since the symptoms of hypophosphatemia and hypokalemia are similar and man-
ifest in the early postpartum period, Solvet Animal Health (Calgary, Alberta, Canada)
has created a dipotassium phosphate (K,PO,) bolus called “K Phos-Boost™ to treat
both conditions. Dipotassium phosphate (K,HPO,4) makes up each 230-gram K Phos-
Boost Bolus (Solvet Animal Health, Calgary, Alberta, Canada), which provides 100 g
of phosphate and 83 g of potassium per bolus. In the rumen, the bolus dissolves
entirely in 30 minutes. For dairy cows lacking in potassium and phosphorus, the
suggested published dose is 131 g of potassium and 198 g of phosphate per day for a
period of 1-5 day. When cows ingest two boluses of dipotassium phosphate, they get
200 g of phosphate and 166 g of potassium daily. This is in good agreement with the
daily dosage that have been published. Therefore, two boluses once daily for a maxi-
mum of 3-5 days is the recommended dose [34].

Dosage: Administer using the K-Phos Boost branded applicator. Give 2 boluses
orally, once daily for up to 3 days. Allow access of water.

In severe hypokalemic cows with a serum potassium concentration of less
than2.5 mmol/L one dose of intravenous injection followed after 12 hours by either
oral powder or Bolus potassium formulation saved the cows from certain death [36].

The oral delivery of potassium chloride in solution through the use of a bottle or a
drenching gun or a stomach tube may irritate the mucous membranes of the oral
cavity and the esophagus as a result of its caustic action [37].

3.12.1.4 Nutri-Pot

It turned out that drenching the Nutri-Pot (A) and Nutri-Pot (B) mixture was a
simple and secure process. In addition to acting as a lubricant and demulcent, propyl-
ene glycol supplied instant energy and facilitated the rapid absorption of potassium.
Increased feed absorption and consequent milk production were linked to improve-
ments in the clinical state [35].

Generally, hypokalemia in cows with anorexia and debility when oral formula-
tions, replenish the serum potassium but do not provide sufficient energy for speedy
recovery.

Higher or frequent oral dose is not recommended, because they can lead to osmotic
diarrhea, excessive salivation, muscular tremors of the legs, and excitability. Hypoka-
lemia is usually associated with acidosis. It was hypothesized that formulation that
overcomes acidosis, provides energy, improves and stabilizes cell membranes and
regulates osmosis will pave a way for a speedy recovery.

Nutri-pot that was presented in two parts [36] 50 g of powder part containing 12 g
of elemental potassium and 4 gram bicarbonate sodium and potassium 6 gram of
taurine and liquid part containing 200 ml propylene glycol), was conducted. In 84
clinical cases 40 without taurine and another 44 with taurine, at the veterinary
hospital, during 2022-2023. In Rayachoti of Andhra Pradesh. The second dose was
repeated if necessary. Taurine-enriched formulation group recovered and returned to
normal milk within 3 days than the formulation without taurine took 5-7 days to
return to normal milk [36].

Nutri-pot is the proprietary product of Instar Health care, Kadapa. The formula-
tion provided sufficient energy, increased palatability, enhanced absorption, coun-
tered acidosis, lessened gastric irritation, stabilized membranes and balanced the
influx and outflux of potassium in the cells of the heart muscle, and skeletal muscles of
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limbs and neck. The role of taurine in membrane function and stabilization has greatly
increased the importance of dietary taurine. Taurine apparently, normalize the con-
tent of potassium and calcium ions in vivo and in vitro. The action of taurine appears
50 be membrane-based [38] as it has detoxifying, antioxidant, and membrane-
stabilizing properties apparently due to its molecular structure [39, 40].

3.12.1.5 Role of taurine in the formulation

It is assumed that taurine-containing formulations may stabilize the translocation
of potassium from intracellular to extracellular and vice versa, since hypokalemia is
caused by abnormalities of potassium concentration in plasma and can result from
changes in external potassium balance (intake vs. excretion) or internal potassium
balance (intracellular to extracellular) [38]. The antioxidant and metabolic enzyme
activity were regulated by dietary K+ and taurine, which also reduced stress and
balanced energy needs. The best growth performance, ionic homeostasis, and stress
reduction were shown by GIFT tilapia fed a diet containing 0.5% taurine and 0.2% K+.
This suggests that taurine plays a critical role in enhancing the wellbeing of fish raised
in low-salinity, potassium-deficient water [41]. Taurine nutritional supplements
enhance potassium ionic equilibrium [42, 43].

Evidence for the role of taurine in membrane function and stabilization exem-
plifies the potential importance of dietary taurine. It is said that most actions of
taurine appear to be membrane-based because it has detoxifying, antioxidant, and
membrane-stabilizing properties apparently due to its molecular structure. Taurine
was shown to normalize the content of potassium and calcium ions in vivo and in vitro
[38]. In excitable tissues, taurine (2-aminoethane sulfonic acid) is widely distributed.
Its many physiological and pharmacological effects are little understood in terms of its
underlying mechanisms. However, taurine’s physicochemical characteristics imply
that it interacts with membrane phospholipids to change the characteristics of
membrane-associated proteins as well as membrane functions like ion binding and
conductance [37-39].

4. Prevention of hypokalemia

Early lactation cow can suffer from negative potassium balance due to greater
potassium excretion, greater secretion of potassium in milk, and increased
perspiration losses during heat stress. With the inclusion of a higher amount of
potassium in the early lactation diet, some studies showed an increase in milk pro-
duction, 3.5% fat corrected milk, and the milk fat, which was not associated with an
increase in dry matter intake. Potassium supplementation in the form of potassium
carbonate has also increased milk fat percentages, partly explained by reduced rumi-
nal synthesis of bio-hydrogenation intermediates known to inhibit milk fat synthesis.
The lowering of bio-hydrogenation intermediates that inhibit milk fat synthesis is
likely mediated through the alkalizing effects of some potassium supplements to
increase ruminal fluid pH(I) Harrison et al. [44] recommend formulating for 1.6% K,
and to increase to1.8 to 2% for heat stress. Harrison [44] advised formulating for 1.6%
K and raising to 1.8-2%. In order to help achieve a DCAD of >35 mEq/100 g of dry
matter, sodium levels can be raised. The maximum amount of sodium in the dry
matter ratio is 0.8%.
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4.1 Potassium carbonate administration

In order to enhance the buffering capacity of rations, boost the supply of K during
heat stress, and balance electrolytes in the ration for optimal lactational performance,
potassium carbonate has been added to feed as a feed supplement. Potassium carbon-
ate, however, can heat feed and induce caking. A novel product has been developed by
Milk Specialties Global (Eden Prairie, MN), which used 204 g of bye pass fat to coat
68 g of potassium carbonate as a premix. According to Kayla et al.’s study [45], feeding
the novel product to a milking Holstein dairy cow on a regular basis did not cause any
palatability issues.

The effects of adding electrolyte and ascorbic acid to feed under heat stress
in buffalo were investigated by Sunil Kumar et al. [46]. They added ascorbic
acid polyphosphate at 10 g/animal/d, potassium carbonate at 12.5 g/animal/d,
and sodium bicarbonate at 15 g/animal/d as supplements and noted a reduction in
heat stress.

4.2 Various Additives to minimize hypokalemia
4.2.1 Additional supplementation of potassium salts to animals at visk

Potassium must be given orally to the inoperant cow as part of the fluid and
electrolyte treatment regimen. Supplementing animals deemed to be at risk is the
focus of prevention. Oral potassium supplementation is recommended for dairy ani-
mals that are persistently anorectic and receiving treatment with isoflupredone ace-
tate, intravenous dextrose, and insulin. While there is no definitive recommended
dosage for a normal patient deemed at risk, 100 g twice a day appears to be a safe
starting point [8].

4.2.2 Additional supplementation of propylene glycol

The easiest way to keep cows from developing hypokalemia is to make sure they
are getting enough dry matter to eat. Propylene glycol supplementation in the early
nursing cow diet enhanced energy status, reduced body weight loss, and had negligi-
ble effects on feed intake and milk production; nevertheless, it may have decreased
the amount of protein and fat in the milk [35].

4.2.3 Additives to enhance the dry matter intake

Utilizing additives to balance rumen functioning: Few additions have a consistent
effect on conditioning rumen functionality. This is due to the fact that every addition
is dependent upon the circumstances established by the cow’s overall ration con-
sumption as well as her physical and general health. Every additive must therefore be
assessed using a methodology unique to each farm. Generally speaking, the most
widely utilized additions are yeast, sodium bicarbonate, and yeast derivatives. Other,
less common ones are clays, algae, probiotics, enzymes, and various salts. When
receiving two or more cortisone injections with mineralo-corticoid action, one should
always give an oral powder or bolus.
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4.2.4 Iodised oil to combat the thermal stvess

In case of hypokalemia occur during thermal stress, inject 5 ml containing 150 mg
of iodisedoil, at brisket region for 3 consecutive days will overcome the thermal stress
for 60 days without detrimental effect on thyroid [47].

4.3 Thermo CAD heat stress pack

ThermoCAD Heat Stress Pack, an Altech, Hubbard product in hot weather, 4-8 oz.
per head per day as a top-dress, as part of a TMR, or as the grain portion of a dairy or
beef diet. In addition, water and forage are required. Cattle in dairy and beef feedlots
that are nursing should utilize the ThermoCAD Heat Stress Pack when the weather is
warm and conducive to heat stress. Tasco (Ascophyllumnodosum) is a unique blend
with minerals, vitamins, electrolytes, and feed additives called ThermoCad, which is
intended to assist sustain dry matter intake and replace essential nutrients that are
necessary for effective heat stress abatement.

5. Conclusion

“From the latest scientific findings presented in this chapter, the following most
important conclusions can be drawn:

1.The cows with serum or plasma potassium concentrations less than 3.9 mEq/L
are considered hypokalemia.

2.Hypokalemia can arise from induced, physiological, or pathological conditions.

3.Extended periods of anorexia, lying down, twitches in the muscles, melancholy,
fluctuations in body temperature, and an odd neck posture (an S-shaped neck)
are some of the prominent symptoms.

4.The turbid metric approach is a quick, simple, and cost-effective way to estimate
serum potassium at the field level.

5.A maximum delivery rate of 0.5 mEq/kg/h is recommended for severe
hypokalemia when serum concentration < 2, 5 K+ mEq/parenteral injections; at
replacement fluid flow rates, this often equates to 20-40 mEq/L of fluid.

6.Beside the potassium salt therapy, we emphasize the inclusion of Taurine in the
therapeutic regime.

6. Future research and recommendation

As a cytoprotective molecule, taurine is involved in many different processes,
including energy production, neuromodulation, calcium homeostasis, and osmoregu-
lation. These processes supports the taurine’s anti-oxidant properties and the molecu-
lar mechanisms underlying its action in a variety of pathological conditions linked to
oxidative stress. In fact, taurine shows promise as a treatment for conditions
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connected to the central nervous system, circulatory system, skeletal muscle, and
metabolism. The multilayered characterization of taurine therapeutic targets with the
use of next-generation sequencing will provide comprehensive insights into taurine’s
prospective clinical applications [47-49].

It is worthwhile to research the inclusion of taurine in the oral and injectable
potassium chloride formulations to lower the dosage and speed up the healing process
of hypokalemia in the dairy cow.
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Chapter?2

Impact of Unsaturated Fat
Supplementation on Mammary
Gland Growth and Development
in Dairy Animals

Hoda Javaheri Barfourooshi

Abstract

The dairy industry plays a pivotal role in promoting food security across human
societies globally by providing high-quality protein sources, primarily raw milk,
sourced from animal husbandry. A key factor contributing to the economy of the
dairy industry is the enhancement of both the quality and quantity of milk produced
in dairy farms. One of the strategies used to increase milk production is the use of fats
in livestock feeding. Despite the long history of adding fats to animal diets, informa-
tion on the effects of varying types and amounts of fat consumption at different
stages of animal breeding remains scarce. Unsaturated fats, particularly polyunsatu-
rated fatty acids, are commonly used in dairy farms. In addition to their nutritional
value in providing energy for animals, they have been shown to have positive effects
on growth and overall health. This has led to their categorization as functional foods.
These compounds increase milk production by promoting the growth and develop-
ment of mammary tissue through changing gene expression. This section aims to
present a brief summary of the impact of consuming unsaturated fats on the growth
and development of the mammary gland.

Keywords: polyunsaturated fatty acid, mammary gland, functional foods,
Holstein cow, Saanen goat

1. Introduction

The significance of milk as a nutrient is widely recognized in both academic and
business settings. Ancient records found on stone tablets in the Great Sahara, located
in North Africa, demonstrate that the importance of milk and dairy products has been
understood since 4000 BC. Even today, the role of these substances in meeting the
nutritional needs of human societies in terms of energy, high-quality protein, miner-
als, and key vitamins is well-defined [1].

The capacity for milk production is primarily determined by the number of milk-
producing cells. Any manipulation of these cells can directly impact the amount of
milk production [2]. Accordingly, the factors that influence the number of epithelial
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cells have the most significant effect on milk production. Mammary gland growth
control is a complex process influenced by many hormones and external factors, such
as photoperiods and diet [3].

Fat supplements have long been crucial for providing energy to dairy animals.
However, the use of unsaturated oils instead of saturated fats not only avoids the
adverse effects of the latter but also offers a range of benefits [4]. In recent years,
unsaturated fatty acids have emerged as the primary regulators in biological tissues.
Given their role as the key components of cell membranes, the composition of fatty
acids greatly influences the function of cell membranes. Moreover, the presence of
fatty acids in diverse biological systems and processes, such as the immune system,
blood coagulation and vascular resistance, enzyme activities, cell proliferation and
differentiation, and the expression of receptors, has been widely acknowledged.
Omega-3 family fatty acids, owing to their unique biological properties like long
chain length and the presence of double bonds on carbon number three, are consid-
ered potent regulators in these pathways [5].

Polyunsaturated fatty acids play a critical role in many physiological actions,
particularly in stimulating cell growth. As such, feeding foods containing omega-3
and omega-6 fatty acids at the end of the first pregnancy is highly recommended. This
period is crucial for mammary gland growth as it promotes an increase in parenchy-
mal tissue relative to the surrounding stroma, thereby positively and stimulatingly
affecting the growth, proliferation, and organization of mammary gland tissue.
Notably, enhancing the growth and development of mammary gland tissue can lead
to improved production performance in the animal. It is expected that the supple-
mentation of dairy animal feed with polyunsaturated fatty acids during the physi-
ologically critical periods for mammary gland growth will increase both the quantity
and quality of milk produced. To achieve the optimal results, this feeding practice
must be implemented during the appropriate developmental stage of the animal. Such
an approach has the potential to be an effective strategy for enhancing milk produc-
tion and quality in the dairy industry.

2. Mammary gland growth

The mammary gland is an epithelial skin appendage comprising different tis-
sues and cell types that undergo significant morphological and functional changes
throughout the reproductive cycle in association with growth, functional differentia-
tion, and regression [6]. The growth and development of mammary tissue can be
categorized into distinct stages, including: (1) mammogenesis, which encompasses
the growth and differentiation of ductal and alveolar mammary tissue; (2) colostro-
genesis, the transfer of immunoglobulins to mammary secretions before parturition;
(3) lactogenesis, the initiation of the secretion of a suitable volume of prepartum
milk; (4) lactation, which involves the continuous production and secretion of milk;
and (5) regression, which entails the cessation of lactation and the return of the mam-
mary gland to a less differentiated state [7].

The lactating mammary gland comprises parenchymal and stromal connective
tissues. The former consists of epithelial structures, such as ducts and alveoli that are
closely associated with the stromal connective tissue. The stroma is characterized by
cellular and noncellular components, with the cellular constituents encompassing
fibroblasts, endothelial cells of blood vessels, and leukocytes that accumulate in the
tissue. The noncellular parts comprise collagen and other connective tissue proteins.
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Significant white fat tissue is formed in the mammary gland during the early stages of
fetal development and remains until pregnancy in the animal, representing an extra-
parenchymal tissue that forms part of the developing stroma of the gland [8].

2.1 Growth and development of the mammary gland during pregnancy

The mammary gland’s function is the primary determinant of milk production
per animal. The differences in milk production between dairy and beef cattle are
predominantly attributed not only to the increase in parenchymal mammary mass
of dairy animals but also to the heightened activity of most secretory cells alone [3].
The structural development of the mammary gland can be classified into five (or six)
stages: (1) development during the embryonic period, (2) development during the
prepuberty period, (3) development during the postpuberty period, (4) development
during pregnancy, (5) development during lactation [8], and (6) development during
regression [9].

Mammary growth resumes during pregnancy after entering the isometric growth
stage following puberty. Milk-secreting cells develop solely during pregnancy, and
the amount of milk produced is directly dependent on the number of secretory cells
and their functional differentiation. As such, factors that maintain or increase the
number of existing alveoli during the lactation period, along with those that affect the
functional differentiation of these cells, significantly affect milk production. Thus,
this period is pivotal in determining the number of secretory cells and future milk
production in the mammary gland. During the second half of pregnancy, the size of
the alveoli continues to increase, and new alveoli are added until a vast area of the
mammary gland is covered. Alveolar cells gradually undergo the necessary biochemi-
cal and structural changes to begin abundant milk secretion, lactogenesis, at the time
of parturition. Although it was previously believed that terminally differentiated
cells do not multiply, recent observations have shown that cells continue to prolifer-
ate during the initial phases of lactogenesis. At this time, epithelial cells exhibit a net
appearance in the apical region of the cell, resulting from the abundance and accu-
mulation of secretory vesicles. In fully differentiated cells, the basal-lateral part of
the cytoplasm appears darker in staining and is devoted to absorbing precursors and
synthesizing proteins and lipids. The cytoplasm of the apical region, which is full of
Golgi apparatus, structures, processes and packages proteins and lactose for secretion
from the cell [2, 8].

2.1.1 Metabolic changes during pregnancy

In the last 3 to 4 weeks of pregnancy, a rapid growth of the fetus occurs, along
with mammary gland development and favorable metabolic adjustments for the
mobilization of fat and other nutrients. However, during this period, nutrient intake
is reduced, and the metabolism of glucose and fatty acids undergoes significant
changes. Metabolic adaptations occur in other tissues of the mother’s body to ensure
the supply of glucose required by the uterus and lactating mammary gland, even
under conditions of maternal nutritional changes. Hormonal changes that occur
before parturition are also well-defined. The adaptive changes start in the prenatal
period and continue after parturition and lactation. These changes involve increased
lipolysis, decreased lipogenesis, increased gluconeogenesis, increased glycoge-
nolysis, increased consumption of fats, and decreased consumption of glucose
as energy sources. They also involve increased mobilization of protein reserves,
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increased absorption of minerals and mobilization of mineral reserves, increased
feed consumption, and increased absorption capacity for nutrients [10]. Extensive
metabolic and hormonal adjustments occur during the transition period from late
pregnancy to early lactation. During this period, the plasma concentration of insulin
decreases, and the responsiveness of muscle and skeletal tissue to insulin decreases.
These adaptations may be crucial factors in the initiation of catabolic activities of the
transition period [11].

2.1.2 Metabolic changes during the transition period

The transition period in dairy breeds, which includes about 3 weeks before to 3
weeks after calving, is widely considered a sensitive and critical stage [12]. During
this period, significant changes occur in the nutritional, behavioral, physiological,
and anatomical patterns of livestock, particularly in the mammary, reproductive,
immune, metabolic, and digestive systems. Appropriate management during this
period is essential to ensure that the animal moves from the nonproductive to the
productive stage with full health. The future performance and health of dairy cattle
depends on successfully navigating this period [13].

2.2 Mammary gland growth and development during lactation

Mammary milk production is a two-step process called lactogenesis. The first stage
commences during the final trimester of pregnancy, characterized by the limited
structural and functional differentiation of the alveolar epithelium. The second stage
follows immediately before parturition and is characterized by the completion of
structural and biochemical differentiation, coinciding with the onset of milk produc-
tion and secretion [3]. During lactation, mammary epithelial cells become highly spe-
cialized in the production of milk proteins, including casein and whey proteins [14].
The number and activity of these cells determine the shape of the lactation curve and,
consequently, the volume of milk produced [15]. Notably, an increase in mammary
cell growth can have severe and permanent effects on milk production in response to
frequent milking in early-stage dairy cows [16]. The growth of the mammary gland is
minimal when lactation is fully established. The relative contribution of hypertrophy
and hyperplasia to this phenomenon remains unclear. Approximately 40% of the
parenchymal tissue comprises closely packed alveoli, while the remainder comprises
alveoli that are greatly expanded in the stromal matrix [2, 8]. The number of cells
reflects the sum of the relative rates of cell proliferation and death. The mammary
gland grows when the rate of cell proliferation exceeds the rate of cell death, and
when the rate of cell death exceeds the rate of cell proliferation, it diminishes [15].

2.2.1 Metabolic changes during lactation

In the first 3 to 4 weeks after calving, there is a slight increase in dry matter intake,
accompanied by a rapid drop in nutrients to support milk production. During this
period, there is continued rapid growth of mammary tissue and hypertrophy of key
digestive and metabolic organs. Metabolically, the cow mobilizes its nutrient reserves,
primarily from fat tissue, labile proteins, and bones. A crucial adjustment during
this period is the stabilization of the homeostatic control mechanisms of essential
nutrients such as glucose and calcium to support lactation. This process is known as
homeorhesis and is considered a long-term adaptation to a change in stage, suchasa
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transition from non-lactating to lactating or non-ruminant to ruminant. It involves
a coordinated set of changes in metabolism that enables the animal to cope with the
challenge and adapt to the new stage. Any inefficiency in a metabolic process can
undoubtedly affect the efficiency of other processes as well [10].

3. Genes involved in the growth and development of the mammary gland

Growth factors are central to the growth and development of many cells. These
factors, which include EGF, IGF, FGF, and TNF-a, play a unique role in controlling
growth [17]. The production of IGF-I is regulated by both growth hormone and nutri-
tional status [18]. The concentration of IGF-I mRNA, which is essential for growth,
is higher in the stromal part of the mammary gland compared to its epithelial parts,
indicating that the stromal segment is responsible for the local synthesis of IGF-I.
During pregnancy, as the population of IGF receptors increases, the role of IGFs in
mammary gland growth becomes more pronounced. Moreover, the synergistic effects
of IGFs, EGF, and TGF-a on cow udder growth have been observed in some studies.
The growth factors EGF and TGF-a have a stimulating effect on mammary gland
growth, and their activity increases significantly in the presence of IGF-I, indicating a
mainly supportive role in intensifying growth stimulation. The regulation of mam-
mary functions during pregnancy is also attributed to these growth factors [19].

IGFBP1 to IGFBP6 are six structurally related proteins that regulate the activity of
IGFs. These IGF-binding proteins modulate the transport of IGFs to specific cells and
tissues, enhancing their access to receptors, by prolonging the half-life of IGF. One of
the vital functions of IGFs is to inhibit cell death in some cells, where programmed cell
death is due to apoptosis, and growth factors play a crucial role in its regulation [20].

4, Nutritional solutions

Adequate consumption compounds providing net energy and metabolizable
protein are crucial for the healthy functioning of cows [21]. However, during the
transition period, animals face increased challenges due to the heightened demand
for nutrients and the reduced capacity of their digestive system. Inadequate nutrition
during the dry period can lead to postpartum problems such as metabolic diseases,
susceptibility to infections, infertility, and reduced milk production [11]. Despite the
high energy demand during late pregnancy and early lactation, cows cannot consume
enough feed to satisfy their metabolic and production needs. To address this issue, it is
advisable to incorporate energy-dense compounds, such as fat, into their diet during
this period.

4.1 The importance of fats in animal nutrition

Fats are a rich source of energy for animals, owing to their high energy and storage
properties [22]. Incorporating fat supplements into animal diets increases the energy
density, resulting in improved lactation performance and metabolic efficiency in
lactating cows. Other benefits of using fat supplements include improved reproduc-
tive efficiency and reduced incidence of metabolic abnormalities. Inadequate energy
consumption during the prenatal period and early lactation is linked to increased risk
of metabolic abnormalities and poor reproductive performance [23]. The essentiality
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of certain fats for optimal growth and development in animals and humans has been
studied for almost 80 years, and the theory of their necessity is well-established.
There is growing evidence that long-chain fatty acids with polyunsaturated bonds can
modulate the expression of genes that regulate cell growth and differentiation [24].
When incorporating unsaturated fats into the diet of ruminants, it is important to be
aware of the permissible limit of consumption of these fats in their unprotected form,
which is up to 5%. If there is a need to consume more than this amount, it is recom-
mended to use protected fats in order to avoid disturbing the rumen function and
endangering the health of the animal.

4.1.1 The vole of fatty acids in the growth and development of mammary tissue

Although the lipogenic activities of adipose tissue in non-lactating ruminants
in response to long-chain fatty acids have been studied, few studies have examined
the effects of these compounds on mammary gland and adipose tissue in lactating
animals. The effect of fatty acids on the different tissue is summarized in Table 1.

Consumption of oilseeds in the middle of lactation by dairy cows has a suppressive
effect on de novo production of lipids in the mammary gland, while no such effect is
observed in goats [25].

Mammary epithelial cells grow and organize only when they come into contact
with the fat pad. This interaction is influenced by specific fatty acids produced by the
fat pad that can trigger changes in epithelial development. Unsaturated fatty acids,
especially, stimulate the growth of mammary epithelial cells and can enhance the
external effects of other growth factors such as IGF-I and EGF [8, 36]. A diet lacking
essential fatty acids can stunt ductal growth and alveolar regression, while a diet rich
in unsaturated fats can increase parenchymal growth and tumorigenesis. The growth
of epithelial cells can be stimulated by unsaturated fatty acids and their derivatives.
Furthermore, unsaturated fatty acids and their derivatives can enhance the prolifera-
tive effects of EGF. Fatty acids derived from adipocytes can regulate epithelial growth
and potentially morphogenesis through direct and indirect mechanisms involving
lipids and their derivatives [37].

Studies have shown that polyunsaturated fatty acids can increase prepubertal
mammary growth in sheep. Additionally, studies using bovine and human mammary
epithelial cells have suggested that mammary growth may be influenced by retinoids
and conjugated linoleic acid (CLA) [2]. The fatty acid composition in adipose tissue
reflects the long-term consumption of fatty acids through food. Altering the stored
fatty acids in mammary gland fat is crucial for storing and releasing the fatty acids
required for the differentiation, proliferation, and normal morphogenesis of mam-
mary epithelial cells [26].

Omega-3 fatty acids have been shown to have a wide range of effects on cellular
activity. These fatty acids are a source of energy production while also determining
the physicochemical properties of cell membranes. Further, they act as substrates for
the production of signaling molecules or acting mediators and moderate the regula-
tion of gene expression. Therefore, omega-3 fatty acids have significant impacts on
physiological activity and pathological processes through different mechanisms [38].

In most mammalian species, the histological appearance of the parenchymal
tissue is similar, with wide areas of alveolar cavity and compressed stromal tissue
between alveoli visible from late pregnancy until lactation. The relative area occupied
by the epithelium and the alveolar cavity space is similar, with approximately 40%
for each, and the remaining 20% is covered by stromal tissue. Alveolar cells undergo
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Author Subjects Supplement Time of Effect

type consumption

Bernard et al. Cow/Goat Oilseeds Middle of lactation Suppress de novo lipid

[25] production/No effect.

Baggaetal. Women Fish oil Daily for 3 months Increasing w-3/w-6 ratio

[26] approximately fourfold.

McFadden Prepubertal Formaldehyde- From 7 to 22 week Increasing mammary

etal. [27] ewe lamb protected of age parenchymal weight,

sunflower seed parenchymal dry fat-free
supplement tissue, and DNA content.

Javaheri Cow Fish oil Dry period and early Increasing the mammary

Barfourooshi lactation gland relative percentage of

etal. [28] epithelial area.

Javaheri Primiparous Roasted soybean ~ Two months before Improving the volume,

Barfourooshi Saanen goat and extruded kidding to 4 months environment, and size of

etal. [29] flaxseed after parturition mammary halves.

Machetal. [30] Cow Rapeseed, Middle of lactation Downregulation of gene sets

soybean, linseed, related to cell development

or a mixture and remodeling, apoptosis,

of three oils nutrient metabolic process,

(unprotected) and immune system
response.

Javaheri Cow Fish oil Dry period and early Decreasing of relative

Barfourooshi lactation expression of IGF-I and

etal. [31] TNF-a genes, increasing

of relative expression of
Bcl-2 gene, increasing the
ratio of Bcl-2/Bax gene
expression.

Seti etal. [32] Human Alpha-Linolenic 24 hours (treatment A potential mitogenic
colorectal acid (ALA) and time of cells) effect on cells, reduction in
cancer cell line  Linoleic acid apoptotic activity.

(LA)

Manna et al. Rat Fish oil 7 weeks of age to Increase in Bax

[33] (carcinogenic 32 weeks of age immunolabeling and
model) reduction of Bcl-2

immunopositivity and
TUNEL-positive apoptotic
cells.

Lennie et al. Human Polyunsaturated 4 days Reduction of sTNF-R1 and

[34] (Patients with fat/Omega-3 sTNF-R2.
heart failure)

Huang etal. Barrows Linseed Growing-finishing Increasing the expression

[35] period of PPARy in longissimus

muscle and spleen, reduction
in TNF-a gene expression
level in longissimus muscle,
spleen, and adipose tissue
and serum concentration of
TNF-o.

Table 1.

Effect of polyunsaturated fatty acids on the different tissue in human or animals.
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progressive biochemical and structural differentiations necessary for the initiation of
abundant milk secretion (lactogenesis) at parturition [8, 39].

Studies conducted on laboratory animals have shown that polyunsaturated
fatty acids stimulate the growth of mammary parenchymal tissue by promoting
the proliferation of epithelial cells, while saturated fats inhibit growth. In rumi-
nants, unsaturated fatty acids have a stimulating effect on the growth of mammary
epithelial tissue in the prepubertal age, despite an increase in dietary energy. It has
also been demonstrated that lambs receiving diets containing unsaturated fatty
acids exhibit increased mammary growth before puberty and a larger amount of
empty fat pad, which allows for further development of parenchymal parts [27].

In a recent study, Javaheri Barfourooshi et al. [28] showed that incorporating fish
oil into the diet of Holstein cows during the dry period and the first 2 months of
lactation led to an increase in the percentage of epithelial cells and a decrease in
the stromal tissue of the mammary gland compared to cows consuming palm oil
(Figure1).

It is important to note that histological assessments alone are insufficient to
accurately measure the effects of treatments that may affect the total number of cells
in the entire mammary gland. Akers and Capuco [3] demonstrated differences in the
relative proportions of well-differentiated alveolar epithelial cells, which were related
to higher milk production in Holstein cows compared to similar Hereford cows.
Differences in the relative proportions of luminal versus stromal space have been
shown to correspond with differences in milk production; that is, more luminal space
per stromal tissue is associated with increased milk production.

Furthermore, the increase in the number of epithelial cells per alveolus in cows
consuming fish oil suggests that the number of epithelial cells per alveolus was higher
than in those receiving palm oil. Additionally, the number of alveoli with a diam-
eter ranging between 50 and 90 micrometers in cows consuming fish oil increased
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Figure 1.

Percentage of different parts of alveoli (LSMEANS+SEM) at the first and second biopsy (7 and 63 DIM,
respectively) for two diets, palm oil (PO) and fish 0il (FO). « Referred to significance at p < 0.05 level.
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significantly compared to those consuming palm oil, leading to uniformity in the size
of the alveoli. This can increase the surface-to-volume ratio in the alveoli, which may
be one of the possible reasons for higher milk production in this group [28].

Comparable results were obtained in Saanen goats that consumed extruded flax-
seeds and roasted soybeans in their late pregnancy and early lactation diets, relative to
goats that consumed palm oil or a diet without any fat source (Javaheri Barfourooshi,
unpublished data). These changes were also visible in the context of mammary gland
morphology, as the volume, circumference, and other dimensions of the mammary
gland of goats that consumed extruded flaxseed and roasted soybeans were compared
to those that received palm oil and those that did not receive any fat supplements in
their diet [29]. These histological findings have indicated that the consumption of
diets containing unsaturated fatty acids promotes the growth and development of
the epithelial parts of the mammary gland. At the time of parturition, the mammary
gland tissue had a fully mature structure with active epithelial cells, compared to the
groups that consumed saturated fat or a fat-free diet (Figure 2).

It has been demonstrated that consuming a diet deficient in essential fatty acids
leads to ductal growth damage and alveolar regression, while a diet rich in unsatu-
rated acids increases the growth of epithelial cells. Research has shown that unsatu-
rated fatty acids increase mammary gland growth during prepuberty in sheep [2].

Sma| Aol

Figure 2.

Mammary tissue sections for palm oil (PO) and fish oil (FO) groups at two different biopsy times. (A) FO
mammary tissue section in the first biopsy, (B) PO mammary tissue section in the first biopsy, (C) FO mammary
tissue section in the second biopsy, and (D) PO mammary tissue section in the second biopsy. The arrows show
lavge and small alveoli.
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In the context of dairy cow farming, it has been observed that incorporating
unsaturated fatty acids into their diet induces significant alterations in the transcrip-
tion of various genes in the mammary gland. Such findings are of notable interest as
they provide insight into the complex mechanisms underlying milk production in dairy
cows. Similar to the changes made in milk production and composition, the effects of
unsaturated fatty acid supplementation on gene expression may also change with the
stage of lactation and different amounts of protein and energy in the cow’s diet [30].

Nutritional status is known to regulate blood insulin-like growth factor-I (IGF-I)
and insulin-like growth factor-binding proteins (IGFBPs) levels. During food depri-
vation, the somatotropin-IGF-I axis does not pair, leading to an increase in somato-
tropin levels and a decrease in IGF-I levels. The uncoupling of the ST-IGF-I axis
causes somatotropin to increase the availability of nutrients by affecting the lipolysis
of adipose tissue for non-mammary tissues while minimizing the consumption of
nutrients by the mammary gland [19].

Several studies have reported the stimulatory effects of IGF-I on DNA synthesis
or on increasing the number of cells i vitro in the mammary gland of ruminants. The
growth-stimulating effect of IGF-I depends on the period of time when the tissue is
affected by it, rather than the amount of IGF-I. In the mammary tissue of nonpreg-
nant sheep or in early pregnancy, this effect is minimal, but in late pregnancy;, its
effect (tissue responsiveness to IGF-I) reaches its maximum value. While it is now
known that growth factors affect the control of the cell cycle machinery both posi-
tively (IGF-I) and negatively (TGF-p), the mechanisms by which hormones capable
of initiating mammary development control growth factors that may mediate their
effects are still mostly unknown [40]. In some in vitro studies, IGF-I and IGF-II have
been shown to be powerful mitogens for normal mammary epithelial cells, as well as
mammary tumors in rodents, sheep, and cattle. Both IGF-I and IGF-II are expressed
in the mammary fat plate of sheep, confirming the previous theory that IGFs pro-
duced in the mammary act as paracrine mitogens for the mammary epithelium.

The interaction between the stromal and epithelial parts of the mammary gland has
significant effects on cell growth and morphogenesis. Based on these results, it is sug-
gested that the proliferating epithelium exerts a positive feedback on its surrounding
stroma, likely through the local release of diffusible factors, to increase the expression
of IGF-I and IGF-II [41].

The growth of mammary epithelial cells and the ex vivo effects of growth fac-
tors such as IGF-I and EGF have been the focus of multiple studies with regard to
the impact of fatty acids, particularly unsaturated fatty acids. The fat pad of the
mammary gland is believed to mediate the effects of synthetic hormones on the
development of the mammary epithelium [42]. It is postulated that synthetic hor-
mones alter the expression of growth factors, such as IGF-I, which then act through
specific receptors on epithelial cells, resulting in either positive or negative effects
on epithelial cell proliferation. The fat pad’s response to multiple signals might be
altered by interacting with the epithelium, for example, by producing IGFBP or other
growth factors. Proliferative responses are correlated with a higher concentration of
mammary IGF-I protein and a lower concentration of mammary IGFBP-3 protein. As
aresult, proliferative processes are linked to a net increase in the biological supply of
IGF-I in the mammary gland [43].

Few studies have delved into the effect of polyunsaturated omega-3 fatty acids
on the proteins of the IGF pathway. These studies have shown that such fatty acids
reduce proteins related to carcinogenesis and growth and increase the proteins
linked to the negative regulatory effect on the IGF pathway, such as IGFBP-3 [44].
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Mach et al. [30] have reported that the consumption of diets rich in unsaturated
fatty acids affects the transcription of several genes related to cell growth, cell cycle,
regeneration, apoptosis, and mTOR and JAK/STAT signaling pathways [40].

Adipocytes are primarily responsible for the expression of IGF-I in the mammary
gland, and its expression is at its highest in the mammary tissue of heifers at the end of
pregnancy, reaching its lowest level during lactogenesis and galactopoiesis [45]. With
the onset of lactation, the expression of genes involved in milk component production is
upregulated, while genes related to cell proliferation are inhibited. In goats, the growth
and development of mammary tissue persist to a small extent during early lactation; in
contrast, mammogenesis is completed at the time of parturition in sheep [46].

Javaheri Barfourooshi et al. [31] conducted a study on Holstein cows and found
that fish oil, rich in polyunsaturated fatty acids, affects the expression and early
production of IGF-I and, thereby, the proliferation and development of mammary
epithelial cells. Fish oil significantly increased the number of epithelial cells and
decreased the stroma in the mammary tissue of cows during the first week of lacta-
tion compared to palm saturated fat. However, while higher IGF-I was observed in the
cows receiving palm oil, this may not necessarily indicate higher impact on mammary
tissue, as IGF-T’s effects are influenced by various binding proteins (IGFBPs) [31].

Similarly, in a separate study conducted by Javaheri Barfourooshi et al. (unpub-
lished data) on Saanen goats in their first pregnancy, it was discovered that the
administration of fat supplements led to the maintenance of high expression of
IGF-I throughout the entire period, with a greater effect observed during peak
production. Sustaining high IGF-I expression levels may contribute to the modula-
tion of apoptosis and stimulation of cell survival. The expression of the IGFBP-3
gene changed concurrently with the expression of the IGF-I gene, indicating that
IGFBP-3 plays an intermediate role in controlling the growth, development, and
activity of milk secretory cells. IGF-I and IGFBP-3 gene expression was not signifi-
cantly different among goats at the time of parturition. However, during the first
weeks of lactation until peak production, the activity of IGF-I in the goats consum-
ing saturated fat, omega-3, and omega-6 stimulated cell development and preserved
parenchymal tissue, resulting in better performance of the cells. In the absence of
fat, a certain level of IGFBP-3 helped to maintain the existing situation to control
the death of secretory cells and maintain the secretory activity of parenchymal tissue
cells. The majority of IGFBPs in the mammary gland are in the form of IGFBP-3, and
its concentration in blood and milk decreases during the lactation period compared
to prepartum and postpartum stages [47].

Javaheri Barfourooshi et al. (unpublished data) found the impact of different fat
sources on the expression of IGFBP-3 and IGFBP-5 genes during early and mid-lacta-
tion periods in Saanen goats. The study discovered that the expression of the IGFBP-3
gene decreased during early lactation and continued until mid-lactation, particularly
for goats consuming omega-3 and omega-6 (Figure 3).

Histological studies revealed that goats consuming omega-3 and omega-6 sources
had a higher ratio of parenchymal tissue to stroma and more compressed secretory
cells as well as more parenchymal cells compared to those consuming saturated fat
and those not receiving any type of fat supplement. The increasing trend of IGFBP-3
gene expression at the end of the lactation period for goats consuming unsaturated
fat and its decreasing trend in those consuming saturated fat may be due to the
maintenance of the function of IGF-I in controlling apoptosis. The expression of the
IGFBP-5 gene was higher in goats consuming omega-3 compared to other goats. Over
time, the changes in the expression of the IGFBP-5 gene for goats receiving omega-3
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Chganges in IGFBP-3 and IGFBP-5 gene expression in Saanen goats during three sampling periods (o: time of
parturition, 2: 2 months after kidding, 4: 4 months after kidding). C—: negative control group; Cs+: positive control
group (palm oil); SB: omega-6 group (roasted soybean); FS: omega-3 group (extruded flaxseed). * Significance
was considered at the level of 5% (p < 0.05).

and palm fat were completely opposite to the previous two genes, with its value
increasing as it approached the production peak and decrease at the end of the period.
In contrast, the trend of changes in this gene for goats consuming roasted soybeans
and those not receiving fat supplements was the opposite of goats receiving omega-3
and palm oil.

IGFs play a critical role in inhibiting programmed cell death in some cells, with
growth factors playing a vital role in regulating apoptosis [20]. Fatty acids affect
both systemic physiological processes and intracellular events such as gene expres-
sion, apoptosis, signal transduction, and cell proliferation [32]. TNF-a inhibits the
stimulation of IGF-I in DNA synthesis. Therefore, by removing IGFBP-3, the ability
of IGF-I to increase DNA synthesis is weakened. The deletion of IGFBP-3 results
in a decrease in base DNA synthesis, indicating that a certain level of IGFBP-3 is
required for cell proliferation [20]. Additionally, the expression of the IGFBP-5
gene in mammary gland epithelial cells suggests that this protein is suitable for
inhibiting IGF-I activity. Studies have also shown that IGFBP-5 regulates apoptosis
by modulating IGFs [48].

Javaheri Barfourooshi (unpublished data) conducted a study on Saanen goats to
investigate the expression of the Bcl-2 and Bax genes, which are anti- and pro-apop-
totic factors, respectively. The study was conducted during peak lactation periods
to examine the potential effects of dietary factors on gene expression. The results of
the study indicated that the relative expression of the Bcl-2 gene increased and then
decreased in goats receiving palm oil and omega-6. In contrast, the expression of the
Bax gene increased significantly during peak lactation for goats receiving palm oil
and omega-6, with lower expression levels in those consuming omega-3. The expres-
sion ratio of these two genes (Bax/Bcl-2) increased for goats receiving palm oil and
omega-6 as the lactation peak approached, followed by a decrease in 4 months after
parturition. However, this ratio was higher in goats receiving omega-6 than in those
receiving palm oil. The increase in Bax gene expression during peak lactation in goats
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consuming omega-6 compared to other goats indicates an acceleration in the rate of
the apoptosis process at this time. This leads to an earlier and more intense apoptosis
process, resulting in the earlier cell death of epithelial cells and alveolar structures
that produce milk. Consequently, this leads to a shorter duration of maximum milk
production compared to the normal state. These findings suggest that the consump-
tion of omega-6 in the diet may have an adverse effect on milk production in Saanen
goats during peak lactation.

Previous studies have indicated that the expression of Bax protein in the mam-
mary gland of goats is low during peak lactation and increases at the end of lactation
and during the dry period. Additionally, it has been reported that docosahexaenoic
acid (DHA), an omega-3 fatty acid, can stimulate the expression of Bcl-2 protein
[49]. Another study revealed that feeding mice with fish oil resulted in morphologi-
cal changes in the breast tissue, including changes in the size of the nucleus of the
epithelial cells of the mammary gland, as well as distinct morphological changes in
chromatin and nucleus [33]. Furthermore, omega-3 fatty acids have been reported to
control the regression function and decrease apoptosis by upregulating the expression
of Bcl-2 family genes [50].

Javaheri Barfourooshi et al. [31] conducted a study on the mammary gland of
dairy cows that consumed fish oil. The study observed an increase in the expression
of anti-apoptotic genes and a decrease in the expression of apoptosis-initiating
genes. Therefore, they suggested that the consumption of fish oil and other
omega-3 sources could delay the process of apoptosis that naturally occurs in the
cells of the mammary epithelial tissue as the peak of lactation approaches. In their
study, the expression of the Bcl-2 gene in the cows consuming fish oil tended to
increase over time, and the expression of the Bcl-2/Bax ratio increased as the peak
of production approached in the cows consuming fish oil. Conversely, the opposite
trend was observed in the group receiving saturated palm oil. The expression
of anti-apoptotic genes increased, while the expression of pro-apoptotic genes
decreased in the cows consuming fish oil. Therefore, they concluded that by post-
poning the process of apoptosis that naturally occurs in the epithelial cells of the
mammary gland during the peak of lactation, the alveolar structures that produce
milk can be preserved, leading to higher milk production for a more extended
period in cows consuming fish oil (Table 2) [31].

In Saanen goats, the consumption of omega-6 has been found to result in a signifi-
cant increase in TNF-a level compared to other groups, potentially leading to PGE2

PO FO SEM Pvalue
Gene Symbol
Treatment Time Treatmentx Time

Bax 1.62 1.59 0.08 0.75 0.38 0.89
Bcl-2 1.67 170 0.02 0.29 0.05 0.67
Bcl-2/Bax 1.04 1.07 0.06 0.58 0.58 0.66
Cox-2 145 144 0.05 0.87 0.27 0.26
TNF-a 1.69 1.60 0.04 0.06 0.17 0.64

"Expression of genes is based on the logarithm in Section 10.
PO: Palm oil group; FO: Fish oil group.

Table 2.
Mammary gland apoptotic gene expression * in cows during 8 weeks after parturition.

33



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

production. Moreover, at the peak of production, the level of TNF-a was higher in
goats consuming omega-6 than other goats, with goats receiving palm oil ranking sec-
ond (Javaheri Barfourooshi et al., unpublished data). These conclusions were drawn
based on the research conducted by Lennie et al. [34], that saturated fat has also been
reported to elevate the level of inflammatory markers. A study conducted by Lennie
etal. [34] found that the increase in the level of omega-6 compared to omega-3 and
the imbalance between them is directly related to the increase in the level of inflam-
matory markers. Furthermore, their experiments compared the relationship between
fatty acid consumption and the level of the inflammatory marker TNF-o in a group
of heart patients. The excessive consumption of saturated fatty acid and trans fatty
acid (unsaturated) was directly linked to increase TNF-a levels in cardiac patients.

In contrast, Javaheri Barfourooshi et al. [31] reported that the expression of TNF-a

in cows consuming fish oil was considerably lower than those consuming palm oil.
Various animal species have demonstrated that omega-3 fatty acids with polyunsatu-
rated bonds can reduce TNF-a production [47]. These fatty acids may regulate the
expression of TNF-a through the activation of one or more transcription factors such
as PPARy [35].

Due to the limited number of studies investigating the effect of these fatty acids
on the healthy mammary tissue of pregnant and lactating animals, it is challenging
to provide a definitive opinion on this matter and identify the exact mechanisms
involved. More research is needed in this area to gain a better understanding of the
relationship between fatty acid consumption and the inflammatory response in
lactating animals.

5. Conclusion

The following most important conclusions can be drawn from the latest research
results discussed in this chapter.

1. Adding unsaturated fat sources, particularly sources containing omega-3 fatty
acids such as fish oil or extruded flaxseed, to the diet during critical periods of
mammary gland development (such as late first pregnancy or dry period) can
stimulate the proliferation and development of alveolar epithelial cells.

2.By delaying the natural process of apoptosis in the mammary tissue, it preserves
the milk-producing units for a longer period of time, leading to increased milk
production and persistency of lactation.

3. Omega-3 fatty acids have been found to reduce the production of pro-inflammatory
cytokine TNF-« in the mammary tissue. While maintaining the health of the
mammary gland, they also significantly reduce the microbial load of milk.

4.The produced milk has a higher health index for human consumption due to
having significant amounts of omega-3 fatty acids, offering countless benefits
to the consumer.

Further research is needed to ascertain the optimal dosage and duration of unsatu-
rated fat supplementation for maximum benefit.
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Optimizing Transition Cow
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Abstract

The transition period in dairy cows, spanning from late gestation to early lactation,
is crucial due to significant physiological, metabolic, and hormonal changes that impact
health and milk production efficiency. Effective management during the transition
period is essential for maximizing the overall health, productivity, and profitability
of dairy herds. Focus areas for effective transition cow management include nutrition
(both pre- and post-calving), health monitoring, environmental factors, and manage-
ment practices. Strategies such as preventing and treating metabolic disorders (e.g.,
hypocalcemia and ketosis), early detection of health issues, optimizing housing and
facilities, and reducing stress are critical for maintaining cow welfare and performance.
Future research priorities include exploring precision technologies, genomics, and
innovative management approaches to further enhance transition cow health and
productivity. Synthesizing current knowledge aims to provide actionable insights for
dairy producers, veterinarians, and researchers to optimize transition cow management
and advance the sustainability of dairy farming practices globally.

Keywords: transition period, nutrition, metabolic disorders, management practices,
sustainability

1. Introduction

The transition period in dairy cows, spanning the weeks before and after calving,
is a critical phase marked by significant physiological, metabolic, and hormonal
changes. These changes are crucial for preparing the cow for parturition, initiating
lactation, and supporting calf growth. However, this period also presents challenges,
as cows become more vulnerable to metabolic disorders, infectious diseases, and
reproductive issues. Effective management during this time is essential to ensure herd
health, productivity, and profitability.

During the transition phase, dairy cows undergo significant metabolic adjust-
ments in glucose, fatty acid, and mineral processes to sustain lactation and prevent
metabolic issues. Nutritional management aims to support these changes. While the
National Research Council addressed the nutritional needs of transition cows in [1],
subsequent research has provided additional insights. Studies suggest implementing
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two-group nutritional strategies for dry cows to prevent nutrient overconsumption
early in the dry period while enhancing nutrient provision later to support metabolic
adaptation. Increasing dietary carbohydrate intake before calving generally yields
positive outcomes on cow metabolism and performance [2]. Recent research indi-
cates that the specific type of carbohydrate (e.g., starch vs. highly digestible neutral
detergent fiber) may be less critical. Efforts to increase energy provision through
dietary fats or to reduce energy expenditure by supplying specific fatty acids like
trans-10 and cis-12 conjugated linoleic acid to decrease milk fat production during
early lactation have not consistently reduced the release of non-esterified fatty acids
(NEFA) from adipose tissue.

In recent years, there has been increasing interest in understanding how nutrition,
management practices, environmental factors, and health outcomes interact during
the transition period. This review aims to consolidate current knowledge on transition
cow management, emphasize strategies for optimizing health and performance, and
identify areas for future research and innovation.

2. Nutritional management

Proper nutrition plays a crucial role in supporting the health and productivity of
transition cows. During late gestation, cows have increased energy requirements to
support fetal growth and prepare for lactation. Postpartum, there is a rapid shift in
energy metabolism to support milk production, which can lead to metabolic imbal-
ances if not managed properly [3]. Optimal prepartum and postpartum nutrition pro-
grams, including considerations of dietary energy density, protein content, mineral
supplementation, and feeding frequency, are essential for preventing metabolic dis-
orders, such as hypocalcemia, ketosis, and fatty liver syndrome. Recent advancements
in nutritional science have led to the development of tailored feeding strategies, such
as precision feeding and metabolic profiling, aimed at optimizing nutrient utilization
and minimizing health risks during the transition period.

Calcium regulation is critical for the body’s functions, with tight control needed
to maintain life. A significant drop in circulating blood calcium, up to 50%, can lead
to severe calcium deficiency. The body maintains calcium levels through a precise
system called homeostasis, where calcitonin and parathyroid hormone (PTH) play
crucial roles. Calcitonin reduces blood calcium levels when they are high, while PTH
increases active vitamin D3 production to enhance calcium absorption from the gut
when calcium levels are low. PTH is the primary regulator of short-term calcium lev-
els, while calcitonin’s impact is relatively minor performance [2]. Vitamin D also plays
an essential role in calcium balance, acting both as a vitamin and as a steroid hormone
in the body. The transition period in dairy cattle is characterized by significant shifts
in nutrient requirements, necessitating precise coordination of metabolism to meet
the energy, glucose, amino acid (AA), and calcium (Ca) demands of the mammary
gland post-calving. Studies estimate a substantial increase in nutrient demand by
the gravid uterus at 250 days of gestation and the lactating mammary gland at 4 days
postpartum, with glucose demand tripling, AA demand doubling, and fatty acid
demand increasing approximately fivefold during this period [4]. Additionally, cal-
cium demand rises approximately fourfold on the day of calving [5]. The cow utilizes
homeorhetic controls to facilitate these changes in nutrient allocation efficiently.
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2.1 Glucose metabolism

During lactation, a significant adjustment in glucose metabolism occurs with an
increase in hepatic gluconeogenesis [6] and a decrease in glucose oxidation by periph-
eral tissues [7]. This metabolic shift directs glucose toward the mammary gland for
lactose synthesis. Research conducted by Reynolds et al. [6] observed that the net flux
of glucose across the portal-drained viscera of cows was minimal to slightly negative
during the transition period and early lactation. The notable increase in total splanch-
nic output of glucose during this period primarily results from heightened hepatic
gluconeogenesis.

The main substrates for hepatic gluconeogenesis in ruminants include pro-
pionate from ruminal fermentation, lactate from Cori cycling, amino acids (AA)
from protein breakdown or absorption, and glycerol released during adipose tissue
fat breakdown [8]. Studies indicate that propionate contributes approximately
50-60% to net glucose release by the liver, while lactate contributes about 15-20%,
and glycerol contributes 2-4% [6]. Amino acids account for a minimum of approxi-
mately 20-30% during the transition period, with alanine playing a particularly
significant role postpartum. These findings are consistent with earlier research
by Overton et al. [9], which demonstrated a doubling of the hepatic capacity to
convert alanine to glucose on the first day postpartum compared to 21 days of
prepartum. Although amino acids may not quantitatively support milk produc-
tion during early lactation, they serve as an essential substrate pool for glucose
synthesis immediately after calving, facilitating the rapid adaptation of glucose
metabolism in transition cows.

2.2 Lipid metabolism

During lactation, a primary adjustment in lipid metabolism involves mobilizing
body fat stores to meet the cow’s energy requirements, particularly during periods of
negative energy balance. Body fat is mobilized and released into the bloodstream as
non-esterified fatty acids (NEFA), which contribute significantly to milk fat produc-
tion in the early days of lactation [4]. Skeletal muscle also utilizes NEFA for energy,
reducing its reliance on glucose, especially during early lactation. Plasma NEFA
concentrations typically increase when energy demands rise and feed intake is insuf-
ficient, showing an inverse correlation with dry matter intake (DMI).

While the liver uptakes NEFA proportionally to its supply, it may not fully
metabolize them, leading to the accumulation of triglycerides in the liver when NEFA
release from adipose tissue into circulation is high [10]. Elevated liver triglyceride lev-
els correlate with increased peripheral ammonia concentrations during the first 2 days
postpartum [11]. Research indicates that ammonium chloride can inhibit the ability
of isolated hepatocytes to convert propionate into glucose iz vitro [12], suggesting a
potential inhibition of gluconeogenesis in vivo when liver triglyceride levels are high.
This inhibition may be influenced by ammonia availability to the liver, although the
exact relationship between impaired gluconeogenesis and ureagenesis in transition
dairy cows requires further investigation.

Those findings underscore the importance of managing carbohydrate and protein
nutrition effectively during the transition period to mitigate potential disruptions in
lipid metabolism and maintain cow health and productivity.
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2.3 Calcium metabolism

Calcium metabolism in dairy cows is tightly regulated by various homeostatic
mechanisms involving hormones, such as parathyroid hormone (PTH), vitamin D,
and calcitonin. Serum calcium and phosphate levels are maintained through processes
including intestinal absorption, bone resorption or deposition, renal reabsorption
and excretion, salivary recycling, fetal deposition (during pregnancy), milk secretion
(during lactation), and fecal excretion. Parathyroid hormone and 1,25-dihydroxyvi-
tamin D enhance intestinal absorption and renal reabsorption of calcium, stimulate
bone resorption of calcium and phosphate, and may contribute to calcium secretion
into milk during lactation via parathyroid hormone-related protein. Calcitonin,
released by the thyroid gland in response to elevated serum calcium levels, promotes
bone mineral deposition, reduces intestinal calcium absorption, and increases urinary
calcium excretion.

Periparturient hypocalcemia (milk fever) is associated with the onset of lactation
and mammary gland function, while periparturient hypophosphatemia is influenced
by factors beyond milk production at parturition. Hormonal concentrations play a
significant role in maintaining mineral balance, but factors such as receptor numbers,
binding affinity, hormone clearance, and post-receptor signaling also affect mineral
regulation.

Nutritional strategies aim to minimize periparturient hypocalcemia by manipu-
lating these hormonal control points to enhance the cow’s ability to manage the
negative mineral balance associated with lactation onset. One such strategy involves
adjusting the dietary cation-anion difference (DCAD), calculated as [Na*+ + KA +] -
[CI~— + S~—2], to prevent metabolic alkalosis and potentially induce compensated
metabolic acidosis.

Research by Horst et al. [5] suggested that correcting metabolic alkalosis through
anegative DCAD diet could prevent alterations in the parathyroid hormone receptor
conformation on bone, facilitating calcium mobilization from bone reserves. Diets
with a negative DCAD administered prepartum have consistently shown efficacy in
reducing both subclinical and clinical hypocalcemia in cows prone to milk fever.

However, studies by Moore et al. [13] indicated that while anionic salts in the diet-
induced a compensated metabolic acidosis, they did not significantly improve calcium
metabolism. Instead, cows fed diets with anionic salts often experienced reduced
prepartum dry matter intake (DMI), increased circulating non-esterified fatty acid
(NEFA) concentrations, and greater liver triglyceride accumulation. Additionally,
there is debate over whether solely reducing the cation content of the prepartum diet
without supplementing anions through mineral- or acid-based sources can adequately
prevent hypocalcemia.

In conclusion, while DCAD manipulation remains a cornerstone in preventing
hypocalcemia, ongoing research is needed to optimize dietary strategies and better
understand their impact on calcium metabolism and overall cow health during the
critical transition period.

3. Navigating the metabolic shifts

Transitioning dairy cows through the periparturient period requires meticulous
nutritional management to support metabolic adjustments and prepare cows for the
demands of lactation. This phase is critical as it sets the stage for cow health, milk
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production, and overall productivity post-calving. Effective nutritional strategies aim
to optimize metabolic adaptations and minimize the risk of metabolic disorders and
immune challenges.

3.1 Nutritional regimen during the dry period
The NRC [1] recommends a phased approach to nutrition:

* Early dry period: Provide a diet with approximately 1.25 Mcal/kg of Net Energy
for Lactation (NEL) to moderate body condition score (BCS) gain. Excessive
energy intake during this phase can lead to metabolic issues in early lactation.

* Late dry period: Increase energy intake to 1.54-1.62 Mcal/kg of NEL in the final
3 weeks before calving to meet the rising energy demands as cows approach
parturition [14].

* Managing BCS: BCS around 3.0 at dry off, rather than higher traditional targets,
helps mitigate decreased dry matter intake associated with higher BCS, reducing
the risk of metabolic disturbances [15, 16].

3.2 Mitigating NEFA and triglyceride metabolism

Additionally, besides implementing nutritional tactics aimed at reducing the avail-
ability of circulating NEFA for liver uptake, there exists the potential to employ nutri-
tional strategies that can slow down the conversion of NEFA into triglycerides within
the liver. Although ruminants have relatively limited hepatic capacities for disposing
of NEFA through processes such as mitochondrial or peroxisomal p-oxidation, or
export as triglycerides within VLDL compared to nonruminants [17], recent research
indicates that providing specific nutrients to dairy cows during the transition period
might enhance NEFA disposal rates, thereby influencing their overall performance.

3.3 Key nutrients roles
3.3.1 Choline

Choline, often described as a quasi-vitamin, plays multiple critical roles in mam-
malian metabolism. It serves as a key component of phospholipids in cell membranes,
specifically phosphatidylcholine, participates in the formation of the neurotransmit-
ter acetylcholine, and acts as a direct precursor to betaine in methyl metabolism. In
the context of transition cow nutrition, much attention has been placed on choline’s
role in lipid metabolism, particularly its importance in the synthesis and secretion of
VLDL (very low-density lipoprotein) by the liver, which is facilitated by phosphati-
dylcholine [18].

3.3.2 Amino acids (methionine and lysine)

Methionine and lysine are widely recognized as the two most crucial amino acids
for milk and milk protein synthesis, according to the NRC [1]. Beyond their primary
role in protein synthesis, these amino acids also play potential roles in mitochondrial
beta-oxidation of fatty acids and contribute to carnitine biosynthesis in the liver.
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Additionally, they are involved in the export of triglycerides as VLDL through the
biosynthesis of apolipoprotein B100 [19]. Speculation regarding methionine’s poten-
tial role in bovine ketosis has persisted for over three decades.

3.3.3 Essential fatty acids (linoleic and linolenic acids)

Linoleic and linolenic acids are considered essential in numerous species. Linolenic
acid acts as a precursor to both docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), collectively playing critical roles that may be vital for the secretion of
apolipoprotein B100 and the stability of VLDL particles in cultured hepatocytes [20].
Consistent with these functions, in vitro studies using ruminant hepatocytes have
shown that linolenic acid has the potential to reduce the cellular accumulation of
triglycerides derived from palmitic acid [21].

3.3.4 Immune-metabolic interactions

A growing area of study in transition cow metabolism and management explores
connections with the immune system. Besides the metabolic adaptations mentioned
earlier, transition dairy cows undergo a phase of reduced immune function during the
periparturient period. Interestingly, while leukocytes from immunosuppressed cows
may show compromised function and decreased sensitivity to pathogens, they also
exhibit heightened responsiveness upon activation, leading to increased production
of proinflammatory cytokines [22].

3.3.5 Immunity and mastitis

In addition to the interaction between immunity and metabolism, clinical mastitis
has been shown to have detrimental effects on reproductive performance in lactating
dairy cows [23]. Furthermore, Schrick et al. [24] reported that subclinical mastitis
similarly reduces reproductive efficiency by prolonging days to first service, increas-
ing days open, and requiring more services per conception. Immune activation,
whether through experimental manipulation or natural infection of the mammary
gland, has been demonstrated to affect multiple reproductive tissues throughout vari-
ous stages of the estrous cycle.

Navigating these metabolic shifts through strategic nutritional management
involves balancing energy intake, optimizing nutrient composition, and support-
ing immune function to ensure smooth transitions and maximize cow health and
productivity. Continued research and implementation of evidence-based practices
are essential to refine strategies and address evolving challenges in dairy cow manage-
ment during the periparturient period.

4. Prevalence of elevated biomarkers
4.1 Prepartum non-esterified fatty acids

The prevalence of elevated prepartum NEFA concentrations was assessed solely
in the context of the dry-period nutritional strategy [25], as the evaluation was
conducted before the fresh period in their study. The authors found no significant
differences in the prevalence of elevated NEFA concentrations among the different
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nutritional strategies examined. However, multiparous cows in herds fed a high-
forage (HF) diet exhibited a higher prevalence of elevated prepartum NEFA concen-
trations compared to those in low-forage (LF) fed herds.

4.2 Postpartum non-esterified fatty acids

In their study, Kerwin et al. [25] conducted separate analyzes for multiparous and
primiparous cows regarding the dry and periparturient-period nutritional strategies
due to differing outcomes. For multiparous cows, they did not find any significant
difference in the prevalence of elevated postpartum NEFA concentrations between
the dry-period or periparturient-period nutritional strategies. However, for primipa-
rous cows, they observed that herds fed a higher forage (HF) diet had a higher preva-
lence of elevated postpartum NEFA concentrations compared to herds fed a lower
forage (LF) diet. Furthermore, an interaction effect was noted between the close-up
and fresh-period nutritional strategies for primiparous cows. Specifically, herds fed
HF with high starch (HS) had a higher prevalence of elevated NEFA compared to
those fed LF with HS or HF with low starch (LS). Additionally, herds fed LF with LS
had a higher prevalence of elevated postpartum NEFA compared to LF with HS.

This indicates that both the level of dietary forage and the starch content inter-
act in influencing the prevalence of elevated postpartum NEFA concentrations in
primiparous cows according to their study findings [25].

4.3 Beta hydroxybutyrate

Kerwin et al. [25] analyzed the prevalence of elevated BHB concentrations during
the dry period for multiparous cows. They found that high-forage (HF)-fed herds
had a lower prevalence of elevated BHB concentrations during the close-up period
compared to low-forage (LF)-fed herds. However, they did not find any significant
difference in the prevalence of elevated BHB concentrations for the far-off nutritional
strategies.

For the periparturient model, Kerwin et al. [25] combined data from both pri-
miparous and multiparous cows due to similar results. They reported that herds fed
higher forage-neutral detergent fiber (NDF) diets had a lower prevalence of elevated
BHB concentrations compared to LF-fed herds. Additionally, herds fed higher starch
diets had a lower prevalence of elevated BHB concentrations compared to those fed
low starch diets (LS). These findings suggest that dietary factors such as forage NDF
content and starch levels influence the prevalence of elevated BHB concentrations
in dairy cows during the periparturient period, as observed in the study by Kerwin
etal. [25].

4.4 Haptoglobin

Kerwin et al. [25] analyzed the prevalence of elevated haptoglobin (Hp) con-
centrations across different nutritional strategies during the dry and periparturient
periods. Here are the key findings from their study:

* Dry-period nutritional strategy:

o For the far-off nutritional strategy, there was no significant difference in the
prevalence of elevated Hp concentrations observed.
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o During the close-up period, both primiparous and multiparous cows in high-
forage (HF)-fed herds showed a trend toward a higher prevalence of elevated
Hp concentrations compared to low-forage (LF)-fed herds.

* Periparturient-period nutritional strategy:

o For multiparous cows, no significant difference was found in the prevalence of
elevated postpartum Hp concentrations across nutritional strategies.

o In contrast, for primiparous cows, there was a trend indicating a lower preva-

lence of elevated Hp concentrations in low-starch (LS)-fed herds compared to
high-starch (HS)-fed herds.

Particularly forage content and starch levels may influence the prevalence of
elevated haptoglobin concentrations in dairy cows during the periparturient period.
The study by Kerwin et al. [25] underscores the importance of nutritional manage-
ment strategies in potentially mitigating inflammatory responses indicated by Hp
concentrations in transitioning dairy cows.

4.5 Oxidative biomarkers

During the transition period of dairy cows, oxidative stress plays a crucial role in
their metabolic challenges. Factors such as negative energy balance (NEB), parturi-
tion, and the onset of lactation contribute to an increased production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) within the organism.
These oxidants target macromolecules, such as lipids, proteins, and DNA, result-
ing in oxidative damage. Various biomarkers of oxidative stress, particularly those
associated with lipid and protein metabolism, have been identified. Carbonyl groups,
formed when ROS attacks amino acid side chains, are widely utilized as biomarkers
of protein oxidation. Additionally, products induced by hypochlorous acid and levels
of dityrosine are indicative of oxidative damage to proteins. The ratio of advanced
oxidation protein products to albumin has been suggested as a sensitive indicator of
oxidative stress.

Immune cells are particularly sensitive to oxidative stress due to their high content
of polyunsaturated fatty acids (PUFA) in cellular membranes, making them prone
to peroxidation. Research has established connections between oxidative stress
biomarkers and various physiological and pathological conditions in dairy cows,
including negative energy balance (NEB), ketosis risk, inflammation, and reproduc-
tive events. Reactive oxygen metabolites (ROM) and superoxide dismutase (SOD)
activity in blood have been proposed as potential indicators of oxidative stress in
dairy cows.

Malondialdehyde (MDA), a marker of lipid peroxidation, has been studied in
milk, showing the highest concentrations during early lactation. Milk oxidative
capacity, measured by ORAC values, has also been associated with days in lactation
and energy balance. While MDA has shown variability as a marker of lipid oxidation,
ELISA-based isoprostanes hold promise, especially in cases of mastitis and inflamma-
tion. These biomarkers offer valuable insights into the oxidative status of dairy cows
during the transition period and present opportunities for monitoring and improving
their health and productivity.
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5. Health monitoring and disease prevention

Detecting and addressing health issues early is crucial for mitigating the adverse
effects of transition cow disorders on herd health and productivity. Routine health
monitoring, encompassing physical examinations, metabolic profiling, and bio-
marker analysis, plays a pivotal role in identifying cows vulnerable to metabolic
disorders or infections. Prompt intervention through dietary modifications, supple-
mentation, or medical treatments can effectively prevent health complications and
enhance cow welfare. Moreover, implementing vaccination programs, biosecurity
measures, and stringent hygiene protocols is essential to prevent infectious diseases
and limit their spread within the herd.

Evaluating nutritional strategies provides dairy nutritionists with valuable insights
into optimizing cow performance on the farm, offering essential guidelines for
implementation. This assessment also allows for flexibility, enabling nutritionists
to customize nutrient adjustments based on individual cow needs. By continually
refining and adapting these strategies with updated research and specific herd
requirements, dairy nutritionists can effectively enhance cow health, productivity,
and overall farm profitability.

While interaction between far-off and close-up nutritional strategies influenced
the prevalence of elevated prepartum NEFA concentrations, significant differences
among common nutritional strategies were not observed. However, multiparous
cows in high-forage (HF)-fed herds showed a higher prevalence of elevated pre-
partum NEFA concentrations compared to those in low-forage (LF)-fed herds.
Similar findings was reported by Mann et al. [26] who noted elevated prepartum
NEFA concentrations in multiparous cows fed a controlled-energy dry-period diet
compared to a high-energy dry-period diet. Additionally, Vasquez et al. [27] found
high prepartum NEFA concentrations in cows fed a controlled-energy close-up
diet, as observed in their study involving both primiparous and multiparous cows
fed controlled-energy far-off diets with either controlled-energy or high-energy
close-up diets.

5.1 Biomarkers of production-related diseases

Biomarkers are essential for detecting and managing production-related dis-
eases in dairy cows, including mastitis, hypocalcemia, rumen acidosis, ketosis,
and laminitis. Mastitis, marked by udder inflammation, is especially common and
significant in dairy herds globally. The most sensitive method for identifying clinical
and subclinical mastitis continues to be somatic cell count (SCC) while identifying
pathogens usually involves bacteriological culture or molecular techniques such
as PCR.

Besides SCC, immunoglobulins, especially IgG transferred from blood to milk
during mastitis, are significant indicators of the specific immune response. Elevated
IgG levels in milk, alongside SCC, can help predict the mastitis-causing pathogen.
While cow-side diagnostic tests for bacterial identification are emerging, their adop-
tion on farms remains limited. Alternative markers such as lactate dehydrogenase
(LDH) and differential somatic cell count (DSCC) have demonstrated potential for
early detection of mastitis.

Advancements in omics technologies have revealed insights into the components
contributing to mastitis pathogenesis and the host’s immune response against
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mastitis-causing pathogens. Techniques such as peptidomics, metabolomics, and
quantitative proteomics have pinpointed specific peptides, metabolites, and proteins
linked to mastitis. Notably, proteins expressed differently in milk are being explored
as potential biomarkers for distinguishing between mastitis caused by gram-negative
and gram-positive bacteria.

This area of research is constantly progressing, with potential applications
expanding to include other species such as small ruminants and water buffalo.
Biomarkers may vary in their relevance across non-bovine species, underscoring
the necessity for species-specific approaches to disease detection and management.
Ongoing studies in this field hold the promise of deepening our comprehension of
production-related diseases and enhancing diagnostic and management techniques
in dairy farming.

6. Environmental management

Environmental management during the transition period plays a crucial role in
influencing cow comfort, behavior, and health outcomes. It is imperative to main-
tain clean, well-ventilated facilities with comfortable resting areas and sufficient
space to minimize stress and enhance cow welfare. Environmental factors including
temperature, humidity, and air quality can significantly affect cow physiology and
immune function, underscoring the importance of optimizing housing conditions.
In addition to physical facilities, management practices such as grouping strategies,
social dynamics, and handling procedures also impact cow behavior and stress levels.
This highlights the necessity for thoughtful and proactive management approaches to
ensure optimal conditions for transition cows.

Heat stress in the environment presents a substantial challenge for dairy cows,
intensifying oxidative stress and affecting their overall health and productivity.
Research indicates that transition cows experiencing heat stress during the summer
demonstrate elevated levels of oxidative stress markers compared to those calving
during more temperate seasons.

Bernabucci et al. [28] observed increased erythrocyte activity, glutathione per-
oxidase activity, intracellular thiols, and malondialdehyde (MDA) levels in transition
dairy cows experiencing summer heat stress, indicating oxidative stress. Similarly,
Zachut et al. [29] found higher plasma concentrations of MDA in transition dairy
cows calving during summer heat stress compared to those calving in winter. Harmon
etal. reported a reduction in plasma antioxidant activity in mid-lactation heat-
stressed cows, further underscoring the impact of heat stress on oxidative balance.
However, additional research is required to fully assess the usefulness of oxidative
stress biomarkers in identifying heat stress in cattle.

7. Future directions and research priorities

While significant progress has been made in transition cow management, several
challenges and opportunities remain for further improvement. Future research
efforts should focus on developing innovative strategies for optimizing transition
cow nutrition, health monitoring, and environmental management. Precision
technologies, including precision feeding systems, sensor-based monitoring devices,
and predictive modeling tools, hold promise for enhancing cow health outcomes
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and productivity. Furthermore, genetic selection for transition cow resilience and
metabolic efficiency represents a potential avenue for improving transition cow
management. Collaboration between dairy producers, veterinarians, researchers,
and industry stakeholders is essential for translating scientific advancements into
practical solutions and promoting the sustainability of dairy farming practices.

8. Conclusion

Effective transition cow management is essential for ensuring the health, welfare,
and productivity of dairy herds. The following most important conclusions can be
drawn from the latest research results discussed in this chapter.

1.Implementing evidence-based strategies in nutrition, health monitoring, envi-
ronmental management, and general farm practices optimizes transition cow
outcomes and enhances the sustainability of dairy operations.

2. Continued research and innovation in transition cow management are crucial for
addressing emerging challenges and opportunities in dairy farming practices.

3. Nutritional strategies are complex and influenced by factors, such as the cow’s
body condition score, interactions among dietary nutrients, and social and
environmental variables.

4.This complexity contributes to variations in strategy effectiveness across farms,
where what works well in one farm context may not yield the same results in
another.

Adaptation and refinement of nutritional and management practices tailored to

specific farm dynamics are essential for improving productivity, health outcomes,
and the long-term viability of dairy farming enterprises globally.
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Chapter 4

Effect of Climate Change on
Strategy of Forage Feeding in Cattle
Farms under Dry Continental
Conditions

Robert Tothi, Szilvia Orosz, Katalin Somfalvi-Toth,
Ldszlé Babinszky and Veronika Halas

Abstract

This chapter presents the expected climate scenario in corn-producing areas and
suggests alternative strategies for producing resilient forage for dairy cattle in dry
continental climate zones. The consideration of irrigating corn for silage production
arises due to the alterations in climate. However, it is anticipated that different crop
rotations will suffice to sustain the forage supply on intensive dairy farms without
requiring additional water resources in the dry season, including drought-resistant
crops, early-cut whole-crop cereals, and intense annual ryegrass alongside corn and
sorghum. Crop management and crop rotation strategies adapted to local and weather
conditions are critical to maintaining milk production. Due to the high digestibility,
digestible NDF, and undigestible NDF of the early cut, intensively growing grass
silages, rye silage (harvested at the boot stage or earlier), triticale, barley, and wheat
silage (harvested at boot-early heading stage) could increase dairy cows’ dry matter
intake and milk production under heat-stress conditions. As a result, cattle feed will
contain more ingredients than it does today to cope with climate change in cattle
feeding.

Keywords: climate change, double cropping, conserved forages, feeding strategies,
dairy cattle

1. Introduction

An increase in average temperature during the growing season typically results in
plants using more energy for respiration to sustain themselves and less for growth. An
increase in average temperature of 1°C can reduce major food and cash crop species
yields by 5-10 percent [1]. Extremely high temperatures of over 30°C can cause
permanent physical damage to plants, and if they exceed 37°C, even seeds can be
damaged during storage. The high temperatures can adversely affect photosynthesis,
respiration, water relations, and membrane stability, and alter hormone levels and
primary and secondary metabolite levels in the plant [2]. Due to climate change, the
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frequency of periods when temperatures rise above critical thresholds for corn, rice,
and wheat is projected to increase worldwide [3]. The general projection is that with
climate change, areas that already receive high rainfall will receive even more rainfall
while dry areas will become drier [4]. As precipitation patterns become more erratic/
unpredictable, farmers may no longer be able to rely on their knowledge of the typical
temporal patterns of climatic variables. Changes in planting seasons and weather
patterns make it difficult for farmers to plan and manage production.

The extent of climate change can already be measured in the dry continental
region of Central Europe through the example of corn silage. The whole plant corn
yield range was found to be 17.0-33.5 tons per ha for Hungary during the last decades
between 2012 and 2022 [5]. Silage yields exceeded 30 tons per ha in only 5 of the
11 years. Extremely low yields were observed in 2012 and 2022 (19.3 tons per ha
and 17.0 tons per ha, respectively). Starch content ranged between 207 and 360 g/
kg DM (2012-2022). The whole corn plant was harvested in 2022 with the lowest
starch content (207 + 111 g/kg DM) after a sweltering and dry summer [5]. Corn
silage is a common ingredient of dairy rations in most areas of the World. Climate
change has increased the frequency and intensity of heat waves in dry continental
areas; therefore, the safety yield and quality of corn silage are likely compromised in
extensive lands in the future. Consequently, it would be important to consider how
crop production and feeding strategies can be adapted to this change in the long term,
considering the nutrient requirements of dairy cattle.

Winter cereals are growing during a period of potentially higher rainfall, bypass-
ing periods of heat stress and drought (autumn sowing-early spring harvest), so can
be grown with less risk than corn. Therefore, the winter cereals can be part of the
climate change strategy. Additionally, the corn-whole crop rye, corn-whole crop triti-
cale, brown midrib (BMR) sorghum-whole crop triticale, or BMR sorghum-intensive
high sugar grass double cropping are new crop rotation systems to prevent yield losses
due to climate change (drought and heat stress).

Silage can be made from winter whole-crop cereals, but it has a dual function as a
cover crop, protecting the soil. There has been a growing interest in seeding winter cere-
als after corn silage harvest as cover and silage crops. This is due to the recognition by
farmers and farm advisors that fall and spring ground coverage is important for erosion
control after corn silage harvest. It is also due to the potential of overwintering cereals to
retain end-of-season nitrogen, the need for a growing crop to improve the nutrient use
efficiency of fall-applied manure, and the addition of carbon to soils through roots and
crop residue [6, 7]. Winter crops prevent erosion and give good weed suppression. The
rye accumulates much greater biomass than oats in the autumn, providing better winter
cover to reduce runoff, erosion, and P loss potential. Rye also has a very strong positive
impact on reducing nitrate leaching in the soil profile, as nitrate concentrations at 50 cm
depth were extremely low according to experimental results [8].

Double cropping can provide economic and environmental advantages to dairy
farmers. Winter cereals harvested early can offer a substantial quantity of extra,
nourishing forage while minimally impacting the production of corn silage. Winter
cereals, such as rye cultivated as dual crops in corn silage rotations, possess the capac-
ity to enhance on-farm forage production while also offering numerous environmen-
tal, economic, and nutritional advantages to dairy farms [9].

The objective of this chapter is to present the projected climate conditions in regions
where corn is grown and propose different approaches to develop a robust forage foun-
dation for dairy cattle. We focus on field crops which could be an option for completing
the forage sources of countries located in areas with a dry continental climate.
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2. The current and future climate situation in dry continental areas

Agricultural production strongly depends on climate conditions. Changes in the
mean temperature and precipitation, as well as weather and climate extremes, are
already influencing crop yields and livestock productivity in many European regions.
A projected increase in the number of extreme weather and climate events through-
out Europe is expected to further increase the risk of crop losses and impose risks
on livestock production. The impacts of climate change on agriculture vary across
Europe. While increases in the length of the growing seasons can improve the suit-
ability for growing crops in northern Europe, the negative effects of climate change
will lead to yield losses across Europe, mostly in southern Europe. Elements of climate
change affect livestock systems through direct impacts on animal physiology, behav-
iour production, and welfare and indirectly through water availability [10] and the
quantity and quality of forage and feed crops [11, 12].

Animal production based on the use of grain crops may be less sensitive to climate
change compared to ruminants that rely on conserved forage (hay and silage) and
grazing.

The Intergovernmental Panel on Climate Change (IPCC) has consistently high-
lighted the significance of anthropogenic influences on the climate system, leading
to alterations in temperature and precipitation patterns. The elevated concentrations
of greenhouse gases induced by human activity, especially with the highest radiation
forces, have played an unequivocal role in modifying the previously quasi-balanced
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Figure 1.

Observed linear trends in mean temperature [°C] and relative precipitation change [%] between 1950 and 2016 in
summer and winter (modified, based on Christensen et al. [14]).

59



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

atmospheric processes. Understanding these changes on a seasonal basis is crucial for
comprehending the full scope of the impact on ecosystems, agriculture, and society.

The global mean temperature in the last 40 years was significantly warmer than
in the second half of the nineteenth century. The global surface temperature was
+0.99°C higher between 2001 and 2020 and + 1.09°C higher between 2011 and
2020 than it was between 1850 and 1900. The change over land is more pronounced
(+1.59°C) than over the ocean (+0.88°C) [13]. Seasonal differences in Europe are
also observed (Figure 1). In summer, the most considerable temperature change
happened mostly in the lower latitudes, in the Mediterranean subregion, particu-
larly in the surroundings of the Pirenes, Southern France, North Italy, and the
Western parts of the Carpathian basin. The spatial distribution of temperature
changes is the reverse in winter. The warming trend becomes more significant as
latitude increases with a maximum of above 2°C in the East European Plain and the
middle regions of Scandinavia.

Precipitation is the most volatile meteorological element, so analysing its trend
variability is also quite difficult. However, the spatial and temporal changes indi-
cate a more uniform pattern. The observed linear trends show a definite reduction
in summer in the western basin of the Mediterranean Sea, especially over Spain
and along the French and North African coasts. A less significant, but noticeable
reduction has emerged in subregions in the whole of Europe. In winter, the spatial
distribution of precipitation reduction is similar to those in summer, however with
more remarkable changes in the eastern or southeastern parts of Europe, like the
Carpathian basin, the Balkan Peninsula down to Greece, or regions around the Black
Sea. Furthermore, in summer, the days of heavy rains and storms have increased and
will likely further rise in the future, causing severe damage to the natural and built
environment. In contrast, the northern parts of Europe can face some increase in the
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Figure 2.
Updated Koppen-Geiger climate classification by Kottek et al. [15]. Western and Central Europe are located in the
Cfb, while Eastern Europe falls in the Dfb climate classification.
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precipitation amount, especially in winter. The mutual effect of the increasing trends
in the temperature and precipitation amount indicates a shift in the precipitation type
from snow to rain during winters. Consequently, this process reduces the extension
of snow-covered areas in winter, which affects the amount of water in the soils and,
thereby, the speed and rate of the onset of droughts in spring or summer.

According to the updated Képpen-Geiger climate classification (Figure 2), there
are currently large areas in the eastern half of North America and China with similar
climate conditions as in Western and Central Europe (Cfa, Cfb, Dfa, Dfb). Higher
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Figure 3.

Crop water demand for grain corn in the growing season based on observations between 1995 and 2015 (above),
and future projections based on HadGEM2 and MIROC between 2015 and 2045.
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latitude areas such as Scandinavia and areas with similar climate conditions (Dfc) are
experiencing benefits from climate change.

Given the anticipated increase in frequency, intensity, and duration of drought
periods in the future, it is important to investigate historical and projected patterns
of soil moisture availability. The trends in water deficit for grain corn during the
growing season between 1995 and 2015 show that the largest contiguous areas most
affected by water scarcity are Poland, Spain, Italy, Greece, and the east part of the
Carpathian basin (Figure 3). The results of the future projections (2015-2045) based
on two different climate models (HadGEM2, MIROC) agree that the crop water defi-
cit will extend to an even larger area; moreover, extreme water shortage is projected to
the expanded areas ranging east-west from Slovenia to Bulgaria and north-south from
Slovenia through the Western Balkans to Greece.

3. Reducing heat stress for dairy cows

The performance, welfare, and health of cattle are significantly influenced by
climatic and meteorological factors. Dairy cows with high genetic potential and
intensive metabolism are particularly sensitive to high ambient temperatures. The
harmful effects of high ambient temperature in production conditions are enhanced
by high humidity and insufficient airflow. If the temperature-humidity index (THI)
is above 72, cows are heat-stressed, which means the cows have more heat than they
can get rid of. Feed intake usually decreases and, as a result, milk yield also decreases
[16, 17]. The effect of heat stress is immediate, 1 day of heat stress results in an aver-
age production loss of 1.5-2 litres per cow per day (5-10% of the daily milk yield).
Genetic selection specifically aimed at increasing milk production parameters caused
a decrease in the heat tolerance of cows. Recently, significant efforts have been made
to identify specific genes associated with tolerance and sensitivity to thermal stress
[18]. Significant advances in the environmental management of dairy cattle include
improved housing and cooling systems (shading, water spraying, ventilation, and
combined with fans, sprinklers, and humidification systems). In dairy cattle, part of
the milk production lost during heat stress (35-50%) can potentially be restored by
nutritional treatment [19]. First, the availability and temperature of drinking water
may be a key tool in promoting dry matter intake (DMI) and reducing heat stress.
Feed supplements can assist in improving the functionality of the rumen in cows
experiencing heat stress [20-23]. Diets aimed at reducing metabolic heat gain can also
contribute to enhancing feed intake and overall performance.

Energy intake is typically the primary dietary constraint for lactating dairy cows
in the summer months. One commonly employed method to enhance the energy
density of a diet is by decreasing the amount of forage and increasing the proportion
of concentrates in the ration. However, this practice should be conducted with care, as
this type of diet can be associated with a lower rumen pH. Acute and sub-acute rumen
acidosis is often increased under heat-stress conditions and indirectly enhances the
risk of developing negative side effects of an unhealthy rumen environment (i.e.,
laminitis, milk fat depression). Digestion characteristics of neutral detergent fibre
(NDF) influence feeding and rumination behaviour, dry matter intake, and effi-
ciency of milk component output [24]. Highly digestible forages can pass through
the rumen at a faster rate, which in turn stimulates dry matter intake (DMI) while
simultaneously decreasing the heat increment. This process ultimately assists in
thermoregulation. Therefore, a rising NDF ruminal degradability not only positively
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impacts nutrient digestibility, but also influences feed intake and milk production.
The correlation between the digestibility of forage NDF and the performance of dairy
cows is widely recognised. An increase of one percentage unit in NDF digestibility
leads to an additional daily intake of 0.18 kg of dry matter and a daily production of
0.25 kg of 4% fat-corrected milk [25].

When dairy cows are fed high-quality forage, they tend to produce more milk and
milk components, experience fewer metabolic disorders, have healthier feet, and live
longer. As a result, feeding less grain and focusing on providing quality forage can
lead to a higher economic return, specifically in terms of income over feed cost [26].
The various types of whole-crop cereals are excellent sources of fermented forage for
ruminants: High NDF digestibility is associated with more fast-pool NDF, less slow-
pool NDF, and less undegradable NDF. During the summer months, it is possible to
customise the feeding schedule by considering these factors and the NDF character-
istics of forage to improve DMI efficiency, especially when animals are experiencing
heat stress. Therefore, early-cut whole-crop silage as a high-quality forage type may
play a role in alleviating the heat stress of dairy cows in continental areas even under
climate change.

4. Possibilities for stabilisation of forage bank in dry continental regions

Climate change increased the number of heat stress days during summer in dry
continental Europe. Future changes in temperature, precipitation, and atmospheric
CO, concentration are expected to carry along an increased risk of mycotoxin
contamination of cereals. Recent quantitative estimates have shown that, as a conse-
quence of global warming, increased contamination of cereals with deoxynivalenol
(DON) and aflatoxin Bl is expected in certain regions of Europe. Aflatoxins and DON
are among the most critical mycotoxins affecting milk production and quality [27, 28].
Difficulties can therefore be expected in the corn silage-based diet of dairy herds;
therefore, renaissance of winter whole-crop cereals cut in the early stage of maturity
(in boot) is obvious in dry areas. Whole-crop cereals include wheat (Triticum aesti-
vum), barley (Hordeum vulgare), oat (Avena sativa), rye (Secale cereale), and triticale
(x Triticosecale) can be harvested as a forage source (silage or haylage) for ruminants,
but widely used in many countries in various forms, including pasture, hay, or grain
[29]. Small-grain cereals offer many advantages over forage sources, particularly
alfalfa (Medicago sativa). They can be grown in a wide range of climatic and soil
conditions. Winter cereals are also more drought and cold-resistant than alfalfa [30].

These crops were grown primarily for their grains in the past, but nowadays there
are different targets in ruminant nutrition. The soft dough stage was the recom-
mended maturity for ensiling for most small grain cereals as an alternative to corn
(Zea mays), especially in areas with too short or too cool growing seasons for silage
corn [31]. Recently, in continental regions whole-crop cereals are recommended to
harvest at the flag-leaf or early-boot stage for high nutrient quality as a forage supply
of high milking dairy cows in intensive systems [32-36].

Nutrient content and fibre digestibility (48 h in vitro digestibility of amylase
treated ash corrected neutral detergent fibre, aNDFomd48) of different ensiled for-
ages in Hungary (2013-2018) are shown in Table 1 [36]. Digestible NDF (dNDF) and
NDFD can be used to help us better determine forage quality. The dNDF is an actual
nutrient that can be analysed in a lab, whereas NDFD is calculated as the percentage
of NDF that is ANDF. Forage with a very high NDFD, but low NDF will not supply
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much dNDF and other sources of dNDF may be needed in the diet. The NDFD 48

(in vitro NDF digestibility, 48-hour incubation) values of the early dough stage were
lower compared to the boot stage. These results confirm the importance of the whole
crop cereal silages (harvested in boot stage) in the diet fed in the summertime to
maintain the dry matter intake. We can conclude that early cut, intensive growing
grass silages (Lolium multiflorum, Festulolium var.), whole crop rye silage (harvested
in boot stage or earlier), triticale-, barley-, and wheat silage (harvested in boot-early
heading stage) may reduce the DMI drops during the summer in cattle according to
the high neutral detergent fibre digestibility (NDFD 48), high digestible NDF (ANDF
48), and low unavailable NDF (uNDF 240) results. In the context of cattle feeding

in dry continental regions of Europe, we may refer to these forages as ‘heat stress
forages’ Because of the above-mentioned factors, there is an increasing global interest
in the production and use of early-cut whole-crop cereal silages in the dairy cow diet,
especially during the summer season.

4.1 Early-cut whole-crop winter rye

Winter rye is an excellent forage crop when seeded after early-fall harvested crops.
It is ready for harvest in Central Europe in mid-April, which provides great opportu-
nities for double-crop options, and can also fill the gap in years when forage supplies
are short [32, 37].

The average yield of early-cut whole-crop rye was 3.63 tons of DM per ha over
3 years in New York State, USA (Table 2). Most cereal rye trials (70%) yielded
between 2.5 and 5 t DM per ha [9]. The average yield of early-cut whole crop triticale
was 4.88 tons of DM per ha [33].

The BBCH (Biologische Bundesanstalt, Bundessortenamt und Chemical Industry)
scale is the main system in cereals, based on developmental phases—the principal
growth stages. Orosz et al. [37] have found that the effect of three different pheno-
logical stages (boot stage: BBCH 49-51, heading: BBCH 57-58; early flowering: BBCH
61-62, respectively) was significant on DM yield of the whole-crop rye cut in very
early stage (April-May 2013: 5.0-8.6 tons of DM per ha). Growth stages had a seven-
times higher effect on variation of DM yield, than varieties (BBCH 49-51: 5.0-6.2
tons per ha, BBCH 57-58: 6.9-8.2 tons per ha, BBCH 61-62: 8.6-9.5 tons per ha).
Therefore, cutting time is critical. Winter rye is faster growing and earlier maturing
in the spring than the other winter cereals, including wheat, barley, and triticale.

Rye matures rapidly at the flag-leaf, boot, and early-heading stages, with significant
reductions in forage quality. This can create the challenge of a very narrow harvest
window (the timeframe in which rye can be harvested), particularly if there are rain
delays [32]. There can be a very large range in forage quality with only a few days

Forage Year Number of fields Average Min Max Standard deviation
tDM/ha tDM/ha tDM/ha
Rye 2012 1 538
2013 7 3.65 224 5.35 1.23
2014 1 347 164 5.40 116
All 19 3.63 222 5.38 119
Table 2.

The nutrient content of rye harvested between 2012 and 2014 in New York State [33].

65



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

difference in harvest. Quality, palatability, and thus consumption reduce very quickly
at the heading stage. The delayed harvest had a significant detrimental effect on
nutrient content: The crude protein content at the boot stage (BBCH 49-51: 191-215¢g
per kg DM) reduced with maturation (BBCH 61-62:114-137 g per kg DM, P < 0.01).
The NDF digestibility (aNDFomD 48) declined also with maturation (BBCH 49-51:
60-65% NDF, BBCH 57-58: 51-56% NDF, BBCH 61-62: 44-50% NDF, P < 0.05).
The NDF rumen degradability decreased by 8-16% during 7 days and 18-32% during
14 days after the boot stage (P < 0.05) in whole crop rye silage. It can be concluded
that nutrition value and digestibility drop very quickly at the heading stage of winter
rye, so the optimum harvest window is very narrow. The authors concluded that the
harvest window was less than 7 days in the boot stage.

According to the results of a country-wide survey in Hungary [36], the rumen
degradable NDF content in corn silage was 209 g/kg DM in 2018 (n = 370). While
the rye silage cut at the boot-heading stage contained 363 g/kg DM degradable NDF
(2013-2018, n = 789). The degradable NDF content of the whole-crop winter rye cut
at the boot-heading stage was higher by approximately 40-50% as compared to the
corn silage; therefore, the early-cut whole-crop rye can be denoted as an important
source of rumen degradable fibre for the high-lactating dairy cows, especially during
the summer heat stress period in dry continental Europe.

Based on the experimental results we can conclude that early-cut whole-crop
rye silage harvested in the boot stage (in April), in dry continental areas of Central
Europe may be an alternative additional forage besides the corn silage for high-
performing dairy cows.

4.2 Early cut, whole-crop winter triticale

Triticale has become more commonly used in dairy cropping strategies in recent
years, in part due to the double cropping option with corn or sorghum, and environ-
mental aspects such as the desire to capture nutrients from land-applied manure or to
provide winter ground cover that improves land stewardship.

There are new triticale varieties that show promise, as they are multifunctional
crops: that triticale can be harvested in the boot stage for high-producing dairy cows,
or in the early-milk or dough stage for growing/beef cattle and the grain yield can
also be a good commodity (for laying hens, other poultry, sheep, pigs, and cattle).
This increases resilience and adaptability to environmental conditions in the face of
climate change.

Furthermore, they have a much wider harvest window compared to the forage rye,
so a bit more convenient to harvest because it can be harvested later and ages more
slowly than rye. Mowing after early rye can open the window further, reducing the
risk from weather. Finally, different triticale varieties can be cut 5-10 days later in
early spring than forage rye. A week difference can be significant in terms of tempera-
ture. We are more likely to achieve successful wilting and ensiling of triticale when
compared to rye, especially in regions with a longer growing season.

Experimental data confirmed that the triticale varieties can produce similar or
even higher DM yields (Table 3) at the end of April (5.94-5.96 tons DM per ha)
and in early May (7.67-7.88 tons DM per ha) as whole crop rye in the similar growth
stage (BBCH 45-50, in boot) under normal growing conditions [35]. Yields of forage
triticale harvested in New York State (USA) are in Table 4 [33].
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Variety BBCH Date Mean
R 45 Before heading: 5-6 cm head in boot 17 April 2016 3,524
49 Before heading: 7-9 cm head in boot 21 April 2016 532
T1 41 Before heading: 3-4 cm head in boot 21 April 2016 5.044
45 Before heading: 5-6 cm head in boot 27 April 2016 596
50 Before heading: 6-10 cm head in boot 06 May 2016 7.88"C
T2 41 Before heading: 3-4 cm head in boot 21 April 2016 479
45 Before heading: 5-6 cm head in boot 27 April 2016 5948
50 Before heading: 6-10 cm head in boot 06 May 2016 767°¢

““Values with different letters within the BBCH 45 or 49/50 category differ statistically compaved to the rye (P < 0.05).
ACValues with different capital letters within a variety differ statistically—effect of the phenological stage (P < 0.05).
Ryefood (R), triticale var. Hungaro (T1), triticale var. Dimenzio (T2) according to the different sampling dates [35].

Table 3.
Dry matter yield of rye var.

Forage Year Number of Average DM/ Min. Max. Standard
fields ha tDM/ tDM/ deviation
ha ha

Triticale 2012 13 513 195 10.44 2.551

2013 28 4.82 246 6.76 1.23

2014 3 4.35 3.34 535 1.01

All 44 4.88 2.37 775 1.68

Table 4.

The nutrient content of triticale harvested between 2013 and 2014 in New York State (USA), sown after corn
harvest and harvested in May [33].

Orosz et al. [35] found significantly higher (P < 0.05) dry matter yield with similar
NDFD 48 values (Table 5) for the triticale varieties (BBCH 50) 2 weeks later than the
rye variety at the stage of the same growth stage (BBCH 49). It can be concluded that
there is a wider ‘harvest window’ of triticale, a longer time for harvest compared to the
whole crop rye. Moreover, the optimal period of triticale harvest is later by 1-2 weeks
compared to rye, when there are more favourable weather conditions for wilting.

Two triticale varieties (Table 5) had high NDF digestibility at the early growth stage
(BBCH 45, 5-6 cm in boot: NDFD 48 76.5 and 76.7%, respectively). Nine days later there
was a significant decrease in fibre digestibility (BBCH 50, 6-10 cm in boot: NDFD 48
69.6 and 70.0%, respectively). Crude protein content dropped, while the NDF, ADF, and
ADL content lifted during 10 days [35]. Triticale silage harvested at an early stage (BBCH
45-50) can be an excellent forage for high-yielding dairy herds, while triticale harvested at
a later stage (BBCH higher than 50) can be more suitable for beef cattle and dairy heifers.

Consequently, triticale varieties can be additional alternative forages in very early
cut systems alongside the rye, but mowing can be executed (1-2 weeks later), under
better weather harvesting conditions for wilting [35]. The area can be utilised in the
season after triticale has been removed, as there is still time to sow corn, sorghum,
and sudangrass.
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Cereal Rye Triticale 1 Triticale 2

BBCH code 49 45 50 45 50

Sampling 21 April 27 April 06 May 27 April 06 May

time 2016 2016 2016 2016 2016

Dry matter glkg 157 1464 1474 1694 1604

Crude g/kg 193° 2574 196" 159*4 150%

protein DM

Crude fibre g/kg 252° 2234 2478 231 2558
DM

NDF g/kg 545° 5404 570° 5324 5568
DM

ADF g/kg 274" 2434 270" 2454 2718
DM

ADL g/kg 20.3* 21.3* 24.7°8 20.3* 23.0°
DM

NDFD 48! %NDF 68.2° 765" 69.6° 767 70.0%®

dNDF 48’ g/kg 372 413° 396" 4084 389
DM

oMD’ % 76.4° 80.5° 753 80.0°* 75.3%®

In vitro NDF digestibility, 48 hours incubation expressed as a percent of NDF. NDFD = dNDF/NDF * 100.
°Digestible NDF measured from an in vitro NDF digestion for 48 hours.

3in vitro digestibility of organic matter.

““Values with different letters within a vow differ statistically compared to the rye (P < 0.05).

CValues with different capital letters within a variety differ statistically—effect of the phenological stage (P < 0.05).
Ryefood (R), triticale var. Hungaro (T1), triticale var. Dimenzio (T2) according to the different sampling dates in fresh
forage [35].

Table 5.
Nutrient content and in vivo digestibility of rye var.

4.3 Early-cut high-sugar grass (grown on arable in an intensive system)

Italian ryegrass (Lolium multiflorum Lam., var. italicum) evolved in the
Mediterranean region, and northern Italy, its cultivation as forage for livestock dates
back as far as the twelfth century [38]. Preserved Italian ryegrass is frequently used as
forage for dairy cows and is known for their high energy value and highly digestible
fibre [39]. Plant breeders have developed annual and perennial ryegrass cultivars with
an elevated concentration of water-soluble carbohydrates (WSC) relative to conven-
tional cultivars [40]. The new generation of intensive or sweet grasses, the so-called
silage grasses, are gaining ground in arable crops. Nowadays, in addition to Italian
ryegrass, the less water-intensive Festulolium, a successful cross between fescue and
ryegrass, and hybrid ryegrass are also popular in the dry continental region.

This breeding has focussed on increasing the accumulation of high molecular
weight storage sugars (i.e. fructans), particularly in leaf blades rather than sheath
bases [41]. Research proposed that perennial ryegrass with a high WSC may improve
the balance and synchrony of the nitrogen and energy supply to the rumen [42].
Italian ryegrass exhibits a higher sugar content in comparison to other varieties of
grass silage provided that it is harvested in the early stages of harvesting. In this
regard, Baldinger et al. [38] reported that Italian ryegrass, which is harvested at the
second cut, had a significantly higher (71.87%) sugar content than corn silage.
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Narasimaluhi et al. [43] reported that the apparent digestibility of DM, NDF, and
ADF of Italian ryegrass were 63.6, 57.3, and 64.1%, respectively. According to Orosz
[36], ryegrass silage had higher NDFD 48 values (66.2%, P < 0.05) compared to alfalfa
silage (40.5%). NDF rumen degradation rate of ryegrass silages has a higher degree at
the point of 12, 24, 30, 48, 120, and 240 hours iz vitro compared to alfalfa silages, and
similar to the rye silage cut in the boot (Table 6). It can be concluded that the intensive
ryegrass silage has a significantly (P < 0.05) higher NDF degradation rate compared
to alfalfa silage/haylage (at 12, 24, 30, 48, and 120 hours iz vitro incubation time).
Moreover, the undegradable NDF content was found to be 24.2% NDF in intensive grass
silages (n = 462) compared to the alfalfa silage/haylage samples (48.9% NDF, n = 1811).

According to the NRC [44] and Jacobs et al’s [45] report, the CP contents of Italian
ryegrass silage were 12.8 and 12.5%, respectively, which is higher compared with
other grass and cereals, including corn silage. Orosz et al. [36] have found 14.1% DM
CP content, as an average between 2013 and 2018 (n = 462) in Hungary (Table 6).

The total-tract NDF digestibility (TTNDFD) measurement aims to assess the NDF
digestibility of feed and rations in animals [46, 47]. TTNDFD can be used to compare
the fibre utilisation of different feed or fibre sources. Research work at the University
of Wisconsin [47] demonstrates the accuracy of TTNDFD for predicting NDF
digestion iz vivo (in dairy cows). Typical TTNDFD values for corn silage, alfalfa, and
grasses are summarised in Table 7 [48]. It can be concluded that NDF in intensive
temperate annual or perennial grass silages degrade faster (kd) and potentially at a
higher rate (pdNDF) compared to the corn silage and alfalfa silages. TTNDFD in vivo
values confirmed a better NDF digestibility of grass silages.

Replacing one-third of the corn silage and alfalfa mixture with grass silage
increased the NDF content of the forage and increased the TTNDFD. Partial replace-
ment of corn silage and alfalfa fibre with more digestible fibre from grasses increased
TTNDFD and improved milk fat without reducing milk production [49].

Reports regarding the positive effects on the forage intake of dairy cows are
frequent [50, 51] and some researchers even reported better feed efficiency than

Number NDFD NDFD NDFD NDFD NDFD NDFD uNDF

of samples 12 24 30 48 120 240 240
Forage %NDF %NDF %NDF %NDF %NDF %NDF %NDF
Alfalfa silage/ 1811 17.8 287 326 40.5 473 496 489
haylage
Grass silage/ 462 29.2 46.8 52.9 65.1 74.8 757 24.2
haylage
Rye silage 789 289 471 53.6 66.2 79.3 80.7 193
(in boot)
Triticale silage 24 24.3 411 474 594 78.0 80.6 193
(in heading)
Triticale silage 59 16.6 291 34.2 474 65.6 713 281
(milky-dough
stage)

'NDFD 12 = NDF degradability at 12 h, NDFD 24 = NDF degradability at 24 h, NDFD 30 = NDF degradability
at 30 h, NDFD 48 = NDF degradability at 48 h, NDFD 120 = NDF degradability at 120 h, NDFD 240 = NDF
degradability at 240 h, uNDF 240—undegradable NDF, 240-hour in vitro incubation.

Table 6.
The NDF rumen degradation rate* of different ensiled forages in Hungary (2013-2018) [36].
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Sample number pdNDF'  kdNDF>  TTNDFD®*  TTNDFD range

(Rock River Lab.) % NDF %/hours % NDF % NDF
Corn silage 7000 75-85 2-3 42 20-60
Alfalfa silage 7000 60-65 4-6 43 30-60
Temperate grass silage 1200 80-90 6 47 20-80

dNDF = potentially degradable NDF.
kdNDF = rate of NDF degradation.
3STTNDFD = total-tract NDF digestibility.

Table7.
Typical total-tract NDF digestibility (TTNDFD) values of corn silage, alfalfa, or grass [48].

feeding corn silage [52]. The favourable nutrient digestibility of these grass silages can
be attributed to their relatively low lignin content, resulting in a high concentration of
energy. Therefore, new grass varieties that produce high yields offer cows a source of
fibre that is both easily digestible and structurally beneficial.

Early harvesting grass silages have the potential to mitigate the negative impacts of
climate change on dairy cows during the summer season. By extending the growing
season beyond the summer period and avoiding the reduction in biomass harvested
per hectare through double cropping with sorghum-type forage, these characteristics
offer a viable solution.

4.4 Cereal-cereal and cereal-grass mixtures

The mixtures serve to complement the available forage resources within a
nation, instead of replacing the current array of varieties. Italian ryegrass-cereal
mixtures harvested in April and May can be an alternative feed to corn silage
for high-yielding dairy cows in the dry continental areas of Central Europe. The
mixtures have been formulated through extensive research and development efforts
conducted by Agroteam, an esteemed company based in Italy. These mixtures
possess exceptional qualities that set them apart from other feed options available
in the European market. The development process relied on the careful selection of
specific species and varieties, aligning their breeding periods, and establishing the
appropriate germ count and germ ratio. The special mixtures of Italian ryegrass and
winter cereals (triticale, oats, barley and wheat; triticale, barley, and wheat; Italian
ryegrass and oats; Italian ryegrass, oats, triticale, barley, and wheat) used in prac-
tice have several feeding advantages maintain normal rumen environment, improve
fibre digestibility and in situ rumen degradation of fibre [53-56], and fermentation
processes in the rumen [9, 54, 57]. Italian ryegrass and winter cereals can be grown
together [58, 59]. Legumes are excluded from special blends due to their lower
fibre digestibility compared to winter cereals or Italian ryegrass. The wide harvest
window results in a good quality of silage in the case of rainy weather or technical
failure. The double cropping of winter cereals with Italian ryegrass and corn plants
also has environmental and economic advantages, as two different fodder crops are
harvested in the same season [33, 60, 61]. The silage mixtures can be successfully
used in feed rations for high-production dairy cows due to their highly degradable
dry matter and protein content and favourable rumen fermentability [55]. Results
and experience suggest that the wider harvesting window, potential yield, multi-
functionality, and flexibility make them an excellent element of a new feeding and
climate strategy.
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4.5 New types of sorghum

Repeated climatic challenges, such as drought, high summer temperatures, or late
planting pose significant risks to corn. Therefore, more and more dairy farmers are
seeking sorghum varieties suitable for silage-making, which could serve as an alterna-
tive to fully or partially replace corn silage for dairy cows. Sorghum’s water usage is
much more efficient than corn’, it can be planted later, it yields significant biomass,
and it can still provide acceptable yields even under dry conditions, especially in areas
with poor water management [62-65].

The most important modern hybrid types of sorghum (Sorghum bicolour) are as
follows: brown midrib sorghum type (BMR), brachytic dwarf sorghum type, male
sterile sorghum type (MS), photoperiod sensitivity sorghum type (PPS), and hybrids
of sudangrass and sorghum. A summary of yield, lodging, and quality (DM basis) by
sorghum forage types is given in Table 8 [66].

4.5.1 Brown midrib sorghum type

The digestibility of silage corn in the rumen is much better than that of silage
made from traditional sorghum species. Lignin, as an indigestible component of
the cell wall, inhibits the breakdown of carbohydrates found in the cell wall. Corn
plants contain less lignin than sorghum, and they have more easily digestible starch.
Since lignin reduces the digestibility of NDF and the amount of digestible fibre [67],
it slows down the ruminal passage, increasing the feeling of fullness in the rumen,
which impairs dry matter intake and milk production in traditional and old types of
sorghum silage [68]. In the case of BMR-type forages, both the lignin content and the
chemical composition of lignin are modified [69-71]. To date, the most direct and
effective way to reduce lignin content and increase the digestibility of forage sorghum
is through genetic control of the lignification process via the BMR traits [72]. Both
in situ and in vitro digestion studies have shown that BMR forages have better NDF
digestion than traditional sorghum species [69, 73].

4.5.2 Brachytic dwarf brown midyrib sovghum type

As stated earlier, the BMR trait leads to a decrease in lignin content, thereby enhanc-
ing the digestibility of the forage. However, this may increase the risk of stalk lodging.
Therefore, in many cases, the BMR genotype has been further developed and combined
with the dwarf, but leafy plant phenotype. The term brachytic refers to the dwarf trait,
which results in fewer stems and more leaf surface area. The yield was found 18-ton
silage per ha in 2020 [66]. The combination of a higher leaf-to-stem ratio and the lower
lignin content from BMR brachytic dwarf sorghum results in forage quality similar to
or better than corn. The NDFD 48 value (Table 9) was found to be 59-61% [66].

4.5.3 Male sterile sorghum type

According to Kilcer [74-76], the modern BMR forage sorghum male sterile variety
provides excellent quality for silage production in dairy farming. Sorghum cultiva-
tion per hectare is cheaper than most corn varieties. The issue is that most sorghum is
headed and seed-producing type, which increases the risk of lodging due to ‘look-up
head’ and complicates harvesting. The use of MS varieties eliminates the heavy head
on the thin stem. Instead of increasing starch content by filling the seeds (glassy and
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poorly digestible starch), it keeps the components in the cells of leaves and stems. This
increases milk production capacity while simultaneously increasing the DM content of
the forage. If the sorghum is harvested 1 week after heading, it shows low DM content
and moderate energy content compared to corn silage. Seven weeks after heading, the
sugar content increases by 500%, and the DM content increases by 18.85% [74]. The
nutritive value and milk production capacity of the MS sorghum increases the longer
the plant is left after heading. The longer the plant photosynthesizes after heading,

the more nutrients accumulate in the stem and leaves. In one trial, non-fibre carbo-
hydrates increased to 71% (corn silage: 82%). Non-starch carbohydrates increased by
185% by the seventh week after heading. NDF decreased by 15%. NDF digestibility,
which generally decreases with maturity, decreased by only 8% over the 7 weeks and
neutral detergent fibre digestibility (NDFD 30) was 64.1% [75]. During the harvest,
kernel cracking should not be used as it increases the risk of effluent formation.

4.5.4 Photoperiod sensitive sovghum type

A photoperiodic sensitivity is a characteristic of sorghum species that allows for
the initiation of heading for forage sorghums only when the daytime photoperiod
decreases to less than 12.5 hours. The photoperiod-sensitive trait refers to sensitivity to
day length, meaning long-day plants require extremely long daylight periods for flow-
ering. This allows for a wider harvest window and ensures favourable fibre digestibil-
ity for alonger period. Under limited light conditions, they do not flower and produce
seeds, thus maintaining good digestibility for a longer period. Due to this trait, their
foliage is generally more abundant than non-long-day species. They can generally be
harvested with high sugar content. Neutral detergent fibre digestibility (NDFD 48)
was found at 61.9% and lignin content at 1.7% DM (Table 8) in Texas [66].

4.5.5 Hybrids of sudangrass and sorghum

Sorghum-sudangrass hybrids are intermediate in plant size between sorghum and
sudangrass. Yield typically falls below that of forage sorghums but is comparable to
or slightly greater than sudangrass. Larger stems make drying for hay more difficult
than for sudangrasses. Sorghum-sudangrass hybrids are suitable for grazing and can
be harvested with a mower-conditioner for silage. When grazed, they yield similar to
sudangrass. Nevertheless, sorghum-sudangrass hybrids demonstrate superior yield
performance compared to sudangrass upon harvesting the green material. The advan-
tage of sorghum-BMR sudangrass hybrids lies in their favourable fibre digestibility,
and they should be grown similarly to sorghum-sudangrass hybrids [77].

4.5.6 The impact of modern forage sorghum silage production on cattle

Feeding trials with lactating dairy cows [68, 78] have demonstrated that BMR-6
forage sorghum (BMR Gene 6 is the highest BMR level, meaning that it contains the
lowest level of lignin of any sorghum) resulted in greater DMI, cell wall digestibility,
and milk performance when fed to dairy cows compared with non-BMR forage
sorghum (Table 10). Moreover, it was found that milk production was similar for
cows fed the BMR-6 forage sorghum to a dual-purpose corn hybrid commonly grown
in the Midwest, USA.

Similarly, the meta-analysis of nine different articles published between 1984 and
2015 by Sanchez-Duarte et al. [79] also concluded an overall improvement in lactation
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Reference Non-BMR sorghum BMR-6 BMR-18 Cornsilage

Oliver et al. [78] 29.2 337 312 333

Aydin et al. [68]; Study 1 20.7 237 — 29.0

Aydin et al. [68]; Study 2 314 338 — 324
Table 10.

The effect of BMR, non-BMR sorghum, and corn silage on milk production (4% FCM, kg/day).

performance when cows were fed diets containing BMR forage sorghum silage
compared to those based on traditional forage sorghum silage. In the case of diets
containing BMR forage sorghum silage, DMI (0.83 kg/day), milk production (1.64 kg/
day), milk fat concentration (0.09%), milk fat yield (0.08 kg/day), milk protein yield
(0.04 kg/day), and milk sugar yield (0.16 kg/day) improved compared to diets based
on traditional forage sorghum silage. Compared to diets containing corn silage, cows
fed BMR forage sorghum silage showed increased milk fat concentration (0.10%) and
milk sugar yield (0.05 kg/day), but decreased milk protein concentration (0.06%).

In an experiment conducted in the warm weather of Iran, feeding forage sorghum
silage (with 2.5% starch and 49.5% NDF) at 25% DM level in the diet did not result
in lower milk production when completely substituting corn silage (with 20% starch
and 42.3% NDF) at a milk production level of 30 kg/day [79].

BMR-6, BMR-12, and BMR-18 forage sorghum hybrids are known, depending
on which allele the mutation occurred [80]. However, the different mutations cause
differences in lignin biosynthesis among different hybrids. In a Nebraska experiment
[78], cows fed total mixed rations containing BMR-6 or BMR-18 forage sorghum
silage (at a ratio of 40% DM, respectively) and corn silage (at a ratio of 40% DM) had
similar milk production levels. The apparent digestibility of NDF was similar between
diets containing corn silage (54.1%) and those containing BMR-6 forage sorghum
silage (54.4%), but lower for BMR-18 forage sorghum silage (47.9%), and the worst
for traditional forage sorghum silage-based diets (40.8%). These data confirm that
certain BMR forage sorghum hybrids (with starch contents of 14.5 and 16.8%) are
capable of achieving similar results to corn silage with lower starch content (19.9%)
in 30-35 kg/day milk-producing dairy cows, hence being potentially suitable for (at
least) partial substitution of corn silage (Table 10).

4.6 Sudangrass

The brown midrib sudangrass is more palatable and significantly lower in lignin
content, making it more digestible than traditional sudangrass. According to research
by the University of Wisconsin Extension Forage Team, sudangrass hybrids can yield
between 7.5 and 12.5 tons of DM per hectare. In several European countries (The
Netherlands, Germany, and Italy), sudangrasses are harvested directly for silage at the
heading stage. At this phenological stage, the DM content exceeds 30%, eliminating
the need for wilting. Presumably, this technique is chosen to achieve higher yields.
However, research indicates that the post-heading phenological stages of sudangrass
result in a significant decrease in OM and fibre digestibility and an increase in NDF
content. The heading phenological phase is not favourable for feeding silage to dairy
cows. Numerous experiments conducted over an extended period have provided
evidence that the most favourable period for harvesting dairy cows lies within the time-
frame from the appearance of the flag leaf and the beginning of the heading. However,
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at this time, the DM content ranges from 20 to 27% (depending on the hybrid), which
is not yet optimal for direct ensiling. The wilting as a harvesting technique is advisable
at this phenological stage. However, it may increase silage ash content.

In a multi-cut forage system (early-stage harvests) 2-3 harvests can be carried
out in the same area in the dry continental region. This flexible harvesting technol-
ogy, combined with excellent fibre digestibility, makes the new sudangrass varieties
promising plants for climate change forage strategy.

4.7 Whole crop cereal-legume mixtures (as winter crops)

The cultivation of mixtures of legumes and cereals offers several potential agro-
nomic benefits. Coming from two different plant types, legumes and cereals comple-
ment each other in the capture of resources. Differentiation in the size and depth of
the root systems of cereals and legumes allows them to utilise water and nutrients
from different soil layers, resulting in the compensatory growth and development
of plants. Cereal crops growing in the vicinity of legumes benefit from nitrogen
assimilated by legume root nodule bacteria. Mixtures are particularly relevant to the
exploitation of poorer soils that are unsuitable for the production of either component
grown as a sole crop. Yielding of the mixtures is highly dependent on the species and
proportions of components. Legumes tend to enhance the quality and nutritional
worth of mixed forage owing to their elevated protein concentration. Researchers
found that cereal/legumes (fava bean, lupin, and pea) mixed cropping resulted in a
significant increase of CP of mixed forage up to 132 g/kg of DM [81].

The University of Wisconsin forage advisor suggests that the timing of harvesting
pea barley, pea wheat, and pea triticale mixtures should depend on the production
group intended for feeding the silage [82]. The author links the harvesting of the
barley-pea mixture to the cereal’s phenological phases. When the barley is in the boot,
with only a few heads visible in the field within the mixture (peas not yet flowering)
he recommends this excellent digestibility but lower-yielding silage for dairy cows.
The starch level is below 2%, yet it possesses a notable amount of energy. At the end
of the milky growth stage to the early dough stage of barley (peas in mature flowering
with pod initiation), he suggests this high DM and energy-yielding, cost-effective
material for heifers and dry cows [82]. Its starch content is over 10%, but its energy
content is lower than younger mixes in the boot stage.

Whole crop cereal-legume mixtures harvested at the early waxy growth stage are
excellent and cost-effective forages for the growing heifers due to the balanced energy-
protein ratio, allowing more corn silage to be used in the dairy herd. Consequently,
these silages can be important parts of climate change strategy (Table 11).

5. Forage growing and feeding strategy for dry continental regions
under climate change situation

As is well known, crop rotation involves growing different crops in a specific
order. The following tables list strategies that can be used to effectively implement
crop rotation under dry continental conditions (Tables 9 and 11-13). These different
crop rotation examples that meet the requirements of high-producing dairy cows may
reduce the heat stress of the dairy cattle during the summer in continental regions,
and stabilise the farm forage bank providing adequate biomass yield per ha per year,
even after a dry and hot vegetation summer period.
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Growth stages of cereals

Inboot Heading Milk stage Dough stage

Change in the proportion of peas in the mixture

Pea ratio 24% 28% 38% 42%
CP (% DM)

Barley 16.6 133 10 6.9

Barley and pea 186 15.9 14.0 11.3
ADF (% DM)

Barley 355 39.8 401 458
Barley and pea 36.4 389 38.7 425

NDF (% DM)

Barley 56.1 61.0 58.8 68.8
Barley and pea 53.3 57.5 54.3 60.3
Table 11.

Changes in the nutrient content of grain and mixed silages (2-year average) [83].

6. Conclusions

Based on the large number of literary data and scientific findings, the following

most important conclusions can be drawn.
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* Corn silage in the dry continental region faces significant challenges due to
extremely low yields, high variability in poor nutritional values, and is therefore
considered a high-risk crop. Strategic crop management decisions are essential to
enhance the security of the feed bank and improve the quality of silage for dairy
cattle. In regions with high levels of risk, it may be deemed necessary to eliminate
corn silage from the feed ration; however, there exist alternative measures to
ensure the stability of the corn silage supply.

* Winter cereals, which are cultivated from autumn to early spring, have the
advantage of growing in a period of increased rainfall while avoiding the adverse
effects of heat stress and drought. This presents a promising opportunity to
mitigate the risks and minimise yield losses of corn caused by climate change.
Therefore, the whole crop winter cereals can be part of a new forage strategy.

* The implementation of novel crop rotation systems, such as corn-whole crop rye,
corn-whole crop triticale, brown midrib sorghum-whole crop triticale, or brown
midrib sorghum-intensive high sugar grass double cropping, has proven to be
highly efficient in mitigating yield reductions caused by climate change in arid
continental areas. Moreover, these innovative systems contribute to the stabilisa-
tion of the forage bank within dairy farms.

* Intensive cultivation of grass silages (Lolium multiflorum, Festulolium var.),
whole crop rye silage (harvested in boot stage or earlier), triticale, barley, and
wheat silage (harvested in boot-early heading stage) could potentially enhance
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the dry matter intake of dairy cows in hot summer conditions due to their high
NDF digestibility, digestible NDF content, and low undigestible NDF levels.
These forages may be classified as heat-stress forages in the context of cattle
feeding in dry continental areas of Europe.

* The degradable NDF content of whole-crop winter cereals harvested at the boot
stage exceeds that of corn silage by around 40-50%. Consequently, early-cut
whole-crop cereals serve as significant sources of rumen degradable fibre for
high-producing dairy cows, particularly in dry continental Europe during the
summer heat-stress period.

* In dry continental areas, it is advisable to take into account the utilisation of
summer drought-resistant crops such as sorghum and sudangrass. Provided that

the NDF digestibility surpasses 60%, these particular forages can be incorpo-
rated into the diet of dairy cows.

Author details

Rébert Téthi™*, Szilvia Orosz?, Katalin Somfalvi-Téth?, Liszlé Babinszky4
and Veronika Halas

1 Institute of Physiology and Nutrition, Hungarian University of Agriculture and Life
Sciences, Kaposvar Campus, Kaposvar, Hungary

2 Livestock Performance Testing Ltd., G6d6116, Hungary

3 Institute of Agronomy, Hungarian University of Agriculture and Life Sciences,
Kaposvar Campus, Kaposvar, Hungary

4 Department of Animal Nutrition and Physiology, Hungarian University of
Agriculture and Life Sciences, Kaposvar Campus, Kaposvar and University
of Debrecen, Faculty of Agricultural and Food Sciences and Environmental
Management, Debrecen, Hungary

*Address all correspondence to: tothi.robert@uni-mate.hu

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

80



Effect of Climate Change on Strategy of Forage Feeding in Cattle Farms under Dry Continental...

DOI: http://dx.doi.org/10.5772/intechopen.1005884

References

[1] Lobell DB, Field CB. Global scale
climate—crop yield relationships
and the impacts of recent warming.
Environmental Research Letters.
2007;2:014002. DOI: 10.1088/
1748-9326/2/1/014002

[2] Wahid A, Gelani S, Ashraf M,
Foolad MR. Heat tolerance in plants:
An overview. Environmental and
Experimental Botany. 2007;61:199-223.
DOI: 10.1016/j.envexpbot.2007.05.011

[3] Gourdji SM, Sibley AM, Lobell DB.
Global crop exposure to critical high
temperatures in the reproductive
period: Historical trends and

future projections. Environmental
Research Letters. 2013;8:024041.
DOI: 10.1088/1748-9326/8/2/024041

[4] Liu C, Allan RP. Observed

and simulated precipitation
responses in wet and dry regions
1850-2100. Environmental

Research Letters. 2013;8:034002.
DOI: 10.1088/1748-9326/8/3/034002

[5] Orosz Sz, Balogh K. Corn silage
2012-2022 (dry continental region of
Europe). In: Proceedings of the XIXth
International Conference of Forage
Conservation, Czech Republic, Brno,
April 25-27, 2023. Published by Mendel
University in Brno, CZ; 2023. pp. 100-101

[6] Long E, Ketterings QM,

Czymmek KJ. Survey of cover crop

use on New York dairy farms. Crop
Management. 2013;12:1-5. DOI: 10.1094/
CM-2013-0019-RS

[7] Long E, Van Slyke K, Kettering QM,
Godwin G, Czymmek K. Triticaleasa
cover and double crop on a New York
dairy. What’s Cropping Up? 2013;23:3-5

81

[8] Graham C, Van Es H, Schindelbeck B.
Rye vs. oat: Environmental benefits vary
greatly. What’s Cropping Up? 2012;22:3-4

[9] Lyons SE, Kilcer TF, Ort S, Swink S,
Godwin G, Hanshar J, et al. Nutrient
Management Spear Program. USA:
Cornell University; 2016

[10] Henry B, Charmley E, Eckard R,
Gaughan JB, Hegarty R. Livestock
production in a changing climate:
Adaptation and mitigation research in
Australia. Crop and Pasture Science.
2012;63:191-202. DOI: 10.1071/CP11169

[11] Chapman SC, Chakraborty S,
Dreccer MF, Howden SM. Plant
adaptation to climate change:
Opportunities and priorities in breeding.
Crop and Pasture Science. 2012;63:251-
268. DOI: 10.1071/CP11303

[12] Polley HW, Briske DD, Morgan JA,
Wolter K, Bailey DW, Brown JR. Climate
change and north American rangelands:
Trends, projections, and implications.
Rangeland Ecology & Management.
2013;66:493-511. DOI: 10.2111/
REM-D-12-00068.1

[13] IPCC. Climate change 2023:
Synthesis report. In: Core Writing Team,
Lee H, Romero J, editors. Contribution
of Working Groups I, IT and III to

the Sixth Assessment Report of the
Intergovernmental Panel on Climate
Change. Geneva, Switzerland: IPCC;
2023. pp. 35-115. DOI: 10.59327/IPCC/
AR6-9789291691647

[14] Christensen JH, Larsen MAD,
Christensen OB. Robustness of European
climate projections from dynamical
downscaling. Climate Dynamics.
2019;53:4857-4869. DOI: 10.1007/
s00382-019-04831-z



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

[15] Kottek M, Grieser J, Beck C,
Rudolf B, Rubel F. World map of the
Koppen-Geiger climate classification
updated. Meteorologische Zeitschrift.
2006;5:259-263. DOI: 10.1127/
0941-2948/2006/0130

[16] Babinszky L, Halas V,

Verstegen MWA. Impacts of climate
change on animal production and quality
of animal food products. In: Blanco JA,
Kheradmand H, editors. Climate Change,
Socioeconomic Effects. London, UK,
London, UK: InTechOpen; 2011. pp. 165-
190. DOI: 10.5772/23840

(17] Babinszky L, Dunkel Z, Téthi R,
Kazinczi G, Nagy J. The impacts of
climate change on agricultural

production. Hungarian Agricultural
Research. 2011;2:14-20

[18] Santana ML, Bignardi AB, Pereira R],
Stefani G, Faro LE. Genetics of heat
tolerance for milk yield and quality in
Holsteins. Animal The International
Journal of Animal Biosciences. 2017;11:4-
14. DOI: 10.1017/S1751731116001725

[19] Rhoads RP, Baumgard LH,

Suagee JK, Sanders SR. Nutritional
interventions to alleviate the negative
consequences of heat stress. Advances in
Nutrition. 2013;4:267-276. DOI: 10.3945/
an.112.003376

[20] Calamari L, Petrera F, Abeni F,
Bertin G. Metabolic and haematological
profiles in heat-stressed lactating dairy
cows fed diets supplemented with
different selenium sources and doses.
Livestock Science. 2011;142:128-137.
DOI: 10.1016/j.1ivsci.2011.07.005

[21] Lundqvist M, Stigler J, Elia G, Lynch],
Cedervall T, Dawson KA. Nanoparticle
size and surface properties determine the
protein corona with possible implications
for biological impacts. National Academy
of Sciences of the United States of

82

America. 2008;105:14265-14270.
DOI: 10.1073/pnas.0805135105

[22] Callaway ES, Martin SA. Effects

of a Saccharomyces cerevisiae culture on
ruminal bacteria that utilize lactate and
digest cellulose. Journal of Dairy Science.
1997;80:2035-2044. DOI: 10.3168/jds.
S0022-0302(97)76148-4

[23] Bruno RGS, Rutigliano HM,

Cerri RL, Robinson PH, Santos JEP.
Effect of feeding Saccharomyces cerevisiae
on performance of dairy cows during
summer heat stress. Animal Feed Science
and Technology. 2009;150:175-186.

DOI: 10.1016/j.anifeedsci.2008.09.001

[24] Grant RJ, Contanch KW. Higher
forage diets: Dynamics of passage,
digestion and cow productive responses.
In: Proceedings of Cornell Nutrition
Conference for Feed Manufacturers,
Syracuse, NY, USA. Ithaca, NY, USA:
Cornell University; 2012. pp. 45-57

[25] Oba M, Allen MS. Evaluation of the
importance of the digestibility of neutral
detergent Fiber from forage: Effects

on dry matter intake and milk yield of
dairy cows. Journal of Dairy Science.
1999;82:589-596. DOI: 10.3168/jds.
S0022-0302(99)75271-9

[26] Chase LE. Using grass forages in
dairy cattle rations. In: Proceedings of
the tri-State Dairy Nutrition Conference,
Fort Wayne, IN, USA. Ohio State
University. 2012. pp. 75-85

[27] Logrieco A, Mulé G, Moretti A,
Bottalico A. Toxigenic Fusarium species
and mycotoxins associated with maize
ear rot in Europe. European Journal

of Plant Pathology. 2002;108:597-609.
DOI: 10.1023/A:1020679029993

[28] Whitlow W. Evaluation of mycotoxin
binders. In: Zimmermann NG,
editor. Fourth Mid-Atlantic Nutrition



Effect of Climate Change on Strategy of Forage Feeding in Cattle Farms under Dry Continental...

DOI: http://dx.doi.org/10.5772/intechopen.1005884

Conference. College Park, MD:
University of Maryland; 2006

[29] Kennelly JJ, Weinberg ZG. Small

grain silage. In: Buxton DR, Muck RE,
Harrison JH, editors. Silage Science and
Technology. Madison, WI, USA: American
Society of Agronomy. Crop Science
Society of America and Soil Science
Society of America; 2003. pp. 749-779

[30] Droushiotis DN. The effect of
variety and harvesting stage on

forage production of barley in a low-
rainfall environment. The Journal of
Agricultural Sciences. 1984;102:289-293.
DOI: 10.1017/S002185960004260X

[31] Nass HG, Kunelius HT, Suzuki M.
Effect of nitrogen application on barley,
oats, and triticale grown as forage.
Canadian Journal of Plant Sciences.
1975;55:49-53

[32] Bagg ], Johnson P. Double cropping
fall rye for extra forage. Field Crop News.
Available from: http://fieldcropnews.
com/2013/08/doublecropping-fall-
ryefor-extraforage [Accessed: August 28,
2023]

[33] Ketterings Q, Ort S, Swink S,
Godwin G, Kilcer T, Miller J. Winter
cereals as double crops in corn rotations
on New York dairy farms. The Journal
of Agricultural Science. 2015;7:18-25.
DOI: 10.5539/jasv7/n2pl8

[34] Auerbach H, Theobald P. Additive
type affects fermentation, aerobic stability
and mycotoxin formation during air
exposure of early-cut rye (Secale cereale

L.) silage. Agronomy. 2020;10:1432.

DOI: 10.3390/agronomy10091432

[35] Orosz Sz, Kruppa J, Junior JK,
Szemethy D, Fiilop EP, Futé Z, etal.
Harvest window: Comparison of whole
crop rye and whole crop triticale in an
early cut system. In: Proceedings of the

83

XVIIIth International Silage Conference,
Bonn, Germany, 24-26 July 2018.
Germany: University of Bonn; 2018.

pp. 516-517

[36] Orosz Sz. Comparison of NDF
degradability and degradation rate of
different silages in Hungary (2013-
2018). The ‘heat stress diet’ aspect. In:
Proceedings of the XVIIIth International
Conference of Forage Conservation,
Czech Republic, Brno, August 13-16,
2019. Brno, Czech: Mendel University;
2019. pp. 152-153

[37] Orosz Sz, Horvathné Kovacs B,
Hoffmann R. Effect of 7-14 days delay
in cut on yield and nutritive value of
whole crop rye during the April-may
harvest period. In: Proceedings of the
XVIth International Conference of
Forage Conservation, Czech Republic,
Brno, June 3-6. Brno, Czech: Mendel
University; 2014. pp. 153-154

[38] Baldinger L, Zollitsch W, Knaus WEF.
Corn silage and Italian ryegrass silage

as high-energy forages in organic dairy
cow diets: Differences in feed intake,
milk yield and quality, and nitrogen
efficiency. Renewable Agriculture

and Food Systems. 2013;29:378-387.
DOI: 10.1017/81742170513000252

[39] Tamburini A, Rapetti L, Crovetto GM,
Succi G. Rumen degradability of dry
matter, NDF and ADF in Italian ryegrass
(Lolium multiflorum) and winter cereal
silages. Zootecnica e Nutrizione Animale.
1995;21(Suppl.):75-80

[40] Turner LB, Cairns AJ, Armstead P,
Ashton ], Skat K, Whittaker D, et al.
Humphreys. Dissecting the regulation
of fructan metabolism in perennial
ryegrass (Lolium perenne) with
quantitative trait locus mapping.

New Phytologist. 2006;169:45-58.
DOI: 10.1111/j.1469-8137.2005.01575.x



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

[41] Pavis N, Chatterton NJ, Harrison PA,
Baumgartner S, Praznik W, Boucaud J,
et al. Structure of fructans in roots and
leaf tissues of Lolium perenne. New
Phytologist. 2001;150:83-95.

DOI: 10.1046/j.1469-8137.2001.00069.x

[42] Miller LA, Moorby JM, Davies DR,
Humphreys MO, Scollan ND,

MacRae JC, et al. Increased concentration
of water-soluble carbohydrates in
perennial ryegrass (Lolium perenne

L.). Milk production from late-

lactation dairy cows. Grass and

Forage Science. 2001;56:383-394.

DOI: 10.1046/j.1365-2494.2001.00288.x

[43] Narasimhalu P, Kunelius HT,

McRae KB, Winter KA. Composition,
intake, and digestibility of timothy and
Italian and Westerwolds ryegrass silages.
Canadian Journal of Plant Science.
1985;65:99-105. DOI: 10.4141/cjps85-014

[44] National Research Council. Nutrient
Requirements of Dairy Cattle. 7th Rev
ed. Washington, DC, USA: National
Academy Press; 2001

[45] Jacobs JL, Hill ], Jenkin T. Effect of
stage of growth and silage additives on
whole crop cereal silage nutritive and
fermentation characteristics. Animal
Production Science. 2009;49:595-607.
DOI: 10.1071/EA08244

[46] Lopes FDE, Cook DKC. Effects of
varying ratios of corn silage to alfalfa
silage on digestion of neutral detergent
fiber in lactating dairy cows. Journal
of Dairy Science. 2015a;98:6291-6303.
DOI: 10.3168/jds.2014-8662

[47] Lopes F, Cook DE, Combs DK.
Validation of an in vitro model for
predicting rumen and total-tract fiber
digestibility in dairy cows fed corn
silages with different in vitro neutral
detergent fiber digestibilities at 2 levels
of dry matter intake. Journal of Dairy

84

Science. 2015b;98:574-585. DOI: 10.3168/
jds.2014-8661

[48] Combs D. Using in vitro total-tract
NDF digestibility in forage evaluation.
University of Wisconsin extension.
Wisconsin Team Forage, Focus on
Forage. 2016;15:1-3

[49] Verbeten WD, Combs DK,
Undersander DJ. Partially replacing
alfalfa and corn silage with fescue
silages maintained fat-corrected milk

production. Journal of Dairy Science.
2011;94(E-Suppl. 1):556

[50] Bernard JK, West JW, Trammell DS.
Effect of replacing corn silage with
annual ryegrass silage on nutrient
digestibility, intake, and milk yield

for lactating dairy cows. Journal of

Dairy Science. 2002;85:2277-2282.

DOI: 10.3168/jds.S0022-0302(02)74307-5

[51] Baldinger L, Baumung R,

Zollitsch W, Knaus WF. Italian ryegrass
silage in winter feeding of organic dairy
cows: Forage intake, milk yield, and
composition. Journal of the Science of
Food and Agriculture. 2011;91:435-442.
DOI: 10.1017/51742170513000252

[52] Cooke KM, Bernard JK, West JW.
Performance of dairy cows fed annual
ryegrass silage and corn silage with
steam-flaked or ground corn. Journal
of Dairy Science. 2008;91:2417-2422.
DOI: 10.3168/jds.2007-0715

[53] Alemayehu W, Téthi R, Orosz Sz,
Fébel H, Kacsala L, Huth B, et al. In situ
ruminal degradability and fermentation
characteristics of novel mixtures of
winter cereals and Italian ryegrass plus
winter cereal grain silages. Czech Journal
of Animal Science. 2020;66:302-314.
DOI: 10.17221/12/2021-CJAS

[54] Alemayehu W, T6thi R,
Orosz Sz, Fébel H, Tossenberger J,



Effect of Climate Change on Strategy of Forage Feeding in Cattle Farms under Dry Continental...

DOI: http://dx.doi.org/10.5772/intechopen.1005884

Huth B, et al. Nutritive value of
ensiled Italian ryegrass and winter
cereal mixture. Acta Fytotechnica

et Zootechnica (Monothematic

Issue: Future Perspectives in Animal
Production). 2020;23. DOI: 10.15414/
afz.2020.23.mi-fpap.7-14

[55] Alemayehu W, Téthi R,

Orosz Sz, Fébel H, Kacsala L,

Drew V, et al. Novel mixtures of
Italian ryegrass and winter cereals:
Influence of ensiling on nutritional
composition, fermentation
characteristics, microbial counts and
ruminal degradability. Italian Journal
of Animal Science. 2021;20:749-761.
DOI: 10.1080/1828051X.2021.1924883

[56] Alemayehu W, T6th T, Orosz Sz,
Fébel H, Kacsala L, Hath B, et al. Aroma
profile, microbial and chemical quality
of ensiled green forage mixtures of
winter cereals and Italian ryegrass.
Agriculture. 2021;11:512. DOI: 10.3390/
agriculture11060512

[57] Harper MT, Oh ], Giallongo F,

Roth GW, Hristov AN. Inclusion of wheat
and triticale silage in the diet of lactating
dairy cows. Journal of Dairy Science.
2017;100:6151-6163. DOI: 10.3168/
jds.2017-12553

[58] Geren H. Dry matter yield and silage
quality of some winter cereals harvested
at different stages under mediterranean
climate conditions. Turkish Journal

of Field Crops. 2012;19:197-202.

DOI: 10.17557/tjfc.55884

[59] Baron V, Erasmus KO, Dick CA.
Optimizing yield and quality of cereal
silage. In: Proceedings of the 2000
Western Canadian Dairy Seminar.

Vol. 12. Western Forage-Beef Group,
Agriculture and Agri-Food Canada.
Advanced Dairy Science and Technology.
Edmonton, Canada: University of
Alberta; 2000. pp. 351-367

85

[60] Larsen RJ, Beres BL, Blackshaw RE,
Graf R]. Extending the growing season:
Winter cereals in western Canada.
Candian Journal of Plant Science.
2018;98:267-277. DOI: 10.1139/
cjps-2017-0278

[61] Ranck EJ, Holden LA, Dillon JA,

Rotz CA, Soder KJ. Economic and
environmental effects of double cropping
winter annuals and corn using the
integrated farm system model. Journal

of Dairy Science. 2019;103:3804-3815.
DOI: 10.3168/jds.2019-17525

[62] Sanderson MA, Jones RM,

Ward J, Wolfe R. Silage sorghum
performance trial at Stevensville: Forage
research in Texas. Rep. PR-5018. Texas
Agricultural Experiment Station,
Stephensville, USA. 1992

[63] Peacock JM. Response and tolerance
of sorghum to temperature stress. In:
International Crops Research Institute
for the SemiArid Tropics. Sorghum in the
Eighties: Proceedings of the International
Symposium on Sorghum. Patancheru,
2-7 November, International Crops
Research Institute for the Semi-Arid
Tropics (ICRISAT), Hyderabad, ICRISAT
Patancheru P.O., Andhra Pradesh, India.
1981. pp. 143-158

[64] Jahanzad E, Jorat M, Moghadam H,
Sadeghpour A, Chaichi M-R,

Dashtaki M. Response of a new and
commonly grown forage sorghum
cultivar to limited irrigation and planting
density. Agricultural Water Management.
2013;117:62-69. DOI: 10.1016/j.agwat
.2012.11.001

[65] Blum A, Mayer J, Golan G.
Agronomic and physiological assessments
of genotypic variation for drought
resistance in sorghum. Australian Journal
of Agricultural Research. 1989;40:49-61.
DOI: 10.1071/AR9890049



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

[66] Bell ], Naylor C, Heflin K, Sirmon P,
Porter N, Schnell R et al. AgriLife forage
sorghum silage trial. 2019. Available
from https://hale.agrilife.org/
files/2019/12/2019-Texas-AM-AgriLife-
Forage-Sorghum-Silage-Trial-by-
Jourdan-Bell.pdf [Accessed: January 12,
2021]

[67] Miron ], Zuckerman E,

Sadeh D, Adin G, Nikbachat M,

Yosef E, et al. Yield, composition and
in vitro digestibility of new forage
sorghum varieties and their ensilage
characteristics. Animal Feed Science
and Technology. 2005;120:17-32.

DOI: 10.1016/j.anifeedsci.2005.01.008

[68] Aydin G, Grant R], O’Rear J. Brown
midrib sorghum in diets for lactating
dairy cows. Journal of Dairy Science.
1999;82:2127-2135. DOI: 10.3168/
jdsS0022 -0302(99)75456-1

[69] Bucholtz DL, Cantrell RP, Axtell JD,
Lechtenberg VL. Lignin biochemistry
of normal and brown midrib mutant
sorghum. Journal of Agricultural and
Food Chemistry. 1980;28:1239-1245.
DOI: 10.1021/ j£60232a045

[70] Cherney JH, Cherney DJR,

Akin DE, Axtell JD. The potential of
brown-midrib, low-lignin mutants for
improving forage quality. Advances
in Agronomy. 1991;46:157-198.

DOI: 10.1016/S0065-2113(08) 60580-5

[71] Vogel KP, Jung HG. Genetic
modification of herbaceous plants
for feed and fuel. Critical Reviews
in Plant Sciences. 2001;20:15-49.
DOI: 10.1080/20013591099173

[72] Gerhardt RL, Fritz JO, Moore K],
Jaster EH. Digestion kinetics and
composition of normal and brown
midrib sorghum morphological
components. Crop Science.

86

1994;34:1353-1361. DOI: 10.2135/cropscil
994.0011183X003400050039x

[73] Grant R], Haddad SG, Moore K],
Pedersen JF. Brown midrib sorghum
silage for mid-lactation dairy

cows. Journal of Dairy Science.
1995;78:1970-1980. DOI: 10.3168/jds.
S0022-0302(95)76823-0

[74] Kilcer T. Sorghum alternative
management. In: Crop Soil News.
Advanced Ag Systems’s 2021. Available
from https://advancedagsys.com/
wp-content/uploads/2021/01/Jan-
2021-Sorghum-alternative.pdf. 2021
[Accessed: January 1, 2021]

[75] Kilcer T. Sorghum management
alternative part II. Crop soil news. In:
Advanced Ag Systems’. 2021. Available
from https://advancedagsys.com/
wp-content/uploads/2021/02/Feb-2021-
Sorghum-Mgt-2.pdf [Accessed: January
2,2021]

[76] Kilcer T. Nutrient enhanced BMR
forage sorghum. In: Crop Soil News.
Advanced Ag Systems’. 2023. Available
from: https://advancedagsys.com/
wp-content/uploads/2023/03/March-
2023-Nutrient-enhanced-nutrition-
forage-sorghum.pdf. 2023 [Accessed:
January 3, 2023]

[77] Undersander D. Sorghums,
sudangrasses, and sorghum-Sudan
hybrids. University Wisconsin Extension,
Wisconsin Team Forage Focus on Forage.
2003;5(5):1-2

[78] Oliver AL, Grant R], Pedersen JF,
O’Rear J. Comparison of brown
midrib-6 and -18 forage sorghum
with conventional sorghum and
corn silage in diets of lactating dairy
cows. Journal of Dairy Science.
2004;87:637-644. DOI: 10.3168/jds.
S0022-0302(04)73206-3



Effect of Climate Change on Strategy of Forage Feeding in Cattle Farms under Dry Continental...
DOI: http://dx.doi.org/10.5772/intechopen.1005884

[79] Sdnchez-Duarte JI, Kalscheur KF,
Garcia AD, Contreras-Govea FE. Short
communication: Meta-analysis of dairy
cows fed conventional sorghum or corn
silages compared with brown midrib

sorghum silage. Journal of Dairy Science.
2018;102:1-7. DOI: 10.3168/jds.2018-14552

[80] Porter KS, Axtell JD, Lechtenberg VL,
Colenbrander VF. Phenotype, fibre
composition, and in vitro dry matter
disappearance of the chemically induced
brown midrib (BMR) mutants of
sorghum. Crop Science. 1978;18:205-208.
DOI: 10.2135/cropscil978.0011183X0018
00020002x

[81] Strydhorst SM, King JR,

Lopetinsky KJ, Harker KN. Forage
potential of intercropping barley with
faba bean, lupin, or field pea. Agronomy
Journal. 2008;100:182-190. DOI: 10.2134/
agronj2007.0197

[82] Undersander D. Pea and small
grain mixtures. University Wisconsin
Extension, Wisconsin Team Forage Focus

on Forage. 2003;5(7):1-2

(83] Johnston ], Wheeler B, McKinlay J.
Forage production from spring cereals
and cereal-pea mixtures. Ontario,
Ministry of Agriculture Food & Rural
Affairs (OMAF), Ontario. 1998.
Available from: http://www.omafra.gov.
on.ca/english/crops/facts/98-041.htm
[Accessed: March 15, 2018]

87






Chapter 5

Heat Stress Mitigation through
Feeding and Nutritional
Interventions in Ruminants

Razia Kausar and Safdar Imran

Abstract

The livestock producers have been facing numerous challenges including feeding,
management, diseases and environmental conditions. The changes in the environ-
ment, particularly heat stress, affect the comfort level that in turn affects production
and reproduction. Heat stress in ruminants occurs due to an imbalance between
heat dissipation rate and heat exposure from different sources. The external sources
include environmental factors such as temperature, humidity, solar radiations,
wind speed, wind direction and their indexes while internal sources of heat include
metabolism. The high-producing ruminants consume more feed so higher metabolic
rates produce more internal heat, which makes these animals prone to heat stress.
Different heat stress mitigation strategies have been opted in the world. Nutritional
interventions have been suitable and sustainable options. There are a number of
nutrients/feed ingredients that may help in the mitigation of heat stress in ruminants.
Supplementing ruminant feed with feed additives, minerals, vitamins, antioxidants
and balancing the energy and protein level of feed and managing feeding patterns
and feeding frequency have been taken as part of solution to provide relief from
effects of heat stress. The nutritional interventions as a regular practice help in pos-
sible sustainable mitigation of heat stress in ruminants through regulating metabolic
heat production level.

Keywords: heat stress, temperature humidity index, nutrition, ruminants,
management

1. Introduction

The heat stress in livestock farming is a real factor of economic importance. The
ruminants in the herd at below comfort level dispute the resources in nullifying
the stress effects instead of presenting real production potential. It is necessary to
mitigate the heat stress through management either by adding sprinklers and fans
or through nutritional manipulation whichever fits better. The nutritional interven-
tions present better version in term of reducing the metabolic heat production in
ruminants leading to reduction in the required rate of heat dissipation and chances
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of heat stress. The ruminants across the globe are being reared for milk, meat and
draft purposes too. Large ruminants have more requirements of food than small
ruminants yet, the metabolic heat produced from fermentation and other metabolic
processes both in large and small ruminants are as per the ratio of the physical struc-
ture and body capacity and the metabolic rate of these ruminants. Small ruminants
have not been intensively selected for higher production at the level of genetic selec-
tion and breeding in large ruminants. The bulk of milk production in cows creates the
need for a higher quantity of better composition-based feed to fulfill the protein and
energy requirements of these large ruminants. These diets need higher metabolic rates
for efficient conversion into valuable products, the higher metabolic rates produce
more internal heat. Higher internal heat production needs more rapid dissipation of
heat from the body. The external environmental temperature humidity index may
influence the rate of heat dissipation. Any level of imbalance between heat exposure
(from internal and external sources) and heat dissipation results in discomfort and
heat stress. Heat stress in ruminants will impart negative impacts on production

and reproduction, even on animal welfare. Heat stress mitigation strategies become
need of hour under such conditions. These mitigation strategies have a wide range of
applications starting from genetic selection to practically applying fans and cooling
systems at farms. Yet, nutritional interventions for heat stress mitigation have been
explored and applied for efficient and sustainable solutions. This chapter has covered
various aspects of heat stress in ruminants and its mitigation through nutritional
interventions.

2. Heat stress and ruminants

Animal’s health, wellbeing and performance (both productive and reproductive)
are affected by the climatic stressors. The ruminants in the world face environmental
pressure, yet in tropics due to high environmental temperature as compared to cold
regions, these animals bear more stress from the temperature extremes, particularly
higher temperature combined with humidity. Heat stress in temperate areas is also
a factor affecting ruminants during summer months. However, global animal pro-
duction is increasing especially in tropical and subtropical areas of the world [1].
The contribution in production is also associated with the consumption of food of
ruminant origin in various regions of the world. The severe heat stress causes losses
at farms in terms of morbidity, sometimes even mortality, and reduced performance
resulting in heavy economic losses. The rising global temperature predictions suggest
arise in the level of heat stress in ruminants in the future.

The ruminant’s level of production and metabolic heat production rates are
positively correlated. The genetically improved or selected animals for higher
production performance may have chances of higher susceptibility to heat stress
from higher ambient temperatures. Other factors include nocturnal temperatures,
wind velocity, cloud cover along with air temperature and humidity which col-
lectively or individually affect the animal’s capacity to dissipate heat and maintain
homeostasis [2].

However, the selection for high production is desirable for traits of economic
importance including milk and meat in ruminants. The climatic condition in
which ruminants are being reared is critically important. The ruminants feel heat
stress when there is an imbalance between external and internal temperature and
disturbance in the heat loss mechanisms due to any possible factor related to living
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organisms. The temperature humidity index is one of these factors used to assess the
thermal comfort zone of dairy cows [3, 4]. There is a thermoneutral zone for each
species at which animals generally feel comfortable without presenting any sign of
thermal stress. Generally, up to 25°C ambient temperature is considered normal,
above which cattle start to feel heat stress. The comfortable THI has been reported to
be between 67 and 72 in different studies [5]. The THI above this level will affect the
ruminants in all aspects of their welfare, production, reproduction and product qual-
ity. The threshold THI for standing cows has been used as 70 and for lying cows as 65
[6]. However, the THI levels have been categorized into severe stress conditions (THI
> 90), mild stress (80 < THI < 89) and mild stress (72 < THI < 79) as mentioned

in [7]. Furthermore, recent studies present that these above levels underestimate the
true level of heat stress and submitted that the heat stress threshold level exists under
or up to 68 THI [8].

The heat stress conditions can be chronic or acute. The heat stress is generally
presented in terms of indexes prepared from the data of temperature and humidity,
termed as temperature humidity index [THI]. The other indexes may include various
relatable variables including solar radiations and wind speed. The ruminant’s capacity
to cope with these acute or chronic conditions may be assessed through temperature
estimations from various processes including respiration, panting, heat production
and body site temperatures including skin, rectal, vaginal and cloacal temperature.
Skin temperature may be recorded from different body sites. The stress’s indirect
indicators can also be measured including production performances. The effects of
heat stress are also evident at the molecular level in living beings [9]. These param-
eters in turn help to estimate the capacity of animal to dissipate the heat. Heat stress
also threatens the global ecological balance [10]. Animals try to maintain their body
temperature within the range of +0.5°C [11]. The effects of heat stress on animals
are evident in terms of production efficiency, reproductive performance and feed
consumption [12]. The animals are offered with different feed types based on com-
position at different physiological stages and production stages. The heat stress in
ruminants is assessed from the important variables including pulse rate, respiration
rate, rectal temperature, skin temperature and sweating rate, these physiological
processes help in maintaining homeostasis and heat balance in ruminants. Although
these variables are important, genetic differences for these variables exist in animals
at species and breed levels, besides the effects of physiological stage and age of
animals. Heat stress in ruminants imparts varying level of effects from cellular to
physiological stages.

3. Heat stress effects

Heat stress is the most expensive factor in livestock rearing in terms of losses [13].
The three more consistent factors predisposing animals to heat stress irrespective
of production level include increasing global temperature, frequent heat waves
and relocating animals to unfamiliar tropical environments, yet one more factor,
extended weather extremes also increase the possibility of occurrence of heat stress.
The heat stress affects not only the production and reproduction but also the prod-
uct quality. Animals with a rapid rate of metabolism are considered more prone to
the heat stress. The acute heat stress in ruminants (beef) before slaughtering, for
example, can reduce the water holding capacity of meat, softness and pale color due
to glycogenolysis [14]. While the chronic heat stress on the other hand reduces the
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glycogen level of muscles and resulting in dark and firm meat characteristics [15].
These effects present that heat stress at different levels and durations affects product
quality in different ways.

The increased animal welfare issues are the first and foremost impact of heat stress
in ruminant dairy cows [16] followed by reduced production, slow growth rates and
fertility, deteriorating product quality, lowering the market price of the product,
inconsistent quality and also the increasing treatment costs [17]. All these factors
present the importance of prevention from heat stress and heat stress mitigation
strategies. The genetic selection for higher production as compared to selection for
heat tolerance and climate adaptability has been prioritized in the recent past, yet the
shift to the latter will help in heat stress abatement.

The ruminants (Holstein heifers) are prone to heat stress if thermodynamics
changes occur, for example, the heat production contributed from feed fermentation
in the rumen increased the metabolic heat and the heat excretion from the body is
not balanced due to external environmental factors [18]. Sweating is the main tool in
ruminants for evaporative heat loss, yet it is more in bos indicus cattle due to short
and sleek hair coats and higher blood flow to the skin as compared to bos taurus cattle.
Likewise, in sheep, evaporative heat loss is a major factor for cooling the animal, yet
fleece length affects the rate of evaporation and below 40 mm is considered better for
thermoregulation.

Catecholamines (adrenaline and noradrenaline) mediate the heat stress response
along with the autonomous nervous system in animals. The responses mediated
include an increase in respiration rate, pulse rate, body temperature and also the
increased blood flow toward skin instead of viscera to contribute to heat loss from the
body. The catecholamines act on the f2-receptors to inhibit glucogenesis and activate
the glycogenolysis through a series of reactions in muscles mediated through cyclic
adenosine monophosphate, resulting in inhibition of glycogen synthase and activa-
tion of glycogen phosphorylase [19]. The heat stress also increases the concentration
of plasma glucocorticoids by activation of hypothalamic-pituitary-adrenal axis. These
glucocorticoids increase vasodilation, and proteolysis and alter lipid metabolism,
vasodilation facilitates the heat loss mechanism [20].

The decreased feed intake is another prominent effect of heat stress. The reduction
in feed conversion ratio has also been observed in steers [21]. The ruminants counter
the thermal stress through reduction in feed intake to keep the metabolic heat at
lowest during high ambient temperature and humidity, as a natural response [22, 23].
The feed intake reduction only presents about 50% of the effects of heat stress, rest
are explained through the changes in hormonal level of animals. The water intake
requirements are increased twofolds during heat stress in animals. This increased
water intake is important to balance the evaporative loss in ruminants (sheep)
through sweating and panting [24]. It also directly increases the cooling of the rumen,
so the water shortage or scarcity or lack of access to water during heat stress may trig-
ger more harmful responses and also the dehydration in animals.

Heat stress may also induce oxidative stress through increasing reactive oxygen
species and decreasing natural antioxidants. Lipid and protein oxidation, free radi-
cal mediated reactions, cytotoxicity occur due to tissue acidosis and oxidative stress
which in turn result in animal health impairment, production losses and decrease
in product quality [25]. Oxidative stress can even damage the cellular contents and
biological molecules including carbohydrates, cholesterol, lipids, proteins and genetic
material such as DNA and RNA [25]. The heat shock proteins (HSPs) also act as
indicators of heat stress in ruminants. The expression of heat shock protein increases
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due to heat stress [26]. The heat shock proteins are important elements of living
cells helping in cell repair and maintenance and cytoskeleton modulation [27]. The
increased level of HSPs alters the tenderness of beef meat [28] and HSPs also play a
role in proteolysis inhibition and meat toughness in sheep [29].

The thyroid gland is associated with thermogenesis in mammals. The reduced
plasma concentration of triiodothyronine (T3) and tetraiodothyronine (T4) due to
heat stress reduces the metabolic heat production preventing extra heat load asan
adaptive mechanism and along with more actions including energy requirement
reduction and reduction in lipolysis [30]. So, the reduced plasma concentration of
thyroid hormone acts as an indicator of thermal tolerance in animals. The concentra-
tion of insulin increases from basal level and insulin sensitivity also increases as a
result of heat stress in animals. As lipid metabolism generates more metabolic heat
as compared to carbohydrates and proteins [31], the reduction in the metabolism of
adipose tissues is considered heat tolerance evolutionary mechanism. The reduction
in metabolism of adipose tissue is also attributed to the reduced thyroid hormones
(see Figure1).

Among ruminants, the feedlot cattle are more prone to heat stress [17]. There may
be various factors including but not limited to rough radiant surfaces, high energy
diets and less volunteering in seeking water, shade or ventilation [1]. The feed type of
animals also contributes to susceptibility of heat stress, for example, increase in body
temperature of cattle finished at grain is more than those fed on grasses [32]. The
rapidly fermentable grains feeding to wethers (castrated male sheep) predispose them
to heat stress as compared to slow-fermenting feed [33, 34]. The heat stress affects
the weight gain in ruminants, two goat breeds presented different final weights
after exposure to heat stress [35]. Heat stress contributes to altering the physiologi-
cal mechanisms of the rumen, which may lead to metabolic disorders and related
health problems [36, 37]. Changes in the metabolic mechanism in the rumen may
alter the microbial population and pH, decrease rumination and rumen motility and
decrease feed intake and salivary production [37]. To better understand the effects
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Figure 1.
Heat stress effects in cattle and its modulations.
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of heat stress on metabolism, it is necessary to understand the metabolism in animals
at comfort level. The metabolic adaptation to heat stress in dairy cows is attributed

to the endocrine system and signaling proteins associated with these systems that
may alter the endocrine status and target tissue responses if there is a heat stress
challenge [31]. The effects of heat stress on feeding behavior are evident in dairy
animals [38]. The exposure of cattle to heat stress during early lactation has negative
impacts on the biochemical indices in blood, fertility and production [39].

4. Heat stress mitigation

The heat stress mitigation strategies are based on the basic reasons of heat stress.
The thermal stress may be due to factors, alone or in combination, including high THI
values, higher internal heat production (due to varying feed ingredients), feeding
patterns, water intake frequency, animal’s physiology, production level and farm
management practices. Accordingly, mitigation strategies are devised to be imple-
mented for efficient solutions. A basic understanding of the source of heat stress is of
vital importance. The cooling aids or systems can be one of the approaches that can be
applied on different production levels. The permanent solution for avoiding negative
effects of heat stress, can be the genetic selection for thermo-tolerance, yet it may take
time to bring in the final results and altering the genetic makeup of billions of animals
particularly ruminants, however, once genetic changes have been achieved, there will
be the availability of base population for future breeding and production of thermo-
tolerant ruminants. As in the future, the effect of thermal stress seems to increase as
aresult of increasing global warming. It can be done by identification of thermotoler-
ant animals from among the high-producing cows [40] so as to not reducing produc-
tion when selecting for thermotolerance. However, it is established that selection
for higher production has increased the chances of heat stress in highly producing
animals. The high-yielding dairy cows, due to high energy requirement in transition
period, undergo various physiological and metabolic adaptations [41]. These changes
involve the increased lipolysis of adipose tissues and release of non-esterified fatty
acids during third week before and up to 5th week after calving [42]. These are used
for p-oxidation and in tricarboxylic acid cycle for generating energy, resulting in
hepatic gluconeogenesis. However, in ruminants (dairy cattle), non-esterified fatty
acids could be incompletely oxidized or re-esterified to triglycerides, resulting in a
negative energy balance [43]. Different phenotypic markers, phenotypes and omic
techniques may be implicated to identify the heat tolerant animals [44]. The anatomi-
cal and physiological differences of animals across the species or within species,
including coat colors in animals, sweat gland density and sleek hair coat, can also be
used for the selection of animals with thermotolerance or adaptability. Nutritional
interventions are also of prime importance in animals for the heat stress mitigation.
These interventions include different versions including balancing of energy in
animal feed intake, changing the composition of the feed, energy and fiber contents
of the feed offered, feeding time and feeding frequency, supplementation of vitamins
and minerals and addition of yeasts and other feed additives to improve the provi-
sion of nutrients and at the same time to prevent the animal from internal metabolic
impacts that possibly may contribute to the thermal stress. Such interventions lonely
or in combination with managemental strategies including cooling aids and sprinkler
systems may help in alleviating the negative effects of heat stress in feedlot cattle [45].
The interest in nutritional interventions to ameliorate the heat stress effects on
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production and health is rising [46]. The rumen degradable proteins and ruminal
undegradable protein reduction in feed results in increased use of amino acid in syn-
thesis of milk and also helps limit the catabolism in warm climate exposed cattle [47].

Supplementation of Ionophores in dairy cattle during heat stress improved the
feed intake and feed efficiency [48]. Ionophores and monensin feeding also have
beneficial effects in cattle experiencing heat stress [48]. The dietary cation-anion dif-
ferences and bicarbonates by their buffering nature also contribute to relief from the
heat stress in animals. Supplementing dietary yeast improves the condition of heat-
stressed animals. Cows in summers fed with a diet containing ruminal by-pass fats
and good crude protein contents maintain the production level and also have cooling
effects by less metabolic heat production. Lactating dairy cows fed on a palm oil-sup-
plemented diet have better dry matter intake and fewer signs of heat stress [49]. The
heat stress has affected the nitrogen utilization, rumen function and digestibility in
buffalo [50]. The negative energy balance has been improved in animals during heat
stress when fed on a diet containing conjugated linoleic acids, yet it reduces the milk
fat percentage. Supplementation of lipoic acid could be beneficial for alleviating heat
stress in animals due to its effects on metabolism. The heat stress may also disrupt the
metabolism along with effects on other physiological parameters.

The minerals, including Mn, Mo, P, Se and Zn, in animal feed improve the
metabolism and health of animals. The supplementation of Zn in ruminants (dairy
cows) during heat stress and mist sprays help in reducing effects of heat stress and
maintaining the production level [51]. The dietary supplementation of Zn improves
the intestinal health and has potent antioxidant effects. The dietary antioxidants
mitigate the heat stress.

Vitamin A, which comprises retinol, retinal, and retinoic acid, presents a vital
role in body functions including vision, growth and reproduction and possesses
powerful antioxidant property [52]. This vitamin helps in mitigating the oxidative
stress created by heat exposure. The supplementation of vitamin D; and Ca reduced
hyperthermia in heat-stressed Holstein cows and also reduced markers of leaky gut
and inflammation [53]. Vitamins including ascorbic acid, Vitamin B, Vitamin E,
protected Niacin and Nicotinic acid are beneficial in thermotolerance in Holstein
cows [54]. Niacin supplementation improves the metabolism and reduces the thermal
stress effects in lactating dairy cows. Vitamin B has anti-heat stress effects and anti-
inflammatory effects. The nicotinic acid has protective effects on intestinal integrity
against negative impacts of heat stress [55]. The dietary niacin improves the immune
function of beef cattle during heat stress and provides relief from heat stress [56]. The
supplementation of Vitamin C and niacin, either in combination or alone, alleviates
the effects of heat stress and improves the feed conversion efficiency, digestibility,
rumen fermentation, feed intake and milk yield in lactating Friesian cows [57].

The supplementation of dietary betaine helps in mitigating the negative effects
incurred by the heat stress in Karan Fries heifers [58]. Dietary betaine and chromium
supplementation improves the betterment of heat-stressed dairy cows and Girolando
cows, improving energy metabolism and production [59-61]. Chromium (Cr) has
potential antioxidant effects and prevents lipid peroxidation in heat-stressed animals
as heat stress primarily may cause lipid peroxidation due to oxidative stress [60].

The Cr also improves the humeral and cellular immunity in buffalo calves under

heat stress. The Cr also improves the function of insulin in insulin-sensitive tissues,
resulting in better growth, improved feed intake, fertility parameters, carcass quality
and immune functions [60]. Chromium propionate has potential heat stress mitigat-
ing effects in animals by reducing metabolic heat production. The supplementation
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of Chromium propionate in mid-lactation dairy cows increases the milk yield by
improving dry matter intake, antioxidant status and by decreasing rectal temperature
and respiration rate in Holstein cows [62]. Propionate supplementation also yields
better results as its conversion into glucose is around 30%. Chromium propionate
(Cr-Pro) and calcium propionate (Ca-Pro) supplementation provide relief from heat
stress in Holstein dairy cows [63].

The dietary intake of substrates as an evolutionary mechanism of adaptation
produces less insulin during summer in ruminants (Holstein) as compared to spring
and winter [64]. The reduction in RDP and RUP resulted in lowering insulin levels
in the body which has an association with fatty acid mobilization and utilization in
lactating dairy cows [47]. Nutritional interventions are recommended to effectively
mitigate the heat stress effects [51]. The diet containing higher dietary fiber contents
was better taken by the heat stressed Holstein calves, as compared to particle size,
resulting in increased intake of dietary fibers that increases the longer lying behavior,
digestion, feed intake, growth and final body weight [65]. The effects of heat stress on
rumen microbiota were observed [66]. The dietary curcumin nano-micelles benefited
the rumen microbiota and increased the rumen function in heat-stress animals [67].
The exploration of further products and byproducts of plant origin, microbial origin
and mineral and vitamins may contribute more to mitigating the unwanted effects of
heat stress.

5. Conclusion

The ruminants reared in grazing or feedlot systems have been exposed to environ-
mental conditions. The environmental conditions in temperate and tropical climates are
different. During heat stress, animal welfare, production, reproduction and behavior
are affected. The mitigation of the condition through nutritional interventions becomes
the need of time. The nutrients in the rumen have different fates and different metabolic
activities including regulation of metabolism, enriching ruminal microbiota, improving
rumen function, maintenance of pH, improving digestibility and reducing metabolic
heat production. Based on scientific studies, following conclusions were drawn:

1. The supplementation of vitamins, minerals, fatty acids, yeasts, products of
microbial origin, probiotics and plant extracts helps in regulating the internal
heat production level.

2.The nutritional interventions bring changes in cellular response in terms of heat
shock proteins, favoring suitable microbiota in the rumen.

3. The nutritional interventions improve the physiological condition in ruminants
including respiration rate, lowering body temperature and reducing the need for
sweating.

These responses create comfort in ruminants and help in maintaining production
too. Thus, the heat stress mitigation through nutritional intervention needs to be
explored more at molecular, cellular and organism levels in ruminants to improve
welfare, comfort and productivity and to reduce losses. The future prediction of
global warming creates the need to pay more attention to explore and provide alterna-
tive sustainable nutritional solutions for heat stress mitigation.
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Abstract

“Balancing Nutrition and Environmental Sustainability: Advances in Managing
Nitrogen and Phosphorus Emissions in Ruminants” explores the intricate relation-
ship between ruminant nutrition and environmental stewardship. It delves into the
dynamics of nitrogen and phosphorus metabolism in ruminants, addressing the
environmental repercussions of their emissions. These emissions, primarily in
the form of ammonia and phosphates, pose significant environmental challenges,
contributing to air and water pollution, soil degradation, and climate change. The
chapter highlights innovative strategies and technological breakthroughs aimed at
mitigating nitrogen and phosphorus excretion, crucial for reducing environmen-
tal pollution. It offers insights into dietary adjustments, feed additives, and best
practices for sustainable ruminant production. Key areas of focus include dietary
adjustments tailored to optimize nutrient utilization and reduce waste, the utiliza-
tion of feed additives to enhance nutrient absorption and minimize excretion, and
the implementation of best management practices to promote sustainable ruminant
production. By integrating scientific findings with practical applications, this review
underscores the importance of achieving harmony between nutrition optimization
and environmental responsibility in modern agriculture. Through this comprehen-
sive analysis, the chapter aims for balancing the dual goals of optimizing ruminant
nutrition and minimizing environmental impact, thereby contributing to more
sustainable and resilient agricultural systems.

Keywords: ruminants, reduction of nitrogen and phosphorus emissions, nutrition,
water bodies, soil, crop production
1. Introduction

Nitrogen in ruminant systems primarily originates from protein in the feed.
During digestion, protein is broken down into amino acids, which are either utilized

for growth and milk production or deaminated, resulting in the production of ammo-
nia (NH3). Excess ammonia is converted into urea in the liver and excreted in urine.
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When urine is excreted onto the soil, urea is rapidly hydrolyzed to ammonia, which
can volatilize into the atmosphere or undergo nitrification and denitrification
processes, leading to the formation of nitrous oxide (N,0), a potent greenhouse gas
[1]. Excess nitrogen can be converted to nitrate (NO;-) and leach into groundwater,
contributing to water pollution and eutrophication. Nitrogen emissions in ruminant
production primarily stem from the metabolism of dietary protein by the animals,
resulting in the excretion of nitrogen-rich compounds such as urea and ammonia.
These emissions can lead to air and water pollution, contributing to acidification,
eutrophication, and greenhouse gas emissions [2]. The environmental consequences
underscore the urgent need to optimize nitrogen utilization within livestock systems.
Phosphorus in ruminant diets is essential for various physiological functions, includ-
ing bone formation and energy metabolism. However, ruminants typically have low
efficiency in utilizing dietary phosphorus, leading to substantial amounts being
excreted in feces [3]. When phosphorus-rich manure is applied to land, it can contrib-
ute to soil phosphorus accumulation and subsequent runoff into water bodies, caus-
ing eutrophication and harmful algal blooms. The environmental impacts of nitrogen
and phosphorus emissions extend beyond localized pollution, affecting regional and
global ecosystems [4].

Sustainable management of these nutrients in ruminant agriculture necessitates
holistic strategies that consider animal nutrition, feed management, and manure
handling practices. Ruminant agriculture plays a pivotal role in global food pro-
duction, providing essential proteins and nutrients through the rearing of cattle,
sheep, and goats. However, the environmental footprint associated with this sec-
tor, particularly in terms of nitrogen and phosphorus emissions, poses significant
challenges to sustainability [5]. In recent decades, the intensification of ruminant
production has led to heightened concerns about environmental pollution, driven
largely by the excessive excretion of nitrogen and phosphorus from livestock
operations. These nutrients, crucial for animal growth and metabolism, can become
environmental pollutants when not efficiently utilized by the animals. Therefore,
developing strategies to enhance nutrient utilization while reducing waste is essen-
tial for mitigating the environmental impact of ruminant agriculture [6]. Balancing
nutrition in ruminant diets involves optimizing the intake and utilization of key
nutrients such as protein and phosphorus. Achieving this balance not only enhances
animal performance but also minimizes the release of excess nutrients into the
environment.

Ruminant agriculture significantly contributes to N and P emissions, primar-
ily through manure. These emissions can lead to environmental issues such as
eutrophication and greenhouse gas emissions. Optimizing dietary formulations
is a key strategy to improve nutrient efficiency and reduce these ecological foot-
prints. According to Pell et al. [7], precise diet formulations can enhance nutrient
efficiency, thereby reducing the environmental impact of ruminant farming. By
tailoring diets to meet the exact nutritional needs of ruminants, it is possible to
minimize excess nutrient excretion. Innovative dietary interventions and manage-
ment practices are crucial for reducing N and P excretion while supporting animal
health and welfare. These approaches include using feed additives, optimizing
protein intake, and incorporating more digestible feed components to improve
nutrient uptake and reduce waste.

The efficient utilization of nitrogen and phosphorus in ruminant diets is mul-
tifaceted and involves various aspects of animal nutrition, feed management, and
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waste handling. Moreover, the environmental impacts associated with nitrogen and
phosphorus losses from ruminant production systems necessitate integrated solutions
that consider both ecological and agronomic factors. By fostering a deeper under-
standing of the intricate relationship between ruminant nutrition and environmental
sustainability, this chapter aims about promising avenues for achieving sustainable
intensification in livestock production.
Management of nitrogen and phosphorus in agroecosystems.

* Nitrogen and phosphorus are both crucial for plant growth and are obtained
through various organic and inorganic sources.

* Both nutrients face significant losses through crop harvest, erosion, and runoff,
with nitrogen additionally lost through gaseous emissions.

* Management challenges include inefficiencies in nutrient use, environmental
issues like eutrophication and GHG emissions for nitrogen, and soil fixation and

loss of phosphorus.

* There are several management strategies available to mitigate these challenges,
including conservation tillage, intercropping, mixed cropping-livestock systems,

recycling organic matter, and landscape management (Table1).

This table is useful for understanding the dynamics of nutrient management in
agriculture and highlights the importance of integrated [8].

Role in Major Major Management Management
plants sources into losses from challenges opportunities
agroecosystems  agroecosystems
Nitrogen Component N-fixing Crop harvest ~50% N use Conservation
of plants, plant Runoff & efficiency tillage, Covers
chlorophyll, residue organic leaching Eutrophication and residues,
amino acids, fertilizers, Gaseous GHGs Mixed cropping-
and nucleic inorganic emissions livestock,
acids fertilizers, Intercropping,
manure Recycling organic
matter Landscape
design and
management
Phosphorus ~ Component Organic Crop harvest P fixation in soil Conservation
of DNA, fertilizers, Erosion Runoff Peak P Soil loss tillage,
RNA, ATP, inorganic & leaching Eutrophication mycorrhizal
and cell fertilizers, interactions,
membranes manure Coversand
residues, Mixed
cropping-
livestock,
Recycling organic
matter, pH
management
Table 1.

Strategies to enhance nutrient use efficiency and minimize environmental impacts.
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2. Nitrogen and phosphorus dynamics in ruminants
2.1 Nitrogen metabolism in ruminant animals

Nitrogen is an essential nutrient for ruminants, integral to their productivity
and overall health. It is a key component of amino acids, the building blocks of
proteins, which are crucial for growth, milk production, and other physiologi-
cal functions. However, when excreted in excess, nitrogen becomes a significant
environmental pollutant. It contributes to various environmental issues such as
acid deposition, which can damage ecosystems, and eutrophication, which leads to
excessive growth of algae in water bodies. This, in turn, can cause oxygen depletion
and harm aquatic life. Nitrogen emissions also contribute to human respiratory
problems and climate change through the release of nitrous oxide, a potent green-
house gas. Understanding the intricacies of nitrogen metabolism in ruminants is
essential to devise strategies to mitigate these environmental impacts while main-
taining animal productivity.

In ruminants, the digestion of dietary proteins begins in the rumen, a specialized
stomach chamber hosting a complex community of microbes. These microbes play
a crucial role in breaking down plant proteins into smaller peptides and amino acids
through enzymatic action [9]. The fermentation process in the rumen not only aids in
protein breakdown but also facilitates the synthesis of microbial protein from non-
protein nitrogen sources like ammonia. This microbial protein becomes a significant
source of amino acids for the host animal, contributing substantially to its nutritional
needs [10]. The efficiency of this process can be influenced by various factors, includ-
ing the composition of the diet and the balance of nutrients provided.

One of the critical aspects of nitrogen metabolism in ruminants is the absorption
and utilization of ammonia. Ammonia, released from the breakdown of amino acids
and urea, is absorbed from the rumen into the bloodstream and transported to the
liver, where it can be converted back into urea or used for microbial protein synthesis
in the rumen [11]. This recycling of urea is a unique feature of ruminant metabolism,
allowing the animal to conserve nitrogen and optimize its use. Urea is secreted in the
saliva and returned to the rumen, where it is hydrolyzed back to ammonia, providing
a continual source of nitrogen for microbial protein synthesis. This efficient recycling
mechanism helps reduce the overall nitrogen excretion, though any imbalance can
still lead to significant nitrogen losses.

Despite these efficient processes, some nitrogen is inevitably excreted. Excess
nitrogen, not utilized for microbial protein synthesis or other physiological functions,
is primarily excreted as urea in urine. This excretion helps maintain nitrogen balance
within the animal but poses environmental challenges when managed poorly. The
regulation of nitrogen metabolism in ruminants is a finely tuned process influenced
by dietary protein intake, the activity of rumen microbes, and hormonal signals.
Achieving a balance that maximizes nitrogen utilization while minimizing environ-
mental impact requires a comprehensive understanding of these processes and the
implementation of appropriate dietary and management strategies. The complexity
of microbial metabolic activity in the rumen and its subsequent effects on intestinal
and bodily processes underscore the challenge of studying nitrogen metabolism
in ruminants compared to non-ruminants. This complexity necessitates ongoing
research to develop sustainable practices that align ruminant productivity with
environmental stewardship.

106



Advances in Managing Nitrogen and Phosphorus Emissions in Ruminants: A Holistic Approach
DOI: http://dx.doi.org/10.5772/intechopen.1006578

2.2 Ruminal degradation of protein

The ruminal degradation of protein begins with the attachment of bacteria
to feed particles, followed by the activity of cell-bound microbial proteases [12].
Approximately 70 to 80% of ruminal microorganisms attach to undigested feed par-
ticles in the rumen [13], and 30 to 50% of these attached microbes exhibit proteolytic
activity. A diverse consortium of microbial species forms a symbiotic association on
each feed particle, working together to degrade and ferment nutrients, including pro-
teins. The initial products of this microbial degradation are peptides and amino acids
(AAs). The rate and extent of protein degradation depend on the proteolytic activity
of the ruminal microflora and the type of protein, particularly the susceptibility and
accessibility of peptide bonds. Peptides and AAs produced by extracellular proteolytic
activity are then transported inside microbial cells, where they can be further utilized
for microbial protein synthesis.

Protozoa, although present in lower numbers in continuous culture fermenters,
play a significant role in protein degradation in vivo. These large, single-celled organ-
isms have a remarkable ability to engulf substantial molecules, including proteins,
carbohydrates (CHO), and even ruminal bacteria [14]. This engulfment process is
crucial because protozoa can regulate bacterial nitrogen (N) turnover in the rumen
and provide soluble protein to sustain microbial growth. Protozoa themselves cannot
utilize ammonia nitrogen (NH3-N); instead, they contribute to the nitrogen cycle in
the rumen by later returning a fraction of the previously engulfed insoluble protein
to the rumen fluid as soluble protein. This re-release of soluble protein helps maintain
a balance in nitrogen availability, which is essential for microbial growth and overall
rumen function.

The dynamic interaction between bacteria and protozoa in the rumen highlights
the complexity of protein degradation in ruminants. Protozoa play a regulatory
role by modulating bacterial activity and contributing to the pool of soluble
protein in the rumen. This interaction is vital for maintaining ammonia nitrogen
concentrations at optimal levels, which is why defaunation, or removing protozoa,
can lead to decreased ammonia nitrogen concentrations in the rumen [15]. The col-
laborative efforts of bacteria and protozoa ensure efficient protein degradation and
utilization, underscoring the importance of these microorganisms in the overall
nitrogen metabolism of ruminants. Understanding these processes is essential for
optimizing protein use in ruminant diets and minimizing environmental nitrogen
losses (Figure1).

2.3 Factors affecting ruminal protein degradation

Ruminal protein degradation is influenced by several key factors, including the
type of protein, interactions with other nutrients (mainly carbohydrates within the
same feedstuff and the rumen contents), the predominant microbial population,
the ruminal passage rate, and ruminal pH. Understanding these factors is crucial for
optimizing protein utilization and improving the nutritional efficiency of ruminants.

* Type of Protein

The solubility of proteins is a fundamental factor determining their susceptibility
to microbial proteases and thus their degradability. For instance, proteins such as
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Nitrogen metabolism in ruminants [16].

prolamins and glutelins are insoluble and degrade slowly, whereas globulins are solu-
ble and highly degradable in the rumen [17]. However, the solubility of a protein alone
does not fully dictate its degradation rate. The structural complexity of proteins,
including the presence of disulfide bonds in some soluble albumins, can make them
slowly degradable despite their solubility. The tertiary and quaternary structures,
characterized by the bonds within and between protein chains, also significantly
impact degradability. These structural features influence how accessible the proteins
are to microbial enzymes. Consequently, proteins with complex structures may resist
degradation despite their solubility, illustrating that multiple factors contribute to the
overall degradability of proteins in the rumen.

¢ Ruminal Dilution Rate

Protein degradation is inversely related to the passage rate of digesta through the
rumen. As the passage rate increases, the time proteins spend in the rumen decreases,
leading to reduced degradation. According to NRC [18], a cow consuming 18 kg of
dry matter (DM) of a 70:30 forage-to-concentrate ration would have a digesta pas-
sage rate of 0.049 to 0.057/h for wet forages, 0.040 to 0.046/h for dry forages, and
0.056 to 0.068/h for concentrates. If the same cow consumes 26 kg of DM of a 40:60
forage-to-concentrate ration, the passage rate increases, resulting in less time for
ruminal microbes to act on the proteins. This can lead to modest reductions in protein
degradation: 1.2 percentage units for standard ryegrass silage, 2.1 for alfalfa hay,
and 3.5 for soybean meal [19]. Although these reductions are small, they represent
a modest increase in the flow of undegraded dietary protein to the small intestine,
thus enhancing the overall protein efficiency of dairy cows. Adjusting the forage-to-
concentrate ratio to manage passage rates can be a strategic approach to improving
protein utilization in ruminants.
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* Ruminal pH, substrate, and nutrient intevaction

The optimal pH range for rumen proteolytic enzymes is between 5.5 and 7.0 [20].
Within this range, protein degradation is most efficient. However, protein degrada-
tion decreases significantly when the ruminal pH falls below this optimal range. Low
pH can affect the activity of proteolytic enzymes and alter the microbial population
in the rumen. The type of substrate available in the rumen also plays a critical role in
protein degradation. Nutrient interactions, such as the presence of carbohydrates,
can influence the degradation process. Assoumani et al. [21] demonstrated that starch
interferes with protein degradation, noting that the addition of amylase increased the
total ruminal protein degradation of cereal grains by 6 to 20 percentage units. The
combined effect of pH and substrate availability can modify the predominant micro-
bial population, impacting overall protein degradation. For example, low pH can
reduce the population of cellulolytic bacteria, which are essential for fiber degrada-
tion. This reduction in fiber degradation can limit the access of proteolytic bacteria to
proteins, indirectly diminishing protein degradation.

2.4 Phosphorus (P) in ruminants: functionality and distribution

Phosphorus (P) is an essential macromineral for all forms of life, playing a crucial
role in numerous biological processes. Phosphorus, combined with oxygen to form
phosphate (PO4), exists in both organic (PO) and inorganic (PI) forms, making its
biological presence ubiquitous. This macromineral is integral to many essential mol-
ecules and structures, including nucleic acids (DNA and RNA), where it forms part of
the backbone structure, and cell membranes, where it is a component of phospholip-
ids. Additionally, phosphorus is vital in bone composition as calcium phosphate, con-
tributing to skeletal integrity. It also plays a critical role in metabolic activities through
protein phosphorylation, which affects enzyme functionality and post-translational
modifications impacting gene expression. Furthermore, phosphorus is essential for
energy transmission within cells, being a key component of adenosine triphosphate
(ATP), the primary energy carrier in biological systems (Figure 2).

Phosphorus distribution within the animal body is predominantly in the skeleton.
Griinberg [24] reported that approximately 80-85% of total phosphorus in the
animal body is present as insoluble salts in the bones, mainly in the form of calcium
phosphate compounds such as Ca3(P0O4)2 and Cal0(PO4)6(OH)2. These compounds
provide structural strength and rigidity to the skeletal system. The remaining 15-20%
of total body phosphorus constitutes a more readily available pool present in soft tis-
sues and body fluids. This pool includes both inorganic phosphorus (PI) and organic
phosphorus (PO), which is bound to carbon-containing components. Intracellularly,
phosphorus is predominantly present (>99%) and is estimated to be approximately
100 mmol/L, with only 1 mmol/L existing as inorganic phosphate while the rest is
incorporated into organic molecules such as ATP, phospholipids, and nucleic acids.

In the extracellular space, phosphorus is found in both inorganic and organic
forms. Inorganic phosphorus exists as free ions, bound to carrier proteins, or com-
plexed with cations. Organic phosphorus, on the other hand, is present in molecules
like lipoproteins. The serum inorganic phosphate concentration in dairy cattle is on
average 1.5 mmol/L and is maintained in close equilibrium with the extracellular
phosphorus status. This equilibrium is crucial for numerous physiological functions,
including energy metabolism, cell signaling, and structural integrity.
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Pathways of microbial driven nitrogen transformations in excreta patches in grassland ecosystems [22]. The N,O
can also be produced by nitrifier denitrification, chemodenitrification, and dissimilatory nitrate reduction to
ammonium. The SOM and LON are soil organic matter and labile ovganic nitrogen, respectively [23].

The role of phosphorus in energy metabolism is particularly significant in rumi-
nants, where it is involved in the synthesis and utilization of ATP. ATP is essential for
numerous cellular processes, including muscle contraction, protein synthesis, and
maintenance of cell membrane integrity. Phosphorus also contributes to cell signaling
mechanisms through phosphorylation and dephosphorylation processes that regulate
enzyme activity and gene expression. These processes are critical for the adapta-
tion of metabolic pathways to changing physiological conditions and dietary intake.
Therefore, adequate phosphorus nutrition is essential for maintaining optimal health,
productivity, and reproductive performance in ruminants.

2.5 Phosphorus metabolism in ruminants

Phosphorus metabolism in ruminants is a complex and dynamic process that
involves multiple stages, including the digestion, absorption, utilization, and excre-
tion of phosphorus [25].

1. Dietary phosphorus intake: Ruminants primarily obtain phosphorus from their
diet, which includes both organic phosphates (phytates) and inorganic phos-
phates. Phosphorus in plant material predominantly exists as phytate, a form
that is not readily bioavailable to ruminants due to their limited ability to pro-
duce phytase, the enzyme required to break down phytate. This limitation pres-
ents a challenge since phytase activity in the ruminant digestive tract is relatively
low [25]. Therefore, the bioavailability of dietary phosphorus from plant sources
is significantly influenced by the ruminant’s ability to digest phytates, necessitat-
ing dietary strategies to ensure adequate phosphorus intake.

2. Digestion in the rumen: In the rumen, microbes play a crucial role in the break-
down of plant material, including phytates, thereby releasing some phosphorus.
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However, the extent of phytate degradation in the rumen is limited because
rumen microbes produce low levels of phytase. Consequently, a significant por-
tion of phytate-bound phosphorus remains undigested and continues through
the digestive system. This limited degradation poses a challenge in optimizing
phosphorus utilization from plant-based diets. Despite this, the microbial action
in the rumen still contributes to the release of some free phosphorus, which can
be absorbed and utilized by the animal. Understanding the microbial ecology
and enhancing phytase activity in the rumen are areas of ongoing research aimed
at improving phosphorus availability from dietary sources. Wang and Shang [26]
found out the benefits of phytase that are its double effects on reducing the use
of expensive inorganic phosphorus in animal diets and the environment pollu-
tion from excessive manure phosphorus runoff. Guerrand [27] showed through
his experimental findings that the addition of phytase to feed results in a lower
excretion of the phosphorous content in manure, contributing to a lower envi-
ronmental impact of livestock farming. Phytase for feed application is produced
by fermentation of microbial strains.

3. Absorption: As phytate-bound phosphorus that escapes rumen degradation enters
the lower digestive tract, particularly the small intestine, it encounters pancre-
atic enzymes, including pancreatic phytase. This enzyme hydrolyzes phytate into
inositol and orthophosphate (free phosphate), making phosphorus available for
absorption. The majority of phosphorus absorption occurs in the small intestine,
especially in the jejunum. This process involves active transport mechanisms fa-
cilitated by specific carriers in the intestinal epithelial cells. These carriers ensure
efficient uptake of phosphate into the bloodstream. Phosphorus absorbed from
the intestine is then distributed throughout the body, playing vital roles in vari-
ous metabolic processes, including bone formation, energy metabolism through
ATP, and cellular signaling. The effective absorption of phosphorus is critical for
maintaining the mineral’s balance and supporting the overall health and produc-
tivity of ruminants.

4. Phosphate Utilization and Regulation: Once absorbed, phosphorus is utilized in
multiple metabolic functions. It is crucial for the formation and maintenance
of bones, as it combines with calcium to form calcium phosphate, the primary
mineral in bone structure. Additionally, phosphorus is integral to energy me-
tabolism, as it is a key component of ATP, which is essential for energy transfer
within cells. It also plays a significant role in cellular signaling pathways, affect-
ing various physiological processes. The regulation of phosphorus metabolism
involves hormonal control, primarily through parathyroid hormone (PTH) and
vitamin D. PTH increases the release of phosphorus from bones and enhances its
reabsorption in the kidneys, while vitamin D promotes the absorption of calcium
and phosphorus in the intestine. The kidneys play a pivotal role in excreting ex-
cess phosphorus, thereby maintaining homeostasis. Ruminants efficiently regu-
late phosphorus excretion based on dietary intake and physiological demands,
ensuring that excess phosphorus is eliminated to prevent toxicity.

5.Strategies for Phosphorus Supplementation: To meet the phosphorus requirements
of ruminants, dietary supplements are often necessary. Inorganic phosphorus
sources, such as dicalcium phosphate, and organic phosphorus sources, like phy-
tase, are commonly added to ruminant diets. These supplements help to ensure
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that the animals receive sufficient phosphorus to support their metabolic needs.
Feed management practices, including balancing the dietary calcium-to-phos-
phorus ratio, are essential for optimizing phosphorus utilization and preventing
metabolic disorders. Proper supplementation and management strategies are
critical to enhancing the efficiency of phosphorus use in ruminant nutrition,
thereby improving animal health and productivity while minimizing environ-
mental impacts.

3. Environmental consequences of nitrogen and phosphorus emissions

Nitrogen and phosphorus are vital nutrients essential for plant growth and are
widely utilized in agriculture as fertilizers. However, their excessive use and resultant
emissions have profound environmental consequences, particularly eutrophication
and water pollution. Understanding these impacts is crucial for devising strategies to
mitigate their negative effects on ecosystems.

3.1 Eutrophication

Eutrophication is a process wherein a water body becomes overly enriched with
nutrients, especially nitrogen and phosphorus, resulting in excessive growth of plants
and algae. This phenomenon significantly disrupts aquatic ecosystems and diminishes
water quality. The primary culprits of eutrophication are the over-enrichment of
water bodies with nutrients, principally phosphorus, which leads to uncontrolled
growth of primary producers like algae and aquatic plants (Figure 3). This over-
growth often leads to episodes of oxygen depletion when the algal blooms die and
decompose. The decomposition process consumes oxygen, leading to hypoxic or
anoxic conditions, which can cause massive die-offs of fish and other aquatic organ-
isms, thereby disrupting the entire ecosystem [29].

Excess phosphorus typically enters water bodies from both point sources, such as
sewage and industrial discharges, and nonpoint sources, such as agricultural runoff.
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Figure 3.
Principal paths of phosphorus utilization in dairy cows per day producing 30 kg milk per day [28].
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In many regions, nonpoint sources have become the primary contributors to eutrophi-
cation. The over-application of fertilizers or manure in agriculture causes phosphorus
to accumulate in soils, which is then washed into lakes and rivers during rainfall. This
phosphorus stimulates the growth of phytoplankton and aquatic plants, leading to
dense algal blooms. Historically, eutrophication due to anthropogenic nutrient inputs
has become a significant environmental problem, especially from the mid-twentieth
century onward. Recovering from such eutrophication, particularly in regions heavily
impacted by agricultural runoff, could take centuries or more [30, 31].

Animal production systems contribute significantly to nitrogen pollution, affect-
ing both groundwater and air quality. Managing these impacts requires an integrated
approach involving better manure management practices, dietary adjustments for
livestock, improved application techniques, and effective monitoring and regulatory
frameworks (Figure 4).

3.1.1 Causes of nutrient overload

Excess nitrogen and phosphorus from agricultural runoff, sewage discharges,
and fertilizers are primary contributors to nutrient overload in water bodies such as
lakes, rivers, and coastal areas. Numerous activities within a drainage basin influence
the water quality of these bodies. For instance, a lake or reservoir might naturally
experience eutrophication if it is located in a fertile region with nutrient-rich soils.
However, human activities significantly exacerbate this process. In many lakes and

Organic

Figure 4.
The flow of nitrogen associated with animal production. Potential impacts include effects on groundwater and air
quality.
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reservoirs, untreated or inadequately treated wastewater remains a major source of
nutrient input. Conventional mechanical-biological wastewater treatments do not
fully remove nitrogen (25-40 mg/L) and phosphorus (6-10 mg/L), leading to their
continued presence in the effluent [31].

Agriculture, including livestock farming, is the largest source of nonpoint water
pollution. Runoff from agricultural lands carries both phosphorus and nitrogen,
with nitrogen being more prevalent due to its solubility. The extensive use of fertil-
izers results in high concentrations of these nutrients in runoff. When eroded soil
reaches water bodies, both phosphorus and nitrogen contribute to eutrophication.
Deforestation, often a result of poor land management, exacerbates soil erosion and
nutrient runoff. Nitrates, due to their water-soluble nature, easily move with surface
runoff into rivers or percolate through the soil into groundwater. A 1998 assessment
by the Ecological Society of America found that only about 18% of the nitrogen
applied as fertilizer is taken up by crops, with the remaining 82% is left in the soil.
This residual nitrogen either accumulates, erodes with the soil, leaches into ground-
water, or volatilizes into the atmosphere [32].

3.1.2 Consequences of nutrient envichment

Nutrient enrichment from nitrogen and phosphorus runoff promotes rapid
growth of algae and aquatic plants, leading to dense algal blooms. As these organisms
die and decompose, oxygen is consumed by bacteria, resulting in hypoxic (low-
oxygen) conditions. These conditions can cause massive fish kills and the decline of
other aquatic species. Algal blooms also block sunlight from reaching deeper waters,
affecting the growth of submerged aquatic vegetation, which is crucial for maintain-
ing healthy aquatic ecosystems.

Eutrophication poses a serious threat to the environment, heavily degrading freshwa-
ter systems by reducing water quality and altering the structure and function of ecosys-
tems globally. The root causes of this problem are population growth, industrialization,
and the excessive use of fertilizers, which result in disproportionate amounts of nutrients
stimulating the overgrowth of plants and algae. Addressing eutrophication is urgent, as
nutrient accumulation makes controlling it more difficult over time.

3.1.3 Mitigation strategies

Effective solutions to eutrophication require a comprehensive approach. The first
and most obvious step toward protecting and restoring water bodies is to reduce the
nitrogen and phosphorus loads entering freshwater systems. This can be achieved
through changes in agricultural practices, such as restricting fertilizer use, optimizing
nutrient use to match crop requirements, and planning the timing and methods of
fertilizer application. Establishing more sustainable agricultural practices is crucial.

Moreover, reducing atmospheric sources of nitrogen, improving sewage and waste-
water treatment, and controlling diffuse urban nutrient sources, such as runoff from
streets and storm sewers, are essential. The introduction of wetlands as nutrient sinks
can help absorb and filter excess nutrients before they reach water bodies. However,
these measures alone are insufficient for immediate and long-lasting effects.

Modern strategies must consider various aspects, including phosphorus enrich-
ment and food web structures, to understand the changes that occur after nutrient
load alterations. An improved understanding of the interactive effects between
grazers, nutrients, and algal production is necessary for successful eutrophication
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management. Governments must implement more effective policies to regulate
industrial and agricultural activities that contribute to nutrient pollution. By promot-
ing sustainable agricultural practices, enhancing wastewater treatment, and restoring
natural ecosystems like wetlands, we can mitigate the adverse impacts of nitrogen and
phosphorus emissions on our water bodies and ensure healthier aquatic environments
for future generations [33].

3.1.4 Phases of eutvophication

Eutrophication is the process by which water bodies become enriched with
nutrients, particularly phosphorus (P) and nitrogen (N), leading to excessive plant
and algal growth. This process can be broken down into three phases, each influenced
by the increasing difference in P and N emissions. Here is a detailed explanation of
these phases:

3.1.4.1 Phase 1: Oligotrophic to mesotrophic transition
1. Nutrient Input Incvease

* Phosphorus and Nitrogen Sources: Initial nutrient inputs come from agricultural
runoff, wastewater discharge, and atmospheric deposition. Both phosphorus
and nitrogen levels begin to increase.

* Difference in Emissions: Initially, the increase in phosphorus and nitrogen emis-
sions might be relatively balanced.

2. Primary Productivity Increase

* Algal Growth: Enhanced nutrient availability promotes the growth of algae and
aquatic plants.

* Oxygen Levels: During this phase, primary productivity increases, which can
lead to higher oxygen production during the day but potentially lower levels at
night due to respiration.

3. Water Quality Changes
* Clarity and Algal Blooms: Water clarity may decrease slightly due to the initial
algal blooms. However, this phase is often still characterized by relatively good

water quality.

* Biodiversity: The ecosystem might still support a diverse range of aquatic
organisms, including fish and invertebrates.

3.1.4.2 Phase 2: Mesotrophic to eutrophic transition

1. Nutrient Imbalance

* Phosphorus vs. Nitrogen: As agricultural practices intensify and urbanization
increases, phosphorus inputs (e.g., from fertilizers and detergents) often
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exceed those of nitrogen. This imbalance can drive significant changes in water
chemistry and ecosystem dynamics.

2. Algal Bloom Intensification
* Cyanobacteria Dominance: Excess phosphorus can lead to the dominance of
cyanobacteria (blue-green algae), which can outcompete other algae and
aquatic plants. These blooms can be toxic and harmful to aquatic life.
* Hypoxia: The decomposition of large algal blooms consumes oxygen, leading to

hypoxic (low oxygen) or anoxic (no oxygen) conditions, particularly in deeper
waters.

3. Water Quality Deterioration

* Decreased Clarity: Water clarity significantly decreases due to dense algal
growth.

* Odors and Toxins: Cyanobacterial blooms can produce unpleasant odors and
release toxins that are harmful to fish, wildlife, pets, and humans.

4. Biodiversity Decline
* Fish Kills: Hypoxic conditions can lead to fish kills and the loss of other aquatic

organisms, reducing biodiversity.
Phase 3: Eutrophic to Hypereutrophic Transition

1. Severe Nutrient Overload
* Extreme Nutrient Levels: Continued and excessive inputs of phosphorus
and nitrogen lead to hypereutrophic conditions, where nutrient levels are

extremely high.

* Nitrogen Saturation: At this stage, nitrogen inputs might also become excessive,
compounding the eutrophication problem.

2. Massive Algal Blooms

* Algae and Cyanobacteria: Algal and cyanobacterial blooms become more
frequent, intense, and persistent.

* Light Limitation: Dense algal mats limit light penetration, severely affecting
submerged aquatic vegetation.

3. Chronic Hypoxia and Anoxia

* Dead Zones: Large areas of the water body may become dead zones, where
oxygen levels are too low to support most aquatic life.
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* Sediment Accumulation: Accumulated organic matter from dying algae settles
on the bottom, creating thick layers of sediment that further consume oxygen
during decomposition.

4. Ecosystem Collapse

* Loss of Biodiversity: The ecosystem can collapse, with the loss of most fish and
invertebrate species, leaving a community dominated by a few tolerant species.

* Economic and Health Impacts: The collapse of the ecosystem can have severe
economic impacts on fisheries, tourism, and water treatment costs. Health
risks also increase due to toxins from harmful algal blooms (Figure 5).

4. Water pollution
4.1 Source

Agricultural activities, particularly the extensive use of synthetic fertilizers and
manure, are major contributors to nitrogen and phosphorus pollution in water bodies.
Water pollution occurs when these excess nutrients enter water systems, leading to
significant environmental degradation. This pollution primarily results from agricul-
tural runoff, septic tank discharges, feedlot effluents, and combustion emissions. Raw
sewage is also a significant contributor to cultural eutrophication, where untreated
or partially treated sewage is released into large water bodies, introducing high levels
of nutrients that stimulate algal growth. Despite regulations, sewage dumping still
occurs globally, exacerbating the issue.

The agricultural boom, particularly since the 1910s and again in the 1940s to meet
increased food demand, has heavily relied on fertilizers. These substances, whether
natural or chemically modified, enhance soil fertility but also lead to an influx of
nutrients into the environment. Commercial fertilizers primarily—contain nitrogen,
phosphorus, and potassium—referred to as the “Big 3” essential nutrients for plant
growth. However, when these nutrients are not fully absorbed by crops, they can
leach into the soil and eventually find their way into water systems. This runoff from
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farm fields and pastures is a significant source of water pollution, contributing to the
eutrophication of surface waters.

4.2 Consequences

Excessive nutrient pollution has several detrimental effects on water quality and
aquatic ecosystems. When nitrogen and phosphorus levels rise, they disrupt the natu-
ral balance of aquatic systems. One of the most visible consequences is the formation
of dense algal blooms. These blooms, often comprising harmful algae, can produce
toxins such as microcystins that pose severe risks to human and animal health. The
decomposition of these algal blooms by bacteria consumes large amounts of oxygen in
the water, leading to hypoxic conditions or “dead zones,” where oxygen levels are too
low to support most marine life.

Furthermore, nitrogen and phosphorus pollution can cause harmful algal blooms
(HABs) that not only deplete oxygen but also release toxins that contaminate drinking
water sources and harm aquatic life. HABs can lead to fish Kkills, loss of biodiversity,
and disruption of food webs. In coastal areas, these blooms can also affect tourism
and fishing industries, causing economic losses. The excessive presence of nutrients
in water bodies can lead to long-term ecological imbalances, making recovery difficult
and slow.

4.3 Runoff

Rainwater and irrigation play a significant role in transporting excess nutrients
from agricultural fields into nearby water bodies. When rain falls on fertilized fields,
it dissolves the nitrogen and phosphorus present in the soil, creating nutrient-rich
runoff. This runoff flows into streams and rivers, eventually reaching larger water
bodies such as lakes, estuaries, and oceans. The cumulative effect of nutrient runoff
can be profound, causing widespread eutrophication and water quality degradation
across entire watersheds.

In addition to agricultural runoff, urban runoff also contributes to nutrient pollu-
tion. Stormwater runoff from streets, lawns, and industrial areas can carry nutrients
into storm sewers and directly into water bodies. This urban runoff often contains
fertilizers from residential lawns, pet waste, and other sources of nitrogen and phos-
phorus. Combined with agricultural sources, urban runoff exacerbates the problem
of nutrient pollution, making comprehensive management strategies essential.

4.4 Mitigation approaches

Addressing nutrient pollution requires a multifaceted approach. Effective mitiga-
tion strategies include nutrient remediation, nutrient trading, and nutrient source
apportionment. Nutrient remediation involves techniques to remove or neutralize
excess nutrients in water bodies, such as using constructed wetlands to absorb nutri-
ents or applying chemical treatments to bind phosphorus.

Nutrient trading is an innovative market-based approach where sources of nutri-
ent pollution can buy and sell pollution credits. This system encourages reductions
in nutrient emissions by allowing entities that reduce their nutrient outputs below a
certain threshold to sell their excess reduction capacity to others struggling to meet
regulatory limits. This creates a financial incentive for pollution reduction.
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Nutrient source apportionment involves identifying and quantifying the vari-
ous sources of nutrient pollution within a watershed. By understanding the specific
contributions of agriculture, urban runoff, and other sources, targeted interventions
can be implemented. For example, best management practices (BMPs) in agriculture,
such as precision farming, buffer strips, and cover crops, can significantly reduce
nutrient runoff. Urban areas can improve stormwater management through green
infrastructure, such as rain gardens and permeable pavements, which help absorb and
filter runoff before it reaches water bodies.

Ultimately, addressing nitrogen and phosphorus pollution requires coordinated
efforts across multiple sectors, including agriculture, urban planning, and waste-
water management. Governments must enforce stricter regulations on nutrient
emissions, promote sustainable agricultural practices, and invest in infrastructure
improvements to mitigate urban runoff. Public awareness campaigns can also play
a crucial role in encouraging responsible fertilizer use and reducing pollution at the
source. By implementing these comprehensive strategies, we can protect our water
bodies from nutrient pollution and ensure the health of aquatic ecosystems for future
generations [35].

5. Impact on biodiversity
5.1 Loss of diversity

Eutrophication caused by excessive nitrogen and phosphorus pollution signifi-
cantly impacts biodiversity in aquatic ecosystems. The over-enrichment of water
bodies with these nutrients leads to the rapid proliferation of certain algae and
aquatic plants, often at the expense of other species. This shift in species composition
favors fast-growing, nutrient-loving species such as cyanobacteria and some types
of algae, which can outcompete and displace more diverse and less tolerant species.
Consequently, the overall biodiversity of the ecosystem declines. For example, clear-
water ecosystems that supported a wide variety of fish, plants, and invertebrates can
become dominated by a few species of algae and cyanobacteria, leading to a loss of
ecological complexity and resilience. These changes can disrupt food webs and reduce
the habitat availability for many aquatic organisms, from microscopic zooplankton to
larger fish species [36].

5.2 Fisheries decline

The depletion of oxygen in water bodies due to eutrophication, known as hypoxia,
severely affects fish populations and other aquatic organisms. As algal blooms die and
decompose, the decomposition process consumes large amounts of dissolved oxygen,
creating hypoxic conditions. Fish and other aerobic organisms struggle to survive
in such low-oxygen environments, leading to mass die-offs and significant declines
in fish populations. This not only disrupts local ecosystems but also impacts human
communities that rely on fisheries for their livelihoods. The economic impact can be
profound, particularly in regions where fishing is a primary source of income and
food. The decline in fish populations can also have cascading effects throughout the
ecosystem, affecting species that depend on fish for food and altering the balance of
aquatic communities [36].
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6. Human health
6.1 Toxin exposure

Harmful algal blooms (HABs), driven by excess nitrogen and phosphorus,
produce toxins that pose serious risks to human health. These toxins, such as micro-
cystins and saxitoxins, can contaminate drinking water supplies and accumulate in
seafood, posing health risks to humans who consume contaminated water or seafood.
Exposure to these toxins can lead to a range of health issues, including gastrointes-
tinal illnesses, liver damage, and neurological symptoms. In severe cases, exposure
can be fatal. Recreational water bodies affected by HABs also pose direct health risks
to swimmers and other water users. The economic costs associated with HABs are
significant, including healthcare costs, loss of tourism revenue, and the expense of
water treatment and mitigation efforts [37].

6.2 Drinking water contamination

The proliferation of algae and cyanobacteria in nutrient-enriched waters can lead
to the contamination of drinking water sources. Algal blooms can clog water intake
pipes and filters, complicating the water treatment process. Moreover, the toxins
produced by some algal species can survive conventional water treatment processes,
necessitating additional and often costly treatment steps to ensure water safety. The
presence of high nutrient levels can also foster the growth of pathogenic bacteria, fur-
ther compromising water quality. Communities relying on affected water sources face
increased costs and potential health risks, underscoring the importance of controlling
nutrient inputs to protect drinking water supplies.

7. Mitigation strategies
7.1 Sustainable agricultural practices

To mitigate nitrogen and phosphorus emissions, adopting sustainable agricultural
practices is crucial. Precision farming techniques, which optimize fertilizer appli-
cation based on crop needs and soil conditions, can significantly reduce nutrient
runoff. Proper fertilizer management involves timing applications to coincide with
crop uptake periods and using the appropriate amounts to avoid excess. Establishing
buffer zones along waterways can trap nutrient runoff before it reaches water bodies.
Utilizing alternative nutrient sources, such as organic fertilizers, can also help reduce
the reliance on synthetic fertilizers. These practices not only improve water quality
but also enhance soil health and agricultural productivity.

7.2 Effective wastewater treatment and regulations

Advanced wastewater treatment technologies are essential for removing nutrients
from sewage before it is discharged into water bodies. Implementing stringent regula-
tions to control nutrient runoff from agricultural and urban areas can also reduce nutri-
ent pollution. Policies that promote the use of cover crops, conservation tillage, and other
best management practices (BMPs) can mitigate runoff. Urban stormwater management
practices, such as green infrastructure, rain gardens, and permeable pavements, can
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help reduce nutrient loads from urban areas. Together, these measures can significantly
reduce the environmental impact of nitrogen and phosphorus emissions.

8. Innovative approaches to managing nitrogen and phosphorus emissions

Innovative approaches to managing nitrogen and phosphorus emissions include
precision agriculture techniques, such as using GPS and soil sensors to apply fertil-
izers more efficiently and accurately, reducing excess application. Advanced manure
management practices, like anaerobic digestion and composting, can stabilize
nutrients and reduce emissions. Constructed wetlands and buffer strips can capture

and filter runoff, preventing nutrient leaching into water bodies. Bioreactors and
microbial treatments can enhance the breakdown and removal of excess nutrients
in agricultural and wastewater systems. Additionally, policy measures, including

nutrient trading schemes and stricter regulations, can incentivize better management

practices and reduce overall nutrient loads (Table 2).

Management Description Impact on emissions References
practice
Dietary modification Adjusting the diet to optimize Decreases nitrogen and [38]
nutrient utilization and reduce phosphorus emissions by
excess nitrogen and phosphorus improving feed efficiency.
excretion.
Precision feeding Feeding animals according to their ~ Reduces nutrient excretion [39]
specific nutrient requirements. by matching intake with
requirements.
Use of feed additives Incorporating additives such Can significantly reduce [40]
as enzymes, probiotics, or nitrogen emissions and
nitrification inhibitors to enhance improve phosphorus
nutrient absorption. utilization.
Manure management Proper storage, treatment, and Decreases nitrogen [41]
application of manure to minimize  volatilization and phosphorus
nutrient losses. runoff.
Pasture management Rotational grazing, appropriate Reduces nitrogen and [42]
stocking rates, and maintaining phosphorus losses through
pasture health. leaching and runoff.
Use of forage crops Incorporating high-quality forage Enhances nutrient efficiency [43]
crops to improve nutrient uptake. and reduces emissions by
providing balanced nutrition.
Supplementation with  Adding specificamino acidstothe =~ Decreases nitrogen excretion [44]
amino acids diet to balance protein intake. by improving protein
utilization.
Water management Ensuring adequate water supply Improves overall nutrient [45]
and quality to support metabolic utilization and reduces
processes. environmental impact.
Integrated crop- Combining crop and livestock Reduces reliance on external [46]
livestock systems production to recycle nutrients inputs and decreases nutrient
efficiently. losses.
Table 2.

Management practices to control nitrogen and phosphorus emissions in ruminants.
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8.1 Improved feeding strategies

In ruminant production systems, optimizing feeding strategies is essential to
reduce nitrogen (N) and phosphorus (P) emissions. Formulating balanced diets that
match the protein supply with the animals’ requirements can minimize excess nitro-
gen excretion. This involves precise feeding practices tailored to the specific needs
of ruminants at different stages of life and production cycles. For instance, using
rumen-protected amino acids can reduce the total crude protein needed while still
meeting the animals’ amino acid requirements, thereby lowering nitrogen excretion.
Implementing precision feeding techniques, such as automated feeders and real-time
monitoring systems, can adjust diets based on individual animal needs, further
reducing nitrogen waste [2, 47].

8.2 Improved forage quality

Utilizing high-quality forages that are more digestible and have better protein effi-
ciency can reduce the need for supplementary protein sources and decrease nitrogen
excretion in ruminant production systems. High-quality forages typically have lower
fiber content and higher digestibility, allowing ruminants to extract more nutrients
from the feed. These forages also have a balanced ratio of rumen-degradable and
rumen-undegradable proteins, ensuring a steady supply of amino acids for microbial
protein synthesis and direct absorption. By improving forage quality, farmers can
enhance nutrient uptake and minimize environmental impact [48].

8.3 Feed additives

The use of feed additives such as nitrification inhibitors, tannins, and saponins can
effectively reduce nitrogen emissions in ruminant production. Nitrification inhibitors
slow down the conversion of ammonium to nitrate in the soil, reducing ammonia
volatilization and nitrate leaching. This keeps nitrogen in a less leachable form, mini-
mizing groundwater contamination and nutrient runoff into surface waters. Tannins
and saponins in the diet can bind to proteins, reducing protein degradation in the
rumen and lowering nitrogen emissions. These additives can be included in ruminant
diets as feed additives or applied directly to soils [49].

By adopting these innovative approaches and implementing effective manage-
ment strategies, it is possible to mitigate the environmental impacts of nitrogen and
phosphorus emissions, ensuring the protection and restoration of aquatic ecosystems
and the preservation of biodiversity.

8.4 Phosphorus emissions mitigation strategies
8.4.1 Phosphorus optimization

One of the effective strategies to mitigate phosphorus emissions in ruminant
production systems involves optimizing phosphorus utilization through the use of
phytase enzymes. In many plant-based feeds, phosphorus is stored in the form of
phytic acid or phytate, which is largely indigestible by ruminants because they lack
sufficient endogenous phytase enzymes. As a result, phytate-bound phosphorus
passes through the digestive system without being absorbed, leading to lower phos-
phorus bioavailability and higher excretion in manure.
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Phytase is an enzyme that catalyzes the hydrolysis of phytate, releasing inorganic
phosphorus that can be readily absorbed by the animal. By incorporating phytase
into ruminant diets, the bioavailability of phosphorus is significantly increased,
allowing for better utilization of this essential nutrient. Improved phosphorus
utilization means that less phosphorus is excreted in manure, thereby decreasing the
environmental impact associated with phosphorus runoff and eutrophication. Studies
have shown that phytase supplementation in animal feeds can reduce the need for
inorganic phosphorus supplements, thus lowering overall phosphorus emissions from
agricultural operations [50].

8.4.2 Manure management

Effective manure management is crucial for reducing phosphorus runoff and its
associated environmental impacts. This involves applying manure at appropriate rates
and times to match crop nutrient requirements and minimize losses. Precision appli-
cation technologies, such as GPS-guided manure spreaders and variable-rate technol-
ogy (VRT), ensure uniform distribution of manure across fields, thereby reducing the
risk of phosphorus runoff. By implementing these technologies, farmers can apply
manure more efficiently, targeting specific areas of the field that need nutrients and
avoiding over-application that can lead to runoff and leaching [51].

Additionally, advanced manure processing technologies such as composting,
anaerobic digestion, and chemical treatment can be used to reduce the phosphorus
content in manure before it is applied to fields. Composting and anaerobic digestion
not only reduce the volume of manure but also stabilize nutrients, making them less
prone to runoff. Chemical treatments can precipitate phosphorus, making it less
soluble and thus less likely to leach into waterways. The rate of manure application
should be based on comprehensive soil testing to determine existing nutrient levels
and manure testing to ascertain its nutrient composition. Adhering to recommended
application rates prevents the buildup of excess phosphorus in the soil, further
mitigating the risk of nutrient runoff.

8.4.3 Erosion control and buffer strips

Erosion control measures are also essential in managing phosphorus emissions.
Implementing practices such as conservation tillage, cover cropping, and the estab-
lishment of buffer strips along waterways can significantly reduce soil erosion and
phosphorus runoff. Buffer strips, which are vegetated areas between agricultural
fields and water bodies, act as filters, trapping sediment and phosphorus before they
reach streams and rivers. These vegetative barriers can absorb and utilize nutrients,
reducing the amount of phosphorus that enters aquatic ecosystems.

8.4.4 Nutrient management planning

Developing comprehensive nutrient management plans that include regular soil
testing, crop nutrient needs assessment, and careful timing of fertilizer applications
can optimize phosphorus use and reduce environmental impacts. These plans should
be tailored to the specific conditions of each farm, considering factors such as soil type,
crop rotation, and weather patterns. By implementing precision agriculture techniques,
farmers can apply fertilizers more efficiently, ensuring that crops receive the necessary
nutrients without excess application that can lead to runoff and pollution.
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By adopting these innovative approaches and implementing effective manage-
ment strategies, it is possible to mitigate the environmental impacts of nitrogen and
phosphorus emissions, ensuring the protection and restoration of aquatic ecosystems
and the preservation of biodiversity. Improved phosphorus management not only
enhances environmental sustainability but also contributes to the long-term produc-
tivity and resilience of agricultural systems.

8.5 Integrated approaches
8.5.1 Crop-livestock integration

Integrated crop-livestock systems (ICLS) are a sustainable agricultural practice
that fosters synergistic relationships between crop production and livestock farm-
ing. In these systems, crop residues serve as animal feed, and manure is utilized
as fertilizer, thereby enhancing nutrient recycling and reducing the reliance on
external inputs. Applying manure to croplands recycles essential nutrients, such
as nitrogen (N), phosphorus (P), and potassium (K) and provides organic matter
that improves soil structure and microbial activity. This practice enhances soil
fertility and reduces the need for synthetic fertilizers. Properly managed manure
application also minimizes nutrient runoff into water bodies, thus mitigating water
pollution and eutrophication [52]. By integrating crops and livestock, farmers can
create a closed-loop system that maximizes resource efficiency and environmental
sustainability.

8.5.2 Cover crops

The use of cover crops is a key strategy to capture excess nitrogen (N) and
phosphorus (P), preventing them from leaching into waterways and improving soil
health. Cover crops, such as clover, vetch, and peas, are planted during off-season
periods when main crops are not cultivated. These plants provide multiple agro-
nomic and environmental benefits, including reducing soil erosion, enhancing soil
structure, and increasing organic matter content. Cover crops contribute to carbon
sequestration by incorporating organic carbon into the soil, which helps mitigate
climate change. Leguminous cover crops can fix atmospheric nitrogen, thereby
adding to the soil nitrogen content and reducing the need for chemical fertilizers
[53]. This practice not only improves soil fertility but also promotes biodiversity and
ecosystem health.

8.5.3 Monitoring and management tools

Effective nutrient management in agricultural systems involves the use of
advanced monitoring and management tools to optimize nutrient use and minimize
environmental impacts.

By adopting these innovative approaches and implementing effective management
strategies, it is possible to mitigate the environmental impacts of nitrogen and phos-
phorus emissions. Integrated crop-livestock systems, the use of cover crops, nutrient
management plans, and decision support systems collectively enhance the efficiency
and sustainability of agricultural production. These practices not only reduce the
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environmental footprint of farming but also contribute to the resilience and produc-

tivity of agricultural systems, ensuring long-term food security and environmental
health.

9. Dietary interventions, feed additives, and management practices
designed to reduce nitrogen and phosphorus excretion

Reducing nitrogen (N) and phosphorus (P) excretion in livestock production is a
complex challenge that can be addressed through a combination of dietary interven-
tions, feed additives, and advanced management practices. Each strategy aims to
optimize nutrient utilization by the animals, thereby minimizing the environmental
footprint of livestock farming.

9.1 Dietary interventions

Precision Feeding: One of the most effective dietary interventions is precision feed-
ing, which involves closely tailoring the diet to meet the specific nutritional needs of
the animal. This approach reduces excess N and P excretion by ensuring that animals
receive the exact amounts of nutrients they require for their growth stage, production
level, and health status [54]. Formulating diets that match the animals’ specific nutri-
ent requirements can significantly reduce nutrient wastage. For example, adjusting
dietary protein levels to just meet, but not exceed, the animal’s needs can decrease
urinary nitrogen output. Lower protein diets that still maintain productivity have
been shown to reduce nitrogen excretion substantially.

Balanced Rations and Fiber: Providing balanced rations that include the right ratios
of protein, energy, and other essential nutrients can improve overall nutrient utiliza-
tion. This balance minimizes the excess N and P that would otherwise be excreted.
Additionally, increasing dietary fiber can enhance rumen microbial activity, promot-
ing better nitrogen utilization and reducing ammonia emissions. High-fiber diets
improve the efficiency of nutrient uptake and decrease the environmental impact of
livestock operations. However, dietary interventions require careful formulation to
avoid compromising animal health and performance, and they need to be tailored to
specific animal types and production systems.

9.1.1 Feed additives

Ionophores and Urease Inhibitors: Feed additives such as ionophores and urease
inhibitors play a crucial role in improving nitrogen utilization efficiency in the
rumen, thereby reducing ammonia emissions [55]. Ionophores alter the rumen
microbial population, decreasing the deamination of amino acids and the subse-
quent production of ammonia. This ensures that more nitrogen from the protein
remains as amino acids and peptides, which can be absorbed and utilized by the
animal.

Phytase and Phosphorus Binders: Phytase enzymes are particularly beneficial for
enhancing phosphorus digestibility. Many plant-based feeds contain phosphorus
in the form of phytate, which is indigestible by ruminants. Phytase breaks down
phytate, releasing phosphorus in a form that can be absorbed by the animal, thereby
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lowering phosphorus excretion in manure [56]. Other phosphorus binders can also
be included in feed to reduce phosphorus waste. Feed additives are cost-effective and
practical solutions, although their effectiveness can vary based on the feed composi-
tion and the animal’s physiology.

9.2 Management practices

Manure Management: Effective manure management strategies are essential to
reduce nutrient losses and environmental impacts. Techniques such as compost-
ing, anaerobic digestion, and solid-liquid separation can stabilize nutrients in
manure, making them easier to handle and apply appropriately. Composting, for
example, stabilizes nitrogen and reduces the volume of manure, facilitating better
nutrient management [57]. Covered storage systems can also minimize ammonia
volatilization from manure.

Precision Feeding Technologies: Utilizing precision feeding technologies allows farm-
ers to match nutrient supply with animal requirements more accurately, minimizing
excess nutrient intake and subsequent excretion. Feed analysis and ration formula-
tion software can optimize the levels of protein and phosphorus in the diet, thereby
minimizing nutrient excretion. These technologies ensure that animals receive only
what they need, reducing wastage and environmental impact [58].

Grazing Management: Grazing management practices such as rotational grazing
and managed intensive grazing systems can optimize nutrient cycling and reduce the
need for supplemental feed. By rotating livestock through different paddocks, pasture
growth is optimized, and nutrient distribution from manure is more even. This
reduces nutrient excretion and improves the sustainability of the farming system [59].
These management practices are critical for overall nutrient management but may
require infrastructure investment and operational changes.

10. Innovative approaches

Biochar and Nutrient Recovery: Biochar, a type of charcoal produced from biomass,
is emerging as a promising feed additive that can improve nutrient retention and
reduce nutrient excretion in manure. Biochar has a high surface area and porosity,
allowing it to adsorb and retain nutrients. When included in animal feed, biochar can
bind to nutrients in the gastrointestinal tract, enhancing nutrient retention by the
animal and reducing nutrient excretion [60].

Nutrient recovery technologies, such as phosphorus extraction from manure, aim
to recycle nutrients and minimize their loss to the environment. These technologies
involve processes that capture and reuse nutrients from manure, thus preventing
them from entering and polluting water bodies. While these emerging technologies
show significant promise, they require further research and development to assess
their scalability and economic feasibility.

By integrating these dietary interventions, feed additives, and management practices,
livestock producers can significantly reduce nitrogen and phosphorus excretion,
thereby mitigating the environmental impacts of livestock farming. These strategies
not only enhance the sustainability of livestock production systems but also contrib-
ute to improved environmental health and long-term agricultural productivity.
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11. Nutritional strategies for reducing nitrogen and phosphorus excretion

To effectively reduce nitrogen and phosphorus excretion from ruminants, strategic
dietary manipulation and formulation are essential.

11.1 Reduction of nitrogen excretion

Ruminants often excrete a significant portion of ingested nitrogen, primarily as
urea in urine, which can contribute to environmental pollution through ammonia
volatilization and nitrate leaching. Providing a balanced ratio of rumen-degradable
protein (RDP) and rumen-undegradable protein (RUP) can improve nitrogen utiliza-
tion. RDP is broken down by microbes in the rumen, while RUP bypasses the rumen
and is digested in the intestines. Specific feed additives such as amino acids, protected
proteins, and enzymes can enhance the efficiency of nitrogen utilization [61]. Apelo
etal. [62] found out in his experimental findings that dairy cows consume an excess
of N, resulting in approximately 75% of dietary N being lost to the environment as
urine and feces. Reductions in environmental N release could be attained through an
improvement in N efficiency. The reduction in milk yield associated with feeding a
low-protein diet to lactating dairy cows could be avoided by dietary supplementation
with 1 or more ruminally protected (RP) AA.

11.2 Balanced protein and energy ratio

Ensure diets are formulated with a balanced ratio of protein to energy. This helps
optimize microbial protein synthesis in the rumen and reduces excess nitrogen excre-
tion. Use high-quality protein sources that are efficiently utilized by rumen microbes,
such as soybean meal, canola meal, or alfalfa hay. The microbes in the rumen convert
ingested feedstuffs into volatile fatty acids (VFAs) and microbial protein, which the
ruminant then uses for growth and production. Adequate energy from carbohydrates
is necessary for the microbes to synthesize amino acids from ammonia and other nitro-
gen sources. Insufficient energy or excess protein can lead to imbalances, affecting
microbial growth and activity. The efficiency of nitrogen utilization is influenced by
the dietary balance of protein and energy. Misra et al. [63] found that diets with high
protein but low energy levels led to increased nitrogen excretion, while balanced diets
reduced nitrogen losses. A balanced protein-to-energy ratio minimizes the nitrogen
load in manure, thereby reducing ammonia emissions and nitrate leaching into water
bodies. Castillo et al. [64] emphasized that improved nitrogen utilization through
balanced diets can significantly lower the environmental impact of dairy farming.

11.3 Rumen-protected protein supplements

Incorporate rumen-protected protein supplements into diets to deliver protein
directly to the intestines, thereby reducing the amount of protein degraded in the
rumen and subsequently excreted as urea [65]. Rumen-protected proteins are coated
or treated with substances that protect them from ruminal degradation. Common
methods include heat treatment, chemical treatments (e.g., formaldehyde), and
encapsulation with fat or polymers. In Mazinani et al’s [66] experiment, essential
amino acid (Methionine) and two chemical compounds were used to make ligands
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that produce pH-sensitive amino acids that are stable in the rumen and absorbable in
the post-rumen part of the digestive tract. Result shows that this chemical method
increased retention time in rumen and the bond is reversible in lower pHs, similar

to the abomasum. This protection ensures that the protein remains intact through
the rumen and becomes available for enzymatic digestion in the small intestine. By
protecting protein from ruminal degradation, RPPs increase the amount of amino
acids available for absorption in the small intestine, thus enhancing protein utiliza-
tion efficiency [18]. RPPs reduce the amount of protein degraded into ammonia in
the rumen, which is then excreted as urea. This results in lower nitrogen losses and
reduced environmental pollution from nitrogen excretion [67].

11.4 Alternative feed ingredients

Explore alternative feed ingredients that are lower in nitrogen and phosphorus
content while still meeting nutritional needs. Utilize by-products from food pro-
cessing industries (e.g., brewers’ grains, citrus pulp) that have lower nitrogen and
phosphorus concentrations compared to traditional feedstuffs. Lower N content in
alternative feeds like brewers’ grains and citrus pulp reduces the overall dietary N,
leading to lower ammonia production in the rumen and decreased urinary N excre-
tion. This can significantly reduce the environmental impact associated with ammo-
nia volatilization from manure [68]. By using ingredients with lower P content, such
as citrus pulp, the dietary P level can be controlled, minimizing the risk of P runoff
from manure, which is a major environmental concern [69]. These by-products can
enhance nutrient efficiency, lower feeding costs, and mitigate environmental impacts
associated with traditional feedstuffs. Careful formulation and monitoring are
essential to maximize the benefits of these alternative ingredients.

11.5 Rumen microbial manipulation

Modify the rumen microbial population through diet to improve nitrogen utilization
efficiency and incorporate dietary fiber sources that promote the growth of microbes
involved in nitrogen recycling and synthesis of microbial protein. Fibrolytic bacteria,
such as Ruminococcus and Fibrobacter, specialize in breaking down cellulose and hemicel-
lulose. Dietary fibers enhance their growth, leading to improved fiber digestion and VFA
production, which provides energy for nitrogen-recycling microbes [70]. Certain fibers
can increase the population of microbes that recycle nitrogen, such as the Prevotella
genus. These microbes utilize ammonia to synthesize amino acids, which are then used
by other bacteria for growth and microbial protein production [71].

11.6 Mineral supplementation

Provide targeted mineral supplementation based on soil and forage analysis to
ensure adequate but not excessive intake of phosphorus. Consider the use of slow-
release mineral supplements to enhance phosphorus utilization and reduce excretion.
Slow-release phosphorus supplements provide a consistent supply of phosphorus over
an extended period, aligning with the animals’ metabolic needs and reducing the risk
of phosphorus peaks and troughs in the diet [72]. Minerals are coated with substances
that slow down their dissolution rate, ensuring a gradual release in the digestive tract.
Phosphorus is embedded in a matrix of slowly digestible material, which controls the
release rate as the matrix is broken down [73].
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By integrating these strategies, ruminant producers can optimize nutrient utiliza-
tion, improve animal performance, and reduce the environmental impact associated
with nitrogen and phosphorus excretion.

12. Role of balanced diets and nutrient management in minimizing
environmental pollution

The role of balanced diets and nutrient management in minimizing environmental
pollution, particularly concerning the reduction of nitrogen and phosphorus excre-
tion from livestock, is essential for sustainable agriculture. Addressing these issues
effectively can lead to significant environmental benefits, including the prevention of
water pollution and the enhancement of soil health.

12.1 Balanced diets for optimal nutrient utilization

Balanced diets are crucial for ensuring that ruminants receive the correct propor-
tion of essential nutrients without an excess intake of nitrogen and phosphorus.
Tailoring diets to match the specific nutritional requirements of animals at different
production stages (e.g., growth, lactation) optimizes nutrient utilization and mini-
mizes excess excretion. A well-balanced diet maintains efficient rumen fermentation,
promotes microbial activity, and supports overall digestive health, thereby reducing
the need for excessive protein and phosphorus supplementation.

For instance, providing diets that match the animals’ requirements based on
precise feeding practices can help in reducing nitrogen excretion. Lower protein
diets, supplemented with essential amino acids, can decrease urinary nitrogen output
without compromising productivity. Similarly, the inclusion of high-quality forages
that are more digestible can enhance nitrogen use efficiency, reducing the amount of
nitrogen excreted.

12.2 Phosphorus management

Phosphorus excretion from livestock is a significant contributor to the eutro-
phication of water bodies, leading to harmful algal blooms and oxygen depletion.
Managing phosphorus intake through dietary adjustments is vital. Utilizing phytase
enzymes in animal diets improves phosphorus utilization by breaking down phytic
acid (the form in which phosphorus is stored in plants) into a bioavailable form. This
reduces the need for excessive phosphorus supplementation and minimizes phospho-
rus excretion.

Feeding diets with balanced phosphorus levels tailored to the animal’s needs and
using alternative phosphorus sources that are more bioavailable can significantly
lower the environmental impact. For example, formulating diets that incorporate
more bioavailable phosphorus sources ensures that more of the nutrient is absorbed
by the animal, reducing the amount excreted in manure.

12.3 Manure management

Proper management of livestock manure is essential for reducing nutrient runoff
and pollution. Implementing nutrient management plans that focus on utilizing
manure as a valuable resource rather than a waste product can help recycle nitrogen
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and phosphorus back into the soil. Techniques such as composting, anaerobic diges-
tion, and precision application of manure to fields help retain nutrients and prevent
leaching into water bodies.

Composting stabilizes nitrogen in manure, reducing the risk of nitrogen vola-
tilization and runoff. Anaerobic digestion processes manure to produce biogas and
nutrient-rich digestate, which can be used as a soil amendment. Precision application
methods ensure that manure is applied at rates that match crop nutrient needs, reduc-
ing the risk of over-application and subsequent nutrient runoff.

12.4 Environmental regulations and best practices

Compliance with environmental regulations and the adoption of best manage-
ment practices (BMPs) are crucial for minimizing environmental pollution from
livestock operations. Educating farmers on nutrient stewardship, including proper
feed management and manure handling practices, promotes sustainable agriculture
and reduces environmental impact. BMPs include regular soil and manure testing to
determine nutrient content and appropriate application rates, thus preventing nutri-
ent overload in the soil.

Investing in research and innovation to develop advanced feed technologies and
nutritional strategies that optimize nutrient utilization while minimizing waste
contributes to long-term environmental sustainability. For example, the development
of feed additives that enhance nutrient absorption or reduce nutrient excretion can
significantly lower the environmental footprint of livestock production.

Balanced diets and effective nutrient management play a fundamental role in
reducing nitrogen and phosphorus excretion from ruminants, thereby mitigating
environmental pollution associated with agriculture. By adopting these strategies
alongside responsible manure management and adherence to environmental stan-
dards, livestock producers can contribute to a more sustainable and environmentally
friendly food production system. Implementing these practices not only benefits the
environment but also enhances the efficiency and productivity of agricultural opera-
tions, ensuring a sustainable future for food production.

13. Practical implementation and adoption

13.1 Guidance for farmers and stakeholders on implementing sustainable
practices to manage nitrogen and phosphorus emissions

Implementing sustainable practices to manage nitrogen and phosphorus emissions
requires a comprehensive approach that involves farmers, stakeholders, and agricul-
tural advisors.

13.1.1 Nutrient management planning

Development and implementation of a nutrient management plan tailored to
the specific needs and conditions of the farm. Conducting soil testing to determine
nutrient levels and pH, which helps optimize fertilizer and manure application to
match crop requirements. Use tools and resources provided by agricultural extension
services or government agencies to create and maintain effective nutrient manage-
ment plans. Collect soil samples from various locations and depths within the field to

130



Advances in Managing Nitrogen and Phosphorus Emissions in Ruminants: A Holistic Approach
DOI: http://dx.doi.org/10.5772/intechopen.1006578

get a representative sample. Submit the samples to a certified laboratory where they
are analyzed for macro- and micro-nutrients (e.g., nitrogen, phosphorus, potassium,
calcium, magnesium, and sulfur) and pH level. The results from the soil tests are
interpreted using established guidelines to determine nutrient deficiencies, excesses,
and soil pH adjustments needed. These guidelines are often provided by agricultural
extension services or research institutions [74]. Strategies for applying nutrients at
the right time and using the right methods to maximize uptake and minimize losses.
Applying manure at rates that meets the crop needs, using methods that minimize
nutrient losses e.g., incorporation into soil.

13.1.2 Optimized feed formulation

Working with nutritionists and feed suppliers to formulate balanced diets for live-
stock that optimize nutrient utilization and minimize excess nitrogen and phosphorus
excretion. Also by incorporating alternative feed ingredients that are lower in nitro-
gen and phosphorus content without compromising animal health and performance.
Precision feeding involves tailoring diets to meet the exact nutrient needs of animals
at different growth stages. This reduces waste and improves nutrient utilization effi-
ciency. Optimized diets ensure the correct balance of amino acids, particularly lysine
and methionine, which are essential and often limiting in typical feed ingredients. An
imbalance can lead to excess nitrogen excretion. Dietary phosphorus must be care-
fully managed to meet animal requirements without excess. This involves balancing
available phosphorus with phytase enzyme supplementation to improve phosphorus
availability from plant sources [75].

13.2 Education and training

It involves providing training and educational resources to farmers and agri-
cultural advisors on sustainable nutrient management practices and encouraging
participation in workshops, field days, and extension programs focused on nutrient
stewardship and environmental conservation. Providing training helps bridge the
gap between research findings and practical applications on farms. Education fosters
awareness and encourages the adoption of sustainable practices, leading to behav-
ioral changes that benefit the environment. Well-informed farmers can make better
decisions regarding nutrient management, improving both crop yields and environ-
mental outcomes. Field demonstrations showcase real-world applications of nutrient
management practices, such as precision farming techniques, cover cropping, and
integrated pest management. Many agricultural universities offer extension programs
that provide ongoing education and support to farmers. These programs often include
seminars, online courses, and printed materials. Extension agents work directly with
farmers to implement nutrient management plans. Creating networks of farmers who
share a commitment to sustainability can foster a supportive community. Peer learn-
ing and mentorship are powerful tools for spreading knowledge [76].

13.3 Monitoring and evaluation

It involves regularly monitoring nutrient levels in soil, water, and crops to assess
the effectiveness of nutrient management practices and using monitoring data to
make informed decisions and adjustments to nutrient management strategies over
time. It ensures that nutrients are applied at appropriate levels to meet crop needs
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without causing excess that could lead to environmental pollution; helps in iden-
tifying nutrient deficiencies or surpluses, allowing for timely corrective measures;
minimizes the risk of nutrient runoff and leaching into water bodies, thus protecting
water quality; and reduces greenhouse gas emissions associated with excessive fertil-
izer application.

13.4 Collaboration and networking

Collaborating with local agricultural organizations, conservation groups, and gov-
ernment agencies to access technical support, funding opportunities, and incentives
for adopting sustainable practices. Participate in farmer networks and peer-to-peer
learning groups to share experiences and learn from successful case studies.

By embracing these practical strategies and fostering a culture of continuous
improvement and innovation, farmers and stakeholders can contribute to reducing
nitrogen and phosphorus emissions while promoting sustainable agriculture practices
that benefit both the environment and agricultural productivity.

14. Considerations for integrating environmental sustainability into
ruminant production systems

Integrating environmental sustainability into ruminant production systems
requires thoughtful consideration of various factors and practices aimed at minimiz-
ing environmental impact while maintaining or improving productivity. Some of the
key considerations and practical approaches for implementing sustainable practices
in ruminant production are as follows:

14.1 Pasture management

It involves utilizing rotational grazing systems to optimize pasture utilization and
prevent overgrazing, which can lead to soil erosion and degradation and implement-
ing managed intensive grazing practices that mimic natural grazing patterns, promot-
ing soil health, biodiversity, and carbon sequestration.

Key strategies include rotational grazing, proper stocking rates, forage diversifica-
tion, soil health management, and water conservation. Rotational grazing involves
dividing pastureland into smaller paddocks and rotating livestock through them. This
allows for periods of grazing followed by rest, which promotes regrowth and reduces
overgrazing. It enhances pasture productivity, increases plant diversity, improves
soil structure, and reduces soil erosion [77]. Maintaining appropriate stocking
rates ensures that the number of animals matches the carrying capacity of the land.
Overgrazing can lead to soil degradation and loss of plant species, while undergraz-
ing can result in underutilization of forage. Introducing a variety of plant species in
pastures increases resilience against pests, diseases, and extreme weather conditions.
It improves nutrient cycling, enhances forage availability throughout the year, and
promotes animal health. Practices such as maintaining ground cover, minimizing soil
disturbance, and adding organic matter (e.g., compost, manure) are essential for soil
health. It implements efficient water management practices, such as constructing
ponds, maintaining riparian buffers, and using controlled grazing to protect water
sources; reduces water wastage; prevents water pollution from runoff; and ensures
adequate water supply for livestock [78].
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14.2 Feed management

It optimizes feed efficiency by formulating balanced diets that meet nutritional
requirements of ruminants while minimizing waste and nutrient excretion and
incorporates locally sourced and sustainable feed ingredients to reduce carbon
footprint associated with feed production and transportation. Integrating environ-
mental sustainability into ruminant production systems through feed management
is a critical approach to mitigating the ecological impact of livestock farming.
Effective feed management strategies can help reduce these emissions, improve
animal health, and enhance overall farm sustainability. Effective feed management
is a cornerstone of sustainable ruminant production. By formulating balanced
diets that meet nutritional requirements while minimizing waste and nutrient
excretion, incorporating locally sourced and sustainable feed ingredients, and
implementing practices that enhance environmental sustainability, farmers can
significantly reduce the ecological impact of livestock farming. These strategies not
only help mitigate greenhouse gas emissions but also promote animal health and
farm sustainability [79].

14.3 Water management

It implements water conservation practices to minimize water use and prevent
contamination of water sources from nutrient runoff and provides clean and
adequate water supply for ruminants to support optimal health and productivity.
Providing clean and adequate water supply ensures animal health and productivity.
These practices not only conserve water resources but also enhance the sustain-
ability and profitability of livestock farming. Efficient irrigation systems, such as
drip or sprinkler systems, minimize water wastage and ensure that crops grown for
fodder receive adequate moisture without excessive runoff [80]. Drip Irrigation:
This system delivers water directly to the plant roots through a network of valves,
pipes, tubing, and emitters, reducing evaporation and runoff. Drip irrigation is
highly efficient and can save up to 60% more water compared to traditional irriga-
tion methods. Sprinkler Systems: Sprinkler systems distribute water evenly across
the crop field, simulating natural rainfall. They are suitable for various terrains
and can be automated to optimize water use, ensuring that crops receive adequate
moisture without excessive runoff. Using soil moisture sensors helps monitor
soil water content in real-time, allowing farmers to apply water only when neces-
sary. This prevents over-irrigation and reduces water waste. Applying organic or
synthetic mulches helps retain soil moisture by reducing evaporation, moderating
soil temperature, and suppressing weed growth. Planting buffer strips of grasses,
trees, and shrubs between agricultural fields and water bodies helps filter out
nutrients and sediments from runoff before they reach water sources. Plowing
along the contour lines of a field reduces soil erosion and water runoff, helping
to retain soil moisture and nutrients. Constructing well-designed manure storage
facilities with impermeable linings prevents leachate from contaminating ground-
water and surface water. Ensuring that water troughs and tanks are appropriately
sized and positioned to allow easy access for all animals in the herd is essential.
Regular cleaning and maintenance prevent contamination and ensure a continuous
supply of clean water. Automatic waterers can provide a consistent and clean water
supply while reducing waste. They are particularly useful in larger operations
where manual watering would be labor-intensive [81].
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14.4 Energy efficiency

Adopt energy-efficient practices on the farm, such as using renewable energy
sources (solar and wind) for electricity and heating. Implement energy-saving
technologies in facilities and equipment used for feeding, milking, and manure
handling. Biogas production from manure digestion is another viable option. The
Penn State digester project showed that biogas could replace conventional fuels for
heating and electricity generation. The biogas system, which uses manure to produce
methane, can reduce overall energy costs and enhance farm sustainability by utiliz-
ing waste products efficiently. Biogas can be used to power generators, producing
electricity for farm use, or for sale back to the grid. This reduces the farm’s depen-
dence on external energy sources. The heat generated from biogas combustion can
be used for space heating, water heating, and other thermal applications on the farm.
The by-product of anaerobic digestion is a nutrient-rich digestate that can be used
as a fertilizer, reducing the need for synthetic fertilizers and enhancing soil health.
Utilizing energy-efficient manure scrapers and pumps reduces the electricity required
for manure management. These systems can be automated to operate during off-peak
hours to save on energy costs [82].

14.5 Biodiversity conservation

It involves preserving and enhancing biodiversity on the farm by maintaining
natural habitats, planting native vegetation, and creating wildlife corridors; avoiding
the usage of pesticides and herbicides that can harm beneficial insects and pollinators
essential for ecosystem health; and allocating and protecting specific areas of land
within ruminant production systems to preserve natural habitats such as forests,
wetlands, and grasslands. These areas can serve as biodiversity reservoirs, supporting
native flora and fauna.

14.6 Soil health and carbon sequestration

It involves implementing soil conservation practices, such as reduced tillage and
cover cropping, to improve soil structure, fertility, and water retention. Reduced
tillage minimizes soil disturbance, which helps maintain soil structure and promotes
the formation of soil aggregates. This enhances soil porosity, water infiltration, and
root penetration. By leaving crop residues on the soil surface, reduced tillage protects
the soil from erosion caused by wind and water. This practice also decreases the loss
of organic matter and nutrients from the soil. Promote carbon sequestration through
agroforestry, silvopasture, and perennial grassland systems that capture and store
carbon in soils and vegetation. Agroforestry integrates trees and shrubs into crop and
livestock systems. Trees capture carbon dioxide through photosynthesis and store it in
biomass and soil. The deep roots of trees also help in nutrient cycling and improving
soil structure. Agroforestry systems increase biodiversity, providing habitat for vari-
ous species and enhancing ecosystem resilience. This diversity can lead to more stable
and productive agricultural systems [83].

14.7 Compliance with regulations and standards

Stay informed about environmental regulations and voluntary sustainability cer-
tifications relevant to ruminant production. Strive to exceed minimum requirements
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and adopt voluntary standards to demonstrate commitment to environmental stew-
ardship. Farms must comply with regulations on nutrient management to prevent
water contamination from runoff. Regulations like the Clean Air Act in the United
States set limits on emissions of pollutants from agricultural operations, including
ammonia and particulate matter from livestock facilities (USEPA). Compliance
involves managing emissions through practices like proper manure storage and
handling. Proper disposal and management of animal waste are regulated to prevent
environmental contamination. Regulations may require farms to have waste manage-
ment plans that include manure storage, treatment, and application to fields. The
USDA Organic certification requires farms to adhere to organic farming practices,
including avoiding synthetic fertilizers and pesticides, implementing crop rota-
tions, and maintaining soil health. For livestock, it includes requirements for organic
feed, access to the outdoors, and prohibition of antibiotics and growth hormones.
Staying informed about relevant regulations and adopting voluntary standards can
help farms not only meet legal requirements but also gain market advantages and
improve their sustainability practices. By exceeding minimum requirements and
embracing best practices, farms can contribute to a more sustainable agricultural
sector and ensure their long-term viability.

15. Future directions and challenges

15.1 Exploration of emerging trends and areas for further research in managing
nitrogen and phosphorus emissions

15.1.1 Precision agriculture technologies

Utilizing precision agriculture tools such as remote sensing, GPS, and data analyt-
ics can help optimize nutrient application, reducing nitrogen and phosphorus runoff.
Real-time monitoring of soil conditions and crop needs allows for targeted and
efficient fertilizer application. Sensor technologies are advancing rapidly in precision
agriculture, offering real-time data on soil nutrient status, crop growth, and environ-
mental conditions. These technologies enable farmers to apply nitrogen and phospho-
rus fertilizers precisely where and when they are needed, reducing over-application
and subsequent emissions [84]. VRA (Variable Rate Application) technologies allow
farmers to adjust fertilizer application rates based on spatial variability within fields.
By mapping soil nutrient levels and crop requirements, VRA optimizes nutrient appli-
cation efficiency, reducing nitrogen and phosphorus losses to the environment [85].
Remote sensing techniques, including satellite imagery and unmanned aerial vehicles
(UAVs), provide valuable insights into crop health and nutrient stress. This informa-
tion can guide targeted nutrient applications, optimizing fertilizer use efficiency, and
minimizing nutrient runoff. Advancements in nutrient management models facilitate
predictive modeling of nitrogen and phosphorus dynamics in agroecosystems. These
models integrate soil data, weather conditions, and crop characteristics to optimize
nutrient applications and reduce environmental impacts.

15.2 Cover crops and crop rotation

Research focuses on the effectiveness of cover crops and diverse crop rotations
in reducing nutrient leaching and erosion. Understanding which cover crops and
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rotations work best in different regions and climates is an area of ongoing investiga-
tion. Cover crops can significantly reduce nutrient leaching, particularly nitrogen,
by taking up residual soil nitrogen and preventing it from leaching into groundwater.
They also improve soil structure, which enhances water infiltration and reduces
surface runoff [86].

15.3 Nutrient recovery and recycling

Technologies to recover and recycle nitrogen and phosphorus from waste streams
(such as manure, food waste, or wastewater) are advancing. These recovered
nutrients can then be used as fertilizers, reducing the reliance on synthetic inputs.
Technologies like struvite precipitation, ion exchange, and membrane filtration are
used to extract and concentrate nutrients (nitrogen and phosphorus) from waste
streams such as livestock manure and wastewater [87]. Technologies like thermal con-
version (e.g., pyrolysis, gasification) can convert organic waste materials into biochar
or ash, which can be used as nutrient-rich soil amendments. Algae-based technologies
utilize microalgae to capture and assimilate nutrients (particularly nitrogen and phos-
phorus) from wastewater, producing biomass that can be used as organic fertilizer.
The adoption of advanced nutrient recovery and recycling technologies is crucial for
sustainable agriculture. Struvite precipitation, ion exchange, and membrane filtra-
tion are effective methods for extracting and concentrating nitrogen and phosphorus
from waste streams. These technologies not only provide valuable fertilizers, reducing
reliance on synthetic inputs but also contribute to environmental protection and
economic efficiency in farming operations.

15.4 Biological nitrogen fixation

Exploring and optimizing biological nitrogen fixation through plants and
microbes can reduce the need for synthetic nitrogen fertilizers. This includes breeding
crops with enhanced nitrogen-fixing abilities or engineering microbial communities
to enhance nutrient availability. Biological nitrogen fixation (BNF) is a vital process
that converts atmospheric nitrogen (N,) into ammonia (NH;) by certain microorgan-
isms, predominantly bacteria known as diazotrophs. This process plays a crucial
role in supplying nitrogen to plants, reducing the dependency on synthetic nitrogen
fertilizers, which can have environmental impacts [88].

15.5 Advanced nutrient management models

Developing sophisticated models that integrate soil health data, weather patterns,
and crop needs can help predict nutrient requirements more accurately. This leads to
more targeted and efficient fertilizer applications, reducing nutrient runoff.

15.6 Climate-smart agriculture approaches

Understanding the interaction between nutrient management practices and
climate change is critical. Research is needed to develop strategies that mitigate green-
house gas emissions associated with nitrogen and phosphorus use while maintaining
agricultural productivity.
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15.7 Policy and socio-economic research

Exploring policy interventions and economic incentives that promote sustainable
nutrient management practices is essential. Understanding the socio-economic fac-
tors influencing farmer decisions around nutrient management can inform effective
policy design.

15.8 Innovative nutrient capture technologies

Investigating novel technologies for capturing and utilizing nutrients from agri-

cultural runoff or industrial effluents can help mitigate nutrient pollution in water
bodies.

15.9 Multi-disciplinary approaches

Collaborative efforts involving agronomists, soil scientists, ecologists, engineers,
economists, and policy experts are essential for developing holistic and effective
strategies to manage nitrogen and phosphorus emissions sustainably.

Overall, the emerging trends in managing nitrogen and phosphorus emissions
emphasize a shift toward precision, efficiency, and sustainability in agricultural
practices, driven by technological innovation, interdisciplinary collaboration, and
policy support.

16. Identification of challenges and barriers to widespread adoption of
sustainable practices in ruminant agriculture

Ruminant agriculture, encompassing the raising of cattle, sheep, and goats, faces
numerous challenges and barriers that impede the widespread adoption of sustain-
able practices. These obstacles are rooted in economic, technological, environmental,
regulatory, social, and market factors, which collectively influence the decisions and
capabilities of farmers to implement sustainable methods. Addressing these barriers
is crucial for promoting environmentally friendly and economically viable livestock
production systems.

16.1 Economic factors

Cost of Implementation: One of the primary barriers to adopting sustainable
practices in ruminant agriculture is the significant upfront investment required.
Transitioning to sustainable methods often necessitates the purchase of new tech-
nologies, infrastructure improvements, or alternative feed sources, which can be
financially burdensome for small-scale and resource-limited farmers. For instance,
installing precision farming equipment or advanced manure management systems
entails substantial capital outlay, which many farmers cannot afford without external
financial assistance or subsidies.

Mavrket Demand and Pricing: The economic viability of sustainable practices is also
contingent on market dynamics. Often, the market does not sufficiently reward the
production of sustainable livestock products, making it challenging for farmers to
recoup the additional costs associated with these practices. The premium prices that
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sustainably produced meat and dairy products can command are not always guaran-
teed, especially in regions where consumer demand for such products is low.

Profit Margins: Implementing sustainable practices may initially lead to a reduc-
tion in productivity or an increase in operating costs, adversely affecting farmers’
profit margins. For example, transitioning to organic feed or implementing rotational
grazing systems can result in temporary decreases in output as farmers adjust to new
methods. These economic pressures can deter farmers from adopting sustainable
practices, particularly if immediate financial returns are not evident.

16.2 Technological constraints

Access to Technology: Small-scale farmers, particularly those in developing regions,
often have limited access to the advanced technologies required for sustainable
agriculture. Precision farming tools, efficient waste management systems, and other
technological innovations are crucial for minimizing environmental impact, yet they
remain out of reach for many due to high costs and lack of availability. This techno-
logical gap hinders the broader adoption of sustainable practices.

Complexity of Implementation: The complexity of implementing sustainable practices
also poses a significant barrier. These practices often require specialized knowledge and
skills that many farmers may lack. For example, precision feeding techniques and nutri-
ent management plans necessitate an understanding of animal nutrition and environ-
mental science, which may not be readily available to all farmers. Training and education
are essential to bridge this knowledge gap, but they require time and resources.

16.3 Environmental factors

Climate Variability: Ruminant farming is highly sensitive to climatic conditions.
Climate variability and extreme weather events can disrupt sustainable practices
such as rotational grazing or efficient water management. For instance, prolonged
droughts can degrade pasture quality and reduce water availability, making it difficult
to maintain sustainable grazing systems. Farmers must adapt to these changes, which
can be costly and technically challenging.

Land Availability and Quality: Limited access to suitable grazing land or degraded
pastures can hinder the implementation of sustainable grazing practices. Sustainable
ruminant agriculture relies on high-quality pastureland to support rotational grazing
and other environmentally friendly practices. However, land degradation, urbaniza-
tion, and competition for land use can restrict the availability of such areas, compli-
cating efforts to adopt sustainable methods.

16.4 Regulatory and policy challenges

Lack of Incentives: Government support and incentives play a crucial role in
encouraging the adoption of sustainable practices. Unfortunately, insufficient
government incentives or subsidies for sustainable agriculture can discourage farmers
from making the necessary changes. Policies that provide financial support, technical
assistance, and market access for sustainably produced livestock products are essen-
tial to promote widespread adoption.

Compliance Burdens: Regulations related to waste management, emissions, or land
use often impose additional costs and administrative burdens on farmers. While these
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regulations aim to protect the environment, they can be onerous for farmers who lack
the resources to comply. Simplifying regulatory processes and providing support for
compliance can help alleviate these burdens.

16.5 Social and cultural factors

Traditional Practices: Resistance to change from traditional farming methods
or cultural preferences for certain breeds or practices can impede the adoption of
sustainable techniques. Farmers may be reluctant to abandon practices that have been
handed down through generations, even if newer methods are more sustainable.
Cultural attitudes and social norms play a significant role in shaping agricultural
practices.

Knowledge Gaps: Limited awareness or education about the benefits of sustainable
practices among farmers and communities can hinder uptake. Outreach and educa-
tion programs are crucial to inform farmers about sustainable techniques and their
long-term benefits. These programs should be tailored to local contexts and delivered
through accessible channels to maximize their impact.

16.6 Market access and consumer awareness

Limited Market Opportunities: Farmers may face challenges accessing markets that
prioritize sustainably produced products or face competition from low-cost conven-
tional products. Market structures and supply chains may not be well-developed to
support the distribution and sale of sustainably produced meat and dairy products,
limiting market access for farmers.

Consumer Perception: Consumer awareness and willingness to pay a premium for
sustainably produced meat and dairy products may not be widespread. Increasing
consumer education about the environmental and health benefits of sustainable
livestock products is essential to drive demand and support farmers in adopting these
practices.

16.7 Infrastructure and supply chain limitations

Processing and Distribution: Inadequate infrastructure for processing and
distributing sustainably produced livestock products can limit market access and
profitability. Developing robust supply chains that support the efficient process-
ing, storage, and distribution of these products is critical to ensure their availabil-
ity to consumers.

Supply Chain Complexity: Ensuring traceability and certification of sustainable
practices throughout the supply chain can be complex and costly. Farmers must
adhere to certification standards and maintain detailed records, which can be chal-
lenging without adequate support and resources.

The adoption of sustainable practices in ruminant agriculture is hindered by a
range of economic, technological, environmental, regulatory, social, and market
factors. Addressing these challenges requires a comprehensive approach that includes
financial incentives, access to technology, education and training, supportive policies,
and consumer awareness. By overcoming these barriers, the livestock sector can move
toward more sustainable and environmentally friendly production systems, benefit-
ing both farmers and the broader ecosystem.
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17. Conclusion

Achieving a harmonious balance between nutrition and environmental sustain-
ability in ruminant production necessitates strategic interventions and holistic
approaches. This review has highlighted several key insights and recommendations
essential for future efforts toward this critical objective.

* Optimizing dietary formulations by balancing protein and energy ratios is
fundamental to reducing nitrogen excretion while ensuring optimal animal
performance. Utilizing high-quality protein sources and incorporating rumen-
protected supplements can significantly enhance nutrient utilization efficiency,
thereby minimizing environmental impacts. These dietary interventions must be
tailored to match the specific nutritional requirements of ruminants at different
stages of growth and production, ensuring that nutrient intake aligns closely
with physiological needs.

* Effective phosphorus management strategies are crucial in mitigating phos-
phorus emissions from ruminant systems. The use of phytase enzymes to break
down phytate-bound phosphorus in plant-based feeds improves phosphorus
bioavailability, reducing the need for inorganic phosphorus supplements and
subsequently minimizing phosphorus excretion. Adopting precision feeding
practices that accurately match phosphorus supplementation to animal require-
ments further reduces excess phosphorus in manure.

* Integrating precision feeding techniques that align nutrient supply with animal
requirements at various production stages is essential for reducing nutrient
wastage and promoting environmental stewardship. This approach not only
optimizes nutrient utilization but also minimizes nitrogen and phosphorus
losses in animal excreta. By leveraging advanced technologies, such as automated
feeders and real-time monitoring systems, precision feeding can be effectively
implemented to enhance both productivity and sustainability.

* Innovative manure management practices, such as composting and anaerobic
digestion, are also vital in facilitating nutrient recycling and minimizing nutri-
ent runoff into water bodies. These practices help stabilize nutrients in manure,
making them more accessible for crop uptake and reducing the risk of envi-
ronmental contamination. Additionally, implementing solid-liquid separation
techniques can further improve nutrient management by allowing more precise
application of manure to fields.

* Adherence to environmental regulations and the adoption of best management
practices (BMPs) are critical for ensuring the long-term sustainability of rumi-
nant production. Educating stakeholders on nutrient stewardship and fostering
collaborations between researchers, policymakers, and industry stakeholders are
essential for advancing sustainable practices in livestock agriculture. Regulatory
frameworks should incentivize sustainable practices and provide support for
farmers transitioning to more environmentally friendly systems.

By implementing these insights and recommendations, ruminant producers can
achieve a synergistic balance between meeting nutritional demands and reducing
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environmental impacts. Embracing sustainable nutrient management practices

not only enhances the resilience of livestock systems but also promotes ecological
integrity and supports the broader goals of sustainable agriculture. Moving forward,
continued research and innovation will be vital for advancing the frontiers of sustain-
able ruminant production worldwide. As the industry evolves, ongoing efforts to
integrate advanced technologies, improve education and outreach, and strengthen
policy support will be crucial in achieving a sustainable and productive future for
ruminant agriculture.
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The Role of Secondary Metabolites
on Methane Reduction in Small
Ruminants
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Abstract

Methane emission from livestock is a huge global concern because it is a powerful
greenhouse gas and also causes a 6-10% waste of energy in the feed that can be used
for productive purposes. Plant secondary metabolites strategies for methane mitiga-
tion have been regarded as secure, cost-efficient, and successful. Tannins, saponins,
flavonoids, and essential oils have all been studied for their potential to reduce meth-
ane production in small ruminants. Tannins inhibit methane synthesis in the rumen
by suppressing methanogens or the protozoal population. Saponins may provide
nutritional benefits by increasing microbial protein synthesis due to protozoa
suppression resulting in methane reduction. Flavonoids negatively impact
methanogenesis by blocking H,-releasing processes or removing H, during carbohy-
drate fermentation. Essential oils can either directly restrict the growth and activity of
methanogenic microorganisms or indirectly reduce the number of protozoa associated
with methanogens. Plant secondary metabolites have proven to have the potential to
reduce methane in small ruminants without adversely affecting the overall perfor-
mance, health, or productivity. Proper understanding of this information is important
for the battle against climate change and its contribution toward global warming.

Keywords: tannins, saponins, flavonoids, essential oils, greenhouse gas

1. Introduction

Small ruminants’ production is vital for socio-economic development on each conti-
nent. In addition to producing 25.6 million tons of milk and 1.5 million tons of meat,
according to the FAO’s 2016 report, this industry also supplies products to niche markets
and helps preserve ecosystems, landscapes, and biodiversity [1]. Climate change, which
is brought on by rising levels of greenhouse gases such as methane (CH,4) and other gases
in the atmosphere, will have an impact on agricultural production systems in the future
years (causing drought, floods, etc.). CH4 emissions to the atmosphere are significantly
increased by ruminant production systems [2]. In particular, the “ruminal microbiota,” a
microbial complex of bacteria, archaea, protozoa, and fungi, produces over 115 million
tons of CH, each year in ruminants [3], especially in large-scale agricultural systems,
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ruminant production accounts for over 80% of anthropogenic CH,4 emissions [4]. Since
sheep and goats make up roughly 56% of all ruminants worldwide, the small ruminant
production sector is under scrutiny for reducing methane emissions [5].

Methane emissions from livestock, especially when forage-based diets are supplied,
account for an energy loss from livestock on the order of 6-10% of the gross energy
intake of small ruminants, apart from their contribution to global warming [6]. The
potential for this powerful greenhouse gas to cause global warming is 28 times greater
than that of carbon dioxide (CO,), and significant scientific efforts are being made to
try and reduce it [7]. The defensive function of plant secondary metabolites against
plant predators has long been recognized as being important. The synthesis of these
metabolites is controlled by external, seasonal, or environmental factors. Secondary
metabolites have long been regarded as poisonous to animals and as anti-nutritional
elements [8]. However, due to their advantageous effect on the reduction of methane
synthesis, those metabolites have recently received much interest in animal nutrition.
Tannins [9, 10], saponins [11, 12] essential oils [13, 14], and flavonoids [11, 15] have all
had been reported to have potential to reduce enteric CH, in small ruminants evaluated.
Their impacts on the rumen microbial population are frequently indirect as opposed to
direct. Plants may produce a wide range of secondary metabolites in high or low
concentrations, which may affect how they interact with rumen microbes. This present
review has summarized some of the available studies based on the role of plant second-
ary metabolites on methane mitigation in ruminants.

2. Methodology

A comprehensive search was conducted to identify eligible studies using a five-
stage process. In the first stage, a search to obtain all relevant studies that were
published before May 2023 was performed using databases such as the Web of Sci-
ence, Science Direct, Google Scholar, and the Wiley Online Database. The search
strategy involved a combination of the following keywords: tannins, flavonoids,
saponins, essential oils, and methane. The search was not restricted by language, date,
or study type. During the second stage, the search was narrowed down by adding the
words “goats and sheep.” Furthermore, the search was narrowed down to the time
scale of 2010 to 2023 (the period was chosen to capture as wide a range of articles as
possible). In the third stage, the exclusion criteria included articles where the abstract
could not be found and written in a language that could not be understood by the
authors (i.e., German, Dutch, Spanish, or Italian). A final total of 69 remaining full-
text studies on plant secondary metabolites were consequently assessed for eligibility.
The fourth stage involved the reading of article titles and abstracts through screening
of the retrieved articles. Thereafter, the full-length individual manuscripts were
screened and papers not satisfying the inclusion criteria were excluded. In the fifth
stage, the remaining additional literature was included by examining the reference
lists in the literature extracted, academic resources (master’s and doctoral disserta-
tions), PLoS ONE, and the Directory of Open Access Journals.

3. Methane production

It is challenging to comprehend all the mechanisms underlying the functioning,
complexity, and interactions of the rumen microbiome because it has not been
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thoroughly studied [16]. Protozoa, bacterial, and fungal communities in the rumen
ferment proteins, carbohydrates, and starches through enzymatic mechanisms.
Volatile fatty acids, CO,, and metabolic H, are formed during the fermentation
process and utilized by methanogenic archaea for the synthesis of CH4 [17]. Starch,
cellulose, hemicellulose, pectin, and soluble sugars are utilized by protozoa to produce
volatile fatty acids and metabolic H,, which is then utilized by the attached archaea to
produce CH, [18]; as a result, there is a relationship between archaea and protozoa in
the rumen [19, 20]. In a series of biochemical reactions connected to adenosine
triphosphate synthesis, rumen methanogens use the H, produced by the fermentation
of carbohydrates to reduce CO, to CH, where CO, is used as a carbon source and H, is
the primary electron donor. 4 moles of H; are utilized in this process to create 1 mole
of CH,4 [21]. The chemical reaction for methane synthesis is

C02 + 4H2 — CH4 + 2H20.

4. Plant secondary metabolites

Plant secondary metabolites are a diverse group of compounds that are produced
by secondary metabolic pathways in plants. A large group of structurally diverse
compounds found in plant secondary metabolites are derived from either primary
metabolites or intermediates in the metabolic pathways of these primary metabolites
[22]. Plant secondary metabolites are classified into several large molecular families
based on their biosynthesis processes, including phenolics, terpenes, steroids, alka-
loids, and flavonoids [23].

Secondary metabolites in plants provide a number of roles, including plant growth
and development, innate immunity [22], defensive response signaling [24], and reac-
tion to environmental threats [25]. Plant secondary metabolites also provide essential
functions such as repelling pests and pathogens, functioning as signals for plant-
microbe symbiosis, and altering microbial populations associated with hosts [26].
Many plant secondary metabolites have highly valued effects on human health
[27, 28] and agriculture production, contributing significantly to the economy.

5. Importance of plant secondary metabolites in small ruminants

Even though there have been a lot of studies on reducing methane emissions,
few CH,4 reduction strategies are now accessible for producers to use, with the
exception of sustainable intensification of livestock production [29]. The level of
adoption of methane reduction techniques varies due to concerns about their efficacy,
a lack of information about animal production, and increased implementation costs.

Therefore, affordable CH, reduction techniques that also guarantee energy effi-
ciency are required. Such initiatives would not only lower the financial burden on
farmers and consumers, but they would also enable widespread implementation to
reduce CH,4 emissions linked to the production of small ruminants. Due to their
natural occurrence in a variety of plants and the fact that ruminant producers may
easily access them, the utilization of secondary metabolites from plants may
present such a possibility. The use of plants rich in secondary metabolites in the
diet of small ruminants to reduce methane emission has been reported by several
authors [9, 21, 30, 31].
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5.1 Tannins

Tannins are the most abundant polyphenolic secondary metabolites, accounting
for 5 to 10% of dry vascular plant materials [32] primarily found in the bark, stems,
seeds, roots, buds, and leaves [32-34]. Tannin-rich terrestrial plants are abundant in
ruminant grazing areas. Tannins are widely found in numerous leguminous and non-
leguminous leaves of trees or shrubs (e.g., Acacia angustissima, Argania spinosa, and
Ceratonia siliqgua) that are fed to small ruminants in tropical regions. Some of tannin
tannin-rich plants are presented in Table 1.

Tannins can either directly or indirectly inhibit methane synthesis in the rumen by
suppressing methanogens or the protozoal population. There are various possibilities
that could explain how tannins reduce enteric CH, levels [10]. According to Bhatta
et al. [9], tannins can directly reduce methanogenesis by impacting rumen archaea

Tannin-rich plants Nutritive content References
Common  Scientific Tannin Dry Crude  Crude Ash
name name Matter Protein Fiber
Carob Ceratonia 4.1 g/kg DM 85.3% 5.1% 9.0% 3.6% [35]
siliqua (catechin)
27,97 ppm 75.92%  6.34%  7.30% 3.16% [36]
(catechin)
— — 3.07- 29.88- 213~ [37]
4.42% 36.07% 2.69%
River Leucaena 23.8 g/kg DM 29.9%  23.3% 19.9% 8.5% [38]
tamarind  leucocephala (tannic acid);
27.6 g/kg DM
(catechin)
— — 23.44%  14.30% 11.20% [39]
2.1-2.3% 94.08% 23.30%  16.10% 7.30% [40]
1.03% — 11.82% 4.71% 4.6% [41]
3.79 mg 100g’1 92.75%  27.31% 9.48% 8.93% [42]
Gliricidia Gliricidia 11.0 g/kg DM 25.3% 22.3% 19.7% 10.0% [43]
sepium (tannic acid)
10.9 g/kg DM
(catechin)
0.4% 94.33% 20.88% 17.04% 9.51% [40]
351 (mg100g~1) 92.85% 25.08%  8.61%  6.67% [42]
— 92.17%  24.59% 8.55% 6.55% [44]
Cassava Manihot 65.9 g/kg 22.5% 24.9% 17.7% 7.4% [45]
esculenta DM (tannic acid)
26.9 g/kg DM
(catechin)
— 30.39% 15.46%  13.86% 2.20% [46]
— — 7.66% 2.63% 14.99% [47]
Guest tree  Kleinhovia 2.5-2.8% 94.57% 18.99%  13.39% 7.54% [40]
hospita — 91.00% 19.80% 10.30%  7.01% (48]
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Tannin-rich plants Nutritive content References
Common  Scientific Tannin Dry Crude Crude Ash
name name Matter Protein Fiber
Moringa Moringa 3.09 (mg 100g’1) 93.63% 22.23% 6.77% 7.96% [42]
oliefera
- 92.22%  22.69%  6.49% 7.48% [44]
. 91.22%  19.76% . 9.61% [49]
21.5 g/kg DM 91.2%  26.8% 12.2% 10.8% [50]
(tannic acid)
2.0 g/kg DM
(catechin)
Pigeon Cajanus cajan 11.3 g/kg DM 90.3%  14.5% 32.5% 4.6% [51]
pea (catechin)
— — 22.40%  7.25% 8.22% [52]
— — 19.9% 8.15% 9.30% [53]
Sweet Acacia karroo 20 g/kg DM 87.3%  13.4% 18.2% 8.2% [54]
thorn (tannic acid)
40 g/kg DM
(catechin)
— 91.9% 23.2% 25.9% 5.1% [55]
2.0% DM 971%  12.7% — — [56]
(condensed
tannins)
Cratylia Cratylia 30 g/kg DM 312%  20.6%  26.1%  10.8% [57]
argentea
¥ 76gkg! —  257gkg’! — 92.7gkg™ (58]
0.78% 25.98%  18.44% — 9.25% [59]
Table 1.

Nutritive content of tannin-rich plants.

rather than by defaunation (removal of protozoa). Protozoa can offer H, as a source of
electrons to methanogens in a synergistic manner, hence tannins with antiprotozoal
effects would be expected to reduce CH,4 production by methanogens linked to pro-
tozoa. Another concept suggests that condensed tannins themselves operate as hydro-
gen sinks, reducing their availability for carbon dioxide reduction to methane,
meaning that 1.2 mol methane is reduced per mol of catechin (i.e., 6 H, atoms per
molecule of catechin) [10]. Several studies have reported the effect of tannins in the
diets of small ruminants on methane reduction (Table 2).

Bhatta et al. [9] showed that tannins from Mimosa spp. at low concentrations
(2.8 g/kg DM) can decrease CH, emissions in goats without influencing the digest-
ibility of dietary components. However, at greater tannin concentrations (5.6 g/kg
DM), CH, reduction was also attributed to decreased organic matter fermentation.
These findings suggested that tannins have the potential to reduce CH4 emissions
from small ruminants and to develop viable methods for utilizing tree leaves
containing a significant amount of tannins. Delgado et al. [63] reported that the
inclusion of 27% of Leucaena leucocephala in a Pennisetum purpureum basal diet
reduced methane production by 15.6% without affecting the apparent digestibility of
nutrients in sheep. It has been proposed that high molecular weight condensed tannins
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Tannin source Species Findings References
Sensitive plant (Mimosa Goats  Low concentrations (2.8 g/kg DM) decreased CH;  Bhatta
spp.) emissions in goats without influencing the etal. [9]

digestibility of dietary components.

Gliricidia sepium, Leucaena ~ Sheep 39,75, and 92 g (CT/kg DM, respectively) lowered  Rira et al.

leucocephala, and Manihot CH, production due to the high amount of [60]
esculenta condensed tannins, which inhibited archaea growth.

Chestnut Sheep  Methanogen diversity indices were unaffected by ~ Salami
(Castanea sativa) dietary treatments et al. [61]
Tara Sheep  Methanogen diversity indices were unaffected by ~ Salami
(Caesalpinia spinosa) dietary treatments et al. [61]
Black wattle Sheep  Methanogen diversity indices were unaffected by ~ Salami
(Acdcia negra) dietary treatments et al. [61]
Gambier Sheep  Methanogen diversity indices were unaffected by ~ Salami
(Uncaria gambir) dietary treatments etal. [61]
Tanniniferous legumes Sheep  Animals given diets having Leucaena leucocephala Moreira

had lower Dry matter intake than the other groups et al. [62]
and consequently emitted less CH,4. Tropical

tanniniferous legumes may have potential to reduce

CH, emission in sheep

River tamarind (Leucaena Sheep  The inclusion of 27% of Leucaena leucocephala ina  Delgado

leucocephala) Pennisetum purpureum basal diet reduced methane et al. [63]
production by 15.6% without affecting the apparent
digestibility of nutrients.

Table 2.
Effect of tannins on methane veduction in small ruminants.

fractions of Leucaena leucocephala have higher protein-binding affinities than low
molecular weight fractions, and thus the effect may be associated with the ability to
bind to cell membranes, preventing nutrient transport into the cell and inhibiting
microbial growth [64]. Rita et al. [60] investigated methane reduction in an iz vitro
and in vivo experiments using tannin-rich plants (Gliricidia sepium, Leucaena
leucocephala, and Manihot esculenta). In an in vitro experiment, tannin-rich plants
given at 39, 75, and 92 g (CT/kg DM, respectively) lowered CH,4 production due to the
high amount of condensed tannins, which inhibited archaea growth [60]. However,
the tannin-rich extracts had no influence on the methanogen population in an iz vivo
experiment [60].

5.2 Saponins

Saponins are a type of plant secondary metabolite that has a high level of com-
plexity in both structure and biological activity [30]. Saponins are found in many
tropical trees and bushes, and small ruminants enthusiastically ingest their leaf or
pods while browsing. Some of saponin saponin-rich plants are presented in Table 3. It
is widely assumed that their primary biological effect is on cell membranes. Their anti-
protozoal activity is exerted by interactions with cholesterol in the cell membrane,
which causes disruption, disintegration, lysis, and, eventually, cell death. According to
Ramos-Morales et al. [81], the effect of saponins on protozoa is only temporary since
bacteria can break down saponins into sapogenins, which cannot affect protozoa.
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Saponin-rich plants Nutritive content References
Common Scientific name DM CP CF Ash Ether
name Extracts
Pawpaw Carica papaya 20.9% 25.6% 12.5% 13.2% 6.6% [65]
— 334% 141% 11.4% — [66]
89.60% 13.1% 1.95% 18.3% 3.5% [67]
Smooth Amaranthus — 49.0% 8.05% 15.55% — [68]
pigweed hybridus L. 16% 1633% 7.90% 12.70% — (69]
— 348% 17% 17.2% — [70]
Tea Camellia sinensis 26.96% 26.76% 12.49% 6.89% 1.67% [71]
—  11.725% 1.729% 5.406% — [72]
—  1056%  — 4.00% — [73]
Century plant Agave americana 94.14% 35.33% 38.40% 5.94% —_ [74]
— 297% 11.63% 9.87% 1.34% [75]
— 9.1% — — 1.5% [76]
13.4 5.3% 16.3 10.1% 1.4% [77]
Pomegranate Punica granatum — 8.719% 21% 0.5% — [78]
— 7.8%  19.0%  5.6% — [79]
— 346% 17.63% 6.07% — [80]
Table 3.

Nutritive content of saponin-rich plants.

Torres et al. [12] reported that adding saponins and nitrates to diets reduced methane
production, but more research is needed to validate these findings and better understand
the mechanisms that interact with sheep responses to saponin and nitrate supplementa-
tion. Shilwant et al. [82] suggested that a composite plant extract from Dolichos biflorus
(horse gram), root of Asparagus racemosus (shatavari), bark of Amoora rohituka
(rohitaka), and peel of Punica granatum (pomegranate) rich in both phenolics and
saponins can increase ruminal fermentation, milk production, and nutritional utilization
in lactating goats with improved health while reducing methane emissions. In a series of
in vitro investigations, the addition of papaya leaf (a saponin-rich source), methanolic
extract of papaya leaf, and other solvent extracts of papaya leaf reduced CH, synthesis
by 37, 34, and 30%, respectively, when compared to the control group [83-85].

The intraruminal administration of polymeric media-coated gynosaponin (8 g/kg)
reduced methane production in Xinjiang goats, according to Li et al. [86]. Li et al. [86]
also stated that polymeric media-coated gynosaponin (8 g/kg) may predominantly
inhibit methanogens and bacteria, resulting in lower acetate concentrations and the
acetate to propionate ratio, which may result from hydrogen accumulation. According
to Guo et al. [87], using tea saponin to reduce methanogenesis resulted in decreased
activity of the mcrA gene (an indication of the methanogenic activity of the
methanogen population) without affecting overall methanogen numbers. Tea sapo-
nins at 3 g/day in sheep diets, on the other contrary, had no effect on methanogen
populations [31, 59]. Furthermore, in addition to inhibiting CH, synthesis, saponins
may provide nutritional benefits by increasing microbial protein synthesis due to
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protozoa suppression and by increasing the fiber-degrading bacteria and fungus in the
rumen, which is useful for utilization in low-quality-based diets [60].

5.3 Flavonoids

Flavonoids are naturally occurring polyphenolic phytochemicals present in plants
that are responsible for a wide range of biological functions [88]. They are linked to a
group of secondary metabolites in plants that have a polyphenolic structure [89].
Flavonoids are categorized into eight main flavonoid categories based on their molec-
ular structure: flavanol, flavandiol, flavanone, dihydroflavonol, flavone, flavonol, iso-
flavone, and anthocyanidin [90].

Flavonoids have been proposed for inclusion in ruminant feeds to enhance pro-
ductivity by increasing propionate production relative to acetate [11]. Some of the
nutritive content of plants rich in flavonoids is presented in Table 4.

In vitro, the flavonoids naringin and quercetin inhibited methane synthesis, ciliate
protozoa, and hydrogenotrophic methanogens, according to Oskoueian et al. [104].

According to Santas et al. [105], quercetin and kaempferol have the ability to
suppress Gram-positive bacteria such as Bacillus cereus, Staphylococcus aureus,
Microcroccus luteus, and Listeria monocytogenes. An in vitro review investigated at the
potential of eight flavonoids to reduce CH,4 emissions (epicatechin, luteolin-7-gluco-
side, quercetin, isoquercetin, catechin, gallocatechin, epigallocatechin, and epigallo-
catechin gallate) and found that uteolin-7-glucoside (50 mg/g DM) has promising
potential to reduce CH, and ammonia formation during ruminal fermentation [106].

Flavanoid-rich plants Nutritive content References

Common Scientific name Dry Crude Crude Ash Ether

name matter protein fiber extracts

Mulberry Morus alba — 29.80% — — — [91]
— 16.57% 13.11% — 7.38% [8]
— 20.34% 11.63%  13.37% 1.44% [92]

19.8% 22.3% 15.90% — 3.5% [93]

Betel leaf Piper betle — 3.20% — 4.30% — [94]
— 3-3.5% 2.30% — — [95]
— 3.288% 2.212% — — [96]

Onion Allium cepa — 2.62% 2.646% 0.205% — [97]

— 1.489% 1.659%  0.248% —

— 1.46% 0.58% 0.67% — [98]
Mangosteen Garcinia 94.6% 20.4% — — — [99]
T

THANSOSHARA g3 104 15.3% — — — (100]

— 3.43% 25.53%  20.54% — [101]

Spinach Spinacea — 2.99% 4.6% 6.61% — [102]

oleracea
— 20.82% 4.92% 21.34% — [103]

Table 4.
Nutritive content of flavanoid-rich plants.
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Species Flavonoids-rich plants  Findings References

Sheep  Mulberry leaf 150 mg/kg of mulberry leaves rich in flavonoids diet Ma et al.
decreased daily CH,4 emission in ewes by reducing the  [31]
population of protozoa and methanogens.

Goats ~ Mangosteen peel powder Feeding meat goats with 41.25 g/head/day Mangosteen Ban et al.
(Garcinia mangostana L.) peel powder rich in flavonoids resulted in a reduction  [15]
of enteric methane emissions.

Table 5.
The inhibitory effect of flavonoids on methane synthesis in small ruminants.

Mulberry leaf biomass effectively decreased daily CH4 emission in ewes in a study
by Ma et al. [31] by reducing the population of protozoa and methanogens. This
increase in cellulolytic bacteria population was linked with a decrease in protozoal
population. Mulberry leaf biomass (150 mg/kg diet) improved in vitro dry matter
digestibility, and increased total gas production, and volatile fatty acids, while
reducing CH,4 production in sheep ruminal fluid [107] (Table 5). In a study by
Ban et al. [15], feeding mangosteen peel powder (rich in condensed tannins,
flavonoids, and cinnamic acid) to meat goats reduced methane emissions. The fer-
mentation of enzymatically structural carbohydrates, starch, and proteins in the
rumen for the production of metabolic H,, CO,, and volatile fatty acids is a
complex process, and the fermentation end-products are used by rumen
methanogens for CH, synthesis during methanogenesis [108]. More volatile fatty
acids produced during fermentation, in particular, yield more CH4. Mangosteen
peel powder, on the other hand, had a negative impact on methanogenesis by blocking
H,-releasing processes or removing H, during carbohydrate fermentation [15]. To
sum up, flavonoids have a significant potential to mitigate CH, emissions, according
to available data, but more research on small ruminants and lot of work have been
done on dairy cows.

5.4 Essential oils

Essential oils are aromatic chemicals that are mostly volatile and can be found in
food, medicinal, and herbal plants. Some of the plants rich in essential oils are
presented in Table 6. They are created in distinctive cells in various sections of plants,
including roots, seeds, fruit, leaves, flowers, bark, petals, and stems [128]. The essen-
tial oil composition is distinct and unique to the plant species and is responsible for the
aroma [13]. Essential oils can either directly restrict the growth and activity of
methanogenic microorganisms or indirectly reduce the number of protozoa associated
with methanogens [13].

Due to its richness in phenolic components, Salvia officinalis essential oil is distin-
guished by its antioxidant and antibacterial properties. In an iz vitro experiment
utilizing goat rumen fluid, Saber et al. [129] found that the addition of Salvia officinalis
essential oil to oat hay reduced methane (CH,) production in a dose-dependent
manner starting at the dose of 20 g/ml. By reducing rumen protozoa in goats, Abubakr
et al. [130] observed that adding decanter cake and palm kernel cake at up to 80%
inclusion reduces methanogenesis in an experiment involving Boer X Catcang cross-
bred goats. Essential oil-cobalt complexes that directly inhibited methanogenic
archaea decreased the amount of methane produced [14].
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Essential oils-rich plants Nutritive content References
Common Scientific name Dry Crude Crude Ash Ether
name matter protein fiber extracts
Sage Salvia officinalis 93.6% 1.3% 31.0% 9.1% —_ [109]
Ginger Zingiber 23.14% 8.75% 293%  2.54% — [110]
officinale — 0.53% 10.60%  4.20% — [111]
_ 8.50% 3.80%  3.60% — [112]
— 8.58% 3.25% 6.30% — [113]
— 7.52% 2.64%  1.51% — [114]
Orange Citrus sinensis 16.1% 6.8% 6.2% 3.7% 1.9% [115]
— 8.120% — 3.17% — [116]
— 8.015% — 3.313% — [117]
— 12.43% 14.17% 7.8% — [118]
Garlic Allium sativum ~ 33.43% 7.87% 0.73% 1.33% — [110]
— 15.33% 2.10% 4.08 — [113]
18.00% 4.63% 6.72% 5.66% — [119]
— 10.15% 2.13% 1.54% — [114]
Peppermint  Mentha piperita — 2.19% 150%  3.50% — [120]
— 3.44% 274%  3.30% — [121]
— 1.456% 6.90%  2.98% — [122]
95.7% 17.6% 58.0% — — [123]
94.2% 16.2% — 14.9% — [124]
Cinnamon Cinnamomum — 3.4% — 3.15% — [125]
verum 9150%  3.90%  4520% 430 1.80 [126]
— 3.50% 45.40% 4.6% — [127]
Table 6.

Nutritive content of plants rich in essential oils.

In sheep feedstuffs, Naseri et al. [131] showed that the addition of essential oils
from Pistacia atlantica gum can replace antibiotics and reduce the relative population
of methanogens in the rumen. In a study by Soltan et al. [132], sheep fed a basal diet
containing 200 and 400 mg/kg of a microencapsulated blend of essential oils showed a
decrease in methane emissions. One key strategy for reducing methane emissions is to
minimize the number of H, producers such as protozoa in the rumen [133]. Angelica
(Heracleum persicum Desf. ex-Fischer) and Eucalyptus (Eucalyptus globulus Labill)
essential oils decreased the protozoa population in sheep, which led to a decline in
methane production [134].

6. Conclusion

The following important conclusions can be drawn from the latest research results
discussed in this chapter:
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* Tannins have the potential to reduce CH, emissions from small ruminants by
inhibiting methane synthesis in the rumen (suppressing methanogens or the
protozoal population).

* Saponins may provide nutritional benefits by increasing microbial protein
synthesis due to protozoa suppression and by increasing the fiber-degrading
bacteria and fungus in the rumen, which is useful for utilization in low-quality-
based diets.

* Flavonoids have a negative impact on methanogenesis by blocking H,-releasing
processes or removing H, during carbohydrate fermentation, therefore resulting
in decreased methane production in small ruminants.

* Essential oils can either directly restrict the growth and activity of methanogenic
microorganisms or indirectly reduce the number of protozoa associated with
methanogens in small ruminants.

Based on the literature discussed in this chapter, it can be concluded that plant
secondary metabolites have proven to have the potential to reduce methane emissions
in small ruminants without adversely affecting their performance, health, or produc-
tivity. However, more research is required in order to acquire more information about
the relationship between plant secondary metabolites, rumen microorganisms, and
methanogenesis.
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Abstract

Large quantities of cereals and grain legume crop residues (CRs) such as straw,
stover and haulms are produced every year. They are used as a major and cheap source
of livestock feed in developing countries especially during the dry season. However,
the overall contribution of CRs as feed for ruminants is much less than the potential
estimates because of several factors. In crop-livestock systems, most estimate of cereal
CRs production and quality traits available in literature are based on the whole residue
and do not represent farmer’s practices/context related to the various uses of residue
fractions. In addition, there has been a strong focus on post-harvest interventions, but
little adoption has been observed, with less emphasis on pre-harvest interventions and
residue handling, storage and utilization. This book chapter aims to review the deter-
minant factors and the reasons for low adoption and explores potential intervention
options for improving whole-farm productivity and sustainability as a ‘win-win’ solu-
tion. Overall, understanding the local/on-farm socio-economic factors and practices/
methods is crucial to estimate the production and quality of CRs/CR fractions actually
available as feed for ruminants, and to select and promote the possible intervention
options that are more practical for wide adoption by the smallholder farmers.

Keywords: dual-purpose, feedstuffs, food-feed, haulms, ruminants, smallholder,
Stover, straw
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1. Introduction

Due to the growing population and the associated changes in urbanization,
income increase and change in dietary preferences by the growing middle class, the
total demand for meat, milk and eggs is projected to almost double worldwide by
2050, particularly in the developing world [1, 2]. These necessitate an increase in
feed production and efficient utilization for improving livestock productivity to meet
the ever-increasing demands for animal-source food (ASF) consumption. However,
the competition for food and feed on a fixed land base present significant challenges
towards sustainable feed and livestock production system [1, 3, 4]. Poor or inadequate
livestock feed, seasonal variability of feed gaps and imbalanced feeding to livestock
have been identified as the major constraint to animal production in most developing
countries [2, 5]. Recent estimates indicated that 61% of all herds faced a metabolizable
energy (ME) feed gap, and 55% a crude protein (CP) gap between actually supplied
feed and calculated requirements at attainable milk production levels in East African
smallholder farms [2]. Shortages of arable land and water in the smallholder system
constrained options for improving the feed resource base through increasing the culti-
vated area under improved forages or intensive pastures management [6]. Moreover,
concentrate ingredients or compound feeds are generally either not accessible or in
short supply and most often expensive for wider use as supplement in low-quality
forage-based diet of ruminants. Feed losses are most often high (up to 30-50%) in
cut-and-carry systems [2]. Feed can contribute up to 70% of total production costs
of ruminants [5, 7]. This triggers efficient utilization of available feed resources
for ruminant feeding particularly those not competing with human food like crop
residues (CRs) including reduction in wastage and widening the feed resource base
through exploring non-conventional potential feed resources [5, 6, 8]. Globally, CRs
production has increased from 3.8 billion metric tons in 2004-2005 [9] to about 5.3
billion metric tons in 2020-2021 [10], with both cereals and legumes contributing
82% while the rest are contributed by sugar crops 10%, tubers 5%, and oil crops 3%
[9]. Crop residues contribute about 70% of feed resources in India on DM basis [11].
With increasing land allocation for crop production and decreasing grazing lands,
dependence on fibrous CRs mainly from cereal and legume crops such as straw, stover
and haulms for livestock feeding is expected to increase including crop thinning dur-
ing crop growing period [12-15]. Case studies in Ethiopia also revealed this scenario
[16, 17]. Crop residues may be the only source of feed in late dry seasons or drought
periods particularly in semi-arid areas with low and erratic rainfall [18]. The large
quantities of CRs are contributed by cereals which usually accounting over 50% of the
crop biomass dry matter (DM) [18, 19]. Generally, the potential of CRs as ruminant
feed has not been fully exploited in smallholder crop-livestock systems, particularly
given the ever-increasing land allocation to crop cultivation at the expense of grazing
lands. This is partly due to the fact that: i) CRs particularly from cereals are bulky
and generally have low nutritive value that limits voluntary intake (VI) [20-22], ii)
Improper management of the bulky and fibrous CRs contributing to DM and nutri-
ent losses and low productivity of ruminant livestock in the tropical regions [5], iii)
the bulky nature of CRs that requires significant investment and labor for collecting,
storing, handling, transporting, and processing also limits the use of CRs [10, 22, 23],
and iv) competing demands for CRs in smallholder systems, most importantly for soil
fertility, and for household energy and construction, and other uses [14, 15, 24-26].

All of these factors led to inadequate supply CRs for ruminants particularly
during the dry season in sub-Saharan Africa (SSA). This necessitates improved CR
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production in the same unit of land and efficient utilization of CRs for livestock feed-
ing [5, 15, 27-32] in smallholder farming systems. First, improving the production of
CRs in the same unit of land does not require additional water or land or other farm
inputs to produce [15, 29]. Second, ruminant livestock have a huge potential to utilize
low-quality fibrous CRs and convert them into high-quality human food [3]. A new
analysis of the feed/food debate also revealed that to produce the equivalent amount
of ASF (meat, milk, or eggs) much less human-edible feed is needed in ruminant sys-
tems than in monogastric systems (6 vs. 16 kg of human-edible feed dry matter (DM)
per kilogram of protein products) [33]. However, less information is available on feed
interventions related to CRs (less than one in ten articles dealt with CRs) compared

to cultivated forages and fodder trees, despite the huge contribution and potential

of CRs as a ruminant feedstuff in small-scale ruminant systems across tropical
regions [34]. There have been few studies focused on either pre-harvest [12, 15, 31, 35]
or post-harvest [5, 32, 36, 37] intervention options for enhancing the production,
nutritive value and utilization of CRs as feed for ruminants. Many attempts have been
made to upgrade post-harvest CRs using physical, chemical and biological treatments
but little adoption has been reported. This stimulated targeted improvement of CRs
pre-harvest through breeding and selection at source [15, 28-30, 38].

The increasing global demand for biomass as food, feed, industrial raw material
and a source of energy results in an increasing challenge on sustainable agriculture
particularly in SSA [39]. Crop residues are a key element of the interaction between
crops (soil mulching) and livestock in many smallholder crop-livestock systems in
developing countries, and residue management is a major issue affecting the sustain-
ability of crop-livestock systems. On the other hand, the most estimate of CRs pro-
duction and quality traits available in literature either is based on the whole residue
especially from tick-stemmed cereal crops and do not represent farmer’s practices/
context related to the various uses of residue fractions. This calls for revisiting this
traditional methodological problems and optimizing allocation of crop residues for
improving whole-farm productivity. Hence, in addition to increasing CRs production
and nutritive value, and reducing losses during harvest and post-harvest manage-
ment of CRs, balancing the use of residues for other competing uses such as for soil
amendment and forage has also been suggested [26, 40, 41] as an important strategy
for improving whole-farm productivity and agricultural sustainability in smallholder
crop-livestock systems [3] including the likely adoption of the technology. Through
this book chapter, the authors sought to bridge the gap between the conventional
research approach/methodology and practical application, providing a compre-
hensive assessment of fibrous CRs in system wide perspective, recommend possible
approach while estimating the amount and quality of CRs that is actually available
for feeding livestock and other uses according to farmer’s practices/context and also
contribute to the global effort toward more sustainable use of CRs as a ‘win-win’ solu-
tion for improving whole-farm productivity.

This chapter contributes to the existing literature on CRs by i) synthesizing the qual-
ity attributes and feeding values of cereal and legume CRs for ruminants, ii) summariz-
ing determinant factors for the availability, nutritive value and utilization of CRs as feed
for ruminants, iii) describing methodological problems and recommending possible
solutions for characterizing the quality attributes of residue fractions and/or whole
residue, thereby estimating the amount of CRs that is actually available for feeding
livestock and optimizing allocation of crop residues for improving whole-farm produc-
tivity and iv) exploring potential intervention options for improving the production,
quality and utilization of CRs as feedstuff for ruminants in smallholder crop-livestock
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system as a ‘win-win’ solution for improving whole-farm productivity and sustain-
ability. As a pre-harvest intervention, we focused on cultivar/varietal choice and those
crop agronomy aspects that affect the yield and quality of CRs and could likely be easily
modified in smallholder crop-livestock, mainly on cereals and grain legumes or pulses
CRs since they are commonly used as livestock feedstuffs in smallholder systems.

Therefore, the aim of this chapter is to present the potential intervention options
suitable for smallholder farmers that could likely be easily applied and adopted in
smallholder crop-livestock systems

* to improve the production and quality of CRs as ruminant feed

* that reduce feed wastage during harvest, storage and feeding, and improve the
feed utilization efficiency by ruminants

A further goal is to provide the scientific community on key gaps and recommend
possible approach while estimating the amount and quality of CRs that is actually
available for feeding livestock and other uses according to farmer’s practices/context
and also to contribute to the global effort toward more sustainable use of CRs as a
‘win-win’ solution for improving whole-farm productivity.

2. Quality attributes and feeding values of cereal and legume crop residues
for ruminants

Generally, senescent cereal CRs are characterized by a high fiber and low N (<1.12%
DM) contents and low digestibility [13, 21, 42-45], an unbalanced mineral composition
[45, 46] and low VI [20, 22, 47]. For instance, the voluntary DM intakes of ruminants
fed on cereal CRs alone ranged from 1.4-2.0% of live weight (LW)/day for maize sto-
ver, < 2.0% of LW for rice straw, 1.6-2.3% of LW for tef [Eragrostis tef (Zucc.) Trotter]
straw and 1.1-2.1% of LW for wheat straw [13, 43-45, 48, 49]. As aresult, the feeding
value of low-quality forages like cereal CRs is also generally far below the maintenance
requirements of adult ruminants; when fed exclusively CRs diets ruminants most often
lose weight with low VI [43, 45, 50]. For instance, sheep-fed maize stover alone for
about 63 days [45] and 92 days [13] in Ethiopia resulted in the live weight and carcass
weight loss by about 42 and 26 g/head/day, respectively, and this was likely because
of the negative nitrogen balance as observed in [13]. Similarly, feeding tef straw alone
did not support the maintenance requirements of cross-bred calves in Ethiopia. There
was a LW loss of about 75.8 g/head/day during the feeding period of 111 days [43]. In
contrast, haulms of grain legumes such as cowpea, groundnut, haricot bean and faba
bean can have better nutritive value compared to cereal CRs and supported daily LW
gain in sheep [51-54] and Arsi bulls (47 g/head/day) [55] when fed as sole diet.

Nonetheless, cereal CRs have the potential to be used as a coping strategy for a
certain period of time during critical feed shortage/drought with an acceptable body
weight losses but without or with minimum losses of live animal through death. For
instance, Singh et al. [51] reported that feeding exclusively chopped coarse-stemmed
cereal CRs diets such as millet, sorghum and maize as expected resulted in the weight
loss of the Yankassa rams by 45.4, 59.7 and 65.9 g/head/day, respectively, during
70 days of the dry season in Nigeria, but there was no single mortality or sickness
observed. This shows that low-quality forages like cereal CRs can be used to keep the
animals alive for some time during critical periods.
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3. Determinants of crop residues availability, quality and utilization
as feed for ruminants

3.1 Harvest and post-harvest management and utilization practices

Crop residues which are the major roughage source during the dry season are
either stored opportunistically or grazed in situ in smallholder crop-livestock sys-
tems in SSA [35]. In areas where there are relatively high demands for CRs as feed
for ruminants, the harvest and post-harvest management and utilization practice of
CRs in smallholder are often associated with considerable levels of dry matter (DM)
and nutrient losses due to delayed harvesting of the residue after grain maturity
[20, 56, 57], during post-harvest residue management practices such as condition/
method and duration of CRs storage [32, 56, 58, 59] and feeding practices such as dur-
ing stubble grazing or during harvesting, transporting, processing and stall feeding
practices like with or without feeding troughs [32, 60-62]. Several authors reported
the substantial losses of forage DM and nutrients during harvest, storage and feeding
in smallholder system mainly due to lack of appropriate feed harvesting, processing
and conserving technologies and exacerbated feed shortage in SSA [36, 58, 59, 63, 64].

Crop residue utilization practices through direct stubble grazing result in wastage
through trampling and spoilage, but allow animals to select the most nutritious plant
parts and the return of nutrients to the soil [60, 62]. Different studies in Eastern and
Southern Africa [58, 61, 63, 65-67] have shown that collection and storage of CRsis
a common practice to mitigate dry season feed shortage. But the extent of practicing
collection of CRs and storage for later use varied among farmers depending up on several
factors such as the relative importance of the residue as feed, the bulkiness and difficul-
ties for transportation, and other competing uses [63, 66], and agro-ecology, production
system, labor availability, intensification and market access [20]. In smallholder systems
traditionally CRs are stored throughout the dry season mostly in loose form without
cover. Moreover, baling of CRs and use of feeding troughs and storage sheds were uncom-
mon in most reports [58, 61, 68]. Crop residues stored in open without having any cover
that exposed in rain and temperature extremes accelerate a sharp decline in their DM and
feeding value probably due to rotting, exposure to rainfall or destruction by termites [68].
The extent of such losses limits the amount of CRs that is actually available for feeding
livestock. However, studies in East Africa [32, 69] indicated that using storage shades and
feeding troughs has a huge potential to reduce feed loss during storage and utilization.

3.2 Competing demands for crop residues

In smallholder mixed crop-livestock system, CRs (straws and stovers) are increas-
ingly important as feed for ruminants in developing countries [18] and have many uses
other than as ruminant feed [18, 20, 24, 25] such as to enhance soil fertility through soil
mulching, to provide material for construction, to provide household energy and other
uses [14]. Among the competing demands for CRs, the demand for CRs for soil mulch-
ing is one of the interventions under conservation agriculture (CA), and sustainable
intensification practices has been increasing and exacerbated the situation in most crop—
livestock systems. Retaining part of the CRs produced in crop fields is being advocated as
one of the bases of CA to sustain agricultural intensification [14, 18, 24, 70, 71]. However,
the relative contribution of CRs as feed for ruminants showed substantial variation
depending on the combined population and livestock density gradients in South Asia
and SSA. For instance, the contribution of CRs in livestock feeds in 2011 increased from
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low-density to high-density areas and can range from 50 to 78% in South Asia and from
10-60% in SSA [18]. Most farmers in Burkina Faso and Western Kenya retain around
80% or more cereal residues on their fields [18, 25]. As a result, many studies reported
crop residue trade-offs in smallholder crop-livestock systems [18, 24, 25, 72]. On top
of these uses of CRs, CRs markets are emerging in SSA and India [22, 73-75] triggered
by feed shortage. On the other hand, burning of CRs is also common practice in many
regions in Africa and Asia [5, 23, 76] mainly associated with high cost, labor shortages,
lack of suitable technology for efficient utilization of CRs without delay of the subsequent
cropping season and lack of technical knowledge and market access of the CRs [23],
which also has an adverse effect on the soil, environmental and human health [5, 76]. As
aresult of the recent government regulations against open field burning of rice straw and
the increasing use of straw for various purposes such as fodder for ruminants, for mush-
room production, for fuel (heating and biogas) source, for board or paper production
and also for organic fertilizer production, mechanized collection of CRs such as rice straw
in baled form is becoming popular in Asia [77]. The extent of such competing uses and
burning of CRs limits the amount of CRs that is actually available for feeding livestock.

In summary, though large quantities of CRs are potentially available for feeding
to ruminants, but the overall contribution of CRs as feed for ruminants is much less
than the potential estimates indicated above, because of: a) the other competing
uses, b) the losses associated with the harvest and post-harvest CRs management
practices through direct stubble grazing and/or in harvesting, processing, condition
and duration of storage and feeding practices and c) the burning of CRs. All these
factors need to be considered in national and regional assessments of crop residue
inventory and feed balance and promoting increased use of this resource as ruminant
feed. Promoting suitable technology that may have a strong likelihood of adoption and
improving farmers’ technical knowledge for efficient residue management and utiliza-
tion, balancing the use of residue fractions for various uses for improving whole-farm
productivity and linking farmers to CRs markets are potential intervention areas.
Furthermore, the traditional methods need to be revisited and discussed below.

4. Revisiting the traditional methodological problems

As discussed above, CRs have various competing uses in smallholder farmers
and unlikely that whole residue exclusively used as feed for ruminants. For instance,
cutting height at harvest of whole plant cereal species varies within smallholder
crop-livestock systems. Farmers either cut high or low at ground level depending up
on method of harvest, the livestock density, labor availability, access to fodder market,
and the type of crop species. For instance, many combine-harvested crops such as
wheat and barley are cut high. However, crops on small-scale farms where there is no
combine harvester and straw are scarce and may be cut at ground level manually using
sickle [78]. Among thin-stemmed cereals in Ethiopia, wheat is harvested at higher
cutting height (about 20-30 cm or more from the ground) than tef which is harvested
close to the ground so as to maximize the volume of straw harvested. Similarly
thick-stemmed cereals like maize and sorghum, stover are usually harvested either to
ground level or at high stubble height; the upper part of the stover usually removed
from the field or stored in situ for later use as feed during the dry season while the
lower part of the stover most often left in the field as mulch, or for stubble grazing, or
other uses [14, 26]. In addition, the maize ears are also removed from the stalk right in
the field leaving the rest for in situ grazing in North-western Ethiopia (Figure 1).
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Figure 1.

Mgize cut at high stubble height; the lower stover left in the field for stubble grazing, while the upper part of
the stover is stoved in situ for later use during the dry season in North-western Ethiopia (left) (Source and Photo
credit: 136), maize ear removed from the stalk in the field leaving the vest for in situ grazing in Western Ethiopia
(middle) (Source and Photo credit: 67), and sorghum grain removed from the stalk in the field and the stover cut
at ground level and conserved for dry season feeding in Chiro district, Eastern Ethiopia (right).

Generally, the extent of CRs removal from fields usually increased with
increased labor availability, livestock density and market access [14, 79]. For
instance, [25] reported that much straw or stover is used as mulch in an agro-pas-
toral system of Burkina Faso, because of low quality as feed for ruminants, absence
of livestock or shortage of labor. This has implications for how CRs are allocated to
various purposes, conserved and fed and the measurement of the nutritive value
of those parts of the stover actually used as a ruminant feedstuff. However, in
contrast to this practice, in most reports found in literature regarding estimates of
the cereal CRs production and nutritive value available as feed for ruminants refer
to the whole residue harvested at ground level especially from tick-stemmed cereal
crops and do not represent farmer’s practices/context related to the various uses of
residue fractions. Such measurements and literature values may be poor indicators
of nutritive value and the contributions of the stover used for ruminant feeding
and mislead feed budgeting and prediction of animal performances. Hence, the
traditional methods need to be revisited and should represent farmer’s practices/
context related to the various uses of residue fractions while estimating the pro-
duction and the proportion of the residue fractions allocated for various uses and
characterizing the quality of CRs fractions actually available as feed for ruminants.

5. Optimizing allocation of crop residues for improving whole-farm
productivity

In addition to increasing CRs production and nutritive value and reducing
losses during harvest and post-harvest management of CRs, balancing the use of
residues from thick-stemmed cereals such as maize stover for other competing
uses particularly for soil amendment and forage has been reported as an important
strategy for enhancing both crop and livestock productivity and sustainability
[26, 41]. Optimal allocation of CRs like maize/sorghum stover for feed and soil
mulching can be attained through manipulating the cutting height at harvest
according to the circumstances and demands for CRs. Increasing the cutting height
of whole plant cereal species can increase the quality of CRs removed from crop
fields as feed for ruminants while leaving some amount of the lower part of the
CRs in the field either to be grazed or used as soil mulching and for other uses
[26, 41, 80, 81]. In line with this, manipulating cutting height at two internodes
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below the lowest ear of maize stover at grain maturity provided nearly about
two-third of the stover as upper part for feed (6.38 t/ha) and the rest one-third of
the stover as lower part (3.82 t/ha) could be left in the field available for mulch,
stubble grazing or other purposes [26]. Similarly, available literature in China sug-
gested that the upper fraction of the maize stover could be removed from the field
for feed while the lower stover fraction is of comparable value for soil amendment
and found as a feasible option to enhance both crop and livestock productivity
through best use of maize stover fractions [41, 81]. This simple harvest manage-
ment strategy of the residues from thick-stemmed cereals coupled with choice and
use of suitable dual-purpose food-feed varieties provides the most appropriate
proportions of upper and lower stover fractions according to circumstances and
need for optimal allocation and improves whole-farm productivity.

6. Enhancing the production, nutritive value and utilization of crop
residues for ruminants: potential intervention options

Improving voluntary intake and digestibility of low-quality CRs through upgrad-
ing and/or supplementation has been the major emphasis [13, 45, 82]. However,
little adoption of upgrading post-harvest CRs technologies has been reported [83].
Much less effort has been put into pre-harvest intervention strategies mainly crop
management factors, multidimensional crop improvement and post-harvest residue
management, utilization and feeding practices [83, 84]. The importance of focusing
more on pre-harvest strategies also highlighted [34] for improving crop residue yields
and quality in the same unit of land without affecting the primary product which may
have a strong likelihood of adoption.

6.1 Pre-harvest intervention options

6.1.1 Enhancing whole plant value: progress towards developing dual-purpose crops
through multidimensional crop improvement approaches

Plant breeding and selection criteria using multi-trait and whole-plant (i.e.
food and fodder) model against the single (grain)-trait model has been the focus of
research in public and private crop-improvement programs towards whole-plant
improvement/optimization [11, 15, 85]. Using dual-purpose/food-feed crops improve
both grain/pod yield and biomass yield and residue quality without requiring addi-
tional land and water [86] and enhance animal productivity [52, 53, 87]. The follow-
ing subsections discuss the two separate approaches towards developing dual-purpose
crops through multidimensional crop improvement [15].

6.1.1.1 Exploiting cultivar-dependent variation for improving ruminant productivity

This approach is through exploiting the variations among the existing cereal and
grain legume cultivars in both grain/pod and residue yields and residue quality traits
such as nutrient composition, digestibility, voluntary intake and animal productivity,
which is relatively quick and requires lower investment than the second approach, that
is, targeted genetic enhancement [88]. Substantial variation in CRs quality among
genotypes within cereal crop species without sacrificing grain yield has been reported.
Chemical composition and in vitro digestibility of CRs vary among genotypes within
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species of maize [30, 89, 90], sorghum and pearl millet [15, 29, 86, 87, 91], wheat
[92-94], barley [50, 95] and rice [11, 96]. For instance, the stover CP content and
in-vitro organic matter digestibility (IVOMD) of sorghum cultivars varied by about
5.5 and 10 percentage units, respectively [91] while rice cultivars varied in straw
IVOMD by about 5 to 10% units [88]. This has a great potential to improve ruminant
productivity. For instance, calculations from feeding standards [97, 98] indicate that
an increase of 5 percentage units in dry matter digestibility (DMD) would be expected
to increase ME intake of ruminants by about 20% and could, for example, increase
growth rate of a 300 kg animal from 0.15 to 0.30 kg/day. In addition, an increase in
forage NDF digestibility by a one percentage unit could increase the dry matter intake
(DMI) and milk production by about 0.17 and 0.25 kg/day, respectively [99].

In an experiment using a sorghum stover of the lower and higher quality varieties
(IVOMD 47 and 52%, respectively) resulted in milk improvement from (10 to 15 kg/
day) in dairy buffalo fed in densified total mixed ration having about 50% of sor-
ghum stover inclusion rate, due to higher IVOMD and hence higher feed intake [15].
Large variation (P < 0.05) was observed among barley genotypes in daily live weight
(LW) gain of sheep ranged from —143-18 g/head/day as a result of the higher straw
digestible organic matter intake (DOMI) (as g/kg LWO0.75/day) for the superior barley
cultivar than for the inferior one when fed as sole diets [100].

There also appears to be large potential for selecting dual-purpose genotypes of
the CRs of grain legumes such as cowpea and groundnut [52, 73, 101-103], faba bean
[54, 104], chickpea [105, 106], lentil [107, 108] and common bean [109] without
sacrificing pod/seed yield. In addition, the variation in leaf loss observed among
common beans genotypes while approaching seed maturity [110] suggesting the need
to include this trait as a selection criteria [101]. For instance, sheep fed exclusively
groundnut haulms diet from 10 different cultivars in India, nitrogen retention was
positive and 70% higher (from 6.7 to 11.4 g/head/day) while weight gains in sheep
were more than two-fold (from 65 to 137 g/day) for the superior groundnut genotype
than for the poor-quality genotype [52].

Generally, the variation observed among cultivars in most crops in terms of grain
and residue yield and residue quality traits [15, 28, 30, 90] was found to be promis-
ing for simultaneous selection of superior cultivars both for grain and straw traits.
However, the recent advances in dual purpose rice and wheat research [88] suggest
that this approach is not promising for all crops. For instance, it looks promising
for rice but not for wheat that may need targeted genetic enhancement for simul-
taneous selection of superior wheat cultivars both for grain and straw traits [88].
Furthermore, the differences observed in residue quality traits among cultivars in
most studies were relatively smaller than the differences in the grain yield and residue
yield. However, the overall increased in nutrient yields (e.g., both digestible dry
matter and ME productivity of the residue) per hectare through use of dual-purpose
cultivars has a great potential to improve ruminant productivity/ha/year.

6.1.1.2 Targeting genetic improvement towards specific traits: recent advances toward
developing dual-purpose crop cultivars

The second approach towards developing food-feed (dual-purpose) crop cultivars
is through targeted genetic enhancement, using conventional [42, 111, 112] and
molecular breeding approaches [113, 114], and has greater potential for impact. The
recent results [115] demonstrated the feasibility of incorporating genomic predic-
tion as a tool to improve maize stover quality traits such as IVOMD and ME through
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genome-wide association study. This will allow maize breeders to select for stover
quality traits more quickly and cost-effectively while avoiding the need for field or
lab-based phenotyping and significantly reducing the need for additional testing
resources and to develop new dual purpose maize varieties without sacrificing grain
yield. However, these approaches require more investment and time compared to
simply exploitation of already existing variations [15].

6.1.2 Crop management options

Exploring the potential crop management options that can contribute to the
improvement of yield and quality of CR has been reviewed by [12]. As simple crop
management options to improve the production and quality of CRs as ruminant feed
that could likely be easily applied and adopted in smallholder crop-livestock systems
such as i) manipulation of plant density, ii) improved crop protection practices and
use of disease-tolerant food-feed crops and iii) fertilization are discussed below.

6.1.2.1 Modification of planting density

In most maize growing areas of Africa, farmers use lower plant densities at harvest
than the recommended rates (e.g., in Nigeria 5.3 plants/m” irrespective of varietal
difference, environment or management practice, and in Ethiopia it varied from 4.4
plants/m2 to 5.3 plants/m2, depending on cultivar maturity), imply that maize yield
gap could potentially be due to lower plant density [116-118]. On the other hand,
maize plant densities up to 8.5 plants/m? are recommended under intensive produc-
tion in North America [119], because the newer maize hybrids were more tolerant to
high plant population than the older hybrids [118]. As a simple management option,
increasing maize plant density of medium maturing genotypes from the recommended
5to 7 plants/m” in Ethiopia increased dry matter yields of both grains, by 9% (from
6.5 to 7.1 t/ha) and of stover by about 21% (from 11.7 to 14.1 t/ha), while the stover
digestible dry matter yield/ha was increased by about 20% (all P < 0.05) [120]. This is
in accord with the previous findings in North America [121] who reported that increas-
ing maize grain and whole plant yield through increasing plant density from 4 to 10
plants/m’. This might be attributed to the higher crowding stress tolerance of modern
hybrids [122] and has higher optimum plant densities for grain yield than older hybrids
even under sub-optimal nutrient conditions [123] and suggests the potential of improv-
ing maize residue yield through higher plant density with modern hybrids without
compromising grain yield and residue quality. However, several factors could influence
the optimum maize plant population density; most importantly moisture availability,
soil fertility, hybrid maturity group and row spacing [124] need to be considered.

Recent study using sorghum varieties released for grain in Ethiopia [125] indicated
that increasing the plant density of sorghum from the recommended 12.5 to 100 kg/ha
resulted in similar total biomass yield but increased the stover IVOMD and decreased
concentrations of fiber fractions and stalk thickness. This will have a great potential
for improving animal production associated with higher intake as a result of higher
quality and thin-stemmed stover. In another study, the possibility of increasing
sorghum grain and stover yield through increasing the plant density from the recom-
mended 26,600 plants/ha to 53,300 plants/ha has been demonstrated in Mali, albeit it
varied depending on plant density, N fertilization, and variety [126]. Generally, the
potential constraints to the adoption of technologies are the more nutrients and water
needed with higher plant densities.
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6.1.2.2 Improved crop protection practices and use of disease-tolerant food-feed crops

There are also substantial amounts of forage dry matter and nutrient losses due
to poor management crop diseases, pests and weed. There also appears to be a huge
potential for enhancing the productivity and feeding value of cereal and legume
CRs and thereby improving animal productivity and profitability in smallholder
crop-livestock systems in SSA through improved management of crop diseases, pests
and weeds [35, 127]. Moreover, high adoption rate has also been reported through
development and promotion of disease-tolerant, food-feed crops such as ground-
nut and sorghum in India [35]. This is due to the substantial benefits obtained by
farmers in terms of not only in improved fodder availability by >50% and > 60% in
groundnut and sorghum, respectively, but also in improved fodder nutritive value
(dry matter digestibility and dry matter intake by 10-15% and by 10-32%, respec-
tively). As a result, milk yield and net returns to farmers increased by about 0.44 kg/
day and 25-29%, respectively. Similarly, Lukuyu et al. and Lenné and Thomas [31]
and [35] also reported that improved fodder availability (green maize fodder through
thinning’s and dry residue/stover after grain maturity) by about 40-166% and
118-409 kg/season, respectively, through the use of improved management practices
such as resistant/tolerant dual-purpose maize varieties for streak virus disease and/or
stem-borer along with the higher planting population density than the recommended
and the push-pull strategy for stem-borer and weed management.

6.1.2.3 Fertilization

Improving total plant biomass both crop residue and grain yields including crop
residue quality particularly the N concentration of the crop residue through applica-
tion of fertilizers (particularly N and P) at sowing and/or days after crop emergence
has been well documented [12, 56, 71, 128, 129]. Improving yields of pearl millet grain
and stover, the yields of both digestible dry matter and ME of the stover and stover
N content have been reported in India through increasing N fertilizer rate [128].

This could potentially have large effects on the amount and feedstuff quality of the
CRs available for livestock, thereby reducing the feed deficit gaps [129]. According

to [129] increasing fertilizer level over farmers practice in the semiarid region of
Karnataka, southern India resulted more increase in residue yield than residue quality
attributes, but the overall increase in residue nutrient yields/ha (e.g., ME productiv-
ity/ha) potentially has large effects in ruminant productivity (up to 40% higher milk
productivity/ha/year). The appropriate use of fertilizer to enhance CRs availability
for both CA and fodder for ruminants in smallholder systems in Africa has also been
discussed [71]. However, cost of fertilizer, poor market access and the recurrent
drought are some of the constraints for adoption in smallholder farmers [70, 84, 130].

6.1.3 Timely harvesting and rapid removal of the CRs soon after grain maturity

Farmers usually harvest grain crops either soon after grain maturity or sometime
after grain maturity. In SSA, cereal CRs are often harvested when they are fully
matured, dried, and senesced on the field [37]. In the latter case, farmers intention-
ally left to dry in the field for about 1 to 4 weeks after grain maturity of most cereal
crops depending up on labor availability, season (main vs. short rainy season), and
cropping system (double/relay cropping) [19, 20, 37, 57]. However, the reduction
in nutritive value of CRs as a result of delayed harvesting after grain physiological
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maturity associated to the greater loss of the most digestible plant parts such as of
leaves due to sun-drying and lignifications [20, 37, 57, 128]. For instance [57] reported
that maize harvested at a grain DM content ranging from about 70 to 80% gave higher
leaf-to-stem ratio, higher CP and lower NDF contents in stover without significant
change in grain and stover yield than harvested at grain DM content about 88-90%.
Similarly, delayed harvest of finger millet straws for about 10 days after grain matu-
rity of the crop in India resulted in decrease (P < 0.05) in IVOMD and in vitro cell
wall digestibility by about 4 (from 61-57%) and 5 (from 48-43%) percentage units,
respectively [56]. Leaf loss and losses through senescence could be greatly minimized
through removal of the CRs from the field soon after grain maturity [20, 57, 128].
These highlight the need for training farmers and awareness creation toward the
benefits of timely harvesting and rapid removal of the CRs soon after grain maturity.

6.2 Post-harvest intervention options

Straw/stover is underutilized in some African countries mainly due to lack of
appropriate feed harvesting/collection, transportation, processing, conserving/storage
and feeding technologies for efficient utilization [32, 36, 58, 59, 63, 64, 69, 131, 132].
Labor shortage during harvest, lack of transportation, cost effectiveness and lack of
awareness are also other factors contributing for the inefficient utilization of CRs by
smallholder farmers [61]. Previous studies [32, 69] showed that proper handling of
bulky CRs during harvesting and transportation and use of appropriate storage and
feeding facilities that minimizes losses may improve feed availability and utilization
that would help in coping with dry season feed shortages. In this regard recently [37]
reviewed straw and stover collection, preservation and storage practices and tech-
nologies to improve crop residue quality using physical (chopping, pelleting and
densification), chemical with acids and alkalis and biological treatments with selected
micro-organisms or their products in SSA. However, the following sections focus on
the potential intervention options suitable for smallholder farmers that reduce feed
wastage during storage and feeding including recent technology like spin-off tech-
nologies from second-generation biofuel to improve the quality of CRs suitable for
small and medium business enterprises. In addition, options for improved utilization
of low-quality CRs on farms such as through supplementation, residue management
while feeding and including animal management options also discussed.

6.2.1 Box baling of crop residues

Box baling technology, used to make bales made by trampling CRs into wooden
frames placed on the ground and manually tied with locally available rope inserted in
the frames, before the CRs, is simple and cheaper method for conserving roughages
that do not require mechanization [36]. The potential and limitations of this technol-
ogy summarized (see [68]). Box baling of CRs reduces transport cost, suitable for
storage, and helps in feed budgeting, but it requires initial capital and labor. However,
box baling or baling of CRs has not been promoted widely in East Africa and was
uncommon in most reports in smallholder crop-livestock systems most importantly
due to less awareness by smallholder farmers [36]. Farmers commonly store CRs in
loose form resulted in dry matter and nutrients losses. However, there are few excep-
tions. For instance, 71% of the surveyed respondents in Kebbi state, Nigeria, employed
baling of the CRs, and 22% of them store and preserve the CRs in silos, while few
(7%) of the respondents use metallic drum to store and preserve the CRs [133].
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6.2.2 Using storage sheds and feeding troughs for veducing losses

Poor conservation/storage of straws and stover has been reported in smallholder
crop-livestock systems in SSA [58, 59, 64, 131, 134] and southeast Asia [44]. About
90% of farmers in East Shoa, Ethiopia, store CRs in the open uncovered [65]. However,
there are few exceptions. For instance, in South Gondar zone, Ethiopia where cereal
CRs stacked after threshing under a roof shade made of grass and wood, around home-
steads and covered with plastic sheets, and inside their house and on trees [135], and in
peri-urban dairy producers in Ethiopia where CRs most often stored under roof in loose
form [136]. In southeast Asia, livestock farmers collect and stock-pile rice straw in a sim-
ple shed usually made from locally available materials or stored in piles outdoors [44].
Improper storage and feeding methods can lead to substantial amounts of forage waste.
Maize and sorghum stover are collected and stacked mostly in the field uncovered for
later use [131, 134]. These practices reduce the quality and efficiency of utilization
compared to the crop residue conserved around homesteads and under shade condi-
tions. For instance, dry matter loss of cereal CRs can reach up to 20-25% in Alamata
district, northern Ethiopia [131] and about 10% in Southern Ethiopia [132], and that of
pulse residues up to 7%. Part of this loss is attributed to the traditional uncovered storage
practices of CRs that is exposed to temperature fluctuations, termites and untimely
precipitation [131]. As rain leaches through uncovered stacks, it also washes away soluble
carbohydrates and reduces the quality of the residue and animal performance.

Storage conditions and duration are also the major factors that influence the
DM and nutrient losses mainly during bad weather condition [35, 137]. In line with
this [58] reported that the CP concentrations and IVOMD of both tef and wheat
straws showed consistently decreasing trends with the increased storage durations
from 0 to 6 months in central highlands of Ethiopia but the nutrient losses were
higher in straws stored in open air than those stored under shelter. The results of
another study in Ghana using grain legume residues such as cowpea, groundnut and
soybean haulms stored under various conditions over a duration of 120 day [59] also
showed that DM quantity reduced by 14% and 35% when haulms stored in the best
(using polythene bags and under roof/rooms) and worst (on rooftops or tree-forks)
conditions, respectively. Storing CRs in an open field uncovered is also associated
with the formation of mycotoxins. Storage of CRs under cover not only reduces the
DM and nutrient losses but also reduces the absorption of moisture especially during
bad weather conditions and hence reduces the formation of mycotoxins compared
with the storage of CRs without cover [137]. These losses can be further minimized
using improved feeding practices such as using improved wooden feed troughs along
with feed storage sheds. For instance, it has been reported that using feed storage
sheds and wooden feed troughs reduced feed wastage during storage and feeding by
~30-50% in Ethiopia [32] while in Tanzania 20-30% feed wastage reduced through
the use of feed troughs during feeding [69]. The technologies have been successfully
demonstrated in Ethiopia and received acceptance by farmers in intensifying systems
since they can also save labor time by about 10-20% and economically feasible [32].

6.2.3 Pre-treatments of low-quality CRs for improving fiber utilization

Technologies to overcome the poor digestibility, low animal intake, and very low
protein content of CRs have been developed for pretreatment of CRs before feeding to
animals. Pretreatments of low-quality fibrous CRs by chemical, physical and biologi-
cal treatments with fungi or their combinations to improve their nutritive value

185



Latest Scientific Findings in Ruminant Nutrition — Research for Practical Implementation

(digestibility and VI) and fiber utilization are well documented [37, 120, 138-140].
Chemical treatments of low-quality fibrous forages with acid or alkali break down
fiber and improve their digestibility and VI [141]. Urea treatment may also increase
the nitrogen content of the forage, which is the critical nutrient in low-quality fibrous
CRs for ruminants, but its efficacy depends on sufficient urease and moisture [140].
The most practical chemical treatment is urea treatment since urea is widely available
and easy to handle compared with NaOH, H202, acids or KOH. However, with the
exception of some Asian countries like India and China, urea-ammonia treatment of
CRes, has limited adoption and impact in smallholder farmers in SSA [83], due to its
limitations for large-scale application, seasonality, costs involve and hazard issues,
such as toxicity and environmental pollution, variable efficacy that depend on the
presence of urease and quality of the residue to be treated and the type of residue like
fine vs. course-stemmed cereal residues, are among others. Treatment of straw with
lime solution [CaO/Ca(OH)2] improves fiber degradability and provides complemen-
tary effects in combination with urea in increasing degradability and incrementing
both the calcium and nitrogen contents of the treated straw, but it has longer solubil-
ity in water compared to NaOH or urea [44].

Physical treatments are applied to reduce the particle size of CRs and improve VI
as aresult of the reduced ruminal fermentation time [83, 139], thus providing easy
entries or access of the rumen microorganisms for degradation. These physical treat-
ments include soaking, chaffing, chopping, shredding, pulverizing, pelleting, steam-
ing pressure and gamma irradiation. Among which, soaking straw/stover overnight
in water which brings softness between the lignin and cellulose component of the
residue to enhance intake and digestibility is a common and economical treatment of
CRs [44]. Chopping also has relevance for field application and most often practiced
by smallholder farmers, but the lack of low cost and suitable chopper has been the
main determinant for its adoption. Grinding, chopping or pelleting had beneficial
effects in breaking down the cell wall contents of cereal residues [44]. Crop residue
densification through compacting, briquetting or pelletizing may also enhance the use
of bulky forage like CRs as livestock feeds [5, 77, 142] through enhancing handling,
storage and transportation and reducing the associated costs [77, 143], and also allow
formulating total mixed diet or mixing with other feed additives. This needs initial
investment to purchase pelletizing or compacting machine which has been beyond
the reach of smallholder farmers, and the benefits derived may be not attractive, but
it could be suitable for cooperatives/unions and private sector to commercialize crop
residue-based densified products. Reduced particle size or processing strategies such
as pelleting increase the rumen outflow rate and enhance VI [144], with possible
negative effects on feed utilization [145]. This causes less time for rumination and
less exposure to microbial degradation, and consequently reducing degradation and
digestibility of the straw. Hence, the balance between the particle size and the reten-
tion time/passage rate of the ingested treated straw should be properly considered
while using these techniques [44]. Recently spin-off technologies from second-gen-
eration biofuel such as ammonia fiber expansion that uses steam-pressure-thermal
treatment has been reported [146] and found to be promising to degrade lignocel-
lulose and improve digestibility, intake, productivity and profitability. For instance,
steam explosion improved VI by 4% of live weight in male sheep and total live weight
gain of 3.92 kg. But this does not use any chemicals, does not take much treatment
time and is generally simple. A treatment cost-benefit ratio is of at least 1:2 [15], but
it appears not feasible on smallholder condition and should target small and medium
business enterprises [146].
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Most studies on biological treatment techniques have inconsistent results. The
major drawback is the strain of the fungi to be used and its capacity to degrade
lignocelluloses [44]. Among the biological technologies, white-rot fungi are well
known for their potential for degradation of lignocelluloses, but several strains
degrade easily digestible carbohydrates and often resulted in dry matter and nutri-
ent losses [140]. Although efforts have been made to reduce DM loss while treating
straw using solid state fermentation with ligninolytic fungi [83], generally many
biologically treated CRs are not economical, and the process has not yet optimized
under field conditions [147]. Incubation period is another limitation for its practical
application in treating CRs [44]. Recently, [148] also reported that potential adoption
of biological treatments of CRs has limited due to suitable strains used to avoid or
minimize carbohydrate degradation (loss), the inconsistencies in animal response,
and the high technical skills needed. In addition, the limitations on availability
of resources to produce and handle large quantities of fungi or their enzymes for
practical and field application, and the concerns and problems to be addressed and
overcome (e.g., some fungi produce toxins so proper care should be considered) while
using biological treatment of straw [44]. It has been recommended that more research
is needed to improve the aforementioned constraints for enhancing crop residue qual-
ity and improving fiber utilization through biological treatments [37, 140]. Enzyme
treatment of CRs to increase degradability and animal performance is not common
under smallholder production systems because of the additional input costs involved
as well as the limitation of skills for using enzyme products [44].

Generally, treated low-quality fibrous CRs usually support modest level of animal
productivity and require additional supplements to provide sufficient nutrients for
high-producing animals.

6.2.4 Supplementation of cereal crop residue forage diets for improved utilization
and animal performance

Low-quality fibrous CRs, particularly those from cereals, are usually high fiber
content, poor digestibility, very low VI and deficient in nitrogen, sulphur, phos-
phorous and other micro and macro minerals as feed for ruminants. The critical
ones are nitrogen followed by sulphur as they are the main determinants primarily
to inhibit fermentation process for fiber digestion in the rumen and thus reduce VI
[138]. Forage legumes and legume straw (haulm) generally have high nutritive value
(digestible energy and CP), which can decrease the use of purchased concentrate
ingredient or compound feed supplements and of associated costs [102, 149, 150].

For instance, supplementation with locally available feed resources like legume straw
(haulm) may provide N for N-deficient cereal straw/stover to stimulate fiber diges-
tion in the rumen and thus increase ME intake of cereal CRs [13, 102, 149]. Utilization
of low-quality fibrous CRs would be improved, and modest level of animal productiv-
ity could be obtained through supplementation 0. For instance, supplementation of
small amounts of legume haulms ranging from 150 to 450 g DM/head/d improved
dry matter and nutrient intake, N balance and enhanced animal performance (car-
cass weight and body weight gain) in sheep in East and West Africa [13, 45, 102].
Moreover, supplementation of non-protein nitrogen (NPN) (e.g. urea) is also another
option for improved utilization of low-quality forages [138]. However, this needs
simple and practical management options to provide NPN supplements with low risk
in smallholder systems. Among the categories of various safe ways of supplementing
urea as NPN supplements like in the form of urea-molasses multi-nutrient block
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(UMB), slow-release forms of urea, and using a sticky urea—molasses solution that
are common in Australia, Europe and North America [120], providing the urea in
UMB supplements has been widely promoted in SSA and Asia, so ruminants can only
consume small amounts through the day [83]. In addition to NPN supplementation,
including some sulphur in the form of ammonium sulphate or elemental sulphur is
also needed as substrates of rumen microorganisms to optimize the rumen microbial
fermentation and fiber utilization [120]. These improve feed efficiency and poten-
tially would reduce the intensity of enteric methane emission per animal product
produced [144, 151].

6.2.5 Residue management: increasing the amount on offer

One simple physical method to increase voluntary intake and productivity is
increasing the amount on offer without changing the diet composition for improved
intake and animal productivity [144]. Depending up on the nature of the feed,
the optimum level of excess feed on offer ranges from 15 to over 40%, so that
ruminants have a chance to preferentially select and consume the more nutritious
parts of the residue such as leaves than the thick stems, maximizing intake and
thereby improving productivity [139, 152-155]. On the other hand, increasing the
feed intake of ruminants decreases the retention time of feed in the rumen due to
higher passage rates, decreases the proportion of ingested and absorbed nutrients
and energy associated with animal maintenance, leading to a decline in CH4 losses
per unit of DMI [144]. In contrast to stubble grazing approach, in the hand-feeding
CRs approach obviously there are more refusals available that should be integrated
with improved refusal management so that refusals can be effectively returned to
cropland as organic matter or used for other purpose as a ‘win-win’ intervention so
as to improve whole-farm productivity with little additional labor associated with
handling, that is, for example, see [40]. Moreover, the latter approach should also
have the greatest potential in the areas where supply exceeds the demands for CRs as
feed for ruminants [120].

6.3 Animal management options: improved utilization efficiency
of low-quality fibrous CRs

The two approaches that have been suggested to enhance the efficient utilization
of low-quality fibrous feedstuffs under animal management option are 1) selectively
breeding for better suited animals for improved feed efficiency [156, 157] and smaller
metabolic body weight [158], and 2) the application of rumen biotechnology such
as altering the rumen microbial composition or using genetically engineered rumen
microbes [159-162], or a combination of both approaches [144]. However, genotyp-
ing an animal for feed efficiency is costly, particularly high capital requirement and
multiplication of superior animals have been cited as the major determinant factors
for improved adoption of ruminants selected for efficient utilization of low-quality
fibrous forages [20, 144]. According to the recent report [144], genetic selection for
feed efficiency is not yet a breeding objective in most ruminant systems due to the
lack of genomic tools designed to predict feed efficiency. On the other hand, several
technical difficulties must be solved before the latter approach will be possible [161].
Some of the constraints of genetic manipulation as listed by [162] are categorized
mainly related with the incompatibility of modified microbes in the rumen environ-
ment and the existing regulatory concerns of the public.
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7. Conclusions

From the scientific findings discussed in this chapter, the following important
conclusions can be drawn:

1. Given the diverse characteristics of smallholder farmers, understanding the
local/on-farm socio-economic factors and practices/methods on CRs manage-
ment and use is crucial to select and promote the possible intervention options
that are more practical for wide adoption by the stallholder farmers.

2. As a pre-harvest intervention options that may have a strong likelihood of
adoption for enhancing CRs yields and quality in the same unit of land without
affecting the primary product:

a.Development and use of suitable dual-purpose crop genotypes and crop
management practices would increase the availability (digestible dry matter
and ME yields of CRs) fodder for ruminants.

b.Timely harvesting and rapid removal of the CRs soon after grain maturity
would also reduce the loss of the most palatable and digestible plant parts such
as leaves and leaf sheaths and lignified.

3. Promoting post-harvest intervention options such as

a.Simple, low cost and practical forage conservation technologies (e.g., box
baling) along with proper storage practices (e.g., storing under shed/cover),
and the use of feed troughs while feeding would help in reducing feed losses
and coping with dry season feed shortages.

b.Applying suitable crop residue treatment options (e.g., chopping) and locally
available low-input supplementation for livestock and residue management
while feeding (increasing the amount on offer) would increase the residue
quality, intake and ruminant productivity.

c. Optimal allocation of CRs of residue fractions mainly from thick-stemmed
cereals as feedstuff and mulch including the use of feed refusals/lefto-
vers and animal manure as fertilizer enhance both livestock and crop pro-
duction and sustainability that also needs the close integration of animal
nutritionists and plant/soil scientists.

4.Furthermore,

a.The traditional methods need to be revisited and should represent farmer’s
context related to the various uses of residue fractions while estimating the
production and quality of CRs/CR fractions actually available as feed for
ruminants and other uses.

b.Linking farmers to CRs markets and improving farmers’ knowledge through
continuous promotion and training on the improved technologies/practices are
also crucial for improved availability and adoption.
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Chapter 9

Effects of Concentrate
Supplementation on Skin Quality
Attributes in Crossbred Sheep

Ayele Abebe, Gebeyehu Goshu, Asfaw Bisrat, Tesfaye Zewdie,
Tsegaab Bekele and Tesfaye Getachew

Abstract

This study examined the effects of concentrate supplementation levels on skin
quality in crossbred sheep (Awassi X Bonga; AB, Awassi X Washera; AW, and Dorper
X Menz; DM). The lambs (44 in total) were randomly assigned to different breed and
supplementation groups. They grazed on natural pasture and received 300, 600, or
900 grams of concentrate feed with 21% crude protein and 14 MJ/kg metabolizable
energy. After 90 days, the animals were culled, and their skins were assessed. Higher
concentrate supplementation (900 g) significantly improved skin weight, size,
thickness, and tear load (p < 0.05). Moisture content, fat content, and hide substance
percentage were not significantly affected by the supplementation level (p > 0.05).
DM breed showed higher thickness, tear load, and moisture content for raw skin
compared to AB and AW (p < 0.05). Skins from DM with 900 g supplementation
exhibited superior quality. The study concluded that skins from different breeds with
concentrate supplementation (300 to 900 g) showed improved leather production
within acceptable standards. Further research is recommended for indigenous sheep
breeds in different regions, considering crossbreeding levels.

Keywords: Awassi, Bonga, crossbreeding, Dorper, leather, skin quality, Washera

1. Introduction

Ethiopia is home to a diverse population of livestock, including a substantial sheep
population, making it the second-largest in Africa with approximately 30.7 million
heads [1]. In the study conducted by Galal [2], the sheep breeds in the country were
classified into four primary groups based on their tail type. These groups consist of
short fat-tailed, long fat-tailed, thin-tailed, and fat-rumped sheep.

Another researcher [3] expanded on this classification and identified fourteen
sheep breeds in Ethiopia. Among them, Washera, Bonga, and Menz sheep are specifi-
cally adapted to the Western, Southwestern, and Northern regions of the country,
respectively.

Small ruminants, such as sheep and goats, possess unique characteristics, includ-
ing efficient reproduction cycles, faster growth rates, and adaptability to diverse
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environments, making them an important source of protein and income for farmers
in the tropics and subtropics [4]. However, the productivity of Ethiopian sheep breeds
remains low, with most sheep breeds yielding less than 10 kg of carcass weight at 1
year of age [5]. Factors contributing to this low productivity include limited avail-
ability of quality feed throughout the year, inadequate management practices, limited
veterinary services, and slow growth rates in indigenous sheep breeds.

The main emphasis in Ethiopia has been on enhancing the meat production of
indigenous sheep breeds, with efforts directed towards improving productivity.
Crossbreeding programs, involving the introduction of improved exotic sheep breeds,
have been implemented to enhance the growth traits of indigenous sheep breeds
[6, 7]. However, the impact of crossbreeding on the quality of sheep skins, particu-
larly for leather production, remains a concern. Skins obtained from crossbred sheep
in Ethiopia have often received lower acceptance and lower market prices, or have
been rejected entirely [6, 7].

The international trade of raw and manufactured hides, skins, and leather has
experienced significant growth, reaching around US$53.8 billion with an annual
average increase of 12% over the past 30 years [8]. As trade patterns have evolved, the
evaluation and classification of skins have become essential [9]. Therefore, it is crucial
to understand the quality attributes of skins from crossbred sheep, particularly those
subjected to different levels of concentrate supplementation, to optimize the benefits
of crossbreeding programs in Ethiopia.

The aim of this study was to investigate the quality attributes of skins from F;
crossbred sheep with varying levels of concentrate supplementation, in addition to
grazing, to inform the design of crossbreeding programs and enhance leather produc-
tion in the country.

2. The materials and methods used in this study are as follows
2.1 Study site description

The study was conducted at the Debre Berhan Agricultural Research Center, situated
in the central highlands of Ethiopia. The center is positioned approximately 120 km
northeast of Addis Ababa, at an elevation of 2780 m above sea level. Its geographical
coordinates are 39° E longitude and 10° N latitude. The grazing area within the research
site is characterized by natural vegetation, primarily dominated by Andropogon
longipes grass. Additionally, the area contains varying proportions of Pennisetum and
Festuca species, along with the legume Trifolium species. The climate of the study
area exhibits distinct seasonal patterns. It experiences a long rainy season from June to
September, accounting for 75% of the total annual rainfall. There is also a short rainy
season from February/March to April/May, followed by a dry season from October to
January. The average annual rainfall recorded at the research center is approximately
920 mm. The monthly minimum air temperatures, measured at a height of 0.5 m
above the ground, range from 2°C in November to 8°C in August. Correspondingly, the
monthly maximum temperatures range from 18°C in September to 23°C in June.

2.2 Management of experimental animals

A total of 44 half-bred lambs, comprising male lambs of AW, AB, and DM
crossbreeds, were included in the study. The Dorper sheep breed was sourced from
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South Africa, while the Awassi breed was imported from Israel, respectively, with the
aim of improving the productivity of indigenous sheep breeds. These lambs were a
subset of animals from a larger experiment focused on evaluating the early finishing
ability of crossbreed ram lambs for commercial production.

The experimental sheep were randomly assigned to three treatment groups and
three genotypes, taking age and initial live weight into consideration during the
stratification process. The treatment groups consisted of grazing supplemented with
300, 600, and 900 g/d of concentrate feed, corresponding to three feeding levels. At
the start of the experiment, the average age of the sheep was 7.26 months, and they
weighed 23.92 kg. The lambs were slaughtered at approximately 10 months of age. The
concentrate feed used in the experiment was purchased from the Kality feed process-
ing plant in Addis Ababa. On a dry matter basis, it contained 49.5% wheat bran,
49.0% Noug cake (Guizotia abyssinica), 1% limestone, and 0.5% salt. This composi-
tion provided 21% crude protein and 14 MJ/kg metabolizable energy. The concentra-
tion of the commercial concentrate is as follows: Wheat bran - 830.3 g/kg, Noug seed
cake - 139.7 g/kg, common salt - 10 g/kg, and limestone - 20 g/kg.

The experiment took place from May to July. The animals were grazed together
during the day, and group batches of concentrate feed were provided twice daily at
12:00 am and at night. Fresh skins from the 44 male lambs were obtained which had
an average age of 7.26 months and an initial weight of 23.99 kg at the beginning of the
experiment, were used to assess the skin/leather quality attributes. The study con-
sisted of a 15-day acclimatization period, followed by a 90-day experimental period.
During the experimental period, the animals had unrestricted access to grazing, and
watering took place twice daily. Prior to the commencement of the experiment, the
animals underwent internal parasite drenching and external parasite deworming,
following the established protocol of the research center.

3. Preparation of natural pasture HAH and commercial concentrate

Feed samples were subjected to drying in an air-forced oven at 60°C for 48 hours
and then ground to pass through a 1 mm sieve mill. The ground samples were stored
in a sealed plastic bag at room temperature until analysis. Analysis of dry matter
(DM), ash, crude protein (CP), neutral detergent fiber (NDF), and acid detergent
fiber (ADF) followed the methods outlined by AOAC [10] and Van Soest et al. [11].
The nitrogen (N) content was measured using the Kjeldahl method [10], and the
crude protein (CP) was calculated as N multiplied by 6.25.

3.1 Skin grading and physical tests

Fresh skins were gathered for analysis and promptly dispatched to the Leather
Industry Development Institute (LIDI) on the day of animal slaughter. The
weight of the fresh skins was recorded immediately after slaughter. At the Leather
Industry Development Institute Testing and Research Laboratory in Ethiopia
(LIDI), the measurement of size and the grading of quality for the fresh skins
were performed.

Trained technicians at LIDI measured the size of the skins in square inches and
classified them into three categories: medium, large, and extra-large.

The wet salting process adhered to the guidelines prescribed by the Ethiopian
Standards Authority. Prior to salt application, the skins were cleaned in accordance
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with the ESA code B.J6.003 (1990). The quantity of salt utilized was equivalent to
50% of the weight of the fresh skin. It is worth mentioning that skins from all breeds
underwent identical wet salting conditions. Following the wet salting process, the
skins from all breeds underwent curing under identical conditions (wet salted) and
were subsequently tanned using the same method (chrome tanned). This ensured that
any observed differences in the leather quality among the different groups could be
attributed to variations in breed, diet, and properties of the raw materials. Chemical
and physico-mechanical characteristics were evaluated to assess the leather quality of
the ram lambs. Tensile strength (N/mm?) and percent elongation (%) were measured
using the methodology described in ISO 3376-1 [12].

The skin processing involved multiple stages, including soaking, liming, washing,
fleshing, trimming, deliming, pickling, tanning, basification, slamming, neutraliza-
tion, re-tanning, drying, and smoothing. Following the tanning process, the leather
was conditioned according to ISO 2419 [13], and samples were taken for testing based
on the procedure outlined in ISO 2418 [14]. The physical tests were conducted under
controlled environmental conditions, with a temperature of 20 + 2°C and a relative
humidity of 65 + 5%. Samples were collected from both parallel and perpendicular
orientations to the backbone of the leather. These physical tests assessed the strength of
the leather and its resistance to stretching before the upper grain layers cracked, poten-
tially causing surface damage. Although the specific physical tests conducted at LIDI
were not explicitly mentioned, they were performed as part of the evaluation process.

3.2 Tensile strength

Tensile strength quantifies the force necessary to fracture a dumbbell-shaped
leather specimen. The sample is firmly secured between two clamps, which gradually
separate at a consistent speed of around 100 mm per minute. During this separation,
the force required to stretch the leather is automatically recorded. Eventually, the
leather sample will rupture. The force at which the sample breaks is known as the
tensile strength and is expressed in Newtons (N).

“To determine the tensile strength, samples were taken from both along and across
the length of the skin. The samples were cut into a specific size, taking into account
the thickness (mm) and width (mm) of the leather. The tensile strength was then
calculated by dividing the measured breaking load (N) by the cross-sectional area of
the sample, which is the product of the thickness and width of the leather. The result
is expressed in units of N/mm® The measurement and calculation of tensile strength
were performed following the ISO 3376-1 [12] procedure.

Tensile strength (N/mm)

Measured breaking load (N?) =
easure reaking loa ( ) (Thlckness(mm)ledth(mm))

@

3.3 Elongation at break

During the tensile strength test described earlier, the elongation at break is also
measured. As the leather sample stretches under the applied force, it eventually
reaches a point where it breaks. At this point, the percentage of stretch the sample
underwent before breaking is referred to as the elongation at break.

The elongation at break is calculated by comparing the change in length of
the leather sample at the point of breakage to its original length. The difference is

206



Effects of Concentrate Supplementation on Skin Quality Attributes in Crossbred Sheep
DOI: http://dx.doi.org/10.5772/intechopen.1004720

expressed as a percentage of the original length, representing the amount of stretch
the leather underwent before it broke. This measurement provides valuable informa-
tion about the ductility and flexibility of the leather. It indicates the extent to which
the leather can be stretched before reaching its breaking point.

Length at break (mm ) — Initial length (mm)

Elongation at break (%)= [ Initial length (mm)
nitial length (mm

]xlOO 2)

3.4 The tear load

The slit tear strength test involves a well-defined procedure using a rectangular
leather sample with a small cut or slit. One clamp is fastened to the bottom of the
sample, while another clamp is inserted through the slit. The clamps then apply
tension to the sample until the slit initiates tearing. The point at which the tear
commences is considered the slit tear strength. To facilitate standardized comparison
across various leather samples, the slit tear strength is expressed relative to the aver-
age thickness of the leather.

To determine the average tear load or arithmetic mean, multiple samples are
tested, and the tear load values are averaged. This provides a representative mea-
sure of the tear strength of the leather. Tear resistance is another parameter that is
determined using the test method specified by the International Organization for
Standardization. ISO 3377-2 [15] defines the test method for determining tear resis-
tance, while ISO 3376-1 [12] outlines the test method for slit tear strength.

Samples used for the tests were conditioned according to ISO 2419 [13], which
specifies the conditioning procedure for leather samples. The sampling method
followed ISO 2418 [14], and the sampling location adhered to ISO 2418 [14].
Additionally, the thickness of the samples was measured in accordance with ISO
2589 [16], which provides guidelines for measuring the thickness of leather. By
following these standardized procedures and test methods, the slit tear strength,
average tear load, and tear resistance of the leather samples can be accurately
determined and compared.

3)

) Force at tear (N)
Tear resistance (N/mm)=

Skin thickness (mm)

3.5Double edge tear force (N)

The Double Edge Tear Force is the maximum load at which tearing occurs, as
determined by following the ISO 3377-2 [15] procedure.

3.6 Chemical quality test of skin/leather
3.6.1 The fat content

Fat content is determined using the dichloromethane extraction method, which
involves the following formula for the determination of fat and other soluble
substances:
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(Weight of extracted fat)
Weight of the moisture-free sample
g p

Fat content (%)= x100 4)

To calculate the fat content, the weight of the extracted fat is divided by the weight
of the moisture-free sample and then multiplied by 100 to express the result asa
percentage.

The process for determining the fat content involves the following steps:

The moisture-free samples are subjected to Soxhlet extraction using dichloro-
methane as the solvent. The extraction process continues for a minimum of 5 hours to
ensure complete extraction of the fat.

After the extraction, the solvent is distilled from the flask, leaving behind the
extracted materials.

The extracted materials are then dried at a temperature of 102 + 2°C until a
constant weight is achieved. This drying process helps remove any residual solvent
and moisture.

If there is a reduction in weight of more than 0.1% compared to the original weight
of the sample, the samples are re-dried to ensure accurate measurements.

The total drying time should not exceed 8 hours to prevent over-drying of the
sample.

Using the formula and following the specified procedure, the fat content of the
moisture-free samples can be accurately determined. This information provides
insights into the lipid composition of the leather material.

gram extract

The extractable substance in (%)= ( Jx 100 (5)

gram weight of the sample

3.6.2 Moisture content

The moisture content of the skin samples was assessed as a percentage of mass
using the ES 1195 test method [17].

3.6.3 Percent hide substance

The ‘hide substance’ H, is expressed as a percentage by mass, is given by the
formula: H = N x 5.62. Where Nitrogen (N) is expressed as a percentage by mass, is
given by the formula;

The hide substance (H), which is expressed as a percentage by mass, was calcu-
lated using the formula: H = N x 5.62. Here, Nitrogen (N) was also expressed as a
percentage by mass and can be calculated using the formula:

N=(V/m)x0.7 ©)
Where:
V represents the volume, measured in milliliters, of the standard volumetric

sulfuric or hydrochloric acid solution (5.5) utilized for the titration. It is adjusted for
the blank test (Table1).
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Variable (n) Age Initial Weight ~ Raw skin weight Skin Size, Raw
(months) (kg) (kg) (Sqft)
Overall (44) 726 £ 0.36 2399 +1.39 362+0.19 775+ 0.30
Breed and blood level ns ns o >
Awassi x Bonga 50% (10) 71+045 26.24 +1.70 423+023° 8.54 + 0.36°
Awassi x Washera 50% (13) 76+ 0.36 24.05+1.39 374019 811+ 030
Dorper x Menz 50% (21) 72+0.29 2264 +1.10 314+ 0.15° 7.05+0.23"
Treatment ns ns o *
Grazing +300 g concentrate (12) 76 + 042 23.85+1.60 311+ 0.21° 743 £ 0.34°
Grazing +600 g concentrate (16) 70+0.33 24.27 +1.26 357+ 017 774 + 0.27°
Grazing +900 g concentrate (16) 73+0.33 24.81+1.26 443+ 0.17° 8.54 + 0.27°
CV (%) 18.03 20.91 18.53 13.71

Means with different superscripts for a class within a column differ significantly, ***P < 0.00L; **P < 0.01; *P < 0.05,
ns - non-significant.
‘a” was denoted for lower values and “b” is for the next higher values etc.

Table 1.
Least squares means (LSM) + standard ervor (SE) of initial age (months), initial weight (kg), and raw skin
weight (kg) for crossbred lambs under different supplementation levels.

3.7 Datarecorded and analysis

Each experimental animal’s initial live weight, as well as their weight and body
condition scores every fortnight, were meticulously recorded. Body weight measure-
ments were taken at the beginning of the experiment, every 15 days throughout the
90 days, and finally at the end. To analyze the live weights and body condition scores,
a general linear model from SAS (2004) was employed. The model included the con-
centrate level as the main factor, while initial age and weight were used as covariates.
The inclusion of a covariate in the model was determined only if it yielded statistically
significant results. Tukey-Kramer tests were employed to assess the variation among
the groups being compared.

4. Results and discussion
4.1 The initial weight and age of the experimental sheep

The initial age and body weight of the ram lambs used in this specific experiment
were found to be similar (P > 0.05), with an average age of 7.26 + 0.19 months and an
average body weight of 23.92 + 1.39 kg. Table 2 provides the specific values for the
initial age in months and body weight in kg.

DM% OM% CP% NDF% ADF% ME MJ/Kg DM
Natural pasture hay 89.2 80.8 6.5 751 354 7.88
Commercial concentrate 93.6 89.4 18.8 46.3 191 11.8

Table 2.
Type of feed used and methods of preparation.
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4.2 Raw skin weight and size
4.2.1 The weight and dimensions of the raw skin
4.2.1.1 Evaluation and classification of the skin based on its mass and dimensions

The average weight and size of the raw skins were determined to be 3.62 + 0.19 kg
and 7.75 + 0.30 square feet, respectively. Notably, the skins from the DM crossbreeds
exhibited significantly lower weight and size (p < 0.05) compared to those from the
AW and AB crossbreeds. This difference can be attributed to the larger size of the lambs
born from Awassi rams, as opposed to the smaller size of the Dorper meat breed. As
per the Ethiopian Specification for lambskin (code ES B.J6.003), all three crossbreeds’
skins evaluated in this study were classified as extra-heavy (1.50-1.80 kg, standard) and
extra-large based on their weight and size. Interestingly, our findings contradict those
of Salehi et al. [18], who reported no significant weight differences between Kashmir
and Hairy goat types. Given that the market value of fresh skins is determined by their
weight and size, our observations indicate that the skins from crossbred sheep hold a
high value. Furthermore, the level of concentrate feeding also played a role in determin-
ing the weight and size of the raw skins in this experiment. Lambs fed a higher concen-
trate level (900 g/h/d) demonstrated a 42% increase in skin weight and a 15% increase
in size compared to their counterparts receiving 300 g of concentrate supplementation.
These findings indicate that implementing enhanced feeding practices can have a favor-
able impact on the dimensions and mass of crossbreed sheepskin.

4.3 The physical characteristics of leather derived from the skin of crossbreed lambs
4.3.1 The thickness of the skin

In this specific study involving crossbreed lambs, the skin thickness showed a
significant improvement, measuring 1.35 mm, which was notably higher than the
standard thickness of 0.6 mm.

Specifically, Dorper X Menz (DM) lambs produced a skin thickness of 1.43 mm, while
AB and AW crossbreed lambs yielded a thickness of 1.23 mm. These results indicate that
sheepskin derived from crossbreed lambs, supplemented with 300-900 g of concentrate
in addition to grazing, is highly suitable for producing high-quality upper leather.

It is worth noting that our findings surpass those of Getachew etal. [6, 7] concern-
ing indigenous Washera sheep (0.99 mm) and indigenous Menz sheep (1.18 mm),
although they align with the Awassi X Menz 50% sheep (1.23 mm). This suggests that
the supplementation of crossbreed lambs has a substantial impact on skin thickness,
leading to superior results. In our study, ram lambs supplemented with 900 g/h/d
exhibited a skin thickness of 1.49 mm, whereas lambs supplemented with 300 g/h/d
yielded a thickness of 1.17 mm. This signifies a thickness advantage of 27% for the
higher supplementation level. Getachew et al. [6, 7] conducted a comparable study
that likewise showed a 19% increase in thickness due to improved supplementation
levels in crossbreed and indigenous sheep breeds such as Washera and Menz sheep.

4.3.2 The tensile strength

Table 2 displays the range of tensile strength values obtained in this study, which
varied from 9.33 to 12.22 N/mm?®. Our findings indicate that the tensile strength is lower
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compared to the results reported by Teklebrhan et al. [19], which ranged from 18.1 to
24.6 N/mm?, and by Getachew et al. [6, 7], which ranged from 16.11 to 18.94 N/mm?. In
our study, breed and diet did not have a significant effect on tensile strength (p > 0.05).

It is important to note that the tensile strength values obtained in this study fall
below the standard requirement of 20 N/mm? for skins to be utilized in upper leather
production. It is noteworthy to mention that all the lamb breeds examined in our
study yielded leather that complied with the quality standards outlined by the leather
industry, as stated by BASF [20]. According to BASF [20], lamb garments are required
to have a minimum tensile strength of 12 N/mm”.

4.3.3 The elongation at break

The average percentage of elongation at break in this study was determined to be
49.73%, with a range of 46-51%. Statistical analysis indicated no significant impact
(p > 0.05) of the treatment groups and genotypes on the elongation at break percentage.
Specifically, the AB, AW, and DM sheep breeds exhibited elongation at break values of
47,50, and 51%, respectively. The average elongation at break percentages obtained for
these three genotypes (ranging from 47 to 51%) aligns with the findings of Jacinto et al.
[21], who reported a value of 53% for crossbreed sheep such as Texel x Native and Santa
Inés x Native. A notable trend of improvement can be observed among the different
levels of supplementation (46-51%) for the groups receiving 300, 600, and 900 g of
concentrate supplementation. This suggests that higher levels of supplementation may
enhance the physical properties of the leather compared to lower supplementation levels.

In contrast to our study, Getachew et al. [6, 7] reported higher elongation at
break values of 66 and 65%, indicating greater flexibility compared to our findings.
Additionally, a study conducted by Teklebrhan et al. [19] on different sheep breeds,
including Blackhead Ogaden, Hararghe Highland, Dorper X Blackhead Ogaden, and
Dorper X Hararghe Highland, revealed percentage elongation values of 48%, 56%,
52%, and 44%, respectively, which align closely with the results obtained in our
study. The elongation at break percentages observed in this particular study falls
within the acceptable range of 40-80% and meets the recommended value for
sheepskin, signifying that the leather products are well-suited for use by the leather
industry in terms of their flexibility and stretchability.

4.3.4 The tear load

The mean tear load parallel to the backbone and perpendicular to the backbone in
Newtons (N) did not show a significant effect (p > 0.05) in our study. The average tear
load, considering both parallel and perpendicular directions, was 36.72 N. However,

a higher average tear load was observed for DM crossbred lambs (37.58 N) compared
to AW crossbred lambs (28.73 N), and this difference was statistically significant

(p < 0.05). The tear load measured in N/mm did not show any significant difference
(p > 0.05) among the tested concentrate feeding levels and genotypes. However, the
concentrate feeding level did have a significant effect (p < 0.05) on the average tear
load parallel to the backbone, average tear load perpendicular to the backbone, and
average tear load when considering both parallel and perpendicular directions.

These findings align with the results reported by Getachew et al. [6, 7], who also
observed no influence of genotype and feeding levels on tear resistance. In summary,
the tear load parallel and perpendicular to the backbone did not show significant dif-
ferences overall, but DM crossbred lambs demonstrated higher tear load compared to
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AW crossbred lambs. The tear resistance was not significantly influenced by genotype
and feeding levels, consistent with previous findings.

The tear resistance values obtained in our study were 29.23 N/mm for AB, 23.80 N/
mm for AW, and 27.63 N/mm for DM sheep breeds. These values were significantly
better (p < 0.05) compared to the range of 15.01 to 15.99 N/mm reported for Awassi
X Menz, Menz, and Washera sheep breeds by Getachew et al. [6, 7]. Additionally,
our findings were similar to the tear resistance values reported for Brazilian, South
African, and German sheep breeds by Snyman and Jackson-Moss [22] and Oliveira
etal. [23]. This suggests that the tear resistance of the AB, AW, and DM sheep
breeds in our study was superior to that of the Awassi X Menz, Menz, and Washera
breeds studied by Getachew et al. [6, 7], and comparable to the tear resistance values
observed in sheep breeds from Brazil, South Africa, and Germany as reported by
Snyman and Jackson-Moss [22] and Oliveira et al. [23].

4.4 The chemical properties of leather derived from crossbreed lambs
4.4.1 The moisture content of the raw skin, expressed as a percentage

Table 3 presents the moisture content, expressed as a percentage, for both raw
and wet blue skin in this study. The average moisture content of raw skin was deter-
mined to be 34%, while for wet blue skin, it was 62%. The breed of the sheep had a
significant impact (p < 0.05) on the moisture content of the raw skin, with DM lambs
exhibiting lower moisture content compared to AB and AW lambs. However, the
levels of concentrate supplementation did not show a significant effect (p > 0.05) on
the moisture content at both the raw and wet blue stages. Additionally, there were no
significant differences observed in the moisture content at the wet blue stage among
the lamb breeds AB, AW, and DM.

Regarding the moisture content at the wet blue stage, it ranged from 61 to 62% for
different levels of concentrate supplementation. These values were slightly lower than
the findings reported by Negussie et al. [24], who obtained moisture content ranging
from 69 to 74% for Blackhead Ogaden sheep subjected to various feeding regimes. This
suggests that the moisture content of the wet blue skin in our study was relatively lower,
potentially indicating more efficient processing and reduced water content in the leather.

4.4.2 The fat content of the leather samples, expressed as a percentage

Sheepskin typically contains a natural fat content ranging from 30-40%, which
plays a crucial role in the leather’s acceptance of fat liquor substances during the
tanning process [25]. To remove excess fat, a degreasing operation is performed. If
the natural fat is not adequately eliminated, it can hinder the hydrophilic properties
of chemicals, specifically liquoring agents. This can result in undesirable quality
problems, including decreased physical strength, hardness, imperfect dyeing, and
unpleasant odors in the final product [26].

In this study, the fat content of all treatment groups was observed to fall within
the recommended standard range of 4 to 10% for the production of upper shoe
leather. The average fat content of the skin in this study was determined to be 6%.
The lamb genotype and feeding regime did not exhibit a significant impact (p > 0.05)
on the fat content of the skins. Nonetheless, a minor reduction in fat content was
observed across the different feeding regimes, with percentages of 6.29, 6.11, and
5.39% recorded for 300, 600, and 900 g concentrate supplementation, respectively.
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These results suggest that higher levels of concentrate supplementation contribute to
improved leather quality by reducing the fat content.

These findings are consistent with the research by Haroun et al. [27], who reported fat
content values of 6 to 7% for Sudan Desert sheep. However, the fat content in our study
was lower than that reported by Negussie et al. [24] for Blackhead Ogaden sheep under dif-
ferent concentrate supplementation regimes. In contrast, our study yielded higher values
compared to the results reported by Teklebrhan et al. [19] for Hararghe Highland, Black
Head Ogaden, Dorper X Hararghe Highland, and Dorper X Blackhead Ogaden sheep.

The fat content in sheepskins can vary widely, ranging from 4 to 50%, whereas in
cattle hides, it typically falls between 2 and 12%. These variations depend on fac-
tors such as the breed, age, and sex of the animal [28]. During the tanning process,
the lower fat content observed in the AB, AW, and DM lamb breeds after degreas-
ing indicates the production of higher-quality leather. This finding aligns with the
conclusions mentioned by Sarkar [29], suggesting that lower fat content contributes
to the production of superior leather.

In summary, the present study demonstrated that the fat content of the skins
fell within the standard range for upper shoe leather production. Lamb genotype
and feeding regime did not significantly affect the fat content. However, higher
concentrate supplementation levels were associated with lower fat content, indicat-
ing improved leather quality. These findings are consistent with prior research,
demonstrating that the AB, AW, and DM lamb breeds achieved a low fat content after
degreasing, which is indicative of higher-quality leather. These results further support
the conclusions mentioned by Sarkar [29].

4.4.3 The hide substance content, expressed as a percentage

The study found that, on average, the hide substance percentage obtained was 33
(Table 4). The results indicated that lamb genotype and feeding regime did not have
a significant effect on the hide substance of the lambs’ skin, as the p-value was greater

Variable Moisture content  Moisture content  Fatcontent Hide substance
for raw skin (%) wet blue (%) (%) (%)
Overall (44) 34.06 +1.93 61.48 + 0.68 6.08 £ 0.46 3246 +1.33
Breed * ns ns ns
Awassi x Bonga (10) 4416 +3.83° 62.12 +1.53 5.06 +1.06 3151+ 311
Awassi x Washera (13) 38.64 + 03.12° 63.09 + 1.25 6.03+0.87 32.16 +2.54
Dorper x Menz (21) 2742 + 02.46* 60.20 + 0.99 6.67 + 0.68 33.16 + 2.00
Treatment ns ns ns ns
Grazing +300 g concentrate (12) 42.03 £3.59 61.93 + 1.44 6.26 + 0.99 3264 +2.92
Grazing +600 g concentrate (16) 3333+283 61.16 +1.13 6.11+0.78 30.53 +2.30
Grazing +900 g concentrate (16) 34.85+2.84 62.32 +1.14 539+0.79 3367 +231

Means with different superscripts for a class within a column differ significantly, *** - P<0.001; ** - P<0.01; * - P<0.05,
ns - non-significant.

« »

a” was denoted for lower values and “b” is for the next higher values etc.

Table 4.
Least squares means (+SE) of moisture content for raw skin (%), moisture content of skin at wet blue stage (%), fat
content of skin (%), and hide substance (%) of skins produced from crossbred sheep under different feeding levels.
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than 0.05. As a result, the differences in lamb genotype and feeding regime did not
lead to significant variations in the percentage of hide substance.

5. Conclusion

Based on the study presented in this chapter, several significant conclusions can be
drawn:

* Concentrate supplementation levels significantly impacted lambs’ raw skin
weight and size.

* Higher concentrate supplementation (900 g/h/d) resulted in 42% more skin
weight and 15% larger size compared to 300 g supplementation.

* Crossbred lambs had better skin thickness (1.35 mm) compared to the standard
thickness of 0.60 mm.

* Lambs supplemented with 900 g/h/d had 27% thicker skin (1.49 mm) compared
to those supplemented with 300 g/h/d (1.17 mm).

* DM lambs had thicker skin (1.43 mm) compared to AB and AW crossbreeds
(1.23 mm).

* Breed and diet did not significantly affect skin tensile strength (ranging from
9.33 t0 12.22 N/mm?).

* Average tear load was higher in DM crossbred lambs (37.58 N) compared to AW
crossbred lambs (28.73 N).

* Skins’ fat content was within the standard range (6%) for upper shoe leather
production and slightly decreased with higher concentrate supplementation.

* Lamb genotype and feeding regime did not significantly affect hide substance
percentage.

* In summary, crossbred sheep like DM, AB, and AW demonstrated favorable skin
quality that meets industry standards. They have the potential for both meat and
skin production, benefiting farmers and sheep raisers in Ethiopia.

5.1 Recommendations and future directions

Based on the results of this study, the following recommendations are suggested:

* Conduct further studies on optimizing concentrate supplementation levels and
their effects on skin quality attributes to provide comprehensive guidelines for
farmers and sheep raisers.

* Evaluate the economic viability of crossbred sheep production for both meat and
skin compared to other livestock production systems.
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* Investigate market demand and value chain opportunities for crossbred sheep-
skin products, both domestically and internationally based on the benefits of
feeding systems.

* Assess the potential of crossbred sheep for meat and skin production in different
geographical regions based on different levels of feeding systems.

* Conduct economic assessments considering production costs, market demand,
value chain opportunities, and profitability for farmers and sheep raisers.

* Facilitate scaling and knowledge transfer through collaboration, capacity build-
ing, and adoption of best practices.

* Promote the development of a sustainable and competitive sheepskin industry
in Ethiopia through the integration of crossbred sheepskin production into the
livestock sector.
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A. Appendix

See Figure Al.

Awassu x Bonga 50% ram [ambs 4
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Figure A1.
Pictures of experimental sheep and final products from these breeds at LIDI.
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