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Preface

This Reprint was developed to provide a comprehensive and updated overview of the role
of ruminant animals within modern food production systems, with an emphasis on efficiency,
sustainability, and responsible resource use. The motivation for assembling this collection arises
from ongoing scientific and societal discussions regarding the use of feed resources, particularly the
balance between human-edible and non-human-edible inputs, and the environmental footprint of
ruminant production.

The scope of this Reprint encompasses experimental and applied research addressing ruminant
nutrition, physiology, production systems, and environmental interactions, highlighting how dietary
strategies and management practices influence productivity, nutrient utilization, and system resilience.
By bringing together contributions from different regions and production contexts, this Reprint aims
to foster a deeper understanding of the biological mechanisms and system-level outcomes that define
ruminant efficiency.

This Reprint is primarily addressed to researchers, graduate students, educators, and professionals
in animal science, agriculture, and sustainability, offering evidence-based insights to support
innovation, informed decision-making, and the development of resilient and sustainable ruminant

production systems.

Leilson Rocha Bezerra and Phillip Lancaster
Guest Editors
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Feature Papers of Ruminants 2024-2025
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2 Beef Cattle Institute, Kansas State University, Manhattan, KS 66506, USA
*  Correspondence: leilson@ufpi.edu.br (L.R.B.); palancaster@vet.k-state.edu (P.L.)

1. Introduction

Ruminants continue to play a pivotal role in sustainable food production by converting
abundant resources, such as rangelands, pastures, crop residues, and agro-industrial
byproducts, into human-edible products of high nutritional value (meat, milk, and other
dairy products). Although the contribution of ruminants to food security is historically well
established and remains substantial, debate persists regarding the efficiency of converting
feed resources into animal products and the environmental externalities associated with
livestock production.

Contemporary discussions increasingly focus on the use of potentially human-edible
feeds in ruminant diets, the need to optimize feeding systems, and the challenge of miti-
gating environmental impacts without compromising productivity. This Special Issue was
designed to assemble cutting-edge research on these topics, offering an integrated perspec-
tive on recent scientific advances and the knowledge gaps that remain to be resolved in
ruminant science.

2. Materials and Methods

The Special Issue Feature Papers of Ruminants 2024-2025 brings together a diverse collec-
tion of original research articles, reviews, and communications that reflect scientific progress
and emerging directions in ruminant research. The contributions span themes ranging
from physiology and nutrition to management technologies, animal welfare, genetics,
and sustainability.

Collectively, the papers provide a broad and cohesive view of the multiple dimensions
that currently shape ruminant production, underscoring that sustainability, productive
efficiency, animal welfare, technological innovation, and socioeconomic context are insep-
arable components of modern livestock systems. From a socioeconomic standpoint, the
study conducted in Tiirkiye [Varalan et al., Contribution 1] indicates that sheep farming
remains largely grounded in extensive systems, primarily managed by middle-aged or
older producers with limited formal education and a strong reliance on direct marketing.
This profile reveals structural constraints but also delineates clear pathways for sectoral
sustainability, including generational renewal, expanded technical training, and the adop-
tion of more modern production practices. Complementing this structural perspective, the
morphological characterization of the Sanmartinero Creole bovine breed using geometric
morphometrics [Salamanca-Carrefio et al., Contribution 2] highlights the value of advanced
quantitative tools for genetic conservation by demonstrating consistent sexual dimorphism
in head size and shape, information that is strategically relevant for preservation programs,
population standardization, and the valorization of locally adapted breeds.

In the domain of growth and development, the assessment of the relationship between
stature and live weight in dairy cows from birth to maturity advances understanding of

Ruminants 2026, 6, 13
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body growth trajectories and the development of productive capacity, showing that linear
measures exhibit strong associations between early life and adulthood. In contrast, traits
related to thoracic capacity and live weight remain environmentally sensitive for more
extended periods [Gibson et al., Contribution 3]. These findings reinforce the importance of
adequate nutritional management up to later ages to maximize future productive potential,
with direct implications for reproductive efficiency and lactational performance. This
emphasis on nutrition is also mirrored in experimental work with growing cattle, in
which replacing urea-treated rice straw with silages derived from maize-soybean or grass—
soybean intercrops produced consistent improvements in performance and feed efficiency
without altering dry matter intake or body conformation, demonstrating the potential of
integrated forage strategies to improve the energy—protein balance in tropical production
systems [Nguyen et al., Contribution 4].

The interface among nutrition, behavior, and animal welfare is further strengthened
by studies that address both pathological conditions and innovative feeding strategies.
Research on the behavior of cows affected by Johne’s disease [Charlton et al., Contribution
5] identifies subtle yet meaningful changes in lying and rumination patterns around peak
lactation, suggesting that behavioral metrics can serve as sensitive tools for monitoring
health status and welfare. However, the underlying mechanisms require further clari-
fication. In a complementary approach, the study evaluating the inclusion of technical
cashew nutshell liquid combined with vegetable oils differing in fatty acid profiles in
sheep diets shows that dietary lipid composition influences feed selectivity and rumination
patterns without adverse physiological or thermoregulatory effects, highlighting the role of
monounsaturated fatty acids in optimizing energy intake and feeding efficiency [Andrade
et al., Contribution 6].

More integrative and technology-oriented contributions extend this discussion to
large-scale production systems. The invited review on total mixed ration (TMR) feeding
[Dey et al., Contribution 7] consolidates evidence that TMR enhances rumen fermentation
stability, improves microbial activity, and increases productive performance across rumi-
nant species, while also emphasizing challenges related to formulation errors, mycotoxin
risks, and environmental outcomes, reinforcing the need for nutritional precision and
sound management practices. Similarly, the review of virtual fencing technology under-
scores its promise as a core tool within precision livestock farming, capable of increasing
grazing-management flexibility and reducing labor demands, while also recognizing tech-
nical, economic, and welfare-related constraints that must be addressed to enable broader
adoption across diverse production contexts [Gadzama et al., Contribution 8].

The ethical and societal dimensions of ruminant production are robustly addressed
through the analysis of enhanced animal welfare labeling schemes for cattle, sheep, and
goats in Europe [Papageorgiou et al., Contribution 9]. This contribution demonstrates that
growing demands for transparency and sustainability have accelerated the development
of more stringent welfare standards grounded in animal-based measures, with a strong
emphasis on pasture access, comfort, environmental enrichment, and, in some cases,
mother-young bonding. Such labeling systems not only reflect societal expectations but
also function as strategic instruments for market differentiation and for rewarding more
responsible production systems.

Finally, the review on slow-release urea technologies [Bezerra et al., Contribution
10] synthesizes essential advances in the use of non-protein nitrogen sources in small
ruminants, showing that microencapsulation and other controlled-release systems can
improve nitrogen-use efficiency, enhance microbial protein synthesis, reduce environmental
nitrogen losses, and, under specific dietary and management conditions, improve animal
performance and product quality. At the same time, the review highlights the need for

2 https://doi.org/10.3390/ ruminants6010013
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greater methodological standardization, long-term evaluations, and comparative economic
assessments to support large-scale adoption of these technologies.

Taken together, these studies demonstrate that the future of ruminant production
depends on integrated, interdisciplinary approaches that simultaneously address biological
efficiency, economic viability, animal welfare, conservation of genetic resources, and societal
acceptance. The contributions in this Special Issue reinforce the central role of science in
building more resilient, efficient, and sustainable production systems capable of responding
to global challenges related to food security, climate change, and evolving societal demands.

3. Conclusions

The Special Issue Feature Papers of Ruminants 2024-2025 consolidate studies that
advance understanding of the mechanisms influencing production efficiency, animal wel-
fare, and the sustainability of ruminant production systems. Collectively, the contributions
emphasize the value of integrated approaches that consider not only nutritional and
productive variables but also technological, behavioral, and socioeconomic factors. De-
spite these advances, significant knowledge gaps remain, including (i) the integration of
nutritional efficiency with reduced environmental impacts, for which robust predictive
models are still needed to optimize diets that maximize output while minimizing emissions;
(if) improved connectivity between emerging technologies (e.g., sensors and precision live-
stock farming) and on-farm practices to translate data streams into operational decisions
that create measurable value; and (iii) a deeper understanding of the interactions among
genetics, management, and nutrition across contrasting climates and production systems.

To accelerate progress, future research should prioritize the development of feeding
systems that maximize the use of resources that do not compete with the human food supply
while reducing environmental losses; the application of big data analytics and artificial
intelligence to improve predictions of performance and animal health; and interdisciplinary
studies integrating genetics, the rumen microbiome, precision nutrition, and public policies
to advance sustainable production practices at a global scale. This body of work not
only brings a relevant thematic issue to a close but also opens promising avenues for
investigation that may further strengthen the role of ruminants in sustainable agriculture
in the twenty-first century.
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Simple Summary: This study explores the structure of sheep farming enterprises in
Ttiirkiye. Surveys were conducted with 201 farmers during the 2023 production period to
collect data on farm size, production goals, marketing methods, and economic performance.
The results show that most sheep farmers are middle-aged or older and have low education
levels. They usually use traditional (extensive) production systems and sell their products
directly to consumers. To make sheep farming more sustainable, it is important to attract
younger farmers, offer better training, and support the use of modern farming methods.

Abstract: This study aims to analyze the technical and economic infrastructure of sheep
farming enterprises operating in Tiirkiye. It assesses the demographic characteristics of
enterprise owners, enterprise scales, production objectives, marketing strategies, and eco-
nomic performance. Primary data were collected through face-to-face surveys conducted
with 201 sheep farming enterprises during the 2023 production period. The sample was
selected based on information provided by the Provincial Directorates of Agriculture and
Forestry and the Breeding Sheep and Goat Breeders” Associations. Data analysis was
performed using SPSS 27. Categorical data related to enterprise characteristics and the
demographic profiles of enterprise owners were examined. The findings indicate that the
majority of enterprise owners are middle-aged or older individuals, have a low level of ed-
ucation, and operate predominantly within an extensive production system. The producers’
marketing methods rely mainly on direct sales. In conclusion, ensuring the sustainability
of the sheep farming sector requires encouraging young producers to enter the industry,
expanding educational programs, and adopting modern production techniques.

Keywords: enterprise structure; marketing; production systems; sheep farming; socio-
economic structure

1. Introduction

The sheep husbandry sector represents a significant sub-branch of the livestock in-
dustry in Tiirkiye. This economic activity enables the production of various products,
including meat, milk, wool, and leather [1,2]. Owing to their high adaptability, sheep can
be raised across a wide range of regions by adapting to diverse geographical conditions.

Ruminants 2025, 5, 39 5 https://doi.org/10.3390 /ruminants5030039



Ruminants 2025, 5, 39

The fact that sheep farming requires lower maintenance/feeding conditions and operating
costs than cattle farming makes sheep farming an attractive economic activity, especially
for small-scale enterprises [3]. In addition, sheep husbandry contributes to economic de-
velopment by providing employment in rural areas [4]. In addition, the sheep husbandry
sector is strategically important in meeting the demand for red meat because of the very
limited production and consumption of pork in Ttirkiye. Sheep husbandry contributes to
an increase in red meat consumption per capita [5,6].

Sheep husbandry is a prominent livestock activity in Tiirkiye, and is particularly preva-
lent in inland regions and areas with low precipitation. Despite its economic contributions,
the sector’s development is constrained by the low yield capacity of domestic sheep breeds
and suboptimal management practices [3]. Following the establishment of the Republic
in 1923, scientific research and policy support emphasized the development of the sector,
initially prioritizing wool and meat production. However, with the global proliferation of
synthetic fibers—particularly from the mid-20th century onward—competition in wool
production diminished. Consequently, efforts have increasingly focused on enhancing
meat and milk productivity [5].

At present, the state of sheep and goat husbandry in Tiirkiye remains below tar-
geted levels, as indicated by expert reports on animal husbandry [7]. As of 2024, per
capita red meat consumption (including beef, sheep, and goat meat) in Tiirkiye is about
16.6 kg, whereas the average for the European Union (EU-28), including pork, is
54 kg—39 kg of which is accounted for by pork alone [8]. In this context, strengthening the
ovine livestock sector is essential for raising red meat consumption levels. Furthermore, the
continued reliance on red meat imports underscores the sector’s underutilized potential
and its ongoing relevance to national food security and economic sustainability [5].

When the last 10-year period, independent of the past, is examined, a general increase
in the number of sheep can be seen. The farming data for Ankara, Balikesir, Erzurum,
Eskisehir, and Konya Provinces, representing Tiirkiye and Tiirkiye in general for the years
2014-2023, are presented in Table 1 [9].

Table 1 reveals that there is a general upward trend in the number of sheep throughout
Tirkiye and in the provinces where the study was conducted between 2014 and 2023. The
number of sheep in Tiirkiye has increased by about 35%, and differences in these rates
are noteworthy on the basis of individual provinces. Konya stands out as the province
with the highest number of sheep, while Ankara has recorded the largest increase in its
sheep population. This growth is primarily attributed to imports rather than structural
improvements or transformation, with most imports driven by investments from capitalists
outside the sector [5]. Furthermore, there is evidence of a transition from extensive to
intensive production methods in ovine farming, spurred by capital inflows [10]. In order
to ensure the sustainability of this transformation, it is essential to conduct accurate and
comprehensive analyses of sheep husbandry activities.

In recent years, various structural problems have been addressed [11-15], and socio-
economic conditions have been examined [16-19] in studies on sheep husbandry in different
districts and provinces of Tiirkiye. However, these studies are largely limited to the
provincial or district level.

The main purpose of this study is to reveal the socio-economic, technical, and economic
infrastructure of sheep husbandry enterprises operating in Ankara, Balikesir, Erzurum,
Eskisehir, and Konya Provinces in different geographical regions of Tiirkiye and the sectoral
profile of the enterprises. The analysis is conducted at the micro level, based on enterprise-
level characteristics such as demographics, production scale, and income structure.
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2. Materials and Methods

The primary data of the study were obtained from field visits, and the survey method
was applied to the enterprises carrying out sheep husbandry activities in Ankara, Balikesir,
Erzurum, Eskisehir, and Konya Provinces during the production cycle of 2023, which
represented Tiirkiye. These provinces were selected because they are among the most
active sheep production regions in the country, covering diverse geographical and climatic
conditions and accounting for a significant share of the national sheep population. The
questionnaire development process was based on the form designed by Gambelli et al.
(2021) [20], with adaptations made to align with local conditions and the specific objectives
of this study. In this context, the validity of the survey questions was first evaluated
through a review of the relevant literature. Subsequently, the scope of the content was
expanded based on feedback from industry experts and academics. In the final stage,
a draft version of the survey was pilot-tested on a small sample group, and necessary
revisions were made in light of the feedback received. The content of the questionnaires
prepared for sheep husbandry enterprises included questions tailored to the statistical
analysis methods employed. These questions aim to determine the current status and
structural characteristics of sheep husbandry enterprises in the selected provinces. Face-to-
face interviews were conducted with enterprise owners engaged in sheep husbandry using
the questionnaires developed during the research process. Additionally, data were drawn
from the five-year development plans of the Turkish Statistical Institute (TSI), the United
Nations Food and Agriculture Organization (FAO), and the Ministry of Development,
alongside secondary data compiled from relevant national and international literature.

In five provinces where the primary data of the study were obtained, a sample with
high representation power was selected via a stratified random sampling method among
the enterprises that are members of the Brood Sheep and Goat Breeders Association. The
sample size was determined as a 95% confidence interval and 5% margin of error in line
with the method reported by Giines & Arikan (1985) [21]. The calculation for this is
presented below:

Nt2PQ B 65265(1.96)%0.9 x 0.1 ~ 105
d?(N—1) +£2PQ  (0.05)%(65265 — 1) + (1.96)%0.9 x 0.1

nyg =

[Table value t corresponding to confidence level (95%) = 1.96; probability of selecting
an enterprise: P =0.9; Q =0.1].

N: Number of units in the population

P: Frequency of occurrence of the event to be examined

Q: Frequency of non-occurrence of the event to be examined

t: Theoretical value found in the t-table

d: Frequency of occurrence of the event

Strata weight = % = 0.003 (whole sample) [22,23].

It is important to clarify that the value “195/65,265 = 0.003” refers to the overall
sampling fraction, which indicates the proportion of the selected sample to the total
population. This value is distinct from the t-value used in the sample size determination
formula. In this context, the t-value (1.96) represents the critical value from the t-distribution
corresponding to a 95% confidence level, whereas the sampling fraction is used solely for
proportional allocation in the stratified sampling design.

Table 2 shows the distribution of enterprises by province and stratum.

In Table 3, information on the number of enterprises determined according to the scale
after each province is presented.
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Of the 195 enterprises included in the study, 72 were categorized as small, 79 as
medium, and 45 as large based on their flock size, as shown in Table 3.

Table 2. The number of samples determined according to stratified provinces.

Provinces Number of Enterprises Wy, * ny **
Ankara 10,121 0.16 30
Balikesir 20,821 0.32 62
Eskisehir 8670 0.13 26
Erzurum 7045 0.11 21
Konya 18,608 0.29 56
Total 65,265 1 195

* Wh: strata weight; ** nh: number of individuals per strata.

Within the scope of the study, about 10% of the total sample size, that is, 20 enterprises,
were determined as reserves. In this context, 215 enterprises were visited. After removing
those enterprises that refused to participate in the questionnaires or whose data were not
reliable, the number of valid enterprises surveyed was determined to be 201. This process
was carried out carefully to ensure the accuracy of the data. Consequently, the actual
number of enterprises visited in each province (as presented in Figure 1) may slightly differ
from the planned sample sizes (‘ny") shown in Table 2.

Figure 1. Provinces where sheep husbandry enterprise owners carry out their activities.

Sheep husbandry enterprises were identified through consultations with the Brood
Sheep and Goat Breeders’ Associations, as well as the District Directorates of Agriculture
and Forestry in the relevant provinces and districts. Time and budget constraints were
taken into consideration to ensure the collection of accurate and reliable data.

The survey data collected from sheep husbandry enterprises were entered into the
computer using Microsoft Office 365 programs and subsequently processed using the
Statistical Package for the Social Sciences (SPSS) version 27 (IBM Corp., Armonk, NY, USA),
making them ready for analysis.

Within the scope of the study, enterprise characteristics such as enterprise type, enter-
prise scale, and questions such as the age, education level, and experience period of the
enterprise owners were designed as categorical data. The number (n) and percentage (%)
values were determined for the categorical data obtained through the questions. The arith-
metic mean, standard deviation, median, minimum, and maximum values were used to
evaluate the income of enterprise owners from activities such as milk sales, livestock sales,
brood sales, and fleece sales. Findings on the market type of sheep husbandry enterprises
were evaluated via “Multiple Response” analysis since enterprise owners can mark more
than one option.
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3. Results

The number (n) values of the provinces where sheep husbandry enterprise owners,
who contributed to the survey questions in the study with their answers, carried out sheep
husbandry activities are presented in Figure 1.

Figure 1 shows that the majority of the participants carried out sheep husbandry
activities in Balikesir and Konya Provinces, with rates of 30.8% and 28.4%, respectively.

In the present study, 200 (99.5%) of the 201 participants were men, and only 1 (0.5%)
was a woman.

The number (n) and percentage (%) value findings regarding the age and educational
status of sheep husbandry enterprise owners are given in Table 4.

Table 4. Demographic characteristics of the study participants.

Statistics
Characteristics Number (n) Percentage (%)
Breeder’s Age
18-25 2 1.0
2640 37 18.4
41-50 57 284
51 and above 105 52.2
Total 201 100.0
Education level
Literate 7 3.5
Primary Education 123 61.2
High School 50 249
University 19 9.4
Postgraduate 2 1.0
Total 201 100.0
Course/training status on sheep husbandry
Those who have not taken a course/training on sheep husbandry 114 56.7
Those who took courses/trainings on sheep husbandry 87 43.3
Total 201 100.0

An examination of Table 4 reveals that the majority of sheep husbandry enterprise
owners are aged 51 and above, accounting for 52.2% of the sample. In terms of educational
attainment, primary school graduates constitute the largest group at 61.2%, followed
by high school graduates at 24.9% and university graduates at 9.4%. The proportion of
enterprise owners with postgraduate education is notably low, at just 1%. Additionally,
43.3% of the participants reported having received courses or training related to sheep
husbandry, while 56.7% indicated that they had not received any such training.

The number (n) and percentage (%) values concerning the agricultural and livestock
sector experience of sheep owners, as well as their specific experience in ovine livestock,
are presented in Table 5.

According to Table 5, when the duration of experience in the agriculture and livestock
sector is examined, the majority of the participants (66.7%) have 21 years or more of
experience. This rate is 49.8% in ovine livestock. Those with 11-20 years of experience are
22.9% and 21.9%, those with 610 years of experience are 7.5% and 17.4%, and those with
1-5 years of experience are 3.0% and 10.9%, respectively.

11
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Table 5. Experience-related characteristics of the study participants.

Statistics
Number (n) Percentage (%)
Years of experience in agriculture and livestock sector

1to5 6 3.0

6to 10 15 7.5

11 to 20 46 229

21 and above 134 66.7
Total 201 100.0

Duration of experience in the ovine livestock sector (Years)

1to5 22 10.9

6to 10 35 174

11 to 20 44 21.9

21 and above 100 49.8
Total 201 100.0

The number (n) and percentage (%) findings regarding the type of enterprise, scale
of the enterprise, production purpose of the enterprise, and lambing per litter status of
sheep husbandry enterprises, in which the characteristics of the enterprise are examined,
are given in Table 6.

Table 6. Enterprise characteristics of the study participants.

Statistics
Number (n) Percentage (%)
Enterprise Scale
Small (1-50) 72 35.8
Medium (51-200) 79 39.3
Large (201 and above) 50 249
Total 201 100.0
Enterprise type
Extensive 125 62.2
Semi-intensive 70 34.8
Intensive 6 3.0
Total 201 100.0
Purpose of enterprise owners for raising animals
For fatlings 134 66.7
For both fatling and milk production (combined) 51 25.3
For breeding purposes 10 5.0
For milk production 6 3.0
Total 201 100.0
Lambing/litter status
Once a year 116 57.7
Three times in two years 65 32.3
Twice a year 20 10.0
Total 201 100.0

12
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When the findings related to Table 6 are evaluated, the scale distributions of enterprises
are 35.8%, 39.3%, and 24.9%, respectively, from small to large. When the type of enterprise
is examined, the percentage of enterprises that produce extensively is 62.2%, and the
percentage of semi-intensive enterprises is 34.8%. The rate of intensive enterprises is quite
low, at only 3%. For the purpose of raising livestock, 66.7% of the enterprise owners
prefer to breed fatlings, while the percentage of enterprises aiming at both fatling and milk
production is 25.3%, and the percentage of enterprises operating for breeding purposes
constitute 5% of the sample, while those focused on milk production account for just
3%. Regarding lambing frequency, 57.7% of enterprises reported lambing once per year.
Additionally, 32.3% of enterprises lamb three times every two years, and 10% report
lambing twice a year.

Findings related to the dairy and livestock marketing practices of sheep farm owners,
as well as their marketing methods, are presented in Table 7.

Table 7. Milk and livestock marketing status and marketing methods used in sheep husbandry
enterprises *.

Statistics
Frequency (n) Percentage (%)
Milk marketing status (processed or unprocessed)

Marketed 96 47.8

Not marketed 105 52.2
Total 201 100.0

Milk marketing methods * (processed or unprocessed)

Direct sale by hand 89 70.1
Small shops 27 21.2

Contract with a retail company 8 6.3

Online sales 3 2.4
Total 127 100.0

Live animal marketing status

Marketed 198 98.5

Not marketed 3 1.5
Total 201 100.0

Livestock marketing methods *

Direct sale by hand 188 70.7
Animal Market 57 21.4

Contract with a retail company 8 3.0

Online sales 13 49
Total 266 100.0

* Participants selected more than one option.

As shown in Table 7, various aspects of the technical infrastructure of sheep husbandry
enterprises are presented. It is observed that the majority of enterprises (52.2%) do not
engage in milk marketing, while a very high proportion (98.5%) are involved in the sale
of live animals. In both product categories, direct hand-to-hand sales emerge as the most
commonly used marketing method.

The findings regarding the arithmetic mean (X), standard deviation (SD), median (M),
minimum (min), and maximum (max) values of the enterprise owners to evaluate their
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income from activities such as annual milk sales, live animal sales (butchery/sacrifice),
brood sales, and fleece sales are shown in Table 8. In Figure 2, the average income levels of
enterprise owners according to sales income elements are presented as percentages.

Table 8. Distribution of sales revenues of the participants (total Turkish Lira (TRY) per year).

Statistics
Sales Income Elements X SD Median Min-Max

Milk sales (TRY Thousand) 27.3 106.9 0 0-1000
Livestock sales—sacrifice (TRY Thousand) 155.8 241.3 75 0-2000
Livestock sales—butchery (TRY Thousand) 327.3 499.3 125 0-3000
Brood sales (TRY Thousand) 94.8 269.5 0 0-1700

Fleece sales (TRY Thousand) 0.4 1.5 0 0-10
Total sales (TRY Thousand) 605.6 700.8 362 30-4309

= Milk Sales (Thousand TL) = Live Animal Sales — Sacrifice (Thousand TL)

= Live Animal Sales — Butchering (Thousand TL) = Breeding Sales (Thousand TL)

= Fleece Sales (Thousand TL)

Figure 2. Percentage income averages of the participants according to sales income elements.

An examination of the data in Table 8 reveals that different sales income items in
the livestock sector vary widely. Fleece sales are the lowest source of income, with an
annual average of TRY 0.41 thousand (0.07%), whereas butchery animal sales have the
highest average, with an annual average of TRY 327.32 thousand (54.05%). Sacrificial
animal sales represent a significant income component, with an average annual revenue
of TRY 155.77 thousand (25.77%), followed by brood animal sales at TRY 94.79 thousand
(15.65%) (Figure 2). Total sales revenues exhibit considerable variation, with an annual
average of TRY 605.61 thousand (100.00%) (SD: 700.81; Min—-Max: 30-4309), indicating
substantial income disparities among livestock enterprises.

4. Discussion

In this study, it was determined that the majority of the producers in the sheep
husbandry sector were 41 years old or older (Table 4). Similarly, studies conducted in
Konya, Siirt, and Canakkale have shown that enterprise owners are generally concentrated
in middle-aged and older groups [14,24,25]. Other studies across Tiirkiye have revealed
similar results that are consistent with these findings. This shows that the sector is based
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on more traditional production methods and that the demand for ovine breeding by
young populations is insufficient. In studies conducted in Greece, South Wales, and South
Australia, the sheep breeding sector has been carried out mainly by middle-aged and
older groups [26-28]. However, there are supportive policies in developed countries that
encourage the participation of young people in the sector. The implementation of similar
practices in Tiirkiye may be critical for the modernization and sustainability of the sector.

The study found that the majority of sheep husbandry enterprise owners (61.2%) were
primary school graduates (Table 4). Similar findings have been reported in studies con-
ducted in Konya, Selguklu, and Aksaray [14,19,29]. In contrast, the majority of enterprise
owners in countries such as Greece, Norway, and Chile possess at least a secondary level
of education [26,30,31]. The relatively lower education levels observed among enterprise
owners in Tiirkiye may pose limitations in areas such as financial planning, adoption of
modern technologies, and effective enterprise management.

In this study, 43.3% of the enterprise owners received courses or training on sheep
husbandry (Table 4). This rate is higher in Mus, Konya, and Ardahan Provinces than
in previous studies [16,19,32,33]. This finding, which is higher than the rates reported
in Greece (15.1%) and Brazil (30.6%), shows that participation in vocational training in
Tiirkiye is similar to that reported in European countries in some regions [26,34]. However,
considering the regional differences throughout the country, it is important to disseminate
educational activities at the national level in the sheep husbandry sector.

The study determined that most sheep husbandry enterprise owners had 21 years or
more of experience in the sector (Table 5). Similar findings have been reported in stud-
ies conducted in the provinces of Konya, Siirt, and Canakkale [14,24,25]. In Greece and
Chile, the average experience ranges around 24 years, while in Norway it falls between
21 and 25 years [25,30,31], aligning closely with the findings from Tiirkiye. These results
highlight that sheep husbandry is a sector that is globally grounded in long-term knowl-
edge and experience. However, a high level of experience does not always correspond
with parallel development in modernization. In many countries, including Ttirkiye, it
is observed that business owners who have been engaged in the profession for many
years tend to adhere to traditional methods. This tendency may hinder the adoption of
modern technologies and the integration of younger generations into the sector. Therefore,
alongside experience, it is essential to provide continuous professional development oppor-
tunities and to expand training programs focused on digital technologies and innovative
production methods. Such efforts would not only enhance the capacities of experienced
producers but also support the overall modernization of the sector.

In this study, it was determined that enterprise owners conducted substantially ex-
tensive production (62.2%), followed by semi-intensive production (34.8%) (Table 6). In
a study conducted in Aksaray, 94.2% of enterprises preferred semi-intensive production,
and 96% preferred semi-intensive production in Mersin [29,35]. This difference may be
due to differences in breeding habits, enterprise structure, pasture facilities, and regional
conditions. In this study, which was conducted in five provinces, the wide range of pasture
opportunities in some regions may have caused enterprises to turn to extensive produc-
tion. It has been reported that 78% of enterprises in northeastern Brazil operate under
semi-intensive systems, while 14% utilize extensive systems [34]. A study conducted in
Europe found that 37.8% of enterprises employed extensive systems, and 34.4% adopted
semi-intensive methods [36]. In Greece, the rate of semi-intensive production is 38.06% [26].
Findings from Tiirkiye indicate that production systems vary across regions due to differing
local conditions; however, semi-intensive production appears to be a widely adopted ap-
proach on a global scale. Structural factors such as the regional distribution of agricultural
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support policies, the level of infrastructure investment, and the effectiveness of producer
organizations play a decisive role in shaping producers’ preferences for production systems
in Ttirkiye. In particular, the inadequacy of support mechanisms and the limited marketing
channels in the Eastern and Southeastern Anatolia regions may lead to a preference for
extensive production systems. Conversely, in more developed regions such as Central
Anatolia and the Aegean, the tendency toward semi-intensive systems can provide pro-
ducers with higher added value. This situation highlights the need for a comprehensive
approach to address the structural and policy factors underlying regional differences in
production systems.

This study found that the vast majority of sheep husbandry enterprises raise animals
primarily for fatling purposes (Table 6). In a study conducted in Aksaray, 47.8% of en-
terprises engaged in the production of meat, milk, and wool, while in Mersin, 72% of
enterprises preferred the combined production of meat and milk [29,35]. The dominance
of fatling cultivation is thought to be due to factors such as regional differences, producer
preferences, pasture use, and market conditions. In a study conducted in Mugla, 46% of the
enterprises were engaged in meat production only, while 34% were involved in combined
production of both meat and milk [37]. In Brazil, 49% of enterprises produce milk, 37%
produce meat, and 14% have combined production; in Europe, 67.8% produce milk and
32.2% produce meat [34,36]. The observed variations in results may be attributed to factors
such as climatic conditions, pasture facilities, consumer demands, support policies, and
regional production traditions.

In this study;, it was seen that lambing occurs once a year in 67.7% of the enterprises
and twice in 10% (Table 6). In a study conducted in Konya, it was determined that 83.2%
of the enterprises had a single lambing per year, while 8.4% had lambing twice a year,
and in Bursa, these rates were 68.1% and 6.4%, respectively [14,38]. A single lambing
per year is common throughout Tiirkiye, and farmers are hesitant due to maintenance
and feeding difficulties associated with more than one lamb. In contrast, the frequency of
lambing is higher in Spain and Egypt, with an average of 1.5 in Spain and 8-10 months
in Egypt [39,40]. This shows that the range of lambing in Ttirkiye is longer than that in
international samples.

In this study, 47.8% of the enterprises marketed milk and dairy products, and 70.1%
made these sales directly to consumers (Table 7). In a similar study conducted in Aksaray,
located in the Central Anatolia Region of Tiirkiye, the milk marketing rate was reported
as 71.6% [29], while in Ardahan, from the Eastern Anatolia Region, it was 45.5% [33].
Direct sales are common throughout Tiirkiye, although regional and sectoral differences
significantly influence marketing methods. To provide an international perspective and
contextualize the findings, comparable trends can be observed in other countries as well.
For example, in Greece, 33.1% of milk producers sell to local milk processing plants, and
24.8% to national milk companies [41]. Similarly, in Italy, 73.68% of traditional cheese
producers prefer direct sales to companies [42]. In Sicily, 70% of dairy products are sold in
wholesale and 30% are sold in retail [43]. These international examples help to highlight
that while direct sales are prevalent across different contexts, the structure of marketing
channels may vary depending on regional production dynamics, policy environments, and
market organization—parallels that can also be observed in Tiirkiye.

It was observed that 98.5% of the enterprise owners marketed live animals, and 70.7%
of them used the direct sale method (Table 7). Similarly, in studies conducted in Aksaray
and Nigde, which are located in the Central Anatolia Region of Tiirkiye, direct sales were
also commonly practiced. These provinces are frequently used for comparison in the
literature due to their similar regional, structural, and socio-economic characteristics to
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the study area [13,29]. While marketing methods among enterprises in Tiirkiye exhibit
similar trends, data from Brazil show that 74.4% of producers market their animals for
economic purposes, with 38.5% selling directly by hand and 33.3% marketing through
unions [44]. In Greece, 56.7% of enterprises sell directly to wholesalers, while 21.7% sell to
retailers [41]. Although the prevalence of direct sales in Tiirkiye is comparable to that in
Brazil and Greece, notable differences exist in the use of sales channels. This suggests that
the livestock sector in Tiirkiye remains heavily reliant on traditional marketing practices
and that modern cooperative structures have yet to be fully developed.

Most annual sales revenues in sheep husbandry enterprises in Tiirkiye are derived
from the sale of butchery and sacrificial animals, while the share of revenue from brood
animal and milk sales remains relatively low (Table 8). Studies based on provincial-level
data from Konya Province (Selguklu district) in Tiirkiye’s Central Anatolia Region and Mus
Province (Korkut district) in the Eastern Anatolia Region reported that the share of lamb
and red meat sales in total household income were 72.2% and 63.5%, respectively. These
findings are consistent with the present study [16,19]. In contrast, the high productive
asset increase (PDKA) rate of 56.4% observed in Yozgat indicates that enterprises there
tend to adopt a herd growth strategy [17]. In general, butchery and sacrificial animal
sales are the main sources of income in Tiirkiye. In studies conducted in other countries,
milk sales in Spain constitute 78.6% of revenues, whereas the income distribution of sheep
husbandry enterprises in France, Spain, and the United Kingdom varies according to the
production system [45,46]. The dominance of meat sales in Tiirkiye can largely be attributed
to the economic impact of Eid al-Adha, whereas the prominence of milk revenues in some
other countries reflects variations in enterprise structures and consumer preferences. This
indicates that sheep husbandry in Tiirkiye is predominantly shaped by periodic and
traditional demand patterns. To ensure long-term sustainability, it is essential to develop a
more balanced income model within the sector.

In addition to the academic and sectoral implications of the findings, it is crucial to
consider how these results can be effectively communicated to the wider public. Given
the growing prevalence of misinformation, particularly in animal science, social media
platforms such as Twitter (X), Facebook, and Instagram offer valuable opportunities to share
accurate, research-based knowledge with a broad audience. Transparent and accessible
dissemination of information can enhance public understanding of the socio-economic
dynamics of sheep husbandry and combat misconceptions. In a parallel vein, a study
focused on utilizing Instagram illustrates how social media can serve as an effective tool
for agricultural outreach [47]. This study underscores the power of digital platforms in
conveying complex topics, such as the socio-economic structure of sheep enterprises, to
a diverse audience. Promoting engagement through modern communication channels
not only increases the visibility of research but also fosters trust and awareness among
consumers, producers, and policymakers alike.

5. Conclusions

As a result, this research makes an important contribution to the literature by address-
ing the sheep husbandry sector in Tiirkiye not only with economic indicators but also with
a multidimensional perspective in the context of producer profiles and structural practices.
This study presents the structural profile of the sheep farming sector in Tiirkiye based on a
sample drawn from five key provinces that are among the most active sheep production
regions across different geographical areas of the country. These provinces not only repre-
sent diverse regional conditions but also account for a significant share of national sheep
production, thereby enhancing the relevance of the findings for understanding sectoral
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dynamics at the national level. The selected regions provide a robust basis for gaining a
broader perspective on the structural characteristics of sheep farming in Tiirkiye. In this
respect, it not only captures the on-the-ground realities of the field but also reinforces the
link between scientific knowledge and sectoral policymaking.

The dominance of traditional production and marketing methods in the sheep hus-
bandry sector reveals that the development potential of the sector cannot be adequately
evaluated. This clearly underscores the need for structural transformations aimed at en-
hancing efficiency, sustainability, and profitability in the sector. The inclusion of the young
population in the sector, strengthening producers’” access to educational opportunities, and
comprehensive policies that encourage the adoption of modern production techniques are
expected to form the basis of this transformation.

Limitations and Future Research

This study focuses on five key provinces where sheep husbandry is prevalent in
Turkey, which, while not entirely limiting, may somewhat constrain the generalizability
of the findings to the national level. Moreover, due to time and budgetary constraints,
the analysis primarily relied on descriptive statistics. Consequently, the study’s ability
to uncover causal relationships and deeply explore socio-economic interactions remains
limited. Another limitation is the lack of an integrated theoretical framework, which future
studies should address to strengthen academic contributions.

Future research is recommended to expand the geographical scope to include addi-
tional regions and to employ more advanced quantitative methods, such as regression and
econometric modeling, alongside qualitative approaches. Such comprehensive analyses
would facilitate a more nuanced understanding of the interrelations between economic
performance and social factors—such as gender roles and knowledge transfer—within
the sector. This, in turn, would contribute to better-informed policy-making aimed at
supporting the sustainable development of sheep husbandry.
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Simple Summary: The study of sexual dimorphism of the head can provide information on
natural selection and adaptation to different environments. The head sexual dimorphism of
the Sanmartinero Creole bovine through geometric morphometric was studied. Research on
sexual dimorphism of the head in Creole cattle is limited. In Colombia, the Sanmartinero Creole
cattle are known, an animal adapted to the foothills and high plains of the Meta department
(Colombia). The aim was to compare, using geometric morphometrics, the head shape (size +
shape) of the Sanmartinero Creole breed bovine according to the animals’ sex. The heads of
males and females differed in size and shape. Females had smaller heads. This study provides
valuable insights into the morphological characteristics of a Creole bovine breed, contributing
to veterinary anatomy, biology, and domestic breed phylogeny.

Abstract: Geometric morphometrics is performed on different species in different contexts.
Here, the aim was to investigate morphological differences in the head of the Sanmartinero
Creole bovine to examine head shape variations between sexes using geometric morphometric
methods. A sample of cranial pictures of 43 animals (13 males and 30 females) was obtained, and
form (size + shape) was studied by means of geometric morphometric techniques using a set of
14 landmarks. This approach eliminated potential dietary effects, ensuring that the observed
shape variations were primarily due to intrinsic morphological differences. Sexual dimorphism
was found in form (for both size and shape) of the head of the Sanmartinero Creole bovine breed.
Males had significantly larger heads based on centroid size (U = 714, p = 0.0004), confirming
true sexual size differences, and Principal Component Analysis revealed overlapping head
shapes with sexual dimorphism concentrated at midline sagittal landmarks (between the most
rostral and caudal orbit points) and paired lateral points, indicating that males have broader
and longer heads. The two evaluated characters (head size and shape) are of special interest
for the conservation of the breed, especially in those cases whose objectives are to maintain the
uniqueness, distinctiveness, and uniformity of the populations. This study analyzed animals
subjected to the same feeding program, ensuring the elimination of additional variables.

Keywords: Bos taurus; cephalometry; natural selection; sexual dimorphism; skull
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1. Introduction

Colombia is home to several distinctive cattle breeds, adapted to specific regional
conditions and valued for their unique characteristics. A notable Creole breed is the San-
martinero, which was adapted on the foothills of the Colombian Orinoquia plains, through
natural selection, with the bovine introduced by the Spaniards in the 15th century. This
Creole bovine has developed economically important traits under adverse environmental
conditions and extensive management, including rusticity, resistance, and tolerance to
ectoparasites and extreme conditions of temperature and humidity, as well as the ability to
use fibrous forage. Thus, Sanmartinero constitutes a biological and economic heritage for
the efficient provision of food (meat, milk), skins, and work [1].

Sanmartinero cattle are classified as mesolinean (medium size) and eumetric (medium
weight) due to their conformation and size, respectively. The height (measured in the
vertical of the withers) is 130 and 135 cm for females and males, respectively. Large and
strong head with a straight profile; small, rounded ears with an abundant amount of hair.
Strong and well-implanted horns with light colors at the root and darker tones at the tips.
In males, horns are thick and directed forward in a crown shape, while in females the horns
are lyre-shaped (twisted forward, backward, and upward) [1].

Morphometry can be defined as the study of shape variation and its covariation with
other variables [2]. Its objective is to define the conformation of an individual and obtain a
stable representation of physiological variations in size, and seeks to eliminate the variation
in size that results from individual growth, which frequently has environmental causes,
and differentiate this change in size from the change that results from evolutionary genetic
causes [3].

Two types of morphometric techniques are recognized: traditional morphometry,
based on distances between anatomical points, and geometric morphometrics, which uses
the coordinates of these points [2,4]. Geometric morphometrics is more efficient than
traditional morphometry because landmarks are digitized from scans or images and the
spatial coordinates are automatically saved in special programs [4,5]. The advantage of the
latter is that coordinates not only contain size information as distances, but also configu-
ration and relative position. In addition, they allow the visualization of the conformation
and its variation between individuals or groups. Unlike the point-to-point approach of
traditional morphometry, geometric morphometrics allows the holistic characterization of
the biological specimens under study and a graphical output of shape variation [6,7].

Different studies have observed variations in head morphology within the same
species [8]. Shape analysis is an approach to explain the morphological diversity of biologi-
cal structures [7,9]. Geometric morphometrics is a method used to quantitatively evaluate
shape variation with biological foundations and sexual dimorphism, especially in scientific
areas such as taxonomy and veterinary anatomy [10-12].

Various biological processes, mutations, and genetic developments cause differences
in shape between individuals [7]. The evolutionary changes in body size that accompany
the domestication process, and the morphological radiation of domestic breeds, imply
a differentiation between sexes [13]. These phenotypic differences between females and
males of the same species are observed throughout the animal kingdom and are manifested
in morphological, behavioral, and life cycle traits [14].

Sexual dimorphism is the existence of phenotypic differences between individuals of
the same species but of different sex [15]. Significant differences are manifested in body
size, color, and morphology [16,17]. What is known about the patterns and causes of
dimorphism comes from studies focusing on sexual dimorphism in body size [18]. It is not
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appropriate to study only sexual dimorphism in size since it is not clear whether selection
(sexual or natural) operates on body size or on a specific part such as head size [18-20].

The degree of sexual dimorphism usually varies greatly from one species to another.
In the case of domestic cattle, although not very pronounced [21], these differences may
include the following [13,22]: size and weight (males are usually larger and heavier than
females), and horns (in some breeds, males have larger, more prominent horns than females).
The head is crucial in reflecting morphological features specific to species and breeds. In
cattle, the skull is broad and short, with a square shape, and these characteristics may
vary among different breeds. Another feature in some breeds is the presence of cornual
processes, which form as epidermal elevations from the frontal bone. Identifying these
differences provides more specific data for breed description and contributes to the body
of knowledge in the zoo ethnological literature [23,24].

Most studies have been conducted for qualitative (size form of horn, prominence of
hump) or quantitative traits assessed by traditional methods (e.g., lineal morphometry), but
few studies have been conducted (in the Sanmartinero creole bovine) applying geometric
morphometric methods, which, as said before, provide information on size and also on
shape [6,25]. The study of sexual dimorphism of the head can be an indicator of adaptation
to the environment, adaptation to types of forage, reproductive function, and evolutionary
processes. The aim of this research was to use geometric morphometrics to compare the
head form (size + shape) of the Sanmartinero Creole bovine breed, according to the animal’s
sex. This study is based on the hypothesis that cattle possess distinctive morphological
features in their skulls (besides the horns) according to sex.

2. Materials and Methods
2.1. Study Site

The research was carried out at the Libertad Research Centre of the Colombian Agri-
cultural Research Corporation (with AGROSAVIA being its acronym in Spanish), Meta
department, Colombia. It is in the municipality of Villavicencio, kilometer 17 of the road
that leads to Puerto Lopez, Meta (4.0574386, —73.4676386), with an average annual rainfall
of 2.933 mm, average temperature of 26 °C, height above sea level of 336 m, and acidic and
low-fertility soils. Its landscape consists of high, medium, and low terraces, typical of the
“Piedemonte Llanero” sub region.

2.2. Sampling

A sample of 43 Sanmartinero Creole bovines (13 males and 30 females), aged 2 years for
bulls, and from 2 to 4 years for cows, was studied. Animals were raised at the AGROSAVIA
Research Centre. The sample was randomly taken from the 10 families that make up the
Sanmartinero Creole bovine breed’s in vivo conservation animal germplasm bank, during
2024. A cranial digital photograph was taken of each animal using a Nikon P530 42X
camera, Tokyo, Japan. The camera was positioned at a sufficient distance to ensure that
the head occupied only a portion of the visual field, free from distortion. An inch ruler
was included in the photograph. The images were stored in JPEG extension and then
transferred to the computer. To facilitate the photograph, the animals were immobilized in
livestock traps.

However, the ideal sample size can vary depending on the specific research question,
the complexity of the shape variation and, effectively, the number of landmarks used. Our
sample was of 42 animals. We know that the complexity of shape variation being studied
was considered low. However, the results are relevant to this study in the Sanmartinero
Creole bovine.
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This study analyzed animals subjected to the same feeding program, to ensure a
homogeneous sample, and avoiding potential dietary effects. This ensures that the observed
shape variations were primarily due to intrinsic morphological differences.

2.3. Pictures

Once the photographs were collected, they were imported into the TPSdig program
(“Thin-Plate Spline digitizer”) v. 1.40 [5], which made it possible to obtain and assemble a
matrix of the coordinates of the landmarks or homologous points (Figure 1). Landmarks
were located on classical corporal points used in ethnological research [26]. To ensure the
accuracy of landmark placements, landmarking was performed by the same researcher
(PMPC) with two independent replicas. The description of the reference points is shown
in Table 1.

Figure 1. Set of 1 landmarks used in geometric morphometric analysis on the head (cranial plane) for
the Sanmartinero bovine breed (Photography CI AGROSAVIA).

Table 1. Characterization of reference points in the Sanmartinero Creole bovine.

1 Most Rostral Point of the Head (“Point of the Muzzle”)
2a and 2b Narrowest points of the muzzle
3a and 3b Most lateral margins of the orbits
4a and 4b Narrowest points of the front
5 Most caudal point of the head (protuberantia intercornualis)
6 Midline between most rostral points of the orbitas
7 Midline between most caudal points of the orbitas
8a and 8b Ventral point of horn base
9a and 9b Dorsal point of horn base

2.4. Geometric Morphometric Analysis

A Procrustes ANOVA was used to determine the measurement error (whether the
value of individuals mean squares was greater than the value of the error) to reduce the
handling error of the researcher and statistically verify whether the digitization of the
landmarks was suitable for further statistical analysis.

In geometric morphometrics, the isometric component of shape (i.e., the shape that
changes in a 1:1 proportion with size) is removed from the dataset through the scaling
procedure of the Procrustes superimposition. This step brings all specimens to the same
size, producing “isometry-free” shape coordinates and a centroid size. Centroid size (CS)
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can be used subsequently as a proxy for specimen size. Allometric effect refers to how the
size of the structure influences the percentage or rate of change in the shape. The effect of
allometry was verified using the multivariate regression of shape (Procrustes coordinates)
on size (logjo-transformed CS) which was treated here as a proxy for head size, while the
information about the shape variation was extracted from the Procrustes superimposition.
Comparison of allometries was performed with an ANCOVA.

Once these procedures were performed, a U Mann-Whitney test was applied to check
the differences between sizes (expressed as centroid size). Principal Component Analysis
(PCA) was then performed, to detect which changes are presented, related to the two first
components. Following this, a discriminant function (DF) with 1000 runs was carried out
in order to test for statistically significant differences in shape of the individuals.

The analysis was carried out with the statistical programs Morpho] v. 1.07a [27] and
PAST v. 4.03c [28], establishing the confidence level at 95%. All these computer programs
are free to use.

3. Results

When carrying out image processing for geometric morphometric project, the Pro-
crustes ANOVA established that the value of the mean square of individuals was greater
than the error (MS Individual 0.0005194767 >> MS Error 0.0000097978) (Table 2), meaning
that landmark digitization was performed correctly.

Table 2. Procrustes ANOVA to verify the intra-observer error and calculate the measurement error
for the head dataset through the head shape of Sanmartinero Creole animals (n = 43).

Effect Sum of Squares Mean Square Degrees of Freedom F P
Individual 0.305452 0.000519 588 4.84 <0.0001
Side 0.004745 0.000395 12 3.69 <0.0001
Individual * Side 0.063045 0.000107 588 10.94 <0.0001
Error 0.011757 9.8 x 10°° 1200
* Individual by size.

3.1. Sexual Dimorphism in Size

The centroid size of the head significantly differed between the sexes, with males
showing the higher value (U = 714; p = 0.0004).

3.2. Allometry

The allometric effect was 14.74% of shape variation explained by size. This repre-
sents the proportion of variation for which the regression accounts as a percentage of the
total variation.

We tested for differences in allometric slopes between sexes and found no differ-
ences (F = 0.484; p = 0.488). This means that our tests on allometry in this study are not
missing informative differences among the sexes related to differing allometric regression
slopes. As allometry appeared to be significative, ulterior analyses were performed with
residual regression.

3.3. Sexual Dimorphism in Shape

The PCA showed that the clusters formed by both sexes superimposed themselves
on each other without a marked separation between the groups (Figure 2). The first
two components explained a 58.89% of the total variation, each of them contributing 36.39%
and 22.49%, respectively. This lack of differentiation between groups in PC1/PC2 space
does not mean that the groups are undifferentiated. In fact, PCA does not assume a priori
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division and concentrates on the relation between variables and individuals of the same
sample, reducing the dimensions of the original data to a new group of variables with axis
or orthogonal components [21].

Principal component 2

-1.2 -09 06 03 0.0 03 06

Principal component 1
Figure 2. PCA for the first two principal components explained a 58.89% of the total variation, each
of them contributing 36.39% and 22.49%, respectively. Clusters formed by both sexes superimposed
themselves on each other without a marked separation between the groups (Figure 2). Males in blue
and females in red. Presented are 95% confidence ellipses.

Sexual dimorphism is primarily related to variation at anatomical landmarks 6 and
7 (sagittal), and 2, 3, and 4 (with counterparts), so males tended to present more massive
heads (wider head and longer cranium than females) (Figure 3).

Figure 3. Deformation grid indicating the shape variation of the head according to sex in the
Sanmartinero breed. Variation at anatomical landmarks. Main changes were centered on sagittal
landmarks and widths.
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In the discriminant function, the head shape differed significantly between males and
females (Procrustes distance = 0.812; p < 0.01; Mahalanobis distance = 5.644; p < 0.001), with
a correct classification percentage of 100% for both sexes (Figure 4).

1

Frequency

Figure 4. Discriminant function. The shape of the skulls differed significantly between males (blue)
and females (red) (Procrustes distance = 0.812; p < 0.01; Mahalanobis distance = 5.644; p < 0.001). The
correct classification percentage was 100% for both sexes.

4. Discussion

Geometric morphometrics has emerged as a powerful tool in recent research for
elucidating the relationship between shape and size within samples and explaining varia-
tions between groups [6,10,29]. Unlike linear morphometry, which relies on length, depth,
and width measurements, shape analysis focuses on the spatial relationships between
landmarks, and while linear morphometry provides only limited information about the
overall shape of a structure, often with overlapping measurements, geometric morphome-
try techniques offer a more comprehensive approach as they contain information related to
form [11,25,29].

Sexual dimorphism is an important physiological characteristic for understanding
animal adaptation to the natural and social environment [30]. Numerous studies have
focused on it since Darwin’s theory of evolution [15,22,31-33], and it is considered to
be a consequence of natural adaptation and sexual selection [31]. The head is the fun-
damental biological and skeletal structure for distinguishing morphological differences
between species, breeds, and sexes, offering valuable information about their functional
and environmental adaptations [24,34].

Sexual dimorphism in head size and shape was observed in the Sanmartinero Creole
bovine, with a greater manifestation in size. Males have wider heads and longer skulls.
Although sexual dimorphism in head size has been little studied by geometric morphomet-
rics in domestic Creole bovines, a study conducted on the Casanare Creole bovine found
that head length and width are greater in males [35], while in the Limonero Creole bovine,
sexual dimorphism is evident due to greater head width in males [21]. In other animal
species such as the Araucan Creole pig, males presented slightly greater head length and
width, without any statistical differences [36].

The main mechanisms responsible for the evolution of sexual dimorphism in size and
shape are sexual selection and natural selection [37,38], fertility, and intrasexual competi-
tion [39]. In several mammals, circulating testosterone concentrations are associated with
cranial bone growth [40]. Studies in two species of lizards (Podarcis muralis and P. siculus)
have shown that sexual dimorphism in head shape can arise from head segregation or
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competitive displacement in response to competition between the sexes [41]. In Canis lupus
familiaris, males had a wider and longer head than females [42]; in Hynobius maoershanensis,
sexual dimorphism is expressed in terms of head width with a bias towards males [17].
Other research carried out on several species of lizards (Reptilia: Squamata: Sauria) showed
that males had longer heads [20]. In a population of domestic cats (Felis silvestris catus),
males had a larger head circumference [43].

Studies report that sexual dimorphism in head width is explained by sexual selection,
ecological selection, and fertility [17]. Sexual selection favors large-headed males, winning
male competition and obtaining more mating opportunities [20,44]. A wide head facilitates
the intake of greater amounts of food, providing more energy to carry out the corresponding
activities [17]. In males, a large head may be a consequence of intrasexual selection,
translating into the ability to carry out confrontations (fights) and aggressive encounters to
maintain a territory [45,46]. In the case of the Sanmartinero, we have observed that Creole
bovines are animals which become aggressive when their territory or herd is invaded.

The mechanisms of sexual selection modify the morphological properties of each
sex; therefore, sexual dimorphism can be amplified by natural selection resulting in a
natural segregation of both sexes [19,47]. Environmental adaptation, a complex multi-level
structure, and a distinctive feeding system allow the evolution of sexual dimorphism [48].
These natural processes may be the cause of the sexual dimorphism expressed in the
Sanmartinero Creole bovine, but the causes still need to be explained more deeply.

We found sexual dimorphism in form (for both size and shape) of the head of the
Sanmartinero cattle breed, so not only was size bigger in males, as would be expected for
the species, but they are also bigger in shape: bulls have bigger but shorter heads, with a
wider forefront and a major base of the horns, compared to cows.

This variation is related to different reproductive functions and adaptations of the
sexes and can be a consequence of different sexual strategies of the group, once the energy
for growth is used from distinct shape in males and females [49]. Sexual dimorphism
can be a direct consequence of sex-specific hormones that provide a distinct morphology
related to the reproductive success of the species [50]. The variation in the shape of the head
between the sexes occurs because the differentiated growth relative to head dimensions
during ontogenesis, and this can be regulated by the presence or absence of androgen
hormones [51]. In most mammals, anatomical differences between sexes are due to a trait
associated with the action of sex hormones and, therefore, gonad maturation, which marks
the beginning of sexual differentiation and the end of the period of sexual or pregonadal
undifferentiation that precedes it. This differentiation would seem to follow a different
“speed” in each sex [50,51].

Information on head dimorphism in bovines is limited. Potential studies are still
lacking on the effect of environmental conditions, genetic factors, dietary habits, and
housing type on the presence of sexual dimorphism in head size in the Sanmartinero
Creole bovine. The breed’s uniqueness stems from various factors, including its origin,
physical characteristics, and its temperament. Moreover, it is a rare breed due to limited
populations and distribution, as well as its distinctive appearance. The consideration of all
these evaluated characters is of special interest for the conservation of the breed, especially
in those cases whose aims are to maintain the uniqueness, distinctiveness, and uniformity
of the populations.

5. Conclusions

Sexual dimorphism in head size and shape was observed in the Sanmartinero Creole
bovine. Males have wider heads and longer skulls. These results bring new character
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information on the form of the head of the Sanmartinero Creole bovine. In addition,
the technique of geometric morphometry has proven to be efficient in recognizing cattle
cephalic sexual dimorphism with refined detailing.
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Simple Summary: Milk yield and the ability to get pregnant are strongly associated
with cow live weight and size. However, there are limited data published describing
the prediction of cow size at birth. Therefore, the aim of this study was to examine the
relationship between cow shape and live weight of female dairy cattle between birth and
maturity. Forty dairy cows with records of cow shape and live weight from birth up
until two years of age, underwent follow-up measurements for live weight, height, length,
girth circumference and leg length on four occasions between 42 and 52 months of age.
Measures of height, leg and body length at fourth mating had a greater correlation with
measures at birth compared to girth and live weight. The lower correlation between birth
and maturity measures for girth and live weight indicates growth of these measures is
affected by environmental factors and emphasises the importance of adequate nutrition to
maximise cow size.

Abstract: Lactational and reproductive performance are strongly associated with cow live
weight and capacity. However, there are limited data published describing capacity (tho-
racic) growth and the prediction of final stature and capacity from measurements at birth.
Therefore, the aim of this study was to examine the relationship between stature and live
weight of female dairy cattle between birth and maturity. Forty dairy cows, with records of
stature and capacity from birth up until two years of age, underwent follow-up measure-
ments for live weight, height at withers, wither-rump length, girth circumference and leg
length on four occasions between 42 and 52 months of age. Measures of wither height, leg
length and wither rump length at fourth mating had the strongest association with mea-
sures at birth (R? > 0.90) compared to girth and live weight (R? = 0.88 and 0.82, respectively).
The weaker association between birth and maturity measures for girth is likely a reflection
of the stronger relationship with live weight resulting in a later maturity (approximately
810 days) compared to linear measures such as height (approximately 730 days). Therefore,
to maximise capacity, adequate nutrition is required until approximately 810 days of age
when capacity growth is most sensitive to environmental input.

Keywords: bone; girth; height; nutrition; growth; mature size
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1. Introduction

Both reproductive and lactational performance are strongly associated with cow live
weight. Cows that are heavier at puberty and first calving are reported to subsequently
have greater pregnancy rates and reproductive performance compared to lighter cows in
the herd [1,2]. Most studies that use cow live weight as a predictor of milk production
do not take into account the stature or shape of the cow [1,3]. Therefore, a cow may
be “tall and skinny” but have the same live weight as a “short fat cow”. One approach
to account for this is the use of body condition score (BCS) to estimate fat deposition.
Within the literature, BCS is also positively correlated with lactation and reproductive
performance [4,5]. However, BCS is a measure at one time point and changes throughout
the season based on stage of lactation and seasonal pasture growth. Stature measures of
height and girth (capacity) are not affected by seasonal changes and reflect the frame size
of the cow, thus removing the effect body condition can have on live weight measures [6].

It has been hypothesised that the height of the calf is associated with subsequent
lactational performance, with taller calves producing more milk across multiple lactations
than shorter calves when adjusted for live weight [7,8]. Stature growth in cattle up until
23 months follows the typical pattern of growth in mammals [9]. Similar to other herbiv-
orous mammals [10], the bones in the distal limb of cattle, such as the metacarpus, have
limited capacity for longitudinal growth and cease longitudinal growth at one year of
age [11]. Whereas bones in the proximal limb and thorax related to capacity, such as the
humerus, are capable of longitudinal and appositional growth after two years of age [11].
It has been estimated that the humerus ceases longitudinal growth (estimated to maturity
by physeal closure) at approximately 3.5—4 years of age [12]. Thus, the growth and devel-
opment of the humerus could still be affected by changes in nutrient supply during the
cow’s second or even third year of life [9,11,12].

Potential mature size can also be affected by nutritional supply over different growth
phases, whereby times of nutritional deficit affect mature size through growth pauses prior
to physeal closure. The dairy systems of New Zealand have a heavy reliance on grazed
pasture which can result in heifers (cows less than 2 years old) undergoing a growth check
during winter due to poor pasture quality and availability [13]. This seasonal growth check
was described by Handcock, et al. [14], whereby heifers that had a seasonal growth check
in winter had a subsequent period of compensatory growth that resulted in a taller animal
than those that grew in a linear growth pattern. This growth check has been identified
as a risk factor for spontaneous humeral fractures in first lactation dairy heifers in New
Zealand. Studies examining humeri from heifers affected by these fractures have reported
the presence of growth arrest lines and reduced bone density suggesting a recent period
of restricted bone growth [15,16]. Therefore, the winter prior to first calving has been
identified as a key period for humeral growth [15,17].

The effect of nutrition has also been examined in calves whereby calves exposed to a
period of undernutrition in utero had a smaller stature size and lower bone density at birth,
compared with calves that were not exposed to a period of undernutrition [18]. The relative
magnitude and timing of the nutritional deficit could independently and synergistically
alter the extent of the growth check and how stature growth is impacted.

Stature growth after first calving of dairy cows has not been described in detail and
is required to estimate the timing of bone growth in relation to nutrition due to changes
in on-farm seasons. In addition, measures are required after first calving to determine if
the shape and stature of a cow in early life can predict the stature and shape of the cow
at maturity and indicate when a mature (cessation of growth) state has been achieved.
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Therefore, the aim of this study was to examine the relationship between stature and live
weight of female dairy cattle between birth and maturity among different breeds.

2. Materials and Methods

This experiment was conducted with the approval of Massey University Animal Ethics
Committee (MUAEC 19/81- birth to 23 months and MUAEC 23/01 from three to four years
of age).

The cohort of animals consisted of 40 Holstein—Friesian (F), Jersey (J) and crossbred
(HxJ) heifers that remained in the herd from the cohort of 57 heifers measured in Gibson,
et al. [9]. Heifers were born during the 2019 spring calving season at Massey University’s
Dairy One farm and 40 were still present on the same farm during the 2023 milking season.
There was attrition due to failure to conceive and low production (1 = 17).

Calf measure data from birth to 23 months of age were retrieved from the dataset used
by Gibson et al. [9]. For analysis, heifers were classified into one of three breed groups based
on pedigree records for each calf. The breeds were defined as follows: Heifers that were
at least 15/16 (93.8%) F were classed as F (n = 8); heifers that were at least 15/16 (93.8%) |
were classified as ] (n = 9); heifers that did not meet the requirements of either F or ] were
classified as HxJ (n = 23).

2.1. Sampling and Measurements

Cows were measured on 4 occasions during 2023: at pregnancy diagnosis of their 3rd
pregnancy (1280 days/42 months), dry-off of their 2nd lactation (1370 days/45 months
of age), calving of their 3rd calf and start of 3rd third lactation (1460 days/48 months
of age) and 4th mating (1540 days/52 months of age). Their 4th mating was considered
maturity for all measures. On each measure day, cows were weighed using a Tru-test
weigh bridge (Tru Test, Auckland, New Zealand) to the nearest kilogram. When contained
in the weigh crate, single linear measures to the nearest one centimetre were obtained
using a flexible tape measure (Korband, Lincolnshire, UK) as outlined in Gibson, et al. [9].
Linear measurements were obtained for wither height (from ground to point of wither),
heart girth, wither-rump length (wither to tuber ischii) and leg length (left front leg, from
ground to point of olecranon). Thoracic height was calculated by subtracting leg length
from wither height.

2.2. Statistical Analysis

Statistical analysis was conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). Using the NLMixed procedure, a von Bertalanffy growth function was applied to the
data to produce growth curves for weight and stature measurements (data not presented).

The general equation was:

Y =Loo(1 — b x exp(—k x age))3

where Y was the trait measured at a certain age (months), exp is the base of the natural
logarithms, and L, b and k are parameters to be estimated. Starting parameters were
b =0.61, k =0.0041 and Loo was set to 450, 140, 75, 120, 180, for live weight, wither height,
leg length, crown-rump length, heart girth, respectively.

Fourth-order Legendre polynomials were constructed to predict weight and stature
measures at a given age excluding wither-rump length which were modelled using a
fifth-order Legendre polynomial. Individual polynomials were constructed using the
solutions for each individual animal fitted as a random function. Predictions were made
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for given ages were based on key milestones in cow production which were; birth (0 days),
weaning (100 days), 1 year of age (365 days), 1st mating (450 days), 1st calving (730 days),
2nd mating (810 days), 1st dry off (1000 days), 2nd calving (1100 days), 3rd mating (1180
days), 2nd dry off (1370 days), 3rd calving (1460 days) and 4th mating (1540 days). Data
were also analysed using the Proc GLM procedure for each milestone with the fixed effect
of breed group. Correlations between stature measurements were evaluated using the
Corr procedure.

3. Results

Live weight and all stature measures at birth were highly correlated with measures
at 3rd calving (Table 1). Height, wither rump length and leg length at birth were strongly
correlated with their respective measures at maturity (R? > 0.90).

Table 1. Regression values for stature measures for Holstein-Friesian (F) heifers, Holstein-Friesian-
cross-Jersey (FxJ) and Jersey (J) cows from between birth and maturity.

Maturity Live Heart Wither Wither-Rump Leg
Birth Weight Girth Height Length Length

Live weight 0.82 0.77 0.79 0.79 0.84

Heart girth 0.85 0.88 0.80 0.72 0.83

Wither height 0.80 0.75 0.90 0.73 0.95

Wither-rump length 0.86 0.74 0.77 0.94 0.84

Leg length 0.77 0.70 0.85 0.75 0.95

At one year of age, cows were only 60-62% of their mature live weight and approxi-
mately 82-84% of their mature girth circumference (Table 2). Measures of wither height
and leg length were almost at mature size by one year of age with measures at or above
89% of maximal measurement.

Table 2. Proportion of estimated mature size at key production stages by breed for leg length, height,
wither rump length, girth and liveweight for Holstein-Friesian (F), Holstein—Friesian-cross—Jersey (Fx])
and Jersey (J) dairy cows from birth to 4th mating. A value of 1 indicates mature size was achieved.

Wither-Rump

Leg Length Wither Height Length Heart Girth Live Weight
Key Milestone Age ] B F J B F ] B F ] B F ] B F
(Days)

Birth 1 067 067 066 055 055 056 044 044 045 040 040 042 0.06 0.06 0.07
Weaning 100 081 080 079 069 068 070 061 060 061 056 056 056 020 020 0.20
1 year old 365 097 095 0.94 0.90 0.89 0.90 0.88 0.86 0.85 0.84 0.83 0.82 0.62 0.62 0.60
1st mating 450 098 097 09 093 092 093 092 090 090 0.89 0.88 087 072 071 0.69
1st calving 730 1 0.99 0.99 0.98 0.98 0.98 0.98 0.97 097 0.96 0.96 0.95 0.90 0.90 0.88
2nd mating 810 1 099 099 098 099 098 098 098 097 097 097 093 092 091
1st dry off 1000 1 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.98 0.96 0.96 0.95
2nd calving 1100 1 1 1 1 0.99 0.99 0.99 0.99 0.99 0.98 097 097
3rd mating 1180 1 099 099 099 099 098 098 098
2nd dry off 1370 1 1 1 1 0.99 0.99 0.99
3rd calving 1460 099 099 099
4th mating 1540 1 1 1

Leg length growth slowed at the youngest age at just over a year (377431 days,
Table 3), and reached maximal measurement first; in contrast, live weight continued to
increase across the measurement period.
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Table 3. Inflection points (in days of age) for liveweight, girth, height, wither rump length and leg
length growth curves for Holstein—Friesian (F), Holstein-Friesian-cross-Jersey (Fx]) and Jersey (J) cows.

Knee of Curve J FxJ F
Live weight 609 612 631
Heart girth 503 516 527

Wither-rump length 469 493 500

Wither height 473 484 476

Leg length 377 409 431

4. Discussion

All measures at the 4th mating (maturity) were strongly correlated with birth val-
ues which reflects earlier observations for these cows when examined until first calving
(23 months) [9]. Measures that effectively relate to height (wither height, leg length and
wither to rump length) had the strongest associations between birth and 4th mating values.
These strong associations reflect the high heritability estimates published for these values
within the literature [8,19] and the limited impact environmental variables such as nutrition,
either early in life or later post-puberty, have on these values. Cows in the current study
grew at a greater rate than industry standards [9], hence nutrition would not have limited
the attainment of mature height.

Across many mammalian species, where even in situations of severe and sustained
under nutrition, individuals will always achieve predicted height. Predicted height or
final height occurs earlier than final capacity and in this population of pasture-managed
dairy cows, was achieved around the time of first calving at 730 days old (24 months). The
majority of contributions to wither height is driven by the longitudinal growth in the limbs
and subsequently in the proximal limb and thorax. The attainment of the threshold of
96-98% of final length in the limb at 450 days (15 months), earlier than any of the other
measurements, reflected the earlier closure of the growth plates in the long bones within
the limb and that wither height early in life is predominantly due to leg length and then
increases in thoracic capacity [9]. The strong association of final height with birth values,
and the reported high heritability for wither height [8], indicates that there is limited
opportunity to manipulate this aspect of cow size via nutrition. Thus, if milk production is
associated with body size and live weight, the potential for increased capacity (body size)
relies on the promotion of growth associated with the thoracic limb and thorax.

Final wither-rump length, which equates to the human equivalent of sitting height,
was achieved at an older age than wither height and reflects that the growth plates in
the vertebrae are some of the last bones to cease growth [10]. The relative increase in
wither-rump length was small and thus, cow length is unlikely to be a variable with great
plasticity or capability to contribute to greater cow capacity and relative efficiency of
milk production.

Final heart girth and live weight measures occurred later than stature measures
and had the lowest association with measures at birth. These data demonstrate that
heart girth and live weight are not only plastic and sensitive to environmental input
until approximately 810 days, but the magnitude of the response may also be temporally
sensitive at different periods of growth. In dairy cattle, girth has a greater association with
live weight than wither height [20], as girth describes both the width and thoracic height
of the cow. The close relationship between girth and live weight is also reflected in the
later timing of bone maturity in the proximal limb and thoracic cavity. For example the
humerus is a late maturing bone located in the thoracic cavity which is highly correlated
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girth size [21], versus bones in the distal limb, such as the metacarpus, which are associated
with increases in height.

Growth in the metacarpus (distal limb) in cows as measured by changes in length
and bone morphology has been estimated to cease at approximately one year of age [11].
In the current study, the slowing of leg length and wither height at one year of age is in
agreement with this estimation. The humerus (proximal limb), in comparison, continues to
grow until at least two years of age, as evidenced by increases in girth size. The difference
in maturity of these bones reflects their location and function within the limb. The humerus
is surrounded by muscle and is located within the proximal limb/thoracic cavity. Therefore,
increases in live weight and capacity would provoke a greater relative bone response in
the humerus than in the metacarpus [11]. The current study estimated that the heifers
were approximately 50% of their mature height at their birth but less than 10% of their
mature live weight. In early life, increases in live weight are driven by increases in long
bone growth resulting in increases in height [9,22]. At puberty, longitudinal bone growth is
slowed and increases in live weight is driven by increases in capacity (axial skeleton) [23].
This growth model is reflective of the current results where increases in height after birth
were rapid, resulting in 89-90% of mature height being attained but only 60-62% of mature
weight by one year of age. This is similar to other mammalian species such as horses where
they are born at approximately 60% of their mature height and 10% of their mature live
weight and are 92% of their mature height but only 61% of their mature live weight at one
year of age [24].

Measures of leg length, wither height and wither-rump length at birth were highly
correlated with the respective measures at maturity, indicating a relatively conserved
growth pattern [25]. With appendicular bones being a greater proportion of their mature
size at birth compared to axial bones, the growth trajectory is well conserved and less
affected by perturbations in live weight gain from environmental factors such as nutrition
and disease. This trend has also been observed in human studies where birth length and
mature height had a greater association than birth weight and mature weight [26].

It is well established that nutrition plays a crucial role in bone growth and
development [27,28]. However, the magnitude of any nutritional deficit is dependent
on the stage of growth, severity of the restriction and its duration. In the current study,
there were no obvious signs of a growth check in the first two years of life when the
majority of growth occurs. However, if the heifers had undergone a significant growth
check, the mature live weight and stature shape may have differed. In New Zealand’s
pasture-based systems, winter is often associated with a period of reduced growth due to
decreased pasture growth, quality and supply. It is common for heifers to have a period of
decreased growth during winter which tends to be more severe in the second winter than
the first [29]. In the first winter (10-12 months of age), long bones, such as the metacarpus,
reach maturity, so deficits in nutrition will have negligible effects on their growth trajectory.
However, increases in live weight after one year of age continues to drive increases in ca-
pacity (e.g., humerus), so perturbations in live weight gain are likely to impact longitudinal
growth of proximal bones. In a study by Handcock, et al. [14], heifers that were grown in a
seasonal manner at 6-15 months of age, were lighter and attained puberty later than heifers
that grew in a linear manner. At 21 months of age, heifers grown in a seasonal manner
were lighter than heifers grown in a linear manner. However, when adjusted for live
weight, heifers that grew in a seasonal manner were taller at 21 months of age. This result
suggests a compensatory growth mechanism by heifers in the seasonal group whereby
skeletal growth was achieved, but the ability to achieve the genetic potential for live weight
was constrained. Conversely, in a study by Barash, et al. [30] where heifers were fed a
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“stair-step” regime consisting of a restricted diet followed by a compensatory diet, heifers
were a similar live weight compared to heifers fed a constant diet. However, heifers fed
the “stair-step” diet had a shorter hip height, suggesting a restriction in longitudinal bone
growth and the promotion of fat deposition over muscle gain. Although the results of these
studies differ, the overall trend suggests that animals that experience a check in growth
are likely to have an alteration in the development of bone, muscle and fat composition.
The effect of nutrition is likely to be dependent on the timing of the restriction within the
developmental window, as well as the severity and length of the restriction.

A condition in New Zealand that has been linked to the seasonal nature of pasture
supply is spontaneous humeral fractures in first lactation dairy heifers. The second winter
has been identified as a risk factor for this type of fracture [31]. When examining bone
morphology from affected heifers, the humerus shows signs of osteoporosis and growth
arrest lines [15,17], whereas the metacarpus does not show the same signs. Observations
of the early timing of bone maturity and lack of environmental impacts on growth in
the metacarpus reinforces the lack of pathology in metacarpals from affected heifers.
Conversely, the presence of the growth arrest lines and osteoporosis in the humerus
highlights the importance of the second winter nutrition to achieve peak bone mass in the
humerus. Given the importance of the second winter for heifer growth, future research
should aim to examine how the growth check in the second winter affects stature growth.

5. Conclusions

The results of this study indicate that measuring calves at birth is a good predictor of
these values at maturity (52 months old) in dairy cattle. Measures of capacity, such as heart
girth and live weight, while still associated with measures at birth, had lower associations
with measures at maturity. The lower associations of live weight and heart girth with
values at birth reflect the greater opportunity for improvement in these capacity values
with positive management strategies. Optimising nutrition, particularly prior to maturity,
could increase capacity and therefore increase potential milk yield given the observation
that milk yield appears to be influenced by measures of capacity. However, additional
research is required to quantify the magnitude of the strength of the association of stature
measures at birth and maturity with future lactational and reproductive performance.
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Simple Summary: Combining legumes with maize biomass or cultivated grass in silage offers a
balanced source of carbohydrates and proteins, and can serve as a high-quality roughage during
forage shortages. This study investigated the feed intake and growth responses of indigenous Yellow
calves to diets with Guinea grass, Guinea grass—soybean, and maize-soybean silages. The results
showed that replacing 30% of urea-treated rice straw with these silages significantly improved feed
conversion ratios, total weight gain, and average daily gain in growing Yellow calves, although there
were no significant effects on body conformation. These findings indicate that incorporating Guinea
grass—soybean or maize—soybean silage into urea-treated rice straw diets can enhance growth in
Yellow calves, supporting more sustainable mixed crop-livestock production systems.

Abstract: Combining soybeans with grass or biomass maize in silage holds promise in addressing
the nutritional limitations of individual crops, providing a roughage with a good energy—protein
balance. This study evaluated the effects of replacing urea-treated rice straw (UTRS) with silages
made from intercropped maize-soybean and Guinea grass (GG) in calf diets on feed intake and
growth performance. Sixteen native Yellow calves (130.7 =+ 16.1 kg live weight and 12.8 & 2.6 months
old) were used; the experiment had a randomised complete block design with four dietary treat-
ments: Treatment 1 (70% UTRS + 30% GG); Treatment 2 (40% UTRS + 30% GG + 30% Guinea grass
silage); Treatment 3 (40% UTRS + 30% GG + 30% Guinea grass—soybean silage); and Treatment
4 (40% UTRS + 30% GG + 30% maize-soybean silage). The animals were fed 0.5 kg concentrate
per 100 kg live weight daily, with unlimited access to forage and clean water, for 12 weeks after a
two-week adaptation. The results indicate that silages containing soybean increased total weight
gain and average daily gain (ADG) and decreased feed conversion ratio (FCR); however, silage
replacements had no impact on dry matter intake and body conformation, suggesting that Guinea
grass—soybean or maize-soybean silage can effectively enhance the ADG and decrease the FCR of
growing calves fed UTRS-based diets.

Keywords: average daily gain; body conformation; maize-soybean silage; native cattle; small scale;
urea-treated rice straw
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1. Introduction

Yellow cattle are the predominant indigenous breed in Northwest Vietnam and are
commonly raised both for beef and as a source of draught power [1]. As an indigenous
breed, Yellow cattle are well adapted to the poor local feeding conditions and harsh climates
and have a good reproductive capacity, but they have a low meat yield, with poor growth
and a small body size [2]. In recent years, several genetic and nutritional studies have been
conducted to improve those characteristics [2-5]. Both Nguyen et al. [4] and Dung et al. [5]
stated that feeding protein—energy-balanced diets to Yellow cattle improved their general
appearance, growth rate, carcass properties, and meat yield.

Small-scale Yellow cattle production in Northwest Vietnam has mainly relied on exten-
sive grazing in forests and native pastures. Recently, many exotic forage species have been
introduced and evaluated in traditional pasture areas of Vietnam to supplement the local
feed source. The improved, higher-yielding varieties used for cut-and-carry production,
such as elephant grass (Pennisetum purpureum) and Guinea grass (Megathyrsus maximus),
were introduced in the last 20 years. In a trial conducted by Hue [6], Guinea grass achieved
a yield of 74 tonnes dry matter per ha per year. However, the amount and (or) nutritional
values of the forage vary greatly depending on season, grazing area, grazing intensity,
grass species, fertiliser management, and focus of the small-scale farmer. Nguyen et al. [7]
reported that, in winter or the dry season, natural and cultivated grasses only supply
around 35-57% of the total forage demand. Consequently, supplemental feed including
agricultural by-products from rice (Oryza sativa L.), maize (Zea mays L.) and cassava (Mani-
hot esculenta Crantz) crops have been utilised to maintain ruminant nutrition [8]. In cold,
dry winters, many livestock households in Northern Vietnam routinely provide their cattle
with dry and/or urea-treated rice straw [7]. Many studies have tried to optimise the use of
urea-treated rice straw as a substitute for fresh forage in cattle diets [4,9,10].

Maize is the predominant crop in the northwest region of Vietnam; in 2021, the largest
cultivating area of maize in Vietnam was the Northern Midlands and mountains, with
414.4 thousand hectares, accounting for 45.9% of the country’s total maize-growing area [11].
Currently, maize is mainly grown for use as a grain in monocropping systems, and the
vegetative parts of the plant are mainly left to dry and are then burnt. The monocropping
maize systems deplete soil nitrogen reserves, reduce soil fertility, decrease soil pH and,
when grown on steep slopes, increase soil erosion [12]. There is opportunity to intercrop
the maize in these systems with a legume such as soybean (Glycine max L.) to replenish soil
nitrogen, improve soil health, reduce soil erosion, and increase long-term productivity in
intercropped systems [13,14]. Additionally, ensiling maize-soybean from the intercropped
systems could provide a highly nutritious feed for cattle [15,16], which could be used in
the winter/dry season feed gap.

Ensiling the vegetative soybean with maize biomass or cultivated grass could over-
come the nutritional limitations of the individual crops. Soybean has a relatively small
amount of fermentable sugars, and silage made of soybean only is a high-crude-protein
(CP)-content feedstuff [17]. Vegetative soybean silage usually has a higher pH value com-
pared to maize and maize-soybean mixtures [15,18]. As a result, proteins and amino acids
are decomposed, leading to an unpleasant odor and the deterioration of silage [17,18].
Conversely, grass and maize silages have a low CP content [18,19]. Maize-soybean in-
tercropping can also improve the soil’s biological and chemical properties, increase total
biomass yield [20,21], and produce better quality silages compared to silages made of only
grass, biomass maize, or soybean [16,18,22].

Generally, most recent studies have focused on silage characteristics, such as its mi-
crobial profile, nutritive values, and fermentation parameters [17,18,21]. Limited attention
has been paid to the effects of the inclusion of maize—-soybean silage on the responses of
live animals, including effects on feed intake, digestibility, and growth performance. When
Dorper x Santa Inés crossbred lambs were fed iso-nitrogenous (14% CP) and iso-neutral
detergent fibre (16.5% NDF) diets, Bolson et al. [23] concluded that the maize-soybean
intercropped silage increased the feed efficiency and growth of the lambs compared to
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monocultured soybean silage. Kang et al. [24] also reported that maize—soybean inter-
cropped silage increased in vitro rumen fermentation, feed degradability, and milk quality
of Holstein dairy cows; however, there is insufficient information available regarding the
use of maize-soybean intercropping to make silage for cattle under small-scale production
in Vietnam. Therefore, this study aimed to understand the impacts of incorporation of
maize-soybean silage on growth performance of Yellow calves in comparison to other
silages and fresh grass.

2. Materials and Methods
2.1. Silage and Rice Straw Preparation

In August 2021, three types of silage were prepared: Guinea grass, maize—soybean and
soybean. Guinea grass was cut at 50 days old after its previous harvest. Maize-soybean was
sown as an intercrop, while soybean was sown as a monocrop in May 2021, and both crops
were simultaneously harvested at 90 days old. For the maize-soybean intercrop, soybean
was sown in four rows with two rows of maize in between. Within the intercrop, maize was
sown with 40 cm between rows whilst soybean was sown with 30 cm between rows. The
distances between columns were 10 cm for soybean and 20 cm for maize. For sole-cropping
soybean, row spacing was 40 cm, and the column spacing was 10 cm (Figure 1).
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Figure 1. Row and column spacings for (a) intercropped maize-soybean and (b) monocropped soybean.

At 90 days of age, maize and soybean were at the seed-filling and 2/3 milk line stages,
respectively. Guinea grass, maize, and soybean were cut and wilted on the field for 4-6 h
to reduce moisture content. After wilting, they were chopped into 10-15 cm pieces and
mixed according to the following formulations:

1. Guinea grass silage: 97% guinea grass + 2.5% cornmeal + 0.5% salt.
2. Guinea grass—soybean silage: 80% Guinea grass + 20% soybean.
3. Maize-soybean silage: 80% maize + 20% soybean.

The three silage mixtures were sealed in individual plastic bags (approximately 50 kg
per bag). In the maize-soybean silage, the 4:1 (w/w) ratio reflects the approximate pro-
portion of biomass maize and soybean yields harvested from the intercropped crop. The
same percentage of soybean (20%) was used in the Guinea grass—soybean silage to facilitate
direct comparison between the two silages. Urea-treated rice straw (UTRS) was also ensiled
in August 2021. Dry rice straw was treated with 4% urea (as-fed basis) with the addition of
8 L clean water for every 10 kg dry rice straw and also sealed in individual plastic bags
(approximate 40 kg per bag). All ensiled forages were anaerobically preserved and fed to
cattle after at least four weeks of ensilage.

2.2. Experimental Design and Feed Compositions

The feeding trial was carried out in Dien Bien district, Dien Bien province, Viethnam
from September to December 2021. Sixteen indigenous Yellow calves (130.7 & 16.1 kg of
LW, 12.8 £ 2.6 months old and balanced by sex) were used in the feeding trial. They were
dewormed with Ivermectin (VIAMECTIN 25, Viavet Ltd., Hanoi, Vietham) and immunised
against foot-and-mouth disease before the experiment commenced.

The experiment followed a randomised complete block design. The calves were
weighed and allocated to one of four blocks based on their LW. Subsequently, the four
animals in each block were randomly assigned one of the four treatments below:
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Treatment 1 (Control): 70% UTRS + 30% Guinea grass.

Treatment 2: 40% UTRS + 30% Guinea grass + 30% guinea grass silage.

Treatment 3: 40% UTRS + 30% Guinea grass + 30% guinea grass—soybean silage.

Treatment 4: 40% UTRS + 30% Guinea grass + 30% maize-soybean silage.

The experimental diets were formulated using the National Research Council feed
standard system [25] to achieve an expected weight gain of 400-600 g per day. The calves
were housed in separate pens and fed treatment diets individually for 14 weeks, which
included a two-week adaptation period and a 12-week trial period. During the experiment,
the calves were given ad libitum access to their allotted roughage treatment and clean
drinking water, and were also given 0.5 kg of concentrate (as-fed basis) per 100 kg of LW
per day at approximately 8.00 am before feeding roughage to ensure they received all the
nutrients required for maintenance and growth. The ingredients of the concentrate mixture
(as-fed basis) are displayed in Table 1. The amount of concentrate offered to individual
animals was updated fortnightly based the change in their live weigh. Each roughage
treatment was well mixed (as-fed basis) before being fed to the animals as a mixture.

Table 1. Concentrate ingredients and feed chemical compositions.

Ttem Concentrate Urea-Treated Fresh Guinea Guinea Grass Guinea Grass— Maize-
Rice Straw Grass Silage Soybean Silage  Soybean Silage

Ingredient (g per kg)

(as-fed basis)

Corn flour 595

Rice bran 260

Soybean 140

Premix 5

Chemical composition

Dry matter (DM) (%) 88.6 423 19.3 32.0 30.3 29.2

Organic matter (%DM) 96.0 86.6 88.5 87.4 87.2 94.4

Crude protein (%DM) 12.3 8.3 6.1 59 7.5 7.9

Ether extract (%DM) 6.5 2.1 2.6 2.7 3.2 3.3

Crude fibre (%DM) 10.8 29.8 30.6 38.2 35.7 26.9

Neutral detergent fibre (%DM) 17.7 68.9 49.3 48.6 49.7 53.0

Acid detergent fibre (%DM) 6.1 37.6 28.4 24.2 26.3 24.1

Total ash (%DM) 4.0 13.4 115 12.7 129 5.6

Non-fibrous carbohydrate (%DM) 59.5 7.3 30.5 30.1 25.7 28.2

Total digestible nutrient 81.0 474 53.6 52.0 53.9 58.2

Digestible ener:

(M?kg,l DM) 4 14.9 8.7 9.9 9.4 9.9 10.7

Metabolisable energy (MJ-kg~! DM) 12.2 7.2 8.0 7.6 8.2 8.7

Premix includes vitamin A (4100.000 IU-kg™!), vitamin D3 (350.000 IU-kg™!), vitamin E (8 g-kg~!), vitamin
B1 (850 mg-kg '), vitamin B2 (1.6 g-kg~!), vitamin B6 (1.7 g-kg~?!), vitamin B12 (6 mg-kg™'), vitamin K3
(350 mg-kg~1), niacin (12 g-kg™!), folic acid (250 mg-kg™!), biotin (16 mg-kg™?), iron (30 g-kg™!), copper
(30 g~l<g’1 ), manganese (13 g~kg’] ), and other minerals (Zn, Se, I, Co) (380 mg-kg’] ).

2.3. Calculation of Feed Intake and Feed Analysis

Daily feed intake was calculated by weighing the offered feed and the residual feed.
The concentrate mixture, ensiled mixtures, UTRS and Guinea grass were separately sam-
pled on days 1, 42 and 84 of the 12-week trial period, and stored in a freezer at —20 °C until
ready for feed analyses. At the end of the trial period, samples from each timepoint were
dried at 65 °C in a fan-forced oven until their weight between two consecutive weighing
times remained unchanged to ascertain the DM content. For each feed type, the three time-
point samples were pooled and then ground through a 1 mm screen using a CT 293 Cyclotec
laboratory mill (Tecator, Hogands, Sweden).

An elemental analyser (PE2400 Series II; Perkin-Elmer Corp., Waltham, MA, USA) was
used to quantify total nitrogen content (N) for each feed type, which was then multiplied
by 6.25 to determine CP content [26]. The samples were placed in a furnace for five hours
at 550 °C to determine the total ash content according to the methods of AOAC [26]. An
ANKOM XT15 fat/oil extractor (ANKOM Technology, Macedon, NY, USA) was used to
quantify ether extract (EE). The neutral detergent fibre (NDF) and acid detergent fibre (ADF)
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content were quantified using an ANKOM 200 fibre analyser (ANKOM Technology, Mace-
don, NY, USA). Organic matter (OM) was computed as OM = 100 — Ash. Non-fibrous carbo-
hydrate (NFC) was determined using equation NFC = 100 — (CP +NDF + EE + Ash) [27].
Total digestible nutrient (TDN) was computed utilising the equations established by
Jayanegara et al. [28] TDN = 0.714CP + 1.594EE + 0.479NDF + 0.704NFC for forage and
TDN = 0.885CP + 1.829EE + 0.323NDF + 0.883NFC for concentrate. Metabolisable energy
(ME) was calculated by converting TDN todigestible energy (DE) = 0.01 x 4.4 x 4.185 x TDN),
which was converted as ME = 0.82 x DE as per Nguyen et al. [4]. The concentrate ingredi-
ents and chemical compositions of feed used in the experiment are displayed in Table 1.

2.4. Measurements of Live Weight and Body Conformation

Animals were weighed fortnightly before morning feeding, by walking them over
a calibrated Ruddweigh 200 electronic scale (Ruddweigh Electronic Scales, Guyra, NSW,
Australia) with an increment of 100 g. Average daily gain was calculated as the total
liveweight gain divided by the number of days on experimental feed. Feed conversion
ratio (FCR) is an indicator of the efficiency with which an animal converts feed into body
mass, and computed as the ratio of feed intake to live weight gain. The body conformation
traits including chest girth, body length and wither height were also measured fortnightly
using a plastic tape measure and a metal vernier equipped with two vertically sliding
arms to record span. The detailed description of body measurements was provided by
Nguyen et al. [4]. To maintain, accuracy, consistency and repeatability, the same researcher
implemented all measurements throughout the experiment. During the measurements, the
animals were restrained in a relaxed state with their four legs stabilised on flat ground and
their head comfortably erect.

2.5. Statistical Analyses

The feed intake, ADG and FCR of each calf were calculated using linear regression,
based on individual data collected from the start to the end of the feeding trial. Summary
descriptive statistics, including means and standard errors of mean, were computed and
carefully examined for any potential data entry errors. Version 16.2 of Minitab statistical
software [29] was used to analyse all collected data. Analysis of variance (ANOVA)
was employed to analyse the data through a general linear model, incorporating var-
ious forage mixtures as a fixed effect and blocks as a random effect, while dependent
variables included growth traits, feed intake, and body measurements. Tukey’s prob-
ability pairwise comparison tests were applied to identify significant differences at
the p < 0.05 threshold.

3. Results
3.1. Feed Intake

There were no significant differences in feed intake (as-fed basis) between the four
treatments (p > 0.05; Table 2). Similarly, DMI and DMI per 100 kg LW were not influenced
by the treatments (p > 0.05), with values ranging from 3.4 to 3.7 kgDM per day per head
and from 2.36 to 2.57 kg, respectively. Replacing 30% UTRS with different silages had no
significant effects on both CP and ME intakes (p > 0.05). Moreover, dietary treatments did
not cause any significant variation (p > 0.05) in concentrate to forage ratios, ranging from
0.21 to 0.28.
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Table 2. Daily feed intake.

Treatment Treatment  Treatment Treatment

n=4) n=4) n=4) n=4)

As-fed basis

Concentrate (kg) 0.68 0.69 0.75 0.66 0.02 0.878
Forage (kg) 9.0 9.0 9.7 10.1 0.37 0.231
Total intake (kg) 9.7 9.7 10.4 10.8 0.38 0.238
Dry matter basis

Concentrate (kg) 0.60 0.61 0.66 0.59 0.02 0.960
Forage (kg) 3.1 2.7 29 3.0 0.11 0.875
DMI (kg) 37 34 36 3.6 012 0.889
DMI/100 kg LW (kg) 2.57 2.40 2.36 2.40 0.08 0.447
Daily CP intake (kg) 0.31 0.26 0.29 0.30 0.01 0.933
Daily ME intake (M]) 30.2 28.4 30.3 30.6 1.00 0.705
Concentrate to 0.21 0.28 0.27 0.21 001 0866

forage ratio

Treatment 1 = 70% urea-treated rice straw (UTRS) + 30% Guinea grass; Treatment 2 = 40% UTRS + 30% Guinea
grass + 30% Guinea grass silage; Treatment 3 = 40% UTRS + 30% Guinea grass + 30% Guinea grass-soybean
silage; Treatment 4 = 40% UTRS + 30% Guinea grass + 30% maize-soybean silage; ADG = average daily gain;
CP = crude protein; DMI = dry matter intake; LW = live weight; ME = metabolisable energy; SEM = standard
error of the mean.

3.2. Live Weight Gain and Conversion Ratio

Calves fed diets containing Guinea grass—soybean silage and maize-soybean silage
(treatments 3 and 4, respectively) had considerably higher total weight gain (p = 0.035)
than those fed the control and Guinea grass silage diets (treatments 1 and 2, respectively)
(Table 3). No significant differences in total weight gain were observed between the
two groups fed diets without soybean (treatments 1 and 2), or between the two groups
fed soybean-containing diets (treatments 3 and 4) (p > 0.05). Similarly, significant differ-
ences (p = 0.035) in ADG were observed between the calves fed soybean-containing diets
(0.38 for Treatment 3 and 0.37 kg per day for Treatment 4) and those that received diets
without soybean (0.32 kg per day for treatments 1 and 2). Average daily gain was similar
between treatments 1 and 2, or between treatments 3 and 4 (p > 0.05). The best feed con-
version ratios (FCR) were observed from the calves fed the soybean-containing diets (9.3
and 9.6 in treatments 3 and 4, respectively). These ratios were substantially better (p < 0.05)
compared to the FCR observed in Treatment 1 (11.5).

Table 3. Live weight gain and feed conversion ratio of experimental animals.

Treatment Treatment  Treatment Treatment

1 2 3 4 SEM p
n=4) n=4) n=4) n=4)

Initial LW (kg) 1303 125.8 134.4 1325 5.1 0.954

Final LW (kg) 157.5 152.5 166.3 163.9 6.6 0.856

Total weight gain (kg) ~ 27.32 26.82 31.9° 31.4° 0.9 0.035

ADG (kg per day) 0.322 0.322 0.38° 0.37° 0.01  0.035

Feed conversionratio 1y 54 10.4 2 93¢ 9.6b¢ 035  0.047

(kg DMI per kg ADG)
Treatment 1 = 70% urea-treated rice straw (UTRS) + 30% Guinea grass; Treatment 2 = 40% UTRS + 30% Guinea
grass + 30% Guinea grass silage; Treatment 3 = 40% UTRS + 30% Guinea grass + 30% Guinea grass-soybean silage;
Treatment 4 = 40% UTRS + 30% Guinea grass + 30% maize-soybean silage; LW = live weight; ADG = average
daily gain; DMI = dry matter intake; SEM = standard error of the mean. Means bearing distinct superscript letters
in the same row significantly differ (p < 0.05).
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3.3. Body Conformation Traits

The initial and final body conformation traits (chest girth, body length and wither
height) among treatments did not significantly differ (p > 0.05). Similarly, dietary treatment
did not cause any significant change (p > 0.05) in body measurements (Table 4).

Table 4. Body conformation measurements.

Treatment 1 Treatment 2 Treatment 3 Treatment 4

SEM p
mn=4) n=4) (n=4) (n=4)
Chest girth 120.5 117.0 121.0 122.0 1.8 0.813
Initial Body length 112.0 110.3 108.0 114.3 3.0 0.917
Withers height 99.5 101.3 101.8 101.3 1.4 0.954
Chest girth 131.0 129.3 132.3 131.8 2.1 0.971
Final Body length 128.3 120.3 129.0 126.5 3.0 0.784
Withers height 108.8 106.0 107.3 106.5 1.5 0.931
Chest girth 10.5 12.3 11.3 9.8 1.0 0.870
Change Body length 16.3 10.0 21.0 12.3 1.7 0.096
Withers height 9.3 4.8 55 5.0 0.8 0.179

Treatment 1 = 70% urea-treated rice straw (UTRS) + 30% Guinea grass; Treatment 2 = 40% UTRS + 30% Guinea
grass + 30% Guinea grass silage; Treatment 3 = 40% UTRS + 30% Guinea grass + 30% guinea grass-soybean silage;
Treatment 4 = 40% UTRS + 30% Guinea grass + 30% maize—soybean silage; SEM = standard error of the mean.

4. Discussion

The results illustrate that although no significant differences were detected in DM,
CP and ME intakes for the native Yellow calves fed the different dietary treatments, the
inclusion of vegetative soybean in silages enhanced ADG, resulting in greater overall live
weight gain. The higher ADG of the animals fed diets containing Guinea grass—soybean
silage or maize-soybean silage might be in part due to the higher rumen degradability of
soybean-containing silage, which could stimulate microbial growth and nutrient digestibil-
ity. Urea, a non-protein nitrogen source, is widely utilised as a substitute for feed protein in
ruminant diets due to its cost effectiveness [30]. In the absence of a rumen-protected coat-
ing, however, urea may be inadequately utilised as a nitrogen source for microbial protein
synthesis because it is rapidly hydrolysed to ammonia by bacterial ureases in the rumen
and it often exceeds the use capacity by rumen bacteria with the surplus being absorbed
through the rumen wall into the blood [31]. This can reduce the availability of protein in
the rumen, which then negatively affects the protein syntheses of the bacterial community.

While UTRS boosts the overall CP percentage, it does not provide the same nutritional
value as true protein sources found in other forages [32]. Dewhurst and Newbold [33]
concluded that ammonia nitrogen concentration alone does not fully explain the effects of
degradable protein on microbial growth. They emphasised that rapid growth of rumen
bacteria is supported by true protein sources, such as peptides and amino acids. Based
on the effects on fibre digestion, Calsamiglia et al. [34] highlighted that true proteins are
essential for proper rumen function, including enhanced fibre digestion. Furthermore,
Weimer [35] pointed out that branched-chain volatile fatty acids, which are the primary
products of peptide and amino acid fermentation, serve as an important nutrient source
for cellulolytic and hemicellulolytic bacteria. Aquino et al. [36] also affirmed that the
digestibility of the protein in UTRS remains lower compared to other forages and this can
limit the efficiency of protein utilisation by ruminants. When mixing vegetative soybean
with corn stover at various ratios, Cheng et al. [37] concluded that increased vegetative
soybean levels resulted in an enhanced nutritive value of the silage, demonstrated by in-
creased CP and ME values. This trend is consistent with the present study when comparing
those values between Guinea grass silage and Guinea grass—soybean silage. Similarly,
Gandra et al. [38] reported that Jersey heifers fed diets containing maize—soybean silage
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(either 3:1 or 1:1) had higher digestibility of DM, organic matter, CP, and NDF than those
on a diet containing maize silage.

The daily feed intake of the animals in this study were within the range recommended
by Kearl [39], who found that a 100-200 kg beef cow would need to consume DMI of
approximately 2.3-2.8% of their liveweight to achieve a 0.25-0.50 kg weight gain per day.
Our findings align with those reported by Dung et al. [5] whose young male Yellow cattle
increased 0.51 kg per day when consuming DMI at 2.7% of their liveweight. The smallest
feed conversion ratio (9.3) was observed in the animals fed a diet containing Guinea grass-
soybean silage, the observation was comparable to that found by Nguyen et al. [4] and
Vu et al. [40] when feeding native Yellow and Sindhi x Yellow crossed cattle, respectively.
Therefore, our findings align with previous studies suggesting that the addition of legume
and sorghum mixed silage in diets increases growth performance of beef cattle [41,42].
Both Song et al. [21] and Zeng et al. [15] stated the combination of maize and soybeans in
silage offers a good balance of carbohydrates and proteins, which is beneficial for ruminant
production as a reliable source of high-quality roughage during periods when fresh forage
is limited or unavailable.

The findings in the present study support the development of management strategies
aimed at achieving more sustainable mixed-crop livestock production systems. Incorpo-
rating legumes such as soybean in maize production systems could lead to soil benefits
including improved nitrogen cycling and fertility, and reduced erosion, especially on steep
slopes [14,43]. Furthermore, maize-soybean intercropping could disrupt pest lifecycles
and reduce plant pathogens and disease spread, leading to healthier crops and increased
yields [44]. Incorporating legumes into agricultural systems offers practical, cost-effective
and environmentally sustainable methods for the crop-livestock sustainable agriculture
production by reducing reliance on external inputs while enhancing soil nutrient levels,
maintaining availability of good forage for ruminant production.

There are some limitations in research and extension services that provide region-
specific guidance on best practices for maize-soybean intercropping and silage making [15].
In Vietnam, while numerous agronomic studies have optimised spatial arrangements
and planting densities to maximise biomass yield, control weeds, and reduce pesticide
use [12,45,46], investigations into silage fermentation characteristics, ruminal digestibility,
and the biochemical responses of animals to intercropped maize-soybean silage remain
insufficient. Additionally, resource constraints have led to small sample sizes in various
studies, including the current one, potentially compromising the validity of their find-
ings [47,48]. Extension services, essential for translating scientific knowledge into practical
applications and improving mixed crop-livestock systems, are also underdeveloped in
remote areas of Vietnam [49,50]. Consequently, farmers, particularly small-scale producers,
often lack training and knowledge in production costs, resource management, pest control,
ensiling techniques, and dietary silage inclusion.

To maximise the potential benefits of silage made from maize-soybean intercrop-ping,
future research should employ larger sample sizes to validate findings and provide more
robust conclusions. In addition, it is important to investigate other factors influencing the
characteristics and quality of maize-soybean silage, and the biochemical responses, health
and productivity of animals fed the silage. Substantially expanding the extension network
and enhancing extension agents” knowledge and skills are essential to making extension
services more effective and responsive, ultimately benefiting farmers and communities.
Finally, comprehensive economic analyses are required to evaluate the cost-benefit ratio of
maize-soybean silage systems and their impact on farm profitability.

5. Conclusions

The feed conversion ratio, total weight gain and average daily gain of growing Yellow
calves were significantly improved by substituting 30% urea-treated rice straw with Guinea
grass—soybean silage or maize—-soybean silage; however, the silage substitution had no
considerable effect on feed intake and body conformation traits. It is therefore recom-
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mended that replacing 30% Guinea grass—soybean silage or 30% maize-soybean silage in
urea-treated rice straw-based diets of calves over an 84-day feeding period could represent
an effective strategy to enhance average daily gain and feed conversion ratio. Furthermore,
maize-soybean intercropping for silage could deliver environmental co-benefits such as
reducing fertiliser requirements and improving soil health. Future research should include
a larger number of animals to provide more robust findings and focus on improving inter-
cropped silage quality, ruminant responses, extension services and conducting economic
analyses to assess profitability.
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Simple Summary: Johne’s disease (JD) has detrimental effects on production and health and signif-
icantly reduces animal welfare. A recent study during peak lactation revealed that cows with JD
(JD5) reduced their lying time compared to cows without JD (JD0). However, their step count was
unaffected by JD, suggesting that the cows were standing idle, ruminating, or possibly standing
eating. The objective of our study was to compare feeding behaviours and activity of JD5 cows to
JDO cows. The results support previous findings, with JD5 cows having lower lying times but no
difference in step count. In addition, around week 8 of lactation, JD5 cows spent over 1 h/d longer
ruminating, but there was no difference in eating times. Although it is still unclear what the cows
were doing during these periods of reduced lying, this study does confirm behavioural difference
between JD5 and JDO. Future research to further explore the difference in behaviour between JD5
and JDO cows is recommended.

Abstract: Johne’s disease (JD) significantly reduces the welfare of cattle worldwide. As changes in
lying and feeding behaviours are considered important tools for assessing health and early detection
of diseases, the aim of this study was to compare lying and feeding behaviours of JD-positive (JD5)
and JD-negative (JD0) cows around peak lactation. The cows were fitted with an accelerometer-based
sensor to record step counts and lying behaviour. They were also fitted with a pressure-based halter
from approximately 56 d post-partum to collect feeding and rumination data. Every 3 months, the
cows were milk sampled to test for naturally occurring JD using an ELISA. JD5 cows [n = 14 (two
positive results in any four consecutive ELISAs)] were matched to JDO cows [n = 14 (consecutive
negative ELISAs)] based on lactation stage, parity, age, and milk yield. Of the 28 cows, 9 JD5 and
9 JDO cows provided sensor data for analysis. JD5 cows spent 1.7 h/d less lying compared to JDO
cows. No differences in time spent eating were found; however, JD5 cows spent 1.1 h/d longer
ruminating and produced 80 more feed boluses/d than JDO cows around week 8 of lactation. The
reason JD5 and JDO cows behave differently around peak lactation is unclear and therefore warrants
further investigation focusing on behaviour, milk yield, and feed intake among cows with JD.

Keywords: Johne’s disease; paratuberculosis; MAP; lying behaviour; feeding behaviour; rumination

1. Introduction

Johne’s disease (JD, also known as paratuberculosis) is a chronic wasting disease in
ruminants caused by Mycobacterium avium subspecies paratuberculosis (MAP; [1]). JD is a
complex, global health issue, and it is considered endemic in countries with large dairy
industries, including Australia, Canada, Denmark, the Netherlands, the United Kingdom,
and the United States of America [2,3]. Annual global losses due to JD are estimated
at USD 4B [4], with economic losses caused by decreased milk yield, fertility, and feed
conversion efficiency, as well as increased culling rates, replacement costs, and disease
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susceptibility [1,5,6]. Johne’s disease in dairy cattle has an environmental impact, increasing
greenhouse gas emissions per unit of milk by up to 24% [7]. Additionally, associations have
been made between MAP and Crohn’s disease in humans [8].

Detection of JD is difficult, as MAP has a long incubation period of between two
and seven years [9]; therefore, the majority of infected cattle are subclinically ill. Despite
appearing healthy, subclinical cows can still shed bacteria in faeces, thus contaminating the
environment and exposing other animals to MAP [10]. Primarily, clinical signs are loose
faeces and gradual loss of body condition, which progresses to profuse scour, rapid weight
loss, and lethargy in the terminal stage [10,11]. The delay in onset of these non-specific
clinical signs makes JD difficult to diagnose [12].

Behavioural changes resulting from the disease may occur before clinical signs de-
velop [13]. Hence, recording and interpreting animal behaviour can aid in the diagnosis
of health issues [14]. For example, in the 2 weeks before calving, cows later diagnosed
with metritis spent around 40 min/d less lying and had fewer lying bouts compared with
healthy cows [15]. In addition, during the 3 d before metritis diagnosis, metritic cows
ate approximately 1 kg/d less and consumed fewer meals compared with healthy cows.
Furthermore, on the day that lame cows were diagnosed, they spent half as long ruminating
compared to healthy cows [16]. Being able to diagnose the disease earlier could improve
animal welfare and reduce economic losses [13]. Although there is no effective treatment
for cattle with JD, identifying infected cows earlier would allow control measures to be
more effectively implemented, thus helping to prevent further disease transmission [1,17].

A study by Charlton et al. [18] was the first to investigate the activity of JD-positive
(at least two positive ELISA results; JD5) cows during the preclinical phase. The study
found that during peak lactation (week 8), JD5 cows had reduced lying time, spending
an average of two hours per day less lying than JD-negative (consecutive negative ELISA
results; JDO) cows. However, there was no difference in the number of steps per day of JD5
and JDO cows, indicating that cows spent more time standing still during this period of
reduced lying. As no feeding behaviours were recorded by Charlton et al. [18], it is unclear
what the cows were doing during this time.

As a gastrointestinal disease, D causes malabsorption of nutrients. Consequently, JD5
cows may have spent more time standing and eating each day to meet the energy demands
of peak lactation [19]. Therefore, the aim of this study was to determine whether JD5 dairy
cows reduce their lying time and spend more time eating and ruminating around peak
lactation compared to JDO cows.

2. Materials and Methods
2.1. Animals and Management

Data collection was carried out in 2018, 2019, and 2021 at Harper Adams University,
UK, using 28 lactating, multiparous (range: 2-9 lactations) Holstein Friesian cows. The
cows were milked twice per day in a 40-point Westfalia internal rotary parlour, starting
at 5:00 a.m. and 3:00 p.m. The cows were housed in freestall yards with others from the
milking group of approximately 180 cows with 1.3 m x 2.5 m cubicles (approximately
110 cubicles per 100 cows) equipped with 3 cm deep latex mattresses with a rubber top-
cover. The cubicles were bedded with fresh sawdust twice weekly. Passageways were
scraped five times a day by automatic scrapers.

Fresh total mixed ration (dry matter (DM) 41.4%, metabolizable energy 12.1 MJ per
kg DM, crude protein 16.9% of DM, neutral detergent fibre 35.6% of DM) was given at
approximately 8:00 a.m. daily, which is sufficient for ad libitum intake, and it was pushed
up to the feed barrier a minimum of five times a day by an automated feed pusher. The cows
had ad libitum access to water from tipping water troughs. Ethical approval for the study
was given by Harper Adams University Research Ethics Committee (protocol-5646-201712).

2.2. Selection of the Study Cows

Milk samples were collected from all lactating cows in the dairy herd and tested for
naturally occurring JD every three months (National Milk Records (NMR; Chippenham,
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UK)) using the commercial milk Mycobacterium Paratuberculosis Antibody Screening
ELISA (Idexx Laboratories Inc., Westbrook, ME, USA; [20]). According to NMR [21], when
this ELISA is conducted on milk samples from individual cows, it has a sensitivity of
40-80% and specificity > 99%. Table 1 shows how the JD status of cows was classified based
on these milk ELISA results. Cows who had repeated negative test results (minimum two
tests) were classed as JD-negative (JD0), and cows who had two or more positive results in
the previous four tests, at any time in their testing history, were classed as JD-positive (JD5).
The cows’ JD status was monitored throughout and after the end of the study to ensure it
did not change. Additionally, their health was checked, and apart from half of them testing
positive for JD, all cows were healthy upon selection and remained healthy. The JD5 cows
were in the subclinical phase of JD throughout the study, exhibiting no apparent clinical
signs. Prior to the start of the study, JD5 cows (n = 14) were paired with JDO cows (n = 14)
based on the stage of lactation, parity, age, and milk yield. The data from each pair were
collected within a 4-week period to balance for the season and year. The number of JD5
cows was limited due to a JD control program on the research farm.

Table 1. Classification and definition of Johne’s disease (JD) infection groups from National Milk
Records (NMR), UK.

Risk Level Classification JD Infection Group Definition

Low Green JDO Repeat ELISA negative (minimum 2 tests)
Low Green JD1 ELISA negative but only one test

High Amber JD2 ELISA negative but 1 positive within 3 tests
High Amber JD3 ELISA negative but positive on previous test
High Amber JD4 ELISA positive, all previous tests negative
High Red JD5 Repeat ELISA positive (minimum 2 tests)

[21].

2.3. Behaviour Recordings

From after parturition and throughout the study, all cows wore an IceQube
accelerometer-based sensor (Peacock Technology (formerly IceRobotics), Stirling, UK),
attached using a Velcro strap on the back-left leg. IceQube sensors were previously vali-
dated for lying time, standing time, frequency of lying bouts, and step count in cubicle
housing and straw yards [22]. The IceQubes use a 3-axis accelerometer to record the lying
time, standing time, frequency of lying bouts, and step count with a granularity of 15 min
(Table 2). These activity data were stored within the sensor before automatic downloading
onto the CowAlert system (Peacock Technology (formerly IceRobotics), Stirling, UK) when
the cow passed a reader in the entrance to the milking parlour twice daily. Daily sums
were calculated for all variables (see Table 2). Due to missing data, accelerometer data were
available for n = 9 pairs of cows (n =9 JD0 cows and n = 9 JD5 cows).

From approximately 56 d post-partum (when the largest behavioural difference was
previously observed [18]), the cows were each fitted with a RumiWatch halter (Itin and Hoch
GmbH, Liestal, Switzerland) to collect seven consecutive days of data. The RumiWatch
halter collects data via a pressure sensor and a triaxial accelerometer, whereby it measures
feeding behaviour and rumination from jaw activity, which was previously validated [23].
The feeding-related activities analysed in the present study are described in Table 2. For this
study, eating time with head up and eating time with head down (‘Eat1 time” and “Eat2 time’,
respectively) and chewing feed before swallowing with head up and chewing feed before
swallowing with head down (‘Eatl chew” and ‘Eat2 chew’, respectively) were combined to
generate the total eating time and the total number of eating chews, respectively. The halter
was fitted so that the band around the lower jaw and the nose was 11-16 cm above the tip
of the nose and it had 3-5 cm of movement space between it and the nose bridge [23]. Data
were downloaded using the RumiWatch Manager software (Version 1.16; Itin and Hoch
GmbH, Liestal, Switzerland) twice per week (at three- to four-day intervals). The first 48 h
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of recorded data were not analysed to allow the cows an adjustment period to the halter.
RumiWatch data were available for n = 9 pairs of cows (n =9 JD0 and n = 9 JD5 cows), with
some data from the original dataset of 28 cows excluded due to device malfunctions and
the analysis being limited to lactation weeks 8 and 9.

Table 2. Descriptions of behaviours recorded by the IceQube and RumiWatch sensors.

Behaviour

Description

IceQube variables
Lying time

Lying bout

Standing time

Step count
RumiWatch variables
Eating time

Eating chews

Bolus count

Rumination time
Rumination chews
Chews per bolus

When the sensor is horizontal and the cow lies on the sternum or side.

The number of times the cow lies down.

When the sensor is vertical and the body is supported by all four legs.

The number of times the cow lifts a foot and sets it down to walk or run to a new position.

Ingesting and masticating food with head positioned down or up.

Opening and closing the jaw to masticate fresh food with head positioned down or up.

A regurgitated mass of cud, which is swallowed again after chewing, counted when a mass of cud
is regurgitated.

Time spent regurgitating and rechewing boluses of food.

Opening and closing the jaw to chew regurgitated food.

Chews between the regurgitation and swallowing of one bolus.

(Source: adapted from Peacock Technology, formerly IceRobotics, not dated; [23]).

2.4. Statistical Analysis

Weekly means per cow for weeks 8 (days in milk (DIM) 50-56) and 9 (DIM 57-63) of
lactation were calculated from the daily sums for all variables measured by the RumiWatch
halters and the IceQubes, and they were analysed separately through one-way ANOVA to
enable comparison with a previous study [18].

Data were checked for normality. Step counts and lying bouts were log-transformed
for normal distribution. The leg sensor variables were tested separately in the same non-
linear mixed effects model using the Ime function in R-package nlme (version 3.1-163).
Longitudinal studies of loose-housed cows suggest that the lying time and the step count
decreased to a nadir around 4-5 weeks post-partum and then increased [24-26]. Consider-
ing these indications of non-linear trends in the behaviour of cows during early lactation
and the current study using frequent observations during DIM 1-70, cow behaviour was
approximated with a polynomial function for DIM in model M1:

[M1]Y ~ « + JD-status + (B + JD-status) x DIM + (y + JD-status) x DIM? + calving year + calving season + cow
gy &

where JD-status (JDO; JD5), calving year (2018, 2019, 2021), and calving season (early = January
to April; late = June to September) were fixed factors, DIM and DIM? were fixed, continuous
effects, two-way interactions between JD-status and DIM and JD-status and DIM? were
included as fixed effects, and the cow was a random effect. Temporal autocorrelations
in covariance were accounted for. More specifically, the AR1 structure was used, which
specifies that the correlations between the repeated measurements of each cow decrease
with the time lag, and DIM was used to determine the correct order and define the time lag.
Variance heterogeneity was accounted for by allowing different variance for each level of

JD-status.

The effect of JD-status was tested using a x? likelihood ratio test (LRT) comparing M1
with the model with the same polynomial coefficients for the two levels, that is, the reduced
model M1, where JD-status (and interactions with it) were removed. When the polynomials
differed significantly, the coefficients for each level of JD-status were reported. When the
polynomials did not differ, the model was reduced, and the LS means (S.E.) reported for
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each level of the JD-status (JDO or JD5) were averaged over the levels of the calving year
(2018, 2019, or 2021) and the calving season (early or late).

Variance heterogeneity was tested by comparing models with and without hetero-
geneity components using an LRT after REML (restricted maximum likelihood) estimation.
Significance was declared at p < 0.05.

3. Results

The comparison of variables for weeks 8 and 9 of lactation is provided in Table 3.
During week 8, the time spent ruminating and the number of boluses regurgitated were
significantly higher in JD5 cows compared with JDO cows (Table 3). JD5 cows ruminated
for 1.1 h/d longer and regurgitated 80 more boluses of feed/d compared to JDO cows.
There was no difference in the time spent eating or the other variables measured using the
RumiWatch halters with respect to JD-status during week 8 or during week 9.

Table 3. Means (s.d.) of weekly averages of sensor variables of Johne’s disease negative (JD0) and
positive (JD5) cows during weeks 8 and 9 of lactation. IceQube sensors: 18 cows (n = 9 JDO and
n = 9 JD5) contributed 234 days of data, n = 35 weekly averages. RumiWatch sensors: 18 cows
contributed 112 days, n = 30 weekly averages.

Week 8 Week 9
JDO JD5 p Value JDO JD5 p Value
IceQube variables
Lying Time, h/d 12.5 (2.73) 11.1 (1.08) 0.19 12.2 (2.64) 10.9 (1.37) 0.21
Lying Bouts, no/d 12.0 (4.04) 10.6 (4.31) 0.50 11.1 (3.92) 9.5 (2.99) 0.34
Standing Time, h/d 11.5(2.73) 12.9 (1.08) 0.19 11.8 (2.64) 13.1 (1.37) 0.21
Step Count, no/d 778 (321) 1061 (534) 0.20 801 (378) 1192 (684) 0.15
RumiWatch variables
Eating Time, h/d 5.5 (0.67) 5.9 (0.78) 0.34 5.3 (0.96) 5.1 (0.52) 0.56
Eating Chews, no/d 21,998 (2374) 23,576 (4387) 0.32 21,239 (3489) 19,826 (4379) 0.50
Bolus, no/d 553 (46.1) 633 (93.0) 0.04 562 (55.0) 614 (124.1) 0.28
Rumination Time, h/d 9.1 (0.70) 10.2 (0.82) 0.02 9.2 (0.76) 9.8 (1.6) 0.38
Rumination Chews, no/d 35,744 (2758) 38,456 (3577) 0.13 35,441 (2481) 37,294 (7566) 0.50
Chews per Bolus, no/d 51.1 (4.48) 54.6 (4.53) 0.18 51.6 (5.24) 49.2 (8.02) 0.49

The mixed modelling showed that the lying time curves for JDO (n = 9) and JD5
(n =9) differed significantly (LRT = 14.9; df = 3; p = 0.002), that is, JD5 cows laid down
less (—1.7 h/d) during days 1 to 70 compared to JDO cows (Figure 1A). Equations (1)
and (2) enabled us to plot the estimated curves for the lying time of JDO cows and JD5 cows
(see Figure 1A).

Yipo = 14.14 — 0.012 x DIM — 0.0001 x DIM? (h/d) 1)

Yips = 12.36 — 0.078 x DIM + 0.0009 x DIM? (h/d) )

The JDO and JD5 curves for Log(lying bouts) did not differ (LRT = 7.66; df = 3;
p = 0.054); see Equations (3) and (4), with the estimated curves shown in Figure 1B. The
back-transformed intercepts of the JDO and JD5 curves were 12.3 and 10.6 lying bouts/d,
respectively.

Lying boutsjpg = 1.091 — 0.00005 x DIM — 0.00002 x DIM? (h/d) @)

Lying bouts;ps = 1.024 — 0.00223 x DIM + 0.00003 x DIM? (h/d) )
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The curves of the two JD statuses did not differ significantly (LRT = 1.49; df = 3
p = 0.684) for log(Step count); thus, JDO = 3.04 (0.071) and JD5 = 3.09 (0.054), which
corresponds to 1096 and 1230 steps/d when back-transformed.

The variance was not heterogenous for any of the features (lying time, lying bouts, and
step count), meaning the JD status did not cause more or less variation in these features.
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Figure 1. Lying behaviour during 1 to 70 days in milk in Johne’s disease positive (JD5; n = 9) and
negative (JDO; n = 9) cows under model M1. (A) Lying time (h/d). (B) Lying bouts (log (number/d)).
JDO estimate: black line; JD5 estimate: red line. Individual observations shown as black hollow circles
(JDO) or red crosses (JD5).

4. Discussion

JD5 cows spent less time lying down than JDO cows in early lactation, which confirms
previous findings [18]. It was speculated by Charlton et al. [18] that the JD5 cows may have
spent their increased standing time at the feed fence eating. The current study does not
support this supposition, as eating times during week 8 and 9 of lactation were similar in
JD5 and JDO cows. However, during week 8 of lactation, in the present study, JD5 cows
increased their rumination time and the number of boluses produced, so it is possible that
the JD5 cows were standing and ruminating, although cows have been shown to more
commonly ruminate while lying down [27].

Lying is a high-priority activity for dairy cattle, and lying time must be sufficient to
promote milk production, welfare, and foetal development [28-30]. During the current
study, the cows laid down for an average of 11.8 h/d. This is within the expected range of
9.5t0 12.9 h/d for lactating cows housed in freestalls [31], but lying times did vary, ranging
from 6.9 to 14.9 h/d. A study using 3649 cows from 100 dairy herds also found a similarly
wide variation in individual daily lying time, ranging from 6.3 to 17.9 h/d [32]. In the
present study, there was a significant difference in the lying time curves of JD5 and JDO
cows, with JD5 cows lying on average 1.7 h/d less than JDO cows. Similarly, during our
previous study on the effects of JD on cow activity, JD5 cows spent up to 2 h/d less lying
compared to JDO cows [18]. The stocking rate of cubicles and at the feed fence can influence
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the lying time, the time spent standing idle, and the eating time [33,34]. In the current
study, sufficient cubicles and feed space were provided to allow all cows to lie down and
to eat simultaneously; therefore, the stocking rate should not have affected activity like
lying times or feeding behaviours. However, paratuberculosis may cause gastrointestinal
discomfort [9], which may have caused the JD5 cows to reduce their lying time and spend
more time standing.

During weeks 8 and 9 of lactation, the average lying bout frequency was 10.8 times
per day, which is within the expected range of 9 to 11 bouts per day [35,36]. Lying bout
frequency curves did not differ between JDO and JD5 cows. In comparison, Charlton
et al. [18] recorded significant differences, with JD5 cows having 2.7 and 2.5 fewer lying
bouts/d at weeks 8 and 9, respectively, of lactation, with this further decreasing to 3.6 fewer
lying bouts/d at week 11. Other conditions affect lying bout frequency. Cows with mastitis
have shown an increase in lying bouts, thought to be due to udder discomfort [37]. The
frequency of lying bouts also increased in the 6 h prior to parturition [38,39], possibly due
to pain and restlessness. Throughout the current study, apart from half of the cows having
JD, they were all otherwise healthy, with no signs of pain, distress, or disease.

Similarly to previous findings [18], there was no difference in step count between JDO
and JD5 cows in the present study. Other diseases have caused cows to increase or decrease
their step count. For example, cows suffering from mastitis take more steps compared to
healthy cows [37], whereas lame cows decrease their stepping behaviour, possibly due to
pain and discomfort caused by hoof and leg disorders [40—42]. Our results suggest that
during periods of reduced lying, the cows were standing still. It remains unclear what they
were doing during this time, which warrants further investigation. However, it is possible
that the JD5 cows spent more time standing and ruminating. In support of this, cows with
digital dermatitis reduced their lying time and spent more time ruminating while standing
compared to healthy control cows [43].

Rumination is a vital part of the feeding process for ruminants, playing a key role in
maintaining the optimum rumen pH, minimising the risk of rumen acidosis, enhancing
fibre digestion, and breaking down particles for their movement from the rumen to the
lower gastrointestinal tract [44]. In a review, a large variability in rumination time was
reported, with mean rumination of 7.3 h/d, ranging from 3.9 to 10.2 h/d [45]. In the current
study, average rumination times were at the higher end of this range at 9.2 and 10.0 h/d
for JDO and JD5 cows, respectively, during weeks 8 and 9 of lactation, possibly due to the
chemical and physical composition of the diet [44].

During week 8 of lactation, JD5 cows spent 1.1 h/d longer ruminating and produced
80 more boluses per day compared to JDO cows. This finding contrasts with the decrease in
eating and rumination behaviours often seen in lactating dairy cows in response to disease
or illness [46]. For example, lame cows reduced their rumination time and number of
boluses up to 14 days before the onset of the clinical signs of lameness [16]. In addition,
they reduced their eating time, drinking time, and eating and rumination chews. Fogsgaard
etal. [47] found that cows with acute, clinical mastitis spent less time ruminating and eating
following diagnosis. In addition, cows with subclinical ketosis have been found to reduce
their time spent ruminating compared to cows with no recorded health problems [48].
Rumination time is considered an important tool for assessing dairy cow health and the
early detection of diseases [49]; therefore, it may be a useful addition to a multifaceted
diagnostic tool for JD.

The reason that JD5 cows produced more boluses and spent longer time ruminating is
unclear. Animal variability, physical and chemical composition of the diet, and accuracy
of measurement techniques have been discussed as reasons for variability in rumination
time [44]. As the JD5 and JDO cows were housed together and offered the same diet, and
the same halters were used to collect data, neither the diet nor the measurement technique
should have affected the rumination time in the present study. JD causes malfunction
of the intestinal tract, particularly whilst nutrient demand is at its highest during peak
lactation [19,50], and this may have affected rumination times. However, rumination

58



Ruminants 2024, 4

is a complex phenomenon, and further investigation, including a much larger sample
size, is required to understand the complexities of rumination and the effect of JD on
rumination times.

Eating times and eating chews were similar for JD0O and JD5 cows at week 8 and
week 9 of lactation. Unfortunately, information on eating behaviour was only available
from 18 cows due to a limited number of JD5 cows in the herd and because of technological
failures, resulting in missing data, which is a limitation of the current study. Research
has shown large variability in eating times between cows fed TMR [44,45]; therefore, a
greater sample size may have been required to find significant differences in eating times
between JDO0 and JD5 cows. Future research should aim to include a much larger sample
size to further investigate eating behaviours and explore the DMI of dairy cows in the
subclinical and clinical stages of JD. With more focus on sustainable dairy herds, it would
be useful, alongside milk production, to determine the feed efficiency of JD cows, so
that farmers can keep the most profitable cows in the herd and make strategic culling
decisions based on lifetime cumulative costs and revenues [51] and to improve herd health.
Despite the low sample size in the current study, the behaviour of cows with JD is an
under-investigated research area, and the findings of this study and our previous study [18]
confirm behavioural differences between JD5 and JDO cows.

With dairy farmers increasingly using wearable sensors to constantly record activities,
such as the lying times and step counts of cows [52], the present study suggests that
there are opportunities for future research to further focus on the behaviour of cows
with JD under differing management systems and environments. Knowing how infected
individuals deviate from those that are healthy will help farmers identify subclinically ill
cows and allow us to understand how they cope in these systems.

5. Conclusions

Cows with subclinical JD showed reduced lying time during early lactation, but their
step count was not different to JDO cows. There were no differences in eating times, but JD5
cows spent longer ruminating during week 8 of lactation. This study indicates that there
are some differences in the feeding behaviours of JD0 and JD5 cows that warrant further
investigation. Future research should also investigate the DMI and feed efficiency of cows
with JD.
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Simple Summary: Different vegetable oils have been tested in ruminant diets to increase the energy
concentration of the diet and improve the lipid quality of milk and meat. However, when we add
vegetable oil to the diet, we change the ruminal fermentation pattern, which directly interferes with
sheep’s digestive behavior and selectivity. Furthermore, the increase in calories in the diet can change
animals” thermoregulation, especially in tropical environments. In our study, it was evidenced
that sheep showed better diet selectivity in flocks in which the oil used was canola oil with higher
monounsaturated fatty acid content and that the canola oil + cashew nut shell liquid blend increased
dietary energy content, improving selectivity due to a lower concentration of polyunsaturated fatty
acids intake.

Abstract: This research evaluated the effects of energy supplementation on sheep’s feeding behavior,
feed preference, and thermoregulatory responses using technical cashew nutshell liquid (CNSL) and
different vegetable oils with different unsaturated fatty acid (UFA) compositions. The experiment
was completely randomized with five treatments: a mixture of CNSL (0.5%) + vegetable oils [canola
(high in monounsaturated fatty acids—MUFA), and corn, soybean, sunflower, or cottonseed oil (high
in polyunsaturated fatty acids-PUFA) at 1.5%] based on total diet dry matter, with eight replications.
Forty uncastrated male sheep, with an average initial BW of 24.44 £ 1.5 kg, were evaluated for
70 days. The CNSL + vegetable oil blend did not affect DM and neutral detergent fiber (aNDF) intake
(p > 0.05). However, diets with canola oil resulted in higher SFA intake (p < 0.05) than other oils.
The canola oil + CNSL blend led to a higher intake of UFA and MUFA and lower PUFA intake than
other oil blends (p < 0.05). Sheep fed canola oil ruminated fewer boli per day than those fed soybean
and sunflower oils. Using three sieves (pef; 13) reflected in higher sheep aNDF intake. Respiratory
frequency and surface temperature of sheep were lower before feeding than 3 h after, without effects
of the type of oil. Higher serum creatinine and cholesterol levels were observed in sheep fed CNSL
with corn and canola oils compared to other oils. Serum calcium was lower in sheep fed CNSL with
soybean and canola compared to sunflower and corn. Including CNSL with vegetable oils with
different FA compositions did not affect physiological and thermographic variables. However, sheep
showed better diet selectivity and lower bolus rumination with higher MUFA (canola oil) content.

Ruminants 2024, 4, 433-447. https:/ /doi.org/10.3390/ruminants4030031 62 https:/ /www.mdpi.com/journal /ruminants
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Including CNSL with canola oil in sheep diets is recommended, as it increases dietary energy content,
enhances diet selectivity, reduces PUFA intake, and does not impact animal health.

Keywords: caloric increment; fatty acids; intake; ruminating; thermal comfort

1. Introduction

Growing sheep is a category with high nutrient requirements, particularly protein
and energy. The efficiency of the digestive process is related to rumen fermentation and
microbial activity, which, depending on the diet, can represent a loss of gross energy
from the feed ingested (which can vary between 6% and 12%) and worsen the animal’s
performance [1]. A widely used strategy to increase dietary energy is using vegetable oils,
which improve nutrient use efficiency, especially energy nutrients [2].

In semi-arid regions, environmental conditions such as high temperatures, relative
humidity, and solar radiation can lead to discomfort and stress in animals, significantly
affecting livestock production. The complexity of the thermal environment surrounding
animals means that the exchange of thermal energy between them and their surroundings is
influenced by a range of physiological and environmental factors, which are interconnected
in various ways [3-6]. Consequently, heat stress is one of the primary constraints on animal
production, underscoring the importance of maintaining production activities within a
thermal comfort zone to optimize animal performance [4]. To help animals in this stressful
situation, lipid supplementation has been highlighted as an efficient nutritional practice
since lipids are 2.25 times more energetic than carbohydrates. In addition, they have a
lower caloric increase when compared to carbohydrates and proteins, making them an
excellent dietary option, especially during the hottest periods of the year [7]. Increasing
fatty acid intake can increase energy efficiency, as the direct deposition of dietary fatty acids
in animal tissues replaces the metabolic steps of converting carbohydrates or short-chain
fatty acids (SCFA) [8,9]. However, a very important aspect of fatty acid metabolism in the
rumen is that it does not contribute to the growth of rumen microbial protein. This must,
therefore, be considered when adjusting energy and protein [10].

Fat is a concentrated energy source, and energy production is linked to the length of
the carbon chain of each fatty acid, as well as the presence of double bonds in unsaturated
fatty acids. When sheep ingest fat, it is metabolized and generates energy, part of which
is released as heat [11]. Animals that eat diets with higher energy levels result in reduced
feed intake and fermentation heat, consequently losing less energy and improving feed
conversion of the animals, and this is even more important in tropical environments where
temperatures are quite high [12]. Thus, adding fat to the diets of growing and finishing
sheep generally improves feed efficiency, increasing weight gain and influencing carcass
measurements [11,13].

Several sources of lipids can be added to ruminant diets, including vegetable oils that
influence the rumen biohydrogenation process and reduce the caloric increase in the diet,
improving the animal’s ability to withstand high daily temperatures, especially in semi-
arid zones. To maximize these benefits, the liquid from the cashew nutshell (Anacardium
occidentale), known as CNSL, a byproduct and waste product, can be used to feed ruminants.

The CNSL, a phenolic lipid, primarily consists of anacardic acid, cardanol, and cardol,
long-chain unsaturated phenols [14]. Including technical CNSL in ruminant diets has
proven antioxidant and bactericidal activity, offering potential applicability in animal
production [15,16]. This addition can result in changes to the fermentation profile in the
rumen environment, including the mitigation of enteric methane, leading to improvements
in production performance and nutrient metabolism [17]. In vitro studies conducted
by Watanabe et al. [18] demonstrated that the application of CNSL reduced methane
production by 70% and increased propionate production by 44%. This could also contribute
to thermal comfort, as metabolic production is a factor in thermal stress. Shinkai et al. [19]
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observed a rise in rumen propionate production and a 38% reduction in methane emissions
in cows fed a diet of hay and concentrate (60:40 ratio) with the inclusion of 4 g of CNSL per
100 kg of body weight. However, its composition can cause astringency due to phenolic
compounds and alter the selectivity of animals, making it necessary to evaluate it. Both
Ramos et al. [16] and Aratjo [17] recommended a maximum level of 0.75% CNSL in sheep
diets, given the risk of toxicity and astringency negatively affecting nutrient intake and
digestibility. Compton [20] evaluated levels up to 300 ppm of CNSL in cows’ diets and
found no impact on the rumen fermentation profile and apparent nutrient digestibility.
However, studies have reported positive effects from including of vegetable oils [21] and
CNSL in sheep diets, such as no change in intake and no interference in physiological and
thermographic variables [17,20].

Thus, this study tested the hypothesis that energy supplementation with CNSL asso-
ciated with vegetable oils of the UFA compositions will change the feeding behavior and
feed preference and contribute to the thermoregulation of sheep. Therefore, intake and
factors related to ingestive behavior and selectivity were evaluated, as well as serum and
physiological parameters of sheep raised in a confinement system in a semi-arid region.

2. Materials and Methods

The study took place in the semi-arid region of Brazil, classified as having a Bsh
(hot semi-arid) climate according to the Képpen climate classification, with an average
temperature of 28 °C, ranging from a minimum of 22.4 °C to a maximum of 33.5 °C.
The historical average annual rainfall is 996.6 & 300.0 mm, with precipitation primarily
occurring between December and May, and 43% falling between March and April [22].

2.1. Animals, Experimental Design, Diets, and Facilities

Forty uncastrated male Santa Ines x Dorper crossbred sheep, approximately three
months old with an initial average weight of 24.44 + 1.5 kg, were utilized in this study.
The animals were allocated in a randomized complete design with five treatments, each
combining 0.5% CNSL of the total diet dry matter (DM) with 1.5% DM of different vegetable
oils (soybean, corn, cottonseed, sunflower, and canola) across eight experimental units.

At the start of the experiment, all sheep were weighed, identified, vaccinated against
clostridium and rabies, dewormed, and housed individually in wooden stalls elevated
0.5 m above the ground. These stalls, measuring 1.3 x 1.5 m? and equipped with feeders
and drinkers, were in an open shed with an asbestos cement roof, concrete central floor,
and wooden slats measuring 16 m long and 6 m wide. The shed had a central aisle of
1.8 m wide and a ceiling height of 2.5 m. The experimental period was 70 days, with the
first 15 days dedicated to acclimating the sheep to their new environment, management
practices, and diets, followed by 55 days of sampling and data collection.

The experimental diets had a roughage-to-concentrate ratio of 40:60 in a total mixed
ration, formulated to meet requirements for an average daily weight gain of 250 g [1].
Sorghum silage served as the roughage, while the concentrate consisted of soybean meal,
ground corn, mineral salt, and the specified treatments combining 0.5% CNSL and 1.5% of
various vegetable oils (canola, corn, soybean, sunflower, or cottonseed) based on total diet
DM (Table 1). The animals were fed twice daily at 8:00 and 15:00, with intake measured
daily to maintain 10% leftovers. Water was provided ad libitum.

To extract the cashew nutshell liquid (CNSL), the shells were steam-heated to 80 °C
and then pressed, yielding CNSL and a residual cake [23]. A thermomechanical process was
used for solvent extraction, heating the CNSL to warm the raw nuts to around 190 °C. At
this temperature, the outer shell breaks, releasing alkylphenols from the porous mesocarp,
and the inner shell is removed, allowing the recovery of the nuts [24].

The extracted CNSL underwent decarboxylation to eliminate CO, and moisture by
heating it to 140 °C with continuous stirring [23]. This heat treatment decarboxylates
anacardic acid to form cardanol, resulting in technical CNSL [24], used in this study. The
decarboxylated CNSL was then filtered through a filter press and stored.
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Table 1. Proportion of ingredients and chemical composition of experimental diets.

Oils Mixed with CNSL !
Item
Soybean  Cottonseed Sunflower Corn Canola

Sorghum silage 40.0 40.0 40.0 40.0 40.0
Ground corn 40.0 40.0 40.0 40.0 40.0
Soybean meal 16.5 16.5 16.5 16.5 16.5
CNSL ! 0.50 0.50 0.50 0.50 0.50
Oils 1.50 1.50 1.50 1.50 1.50
Mineral mixture 1.50 1.50 1.50 1.50 1.50
Chemical composition of the diet (g/kg)

Dry matter 694 694 694 694 694
Ashes 51.9 51.9 51.9 51.9 51.9
Crude protein 135 135 135 135 135
Ether extract 58.0 58.0 58.0 58.0 58.0
aNeutral detergent fiber 2 371 371 371 371 371
Acid detergent fiber 165 165 165 165 165
Non-fiber carbohydrates 384 384 384 384 384
Total digestible nutrients 782 782 782 782 782

! Cashew nut shell liquid. 2 Neutral detergent fiber assayed with a heat stable amylase and expressed exclusive of
residual ash.

2.2. Determination of Chemical Composition of Diets and Ingredients

Samples of ingredients, diet, and leftovers were pre-dried in a forced air circulation
oven at 55 °C for 72 h before being ground into 1.0 mm particles using a Willey-type
knife mill. The chemical composition was analyzed according to the standards of [25],
determining dry matter (method 934.01), ash (method 942.05), crude protein (method
968.06), and ether extract (method 920.39).

Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were measured follow-
ing the procedure by Van Soest [26], with modifications for non-woven fabric [27], using
thermostable amylase (Sigma A3306; Sigma-Aldrich, Steinheim, Germany) and expressed
exclusive of residual ash (aNDF). Lignin was determined using method 973.18 [25], in-
volving treatment of the ADF residue with 72% sulfuric acid. Neutral and acid detergent
insoluble protein levels were determined according to methodology of Licitra et al. [28].
Non-fiber carbohydrates (NFC) were calculated based on Mertens [29], considering aNDF
corrected for ash and protein. Metabolizable energy (ME) was calculated using Weiss [30]
methodology, based on total digestible nutrients (TDN) contents, using the following for-
mula: TDN = %DCP + %DaNDF + %DEE x 2.25 + %DNFC; 1 kg TDN = 4409 kcal DE;
ME = DE x 0.82.

2.3. Determination of Fatty Acid Composition in the Oils of the Diets

A quick and efficient method for extracting total lipids was employed [31]. The fatty
acid profile of the oil samples (Table 2) was analyzed via gas chromatography following
the preparation of fatty acid esters according to Hartman and Lago’s [32] procedure. The
analysis utilized a Thermo Scientific Focus gas chromatograph (Thermo Electron SpA®,
Milan, Ttaly) equipped with a Supelco® Analytical SPTM-2560 capillary column, measuring
100 m x 0.25 mm x 0.20 um (Supelco® Inc., Bellefonte, PA, USA). Both the injector and
detector were set at 250 °C. The column temperature started at 140 °C for 5 min, then
increased to 220 °C at a rate of 4 °C/min and was held at this final temperature for 10 min.
The split ratio was set to 1:50, with an injection volume of 1.2 pL. The fatty acid results
are presented as a relative percentage for each, derived by internal normalization of the
chromatographic peak areas. The fatty acids were identified by comparing the relative
retention times of sample FAME peaks with those of standards. A mixture of 37 FAMEs
(standard 47885-U, TraceCERT®, Sigma Aldrich; Merck KGaA, Darmstadt, Germany) was
used as the reference standard.
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Table 2. Composition of the main fatty acids identified in the vegetable oils in the diets.

Fatty Acids Vegetable Oils
(/100 g FAME) Cottonseed Canola Sunflower Corn Soybean CNSL!

Myristic C14:0 0.5 nd 0.33 0.13 0.09 1.77
Palmitic C16:0 21.7 191 8.52 11.8 12.2 15.97
Stearic C18:0 2.12 2.33 7.41 5.18 3.27 5.76
Oleic C18:1 17.2 63.7 25.7 20.7 29. 4 14.3
Linoleic C18:2 50.3 23 54.2 54.0 45.8 10.8
Linolenic C18:3 241 8.82 0.32 5.51 3.78 2.83
SFA Total 243 4.21 16.2 17.1 15.6 23.5
MUFA Total 17.2 63.7 25.7 20.7 294 14.3
PUFA Total 52.7 31.8 54.5 59.5 49.6 13.7
UFA Total 69.9 95.5 80.2 80.2 79.0 28.0

! Cashew nut shell liquid; unsaturated, saturated, monounsaturated and polyunsaturated fatty acids. ™! = not detected.

2.4. Intake and Ingestive Behavior

The animals were weighed at the beginning (initial body weight) and end (final body
weight) of the experiment and every 15 days to adjust consumption. Nutrient intake was
calculated by subtracting the amount of each nutrient found in the leftovers from the total
amount offered in the diet, with results expressed in grams per day (g/d). The animals’
feeding behavior was observed twice during the experimental period, on the 30th and 50th
days, with observations recorded every 10 min over 24 h using the scan sampling method
outlined by Martin and Bateson [33]. Trained observers, working in shifts, collected data
on the time the animals spent eating, ruminating, or being inactive, positioning themselves
strategically to avoid influencing the animals” behavior. Night-time observations were
conducted using artificial lighting.

To estimate the average number of boluses ruminated per day, the number of chews per
bolus, and the chewing time per bolus, evaluations were carried out in four periods: from
8:00 to 10:00, 12:00 to 14:00, 16:00 to 18:00, and 20:00 to 22:00 over the 24 h ingestive behavior
assessment period, using digital chronometers as described by Biirger et al. [34]. Feeding
and rumination efficiencies for dry matter (DM) and neutral detergent fiber (aNDF) in kg/h
were calculated by dividing the intake of each nutrient by the total feeding and rumination
times, respectively. Total chewing time was also recorded. Eating and ruminating efficiency
rate and the total number and time of rumen boluses in chewings were calculated according
to Polli et al. [35].

2.5. Diet Selectivity

Each animal’s feed trough was weighed and sampled on the 41st and 43rd days of the
experimental period, at 12 and 24 h post-feeding, respectively, for dry matter (DM) analysis
and particle size. A 250 g sample was collected, and particle size was assessed using
the sieve particle stratification method with the “Penn State Particle Separator—PSPS”,
as designed by Lammers et al. [36] and modified by Kononoff et al. [37]. This separator
comprises three sieves (1.18 mm, 8 mm, and 19 mm) that divide the samples into four
fractions according to particle size. The physical effectiveness factor of fiber (pef) was
calculated in two ways: pef8, based on the sum of the percentages of particles larger
than 8 mm [36], and pefj 15, based on the sum of the percentages of particles larger than
1.18 mm [29,37]. The physically effective neutral detergent fiber (NDFpe) was determined
by multiplying the sample’s neutral detergent fiber content by the previously calculated
pef. The chemical composition of the effectively consumed diet was estimated by dividing
the intake of each nutrient by the intake of DM and multiplying by 100.

2.6. Environmental Variables

During the experimental period, the climatological data were recorded using a datalog-
ger (HOBO® brand, model U12-013, Onset, Sao Paulo, Brazil) attached to two black globes,
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installed in the sunny and shaded environments, at a similar height to the animals, which
was programmed to record the environmental data every hour for 24 h, throughout the
experimental period, using the environmental data to calculate the black globe temperature
and humidity index (BGHI) through the following formula: BGHI = [Tbg + (0.36 x Tdp) +
41.5], described by Buffington et al. [38], where Tbg is the black globe temperature and Tdp
is the dew point temperature (Figure 1).

120.00 +

= Hour 0

= Hour 3 98.22

100.00 |

80.00 -
60.00
40.00

20.00 |

0.00 1
AT RH% BGTsun °C BGTshade °C BTGHsun BGTHshade

Figure 1. Averages of meteorological data: environmental temperature (AT), relative humidity (RH),
black globe temperature in the sun (BGTsun), black globe temperature in the shade (BGTshade), black
globe temperature and humidity index in the sun (BTGHsun) and in the shade (BTGHshade), before
(0 h or at feeding moment) and 3 h after the feeding. (SEM = 7.86).

2.7. Physiological Variables of the Sheep

Physiological data were gathered on the 15th and 35th days of the experiment, before
and three hours after the sheep were offered their diets, denoted as hour 0 (7:00 to 14:00)
and hour 3 (10:00 to 17:00) post-feeding.

The respiratory rate was assessed by placing a flexible stethoscope on the right thoracic
region, counting the number of respiratory movements for 30 s, and multiplying by two to
obtain the rate per minute. Rectal temperature was measured using a veterinary clinical
thermometer capable of registering temperatures up to 44 °C, inserted directly into the
animal’s rectum for two minutes, with results expressed in degrees Celsius (°C).

Surface temperature (ST) was captured using an infrared thermographic camera
(Fluke Serie-Ti 25) with automatic calibration and an emissivity of 0.98, as recommended
by the manufacturer for biological tissues. Thermograms of both the right and left sides of
the animals were taken and analyzed using Smartview software (version 4.3, Copyright©
Fluke Corporation, Norwich, UK, 2006-2017) to derive thermographic variables (maximum,
minimum, and average surface temperatures) selected from the sheep’s right and left flanks
(Figure 2).

2.8. Serum Metabolites

To evaluate serum parameters, 5.0 mL of blood was drawn from the animals on days
15 and 35 via jugular venipuncture and placed into pre-labeled tubes with a vacuum system
(Becton, Dickson and Co., Sao Paulo, SP, Brazil). A No. 16 catheter (Medical Supply®,
Sao Paulo, Brazil) was gently inserted into each animal to aid collection and ensure animal
comfort. The samples were left at room temperature until clot formation occurred. They
were centrifuged (Centrifuge 90-1 model, Coleman®, Sao Paulo, Brazil) at 2500 x g for five
minutes to separate the blood serum. For subsequent analysis, serum samples were stored
at —20 °C in Eppendorf® tubes (Sigma-Aldrich, Sio Paulo, Brazil).
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Figure 2. Thermographic variables (maximum, minimum, and medium surface temperatures)
selected in the left flank region of the sheep fed diets containing mixtures of 0.5% of cashew nut shell
liquid (of total DM) and 1.5% of soybean (a), cottonseed (b), sunflower (c), corn (d), or (e) canola oil
(of total DM).

Biochemical test kits were employed to quantify serum metabolites, including total
protein, cholesterol, triglycerides, albumin, aspartate aminotransferase (AST), gamma-
glutamyl transferase (GGT), urea, and creatinine using the Cobas® C111 automated bio-
chemical analyzer (Roche, Ludwigsburg, Germany), utilizing enzymatic or colorimetric
kinetic assays. Electrolyte levels were analyzed using an automated analyzer (Max Ion-
Medmax, Shenzhen, China) via the direction selectivity method for calcium, phosphorus,
and magnesium minerals.

2.9. Statistical Analysis

Intake, ingestive behavior, and serum metabolite data underwent analysis following
the principles of a randomized complete design, utilizing the MIXED procedure [39].
Collection dates were treated as repeated measurements over time. Each animal served as
the experimental unit for all variables examined, as described by the statistical model:

Yijk = 1t + Oj + eijk

where Yij = value corresponding to the observation of repetition ii of treatment j; i = overall
mean; Oj = effect of treatment j (where j represents CNSL + canola or soybean or corn or
cottonseed or sunflower oil); eij = random error associated with the observation.

The physiological variables of sheep were analyzed under a completely randomized
design, employing a split-plot arrangement. Treatments (vegetable oil inclusion + CNSL
blend) were allocated to plots, while collection times were assigned to subplots, with eight
replications, based on the statistical model:

Yijk = p + Oj + Tk + OTjk + eijk

where Yijk = value corresponding to the observation of repetition ii in treatment j and at
collection time kk; u = overall mean; Oj = effect of treatment j (where j represents CNSL +
canola or soybean or corn or cottonseed or sunflower oil); Tk = effect of collection time kk
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(before and 3 h after feeding); OTjk = interaction of the effects of treatment j with collection
time kk; eijk = random error associated with the observation

Treatment means were compared using Tukey’s test, with significance determined at
p <0.05.

3. Results

The CNSL and unsaturated-fatty-acid-rich vegetable oil blend did not affect
(p > 0.05) the composition of the diet effectively consumed by the sheep, as shown in
Table 3. Similarly, the intake of dry matter and aNDF and the duration spent on ruminating,
feeding, and idling by the sheep remained unaffected (p > 0.05) by incorporating different
vegetable oils high in unsaturated fatty acids alongside CNSL.

Table 3. Composition of effectively intake diet of sheep containing mixtures of CNSL (0.5% of total
DM) and different vegetable oils rich in unsaturated fatty acids (1.5% of total DM).

Oils Mixed with CNSL!
Item MUFA PUFA SEM 2 p-Value 3
Canola Cottonseed  Sunflower Corn Soybean

Crude protein 113.85 118.06 118.46 111.93 113.49 0.497 0.845
Ash 49.82 52.81 50.50 54.26 51.96 0.255 0.746
aNeutral detergent fiber 4 362.49 378.55 391.67 389.80 392.44 1.795 0.732
Acid detergent fiber 208.81 161.20 197.26 157.96 170.05 1.043 0.654
Ether extract 44.74 47.73 45.05 47.45 41.98 0.216 0.341
Non-fibrous carbohydrates 429.08 402.83 394.29 396.53 400.11 1.831 0.670
Total digestible nutrients 768.2 766.87 764.49 764.59 760.38 37.26 0.635
Metabolizable energy 3.797 3.954 4.016 4.00 3.799 0.151 0.728

1 Cashew nut shell liquid. 2 SEM = standard error of the mean. > Means followed by different letters in the line
are statistically different according to the Tukey’s test at 5% probability. * Neutral detergent fiber assayed with a
heat stable amylase and expressed exclusive for residual ash.

However, diets containing canola oil (MUFA) promoted a higher intake of SFA
(p < 0.0001) compared to other vegetable oils. In contrast, sheep fed with cottonseed
oil and CNSL blend intake had higher SFA than other vegetable oils (p < 0.0001). Sheep fed
with canola oil (MUFA) and CNSL blend presented a higher intake of the UFA and MUFA
compared to cottonseed oil and CNSL mixture and lower PUFA intake compared to other
vegetable oils (p < 0.0001). Sheep fed with sunflower or corn oil presented higher PPUFA
intake and similar intake of UFA. Cottonseed and corn oil diets promoted similar sheep
intake of the MUFA (p < 0.0001).

The diets did not affect the intake efficiencies of DM and aNDF, rumination rates of
DM and aNDEF, amount of DM/bolus, and chewing time (p > 0.05). However, the number
of boluses ruminated daily was higher (p = 0.044) in treatments containing CNSL associated
with soybean or sunflower oils (Table 4) compared to CNSL associated with canola oil.

Regarding the selectivity of the diets by the sheep, when the diets were offered 12 h
after feeding, the amount of particles retained on the 19 mm sieve (p = 0.043) was higher for
the diet containing the CNSL and sunflower oil mixture, while in the 8 mm sieve (p = 0.012),
it was higher for the diet with CNSL and soybean oil mixture, and in the 1.8 mm sieve
(p = 0.035), it was higher for the diet with CNSL and canola oil (Table 5).

There was an effect of the diets (p = 0.034) on the effectiveness, using only two sieves
(pef8), reflected in higher NDF,,g intake (p = 0.055) for the diet containing the CNSL and
sunflower oil compared to the diet with CNSL and canola oil.

There was no effect (p > 0.05) for the base sieves, pef1.18, and the intake of NDFpe1 15.
In the samples taken 24 h after feeding, there was an effect on the number of particles
retained only on the 8 mm sieve (p = 0.036), with greater retention in the diet with CNSL
and soybean oil mixture compared to the diet with CNSL and canola oil, and on the amount
of particles retained on the base of the sieve (p = 0.006), which was inversely proportional.
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Regarding effectiveness, there was an effect (p = 0.044) using three sieves (pef1.18), which
was reflected in the higher NDFp.; 15 intake (p = 0.045) for the diet containing the CNSL
and soybean oil mixture when compared to the diet with CNSL and canola oil.

Table 4. Intake and ingestive behavior of sheep fed diets containing mixtures of CNSL (0.5% of total
DM) and different vegetable oils rich in unsaturated fatty acids (1.5% of total DM).

. Oils Mixed with CNSL ! ) 5
Ttem MUFA PUFA SEM p-Value
Canola Cottonseed Sunflower Corn Soybean
Growing
Initial weight (kg) 23.1 23.9 23.4 24.3 244 0.89 0.812
Final weight (kg) 35.8 36.8 36.5 37.0 37.2 1.33 0.959
Intake (g/day)
SFA 0.057 4 0.346 0.235 be 0.248 © 0.215°¢ 0.008 <0.0001
UFA 1.307 2 0.997 1.165° 1.162° 1.091 be 0.476 0.0012
MUFA 0.8722 0.2453 4 0.3735 be 0.299 ¢ 0.406 ® 0.024 <0.0001
PUFA 0.435 4 0.751 b© 0.792 @b 0.862 2 0.685 © 0.026 <0.0001
Dry matter 1376 1433 1460 1456 1388 60.6 0.440
Dry matter (as %BW) 4.01 4.07 4.24 4.25 3.93 0.15 0.503
Organic matter 131 135 138 137 130 11.65 0.521
aNDF 515 543 572 558 544 29.1 0.405
aNDF (as %BW) 1.58 1.54 1.65 1.66 1.45 0.08 0.848
Acid detergent fiber 289 231 288 230 234 13.42 0.632
Behavioral events (min/day)
Feeding 183 193 203 198 206 11.7 0.675
Rumination 502 497 481 477 476 17.8 0.762
Idleness 754 748 756 764 757 21.2 0.990
Efficiency rates (g/h)
DM intake 495 443 457 455 401 15.2 0.626
aNDF intake 175 181 185 181 166 10.7 0.842
DM rumination 160 165 170 175 161 9.74 0.882
aNDF rumination 62.3 68.2 68.6 71.3 66.4 5.39 0.822
Chewing rates
Quantity (g DM/bolus) 2.19 2.12 1.96 2.20 1.94 0.16 0.700
Boluses ruminated (No./day) 6130 644 b 745 2 660 20 7412 14.4 0.044
TCT (min/day) 686 691 683 675 682 19.2 0.990

1 CNSL is cashew nut shell liquid; SFA, UFA, MUFA, and PUFA are saturated, unsaturated, monounsaturated,
and polyunsaturated fatty acids, respectively; DM is dry matter; aNDF is neutral detergent fiber assayed with a
heat stable amylase and expressed exclusive of residual ash; and TCT is total chewing time. > SEM = standard
error of the mean. 3 Means followed by different letters in the line are statistically different according to the
Tukey’s test at 5% probability.

There was no effect of interaction between the combination of CNSL and different veg-
etable oils rich in unsaturated fatty acids and the collection time of the sheep’s physiological
variables (p > 0.05).

The combination of CNSL with vegetable oils rich in unsaturated fatty acids did not
affect (p > 0.05) the rectal temperature and right surface temperature of the sheep before
(0 h) and 3 h after feeding (Table 6). There was also no effect of diet on rectal and surface
temperatures before (0 h) and 3 h after feeding (p > 0.05). However, the average right
surface temperature, without considering time, computed by the camera, shows that the
fermentation heat was higher (p < 0.05) in the animals fed CNSL mixed with sunflower
or corn oil (Figure 2) when compared to CNSL mixed with canola oil, with which the
animals had the lowest average surface temperature. When comparing times (0 and 3), the
respiratory rate was lower in sheep fed CNSL mixed with sunflower or corn oil (p = 0.0099)
than in animals fed diets with CNSL and soybean, cottonseed, or canola oil.

The diets did not exert any discernible effect (p > 0.05) on the serum concentrations of
albumin (ALB), total protein (TP), urea (URE), triglycerides (TRI), aspartate aminotrans-
ferase (AST), gamma glutamyl transferase (GGT), and the minerals phosphorus (P) and
magnesium (Mg), as outlined in Table 7. However, higher serum creatinine concentrations
were observed in sheep fed CNSL mixed with corn or canola oil (p = 0.007) compared to
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animals fed CNSL mixed with sunflower oil. Animals fed the CNSL with canola oil had
higher serum cholesterol concentrations (p = 0.050) than those fed the diet with CNSL and
sunflower oil. Serum calcium concentrations were higher in sheep (p = 0.001) fed the CNSL
with sunflower or corn oil than in sheep fed CNSL and soybean or canola oil.

Table 5. Particle size distribution, physical effectiveness factors (pef), and physically effective neutral
detergent fiber (NDFpe) content of the diets containing mixtures of CNSL (0.5% of total DM) and
different vegetable oils rich in unsaturated fatty acids (1.5% of total DM).

Oils Mixed with CNSL !
Variables MUFA PUFA SEM 2 p-Value 3
Canola Cottonseed Sunflower Corn Soybean
Distribution of particles 12 h after feeding *
19 mm 12.5° 19.33b 24779 1812 1992 2.59 0.043
8 mm 23.3P 256 2532 2852 2872 1.13 0.012
1.18 mm 250° 208" 212 23.02b 2263 0.93 0.035
Bottom 39.0 34.1 28.5 30.3 28.6 273 0.055
5 pef8 35.8° 45.0 % 50.12 46.6 48.7 % 3.20 0.034
6 pefl.18 60.9 65.8 714 69.6 71.3 2.73 0.055
7 NDFpes 13.3P 16.7 ab 18.62 17.3ab 18.12b 1.19 0.035
8 NDFpe1 1 22,6 245 26.5 25.9 26.5 1.01 0.055
Distribution of particles 24 h after feeding
19 mm 20.8 285 27.7 24.5 26.7 2.88 0.356
8 mm 24.7° 27.33b 25.92b 27973 29.62 1.07 0.036
1.8 mm 23.6 19.6 215 19.7 22.0 1.24 0.144
Bottom 30.7 2 2432 2472 27.8%b 21.5P 2.20 0.006
pef8 455 56.0 53.6 524 56.3 3.19 0.149
pefis 69.2° 75.5 7523 72.12b 7842 2.20 0.044
NDFeg 16.9 20.8 19.9 19.5 20.9 1.18 0.149
NDFj 15 25.7b 28.1 2 27.9 b 26.8 b 29.12 0.82 0.045
1 Cashew nut shell liquid. > SEM = standard error of the mean. 3 p-value significant at p < 0.05. Means followed
by the same letter in the row are not statistically different according to Tukey’s test at 5% probability. 4 Particle
size distribution of the diet was measured using the Penn State Particle Separator (Kononoff et al. [37]). ° pef8
and © pef1.18 = physical efficiency factor determined as the proportion of particles retained on 2 sieves (8 and
19 mm) (Lammers et al. [36]) and on 3 sieves (1.8, 8 and 19 mm) (Kononoff et al. [37]), respectively. 7 NDFpe8 and
8 NDFpel.18 = effective neutral detergent fiber (NDF) of the sample multiplied by pef8 and pef1.18, respectively.
Table 6. Physiological and thermographic parameters according to the time of evaluation of sheep fed
diets containing mixtures of CNSL (0.5% of total DM) and different vegetable oils rich in unsaturated
fatty acids (1.5% of total DM).
Oils Mixed with CNSL !
p-Value
Hour MUFA PUFA SEM 2
Canola  Cottonseed Sunflower Corn Soybean 0il 3 Time * Oil x Time ®
Respiratory rate
0 52,0 Aa 445 4a 58.2 Aa 55.2 Aa 58.7 A
3 76.0 Ab 63.7 A0 60.2 4 59.0 A 71.5 Ab 7.36 0.5363 0.0099 0.5043
Rectal temperature
0 38.8Aa 38.6Aa 38.7 Aa 38.9 Aa 39.0 Aa
3 39.1 Aa 39,0 Aa 38.6 Aa 390 Aa 391 Aa 0.17 0.0737 0.0748 0.6004
Left flank surface temperature
0 38.54a 38.4 Aa 38.3 Aa 38.4 A 37.6 A
3 40,0 Ab 39.8 Ab 39.9 Ab 39.5 Ab 39.7 Ab 0.25 0.1665 <0.0001 0.4974
Right flank surface temperature
0 38.24a 38.44Aa 38.3Aa 38.24a 37.6 42
3 39.9 Ab 398 Ab 398 Ab 399 Ab 39,7 Ab 0.25 0.2114 <0.0001 0.2839

1 Cashew nut shell liquid. 2 SEM = standard error of the mean. > Means followed by different letters in the row are
statistically different among treatments according to Tukey’s test at 5% probability. * Means followed by different
lowercase letters in the columns are statistically different for the time factor according to Tukey’s test p < 0.05.
5 Interaction (Oil x Time) effect by Tukey’s test when p < 0.05.
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Table 7. Blood metabolites in sheep fed diets containing mixtures of CNSL (0.5% of total DM) and
different vegetable oils rich in unsaturated fatty acids (1.5% of total DM).

Oils Mixed with CNSL 1
Serum Metabolites MUFA PUFA SEM 2 p-Value 3
Canola Cottonseed Sunflower Corn Soybean

Albumin (g/dL) 2.59 2.59 2.61 2.68 2.62 0.07 0.892
Total proteins (g/dL) 5.64 5.42 5.38 5.63 5.52 0.14 0.621
Urea (mg/dL) 25.7 24.8 20.4 24.3 24.8 1.59 0.169
Creatinine (mg/dL) 0.832 0.802b 0.70® 0.872 0.78 2b 0.03 0.007
Cholesterol (mg/dL) 53.52 46.52b 435P 4912 45.92b 2.35 0.050
Triglycerides (mg/dL) 13.5 11.7 13.1 14.2 14.5 1.03 0.345
AST 4 (mg/dL) 91.4 97.6 87.7 95.5 86.5 6.51 0.704
GGT ®(mg/dL) 343 33.6 38.2 39.1 34.1 1.92 0.155
Calcium (mg/dL) 8.43P 8.84 ab 11.12 11.12 8.53b 0.59 0.001
Phosphorus (mg/dL) 8.56 9.15 9.01 8.84 9.17 0.47 0.891
Magnesium (mmol/L) 1.86 1.71 2.08 1.59 1.57 0.31 0.761

1 Cashew nut shell liquid. 2 SEM = standard error of the mean. 3 Means followed by different letters on the
same line are statistically different according to the Tukey’s test at 5% probability. * Aspartate aminotransferase.
5 Gamma glutamyl transferase.

4. Discussion

Cottonseed oil had the highest concentration of SFA (24.3%), followed by sunflower
0il (17.1%) and corn oil (16.2%), while canola oil had the highest concentration of MUFA
(63.7%), which was much higher than the other oils. Corn oil (59.5%) and sunflower
oil (54.15%) had the highest concentrations of PUFA. Consequently, despite the intense
similarity in composition, the diets allowed differences in the consumption of different
fatty acids (FA). Sheep fed canola oil, which was more concentrated in MUFA than other
oils, showed lower consumption of SFA and PUFA and higher consumption of UFA and
total MUFA, which promoted differences in rumen fermentation.

The microbial ecosystem in the rumen responds to variations in diet type and com-
position, which are main factors influencing microbial activity and function in the ru-
men [14-17]. Therefore, even though the diets were very similar in overall composition
(Table 1), altering only the oils” fatty acid (FA) composition demonstrated that the FA
saturation level was sufficient to modify the animals’ feeding behavior. This highlights
the significance of comprehending the intricate populations of ruminal microbes, their
interplay, and their responses to diverse dietary compositions [40]. Additionally, it is crucial
to elucidate responses to various dietary FA compositions based on proposed differences
in lipid metabolism [41].

The similarity between diets in terms of fiber, energy, and protein content may explain
the intake of aNDF and DM and, consequently, the times of the activities related to ingestive
behavior since dietary fiber is one of the main factors that interferes with feeding and
rumination activities. In addition, vegetable oils rich in unsaturated fatty acids were mixed
with CNSL in the same proportion and in quantities that did not cause negative effects
on the digestive process. Several studies using vegetable oils in sheep diets [42—44] have
shown that DM and aNDF intake can be affected by the addition of oil sources to the diet.
However, the extent of this interference depends on both the oil source and the level at
which it is added to the feed. Most studies confirm that the use of lipids has little or no
effect on the activities of the microbial flora and the other characteristics of the rumen
environment as long as it does not exceed 7% of the total DM of the diet.

However, adding CNSL to the oils reduced its astringent effect since DM intakes were
above 1300 g/d. This can be explained by the fact that the diets contained 0.5% CNSL in
the total DM, which is a level below the recommendation of Ramos et al. [16] and Araujo
et al. [17], who indicated a maximum of 0.75% CNSL in sheep diets, given the risk of
toxicity and astringency, which negatively affects intake and digestibility of nutrients. The
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combination of oil and CNSL could be an interesting alternative to increase the energy
content of the diet without affecting intake.

Despite not affecting rumination time and intake, the inclusion of the CNSL mixed
with soybean and sunflower oils increased the number of boluses ruminated (No./day),
which may be associated with the distribution of particles, especially in the 1.8 mm sieves
(Table 3), indicating a greater amount of concentrate in the leftovers, and consequently
allowing more selection of the fiber fractions [45].

Particle size analysis tries to determine the actual frequency distribution of the particles
according to the size and selection of the animal’s diet. The particle size distribution of
the diets offered to the sheep 12 h after feeding showed that the animals fed the mixture
of CNSL and canola oil had higher intake of larger particles (pef8), corresponding to a
higher intake of NDFpe8. In the distribution of particles twenty-four hours after feeding,
the animals fed the CNSL and canola oil blend continued to consume more of the roughage
and rejected the concentrate, with a greater volume of particles at the base, confirmed by a
higher intake of NDF,¢1 13. The selection of the diet by the animals that consumed CNSL
mixed with canola oil can be attributed to the direct action on the rumen caused by the
higher composition of unsaturated fatty acids in canola oil, causing a reduction in intake
due to the loss of palatability of the diet and the change in rumen fermentation [46,47].

The combination of CNSL with various oils did not induce changes in the physio-
logical variables, suggesting that the oil type in the diet does not necessarily correlate
with its effectiveness in enhancing animal thermal comfort. In regions like semi-arid areas,
temperatures often surpass the thermal comfort zone for small ruminants during the hottest
hours of the day, prompting them to seek shade, reduce dry matter intake (DMI), and
increase water consumption. In such conditions, diets with higher energy density can aid
animals by enabling quicker eating and reducing fermentation rates.

Studies by Gomes et al. [48], Neiva et al. [49], and Nobre et al. [7] have reported
similar environmental conditions, with temperatures exceeding the thermal comfort zone,
especially from midday onward. The average BGHI (Black Globe Humidity Index) values
reflect a correlation between feeding time and environmental factors, with the highest aver-
ages occurring three hours post-feeding, indicating elevated environmental temperatures
that expose animals, even those in confinement, to thermal discomfort.

The BGHI levels for sheep and goats categorize heat stress severity: values below
82 indicate no heat stress, while values above 82 and below 86 denote severe heat stress, and
those above 86 signify extremely severe heat stress. The climate data and BGHI indicate that
the animals experienced extremely severe heat stress. Despite these adverse environmental
conditions, physiological variables displayed average rectal temperatures (RT), typically
ranging from 38.3 °C to 39.9 °C in sheep.

Respiratory rate (RR) values can quantify heat stress severity, with ranges indicating
low, medium-high, and high stress levels for ruminants. The observed high RR values
suggest medium-high stress levels in the study animals, likely influenced by the elevated
BGHI values, mainly three hours post-feeding. Sheep fed CNSL mixed with sunflower
and corn oil exhibited lower RR values, possibly due to a lesser calorie increase from their
diet. These oils contain higher amounts of linoleic acid, which can inhibit fat synthesis by
lysogenic enzymes.

Thermographic measurements of the left flank surface temperature (ST) suggest
higher fermentation heat in animals fed CNSL mixed with sunflower or corn oil, resulting
in elevated RR values. Conversely, sheep fed CNSL mixed with canola oil displayed the
lowest RR values, likely due to reduced biohydrogenation and less heat production during
rumen fermentation. This indicates that fermentation heat correlates more strongly with
unsaturation levels and double bond presence in the diet’s fat content rather than the
amount of vegetable fat consumed.

Flank ST is also significantly correlated with climatic parameters, particularly envi-
ronmental temperature. Previous studies have highlighted positive correlations between
physiological parameters and thermographic measurements, indicating thermography’s
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efficacy as a thermal comfort indicator. These correlations are attributed to the efficiency of
thermoregulation mechanisms, which rely on the thermal gradient between the animal’s
body and its surroundings. A more significant thermal gradient facilitates heat dissipation
through conduction, convection, and radiation, enhancing thermal comfort.

Plasma creatinine concentrations show the efficiency of glomerular filtration, with
total excretion by the kidneys. High levels of this metabolite suggest impaired kidney
function [50]. Among the treatments, creatinine concentrations in the sheep blood were
below the reference values (1.2-1.9 mg/dL) for the sheep [51], indicating low physical
activity and low proteolysis by muscle tissues, which reflects the confinement. Creatinine
concentrations in the body are dependent on muscle mass and endogenous nitrogen
utilization [52].

For cholesterol levels, the range considered normal for sheep is 50-76 mg/dL [50,51]
and can be influenced by the diet, intake, age, and physiological state of the animals. The
reduction in the concentration of cholesterol in the blood of the sheep in treatments that
used CNSL associated with soybean, cottonseed, sunflower, and corn oil in comparison
to canola oil may be related to the composition of polyunsaturated fatty acids (Table 2).
According to Brzozowska and Oprzadek [53], PUFA and non-esterified PUFA appear to be
more potent inhibitors of intake than monounsaturated and esterified PUFA, respectively.
These data indicate that the use of lipid sources known to be rich in PUFA and non-esterified
can influence dry matter intake. Despite the similar DMI, animals that consumed canola oil
continued to consume more of the roughage and rejected the concentrate, with a greater
volume of particles at the bottom, as observed in the sieves (Table 4). This may have been
due to the FA composition of the oils since canola o0il had a lower amount of PUFA (32%)
while the other oils had more than 50% PUFA. Therefore, the more selective roughage diet
may have contributed to the increase in blood cholesterol.

5. Conclusions

Including CNSL combined with different vegetable oils rich in unsaturated fatty acids
in the diet of confined sheep did not affect intake or physiological and thermographic
variables, which were more susceptible to weather conditions and the time of day when
the data were recorded. The mixture of CNSL and canola oil caused the sheep to select the
roughage over the concentrate and increased the animals’ serum cholesterol compared to
the other oils. Combining canola oil with CNSL reduced PUFA intake and minimized the
effects of phenolic compounds (CNSL) on the animal’s health but showed greater rejection
to concentrate with this supplementation.
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Simple Summary: Ruminant animals reared under extensive systems spend a substantial
amount of time grazing and selecting vegetative parts, which may be considered less
effective in terms of feed efficiency, nutrient partition, milk and meat production. Within
this context, total mixed ration (TMR) is a feeding method where all ingredients, such
as hay, grains, and supplements, are blended into a single, balanced meal for livestock.
This approach provides animals with consistent nutrition, enhances digestion, and boosts
productivity, resulting in higher milk yield and improved growth, when compared with
rearing animals under extensive systems. Studies show TMR increases feed efficiency,
supports healthier rumen function, and reduces food waste by preventing animals from
picking only their favorite parts. However, challenges include the risk of digestive issues if
the mix is not balanced and potential contamination from mold toxins in poor-quality feed
associated with feed formulation and storage. Innovations like fermented TMR can further
enhance nutrient absorption and reduce methane emissions, benefiting both farms and the
environment. Overall, TMR offers a sustainable approach to enhancing livestock health
and animal productivity, but careful management is crucial to avoiding potential pitfalls.
Future research should focus on optimizing recipes and reducing environmental impacts.

Abstract: Feeding a balanced diet such as total mixed ration (TMR) is a widely adopted
feeding strategy providing a uniformly blended diet of roughages, concentrates, and
supplements that enhances ruminant productivity by optimizing nutrient utilization, sta-
bilizing rumen fermentation, and improving microbial activity. Scientific studies have
confirmed that TMR increases dry matter intake (DMI), milk yield, and growth perfor-
mance in dairy and beef cattle, as well as in sheep and goats. TMR'’s advantages include
consistent feed quality, reduced selective feeding, and improved feed efficiency. A key
benefit of TMR is its ability to promote the production of volatile fatty acids (VFAs), which
are the primary energy source for ruminants, particularly propionate. This enhances energy
metabolism, resulting in higher carcass yields, increased milk production, and economic
benefits compared to conventional or supplementary feeding systems. However, TMR feed-
ing is also susceptible to mycotoxin contamination (e.g., aflatoxins, zearalenone), potential
effects on methane emissions, and the need for precise formulation to maintain consistency
and optimise profitability. Prevention and good practices, including routine inspection of
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feed for pathogens and vulnerable ingredients, as well as careful management of particle
size and forage-to-concentrate ratios, are crucial in preventing subacute ruminal acidosis
(SARA) and the development of other subclinical diseases. Mycotoxin binders, such as
hydrated sodium calcium aluminosilicate, can also reduce mycotoxin absorption. Another
advantage of practicing TMR is that it can support sustainable farming by integrating
agro-industrial byproducts, which minimises environmental impact. In conclusion, TMR is
a widely adopted feeding strategy that significantly enhances ruminant productivity by
optimizing nutrient utilization, stabilizing rumen fermentation, and improving microbial
activity, leading to increased dry matter intake, milk yield, and growth performance. It
offers key benefits such as consistent feed quality, reduced selective feeding, improved
feed efficiency, and enhanced energy metabolism, providing economic advantages and
supporting sustainable farming through agro-industrial byproduct integration. However,
its implementation requires careful management to mitigate risks, including mycotoxin
contamination, potential impacts on methane emissions, and digestive issues like SARA if
formulation is not precise. Therefore, for sustainable production, future research should
focus on optimizing TMR formulations with alternative ingredients (e.g., agro-industrial
byproducts) and precision feeding strategies to enhance livestock health and animal pro-
ductivity while minimizing environmental impacts.

Keywords: agro-industrial byproducts; feed additives; forage-concentrate; nutrient
digestibility; growth performance; milk production; carcass yield; meat quality;
mycotoxin; methane emissions; sustainability

1. Introduction

The rapidly expanding global population necessitates critical advancements in sus-
tainable livestock production to meet the rising demand for animal proteins [1,2]. Optimal
nutrition is paramount for achieving high performance, improved animal health, and
economic viability in modern ruminant farming for species such as dairy cows, beef cat-
tle, buffaloes, goats, and sheep [3,4]. In this context, the formulation of balanced diets,
specifically the Total Mixed Ration (TMR), has become a cornerstone of modern ruminant
nutrition. TMR is a scientifically formulated feeding strategy that combines all dietary
components—including forages, concentrates, vitamins, and minerals—into a single, uni-
form mix [3,5,6]. This approach is designed to ensure the consumed diet is nutritionally
complete, minimize selective feeding, and provide numerous benefits for herd health
and productivity [7-10]. The widespread adoption of TMR is driven by its significant
benefits. It provides a consistent nutrient supply that stabilizes rumen pH and promotes
efficient microbial activity, which is crucial for enhanced nutrient digestibility and feed effi-
ciency [8,11,12]. Studies consistently demonstrate that TMR leads to maximized production
outcomes, including higher milk yield and improved milk components (e.g., fat, protein)
in dairy cows [13-16], as well as improved average daily gain (ADG), body weight, and
marbling scores in beef cattle [17-21] (Figure 1). Furthermore, TMR systems can reduce feed
costs and support sustainable practices by facilitating the efficient use of locally available
agricultural by-products while minimizing feed wastage [22]. However, the implementa-
tion of TMR is accompanied by significant complexities and challenges that necessitate
continuous research and refinement. High-concentration formulations, particularly in
pelleted forms, can disrupt rumen pH and increase the risk of subacute ruminal acidosis
(SARA) [17]. Animals may still sort feed based on particle size or palatability, undermining

78



Ruminants 2025, 5, 42

nutritional consistency and leading to digestive issues and reduced performance [23-25].
Susceptibility to aerobic deterioration and mycotoxin contamination from ingredients like
silage also poses substantial animal health risks [25]. Additionally, the environmental
footprint of TMR, particularly concerning methane emissions, varies considerably with
diet composition and digestibility [24-26]. These challenges have spurred innovations
aimed at optimizing TMR systems. Variations like Ensiled TMR (ETMR) enhance nutrient
preservation [23,24], while Fermented TMR (FTMR) has shown promise in improving
nutrient digestibility and rumen fermentation, especially when incorporating agricultural
by-products [27]. The use of additives, such as yeast cultures or lactic acid bacteria with
high antioxidant activity, is also being explored to enhance fibre breakdown and rumen
stability, and mitigate nutrient degradation [28]. Given the complex interplay of formula-
tion, animal physiology, economic viability, and environmental impact, a comprehensive
synthesis of existing research is essential. The extensive, and sometimes conflicting, find-
ings across diverse ruminant species and production systems require critical evaluation.
Therefore, this review aims to consolidate the current understanding of TMR, focusing
on its formulation, benefits, inherent challenges, and recent innovations. By identifying
optimal strategies and research gaps, this work provides practical insights for farmers
and researchers, guiding future efforts toward more efficient, sustainable, and profitable
ruminant production systems. This consolidated knowledge is fundamental for translating
scientific insights into practical applications that enhance on-farm success and contribute
to global food security.

Benefits for Ruminants

Improved Feed Intake.
and Utilization

Anutritionally balanced feed strategy
combining allingredients (except water) to
optimi nce

Increased Milk Yield
and Quality

1 g S
Total Mixed Ration L - <

Optimized Rumen Healt

Better Carcass |
and Meat Quality

Mixer wagon

b ®) C)

N Economic and
Sustainability Gains ‘,}’

Figure 1. A total mixed ration represents a nutritionally balanced feeding strategy blended using a
mixer wagon, offering numerous benefits, including increased dry matter intake, higher milk yield,
and improved growth performance. It also stabilizes the rumen environment, reducing the risk of
acidosis, and enhances nutrient digestibility, leading to better animal health.

2. Methodology

This review consolidates current knowledge on the formulation, benefits, and chal-
lenges of Total Mixed Ration in ruminant nutrition, with a focus on its impact on productiv-
ity, rumen health, and environmental sustainability. To ensure a comprehensive assessment,
the literature search was conducted across multiple academic databases, including Web
of Science, PubMed, Google Scholar, and Scopus, using targeted search terms such as
“Total Mixed Ration AND ruminant performance,” “TMR AND rumen fermentation,”
“fermented TMR AND meat quality,” and “TMR formulation AND feed efficiency.” The
inclusion criteria prioritized peer-reviewed studies, in vivo studies, and selected in vitro

studies, while excluding non-ruminant research and non-scientific sources.
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The extracted data encompassed TMR composition (e.g., forage-to-concentrate ratios,
inclusion of wet brewers’ grains, yeast cultures, and fermented additives), processing
methods (ensiling techniques), and their effects on feed intake, growth performance, milk
yield, rumen fermentation parameters (volatile fatty acid profiles, pH stability, microbial
diversity), and methane mitigation, as well as economic and environmental considerations.
Given the narrative structure of this review, no formal statistical analysis was conducted.
Instead, findings were synthesized to provide a balanced interpretation of TMR’s role in
modern ruminant production systems, emphasizing practical implications for farmers and
researchers. The discussion integrates mechanistic insights, such as how fiber digestibility
is influenced by particle size or how microbial additives improve aerobic stability, to clarify
the functional basis of TMR’s benefits and limitations. References were selected based on
relevance, scientific rigor, and applicability across dairy and beef cattle, sheep, and goats,
ensuring a representative overview of global TMR practices.

3. Total Mixed Ration: Composition, Advantages, and Fermentation
Technologies

The Total Mixed Ration is a cornerstone of modern ruminant production, designed to
deliver a balanced intake of nutrients by homogeneously blending forages, concentrates,
and supplements [18,25,29]. This method prevents selective feeding, stabilizes rumen
fermentation, and enhances overall feed efficiency, making it particularly beneficial for
high-producing dairy cattle and intensively reared beef and sheep [18,30].

3.1. Typical Composition and Formulation

The formulation of TMR is tailored to the animal’s species, production stage, and
available feed resources. A typical TMR consists of forages (50-70%) and concentrates
(30-50%) on a dry matter basis, with minor inclusions (1-2%) of additives such as yeast
or molasses to enhance palatability and digestion [14,31,32] (Figure 2). Dairy cows often
receive a forage-to-concentrate ratio between 50:50 and 60:40, while beef cattle and growing
lambs may be fed higher forage proportions [33].

"""""""" Forages (Roughages), e.g., Maize silage
Grass/clover silage, Alfalfa hay

Additives e.g., minerals and vitamins Straw (e.g., wheat straw, rice straw)

molasses, yeast culture, Lactic acid
bacteria (LAB)
'

Concentrates (Grains) e.g., corn, barley,

wheat, oats, Protein sources (soybean ==« ==« a

meal, rapeseed meal), By-products (wet

corn gluten feed, distillers’ grains, wheat
middlings)

M Forage (65% N=65) [l Concentrate (33% N=33) [l Additives (2%, N=2)

Figure 2. The typical composition of TMR for ruminants includes a balanced mix of forage, con-
centrates, and additives, tailored to meet the specific nutritional needs of the animals. Note that
the ratios may vary slightly from species to species, depending on the selection and availability of
forages and concentrates, which affect their economic viability.

3.2. Forage Components

Common forages include corn silage, alfalfa hay, and grass/clover silage, which
provide essential structural fiber to promote rumination and saliva production for rumen
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pH buffering [34,35]. In tropical regions, grasses like Napier (Pennisetum purpureum) and
Megathyrsus maximus are frequently used [35,36].

3.3. Concentrate Components

Concentrates typically include energy sources, such as corn meals, and protein sup-
plements, like soybean meals, often supplemented with minerals and vitamins [37]. To
improve economic viability, by-products like wet corn gluten feed (WCGF) and distillers’
grains are increasingly incorporated into formulations [21]. Processing methods are crit-
ical to TMR effectiveness. Pelleting can improve starch digestibility, while fermentation
technologies (e.g., Fermented TMR) enhance preservation and aerobic stability [26,38].

3.4. Key Advantages and Innovations

The primary advantages of TMR include enhanced rumen function, improved nutrient
utilization, optimized production performance, and cost-effective sustainability (Figure 3). By
preventing selective consumption, TMR ensures a consistent nutrient supply, which stabilizes
rumen pH and promotes efficient microbial activity. This leads to higher average daily gain
(ADG), improved milk yield (with reported increases of 3-5%), and enhanced feed conversion
efficiency [18,30]. Furthermore, TMR minimizes feed wastage and allows for the precision
formulation of nutrients using locally available by-products, supporting sustainable farming
practices [21]. Innovations continue to optimize the TMR system. Ensiled TMR (ETMR) and
Fermented TMR (FTMR) leverage preservation technologies to extend shelf-life, improve
nutrient digestibility, and enhance aerobic stability [39—42]. These approaches create an
anaerobic environment that promotes lactic acid fermentation, thereby preserving nutrients
and inhibiting the growth of spoilage microorganisms [30,42]. The fermentation process can
break down complex fibers and proteins, improving volatile fatty acid (VFA) production and
increasing energy availability for the animal [42—44]. This not only supports higher dry matter
intake and better growth performance but may also reduce methane emissions by shifting
rumen fermentation toward propionate production [30,44]. Compact TMR (CTMR) is another
innovation aimed at reducing labor costs and improving feed utilization [26].

Total Mixed Ration
Composition
60-70% forage
30-40% concentrates

Benefits for Ruminants
1 Carcass quality
1 Microbial diversity
1 Marbling score (5.63 vs. 3.13)
Alkaline-treated rice straw TMR —» +50% ADG
(0.69 vs. 0.46 kg/day)

Reduced Feed Sorting +3-5% milk, Stable pH
Optimized Rumen Health T Milk fat/prots

Improved Feed Intake i Nilmg.en efficiency vs. pasture
Enhanced Nutrient Digestibility T VFA production (acetate, propionate)
Enhanced Growth Performance

Increased Milk Yield & Quality

Better Carcass & Meat Quality

Reduced Feed Cost (agro-byproducts)

Increased Labor Efficiency

Increased Income/Animal/Day

la
23
3.
4.
5.
6.
73
8.
el
0.

1

21% 1 milk yield

Pelleted TMR - +29% ADFI (1.86 vs. 1.44 kg/d) ‘  Digestibility of DM, OM, CP, NDF, ADF

Lactating Ewes: > T milk fat % and yield
Lambs - +10% carcass yield (54.5% vs. 49.4%)
T Tendemess, protein, fat retention

 ADG, milk fat
1 Feed-to-Gain Ratio: Boer goats on PTMR with rapeseed

Figure 3. Key Advantages of TMR in Ruminants: Promoting higher feed intake, milk yield,
and growth performance, while stabilizing rumen health and improving nutrient digestibility.
(ADG: Average Daily Gain; ADF: Acid Detergent Fiber; ADFI: Average Daily Feed Intake; CP: Crude
Protein; DM: Dry Matter; NDF: Neutral Detergent Fiber; OM: Organic Matter; VFA: Volatile Fatty
Acids; 1: increase; |: decrease).
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3.5. Fermentation Quality and Implications

The fermentation quality of silage components is a critical determinant of TMR'’s
nutritional value and stability. Successful ensiling, driven by lactic acid bacteria (LAB),
lowers the pH below 4.2 and results in a high lactic acid content with minimal undesirable
byproducts, such as butyric acid or ammonia-N [28,42-51]. High-quality fermentation
enhances palatability, supports a stable rumen environment by maintaining optimal pH,
and promotes the growth of cellulolytic bacteria essential for fiber degradation [24,45]. The
strategic use of microbial inoculants (e.g., Lactobacillus acidophilus, Saccharomyces cerevisiae)
can significantly improve fermentation efficiency by accelerating acid production and
suppressing undesirable microbes [43,52]. Additives like molasses provide substrates
for LAB, while organic acids (e.g., propionic acid) improve aerobic stability, which is a
particular challenge in hot and humid climates [42,53]. Poor fermentation quality has direct
negative implications, potentially leading to reduced feed intake, impaired rumen function,
and metabolic disorders such as subacute ruminal acidosis (SARA) [17,42]. Conversely,
well-fermented TMR silage promotes efficient nutrient utilization, better growth rates, and
improved overall health and productivity [45]. Therefore, careful management of factors
like compaction, sealing, storage conditions, and particle size is essential to maximize the
benefits of TMR systems [26,39-41].

4. Effects of Total Mixed Ration on Ruminant Diets
4.1. Effects of Total Mixed Ration on Rumen Fermentation

The composition of TMR plays a crucial role in determining rumen fermentation
dynamics, which affect pH stability, VFA production, and microbial diversity (Table 1).
One of the most critical aspects of TMR is its influence on rumen pH stability. A well-
balanced TMR improves nutrient utilization, enhances animal performance, and reduces
metabolic disorders, whereas a poorly formulated TMR can lead to acidosis and reduces
feed efficiency. Research indicates that TMR formulations with balanced roughage-to-
concentrate ratios help maintain optimal rumen pH (6.0-6.5), reducing the risk of SARA [26].
However, high-concentrate TMR diets (exceeding 60% concentrate) can lead to excessive
production of lactic acid, lowering pH and impairing fiber-digesting microbes [17]. This is
particularly evident in pelleted TMR, where smaller particle sizes accelerate fermentation,
further exacerbating pH fluctuations [54]. Conversely, TMR containing adequate roughage,
such as maize silage or alfalfa hay, promotes saliva production during chewing, which
buffers rumen acidity and stabilizes pH [45].

The production of VFAs is another key indicator of rumen fermentation efficiency.
TMR formulations rich in fermentable carbohydrates, such as grains and molasses, en-
hance propionate and butyrate production, which are crucial for energy metabolism in
ruminants [55]. However, excessive concentrate inclusion can shift VFA profiles toward
higher propionate at the expense of acetate, reducing fiber digestibility [26]. FTMR has
been shown to improve VFA production by promoting microbial activity through the
inclusion of probiotics like Lactobacillus acidophilus and Saccharomyces cerevisiae [42]. More-
over, yeast-supplemented TMR enhances fiber degradation, leading to a more balanced
acetate-to-propionate ratio, which supports both energy supply and rumen health [24].

Table 1. Effects of Total Mixed Ration on Rumen Fermentation (pH, VFA, Microbial Diversity).

Species/Breed TMR Type/Modification Summary of Results Reference

Higher rumen pH, total VFA, and propionate vs.

Holstein calves WPCS-based TMR (CTMR) CSCS (15% WPCS)

[56]

82



Ruminants 2025, 5, 42

Table 1. Cont.

Species/Breed TMR Type/Modification Summary of Results Reference
Higher acetate (49.8 vs. 45.7 mmol/L), propionate
Crossbred lambs Pelleted TMR (PTMR) (24.8 vs. 21.4 mmol /L) [48]
. . Lower pH, Increased lactate, Reduced
Hu sheep lambs High-grain pelleted TMR Fibrobacteres [26]
Mixed ruminal microbes TMR + ryegrass pasture T Butyrate/valera?e, + Methane, T Microbial [57]
biomass N
Holstein dairy cows TMR + FF Stable pH/VFA; | N-NHj3 in 50% FF [58]
Red Chittagong Cows Maize stover-based TMR 1T TVFA/NH3-N; stable rumen pH [16]
. L . . CP fermentation: 25-60%; CPM synthesis:
Dairy cows (in vitro) Varied TMR compositions 677-1778 mg/day [59]
Red Chittagong cows Maize stover-based TMR 1T TVFA and NH3-N [16]
Buffalo (in vitro) HFA-supplemented TMR 1 VFAs, | methane (Shatavari @ 3% most effective) [60]
. S o . 1 Total VFA (+16.6 mmol/L),
Dairy cows (in vitro) 100% TMR (69:31 forage/ concentrate) 1 Acetate/ propionate ratio [33]
Lower pH in the pasture group (SARA risk in wk
German Holstein cows Pasture transition (from TMR to pasture) 9-10). [11]
No adverse LPS effects.
Holstein-Zebu steers Fermented TMR (FTMR; pH 3.5) Stable ruminal pH @esplte low TMR pH. No [61]
acidosis observed.
Angus beef cattle High-concentrate TMR Significantly decreased rumen pH [18]
Wethers (Sheep) Pelleted TMR + 1% yeast culture Higher mean pH, reduced time below pH 5.8. [24]
Simmental bulls Multi-silage TMR (MS) Improved rumen pH stab111Fy linked to higher VFA 5]
production.
German Holstein cows Pasture transition | Acetate (C2%), T butyrate (C4%), | C2/C3 ratio [11]
Cattle (Bulls) 60:40 Roughage/Concentrate Highest TVFA production (optimal fermentation) [62]
Holstein-Zebu steers FIMR (pH 3.5) 1 Acetic/butyric acid; | propionate. [61]
T Acetate (49.8 vs. 45.7 mmol/L) and propionate
Crossbred lambs Pelleted TMR (PTMR) (24.8 vs. 21.4 mmol /LL). [48]
Wethers (Sheep) Pelleted TMR + 1% yeast 1 Total VFA, propionate, and n-butyrate. [24]
Simmental bulls Multi-silage TMR (MS) 1 TVFA (62.49 vs. 56.09 mmol /L) and acetate. [63]
German Holstein cows Pasture transition +Rumen papillae surlei(cs area (recovered by wk [11]
. 1 Starch-degraders (Bacteroidota),
Angus beef cattle High-concentrate TMR | fiber-degraders (Ruminococcus). [18]
Crossbred lambs Pelleted TMR (PTMR) 1 Prevotellaceae (rumen), | Ruminococcaceae. [48]
Holstein cows Fermented TMR (FTMR) 1 Unclassified_Bacteroidales, | Candida (fungi). [64]
Wethers (Sheep) Pelleted TMR + 1% yeast 1 Fibrolytic bacteria (NK4A214, FD2005). [24]
Yellow cattle (in vitro) Fermented TMR (FTMR) | Methane production, | Methanobrevibacter [46]
abundance.
Holstein cows Fermented TMR (FTMR) T Methanobrevibacter (due to higher Hy [64]

availability).
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Table 1. Cont.

Species/Breed TMR Type/Modification Summary of Results Reference

Holstein (Dairy) Pelleted TMR Lower rumen pH (6.10 vs. 6.48), higher propionate [65]

Cattle (Bulls) 60:40 Roughage/Concentrate Optimal TVFA, stable pH [62]

Hanwoo Heifers Italian Ryegrass TMR Increased propionate, enrll.ched Ruminococeus [66]

bromii
. . . Higher early GP (2—4 h) with particle-associated
Holstein dairy cows Grass silage + concentrate + hay inocula (PAL). Declined later. [67]
Brown Swiss cows TMR + Saccharomyces cerevisiae (CE/LC) CE mp roved a.sympto’nc GP more than.LC; [68]
low /intermediate doses are most effective.
Suffolk sheep Fermented TMR (FTMR) Higher GP due to enhanced micrqbial activity [44]
from lactic acid fermentation.

Hanwoo steers TMR with fermented feed (TMRF) Improved GP linked to hlgher acetate/propionate [13]
production.

Holstein cows TMR with varying particle sizes (5.5-25 Smaller particles 1 SCI?A in dors.al rumen; 169]

mm) | acetate/propionate ratio.

Suffolk sheep Fermented TMR (FTMR) T Propionate (392.4 mmol/mol), | butyrate (86.6 [30]
mmol/mol).

Nellore bulls TMR with pefNDF Optimal SCFA at 205 g pefNDF/kg DM; higher [70]

fiber 1 butyrate.

Holstein steers TMR vs. separate feeding Higher total VFA and propionate at 15h [9]
post-feeding.

Holstein cows TMR (5.5-25 mm particle size) 5.5 mm: | rumen pH; 11 mm: maintained pH and [69]
1 protozoa.

Montbéliarde cattle TMR (high concentrate) Lower rumen pH (5'.58 s 5.'87 in control), higher [17]
acidosis risk.

Suffolk sheep FTMR in varying pH media Lower pH (5.62-5.66) | CH4 and 1 propionate. [44]

Nellore steers High-concentrate TMR Faster microbial adaptation in preconditioned (71]

cattle.

TMR

total mixed ration, WPCS = whole plant corn silage, CTMR = corn silage-based TMR,

CSCS = corn stover and concentrate supplement, PTMR = pelleted TMR, FF = fresh forage, CP = crude
protein, CPM = microbial protein, HFA = herbal feed additive, FTMR = fermented TMR, MS = multi-
silage, GP = gas production, SCFA = short-chain fatty acids, pefNDF = physically effective neutral deter-
gent fiber, DM = dry matter, PAL = particle-associated inocula, CE = commercial extract, LC = live culture,
TMRF = TMR with fermented feed. 1 = increase, | = decrease, pH = measure of acidity, VFA = volatile fatty
acids, mmol/L = millimoles per liter, N-NH3 = ammonia nitrogen, NH3-N = ammonia nitrogen, TVFA = total
volatile fatty acids, LPS = lipopolysaccharides, SARA = subacute ruminal acidosis, C2 = acetate, C3 = propionate,
C4 = butyrate, H, = hydrogen, CHy = methane, g/kg = grams per kilogram, h = hour, wk = week.

Microbial diversity in the rumen is significantly influenced by TMR composition. A
well-formulated TMR supports a diverse microbial population, including cellulolytic bacte-
ria (Fibrobacter succinogenes, Ruminococcus flavefaciens) and amylolytic species (Streptococcus
bovis) [43]. However, high-grain TMR can reduce microbial diversity by favoring lactate-
producing bacteria (Megasphaera elsdenii) over fiber degraders, leading to dysbiosis [17].
Fermented TMR, particularly that incorporating lactic acid bacteria, has been found to
enhance microbial stability by suppressing pathogenic bacteria and promoting beneficial
microbes [52]. Additionally, the inclusion of wet brewers’ grain (WBG) as a roughage sub-
stitute in TMR has been reported to maintain microbial balance while improving nutrient
utilization [64].

The implications of these findings are significant for both animal performance and
feed efficiency. Stable rumen pH ensures optimal digestion and minimizes metabolic
disorders, while balanced VFA production maximizes energy availability for growth and
milk production (Figure 4). Furthermore, maintaining microbial diversity enhances feed
efficiency and reduces methane emissions, contributing to more sustainable livestock
production [55]. However, improper TMR formulation, such as excessive concentrate
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or insufficient fiber, can lead to digestive disturbances, reduced feed intake, and lower
productivity [26].

Stable Rumen pH
(6.0-7.0)

- High Acetate,
|, Lower Propionate

GIEGESIEIOEDIETE  Drop in Rumen pH
(<6.0)

T_, High Propionate,
Lower Acetate

Figure 4. Summary of the complex relationship between diet, ruminal pH, microbes and
VFA production.

i1

-

4.2. Effects of Total Mixed Ration on Nutrient Digestibility

The adoption of TMR in ruminant feeding systems significantly improves the di-
gestibility of nutrients—such as dry matter, organic matter, crude protein, neutral detergent
fiber, and acid detergent fiber—by ensuring a balanced and consistent diet (Table 2). Proper
formulation, including optimal roughage-to-concentrate ratios and strategic use of ad-
ditives, enhances rumen function and overall animal performance. This approach not
only boosts productivity but also supports sustainable livestock farming by improving
feed efficiency and reducing environmental impacts. Several studies have demonstrated
that TMR enhances the digestibility of all nutrients compared to conventional feeding
systems. For instance, Arbaoui et al. [17] found that TMR formulations with optimized
concentrate-to-roughage ratios significantly improved DM and OM digestibility by ensur-
ing a consistent nutrient supply, which stabilizes rumen fermentation. This is primarily
because a finely balanced TMR prevents selective feeding, ensuring that animals con-
sume all dietary components in the intended proportions [54]. Moreover, the inclusion of
high-quality roughages such as alfalfa hay and maize silage in TMR has been shown to
enhance fiber digestibility (NDF and ADF) by promoting rumen microbial activity [45].
Hamidan et al. [53] reported that diets with adequate NDF content support rumen health
by maintaining proper rumen motility and buffering capacity, which in turn improves fiber
degradation. However, excessive inclusion of roughage may reduce digestibility due to
the increased lignin content, particularly in low-quality forages [70]. Bo Trabi et al. [26]
observed that smaller forage particle sizes in TMR increase passage rates but may reduce
fiber digestibility due to insufficient rumen retention time for microbial degradation.
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Table 2. Effects of Total Mixed Ration on Nutrient Digestibility (DM, OM, CP, NDF, ADF).

Species/Breed TMR Type/Modification Summary of Results Reference

Holstein calves WPCS-based TMR (CTMR) Lower in vitro DM/CP/NDF digestibility vs. starter [56]
(CONS)
Karakul sheep 40% SS-AF silage TMR Higher DM, CP, and NDF digestibility [5]
. Increased DM (38 g/kg), OM (41 g/kg), and NDF
Fattening lambs Pelleted TMR + LY (193 g/kg) digestibility [72]
. Higher aNDF/ADF digestibility
Comisana lambs WM-based TMR No difference in DM/OM,/CP [73]
Red Chittagong cows Maize stover-based TMR 1T DM/CP/NDF digestibility [16]
. Higher DM intake and nutrient digestibility vs.
Dorper lambs LB-inoculated PH-TMR untreated PH-TMR [74]
Dairy ewes Wheat middling-based TMR T NDF digestibility [73]
Dorper lambs Cactus pear + cottonseed cake T DMD, OMD, EED m 20._30 /.0 cottonseed TMR [7]
J} Rumination time
Crossbred cows FTMR with 25% peNDF Improved nutrient digestibility (CP, NDF, ADF) [75]
Red Chittagong Cows Maize stover-based TMR 1 Digestibility of DM, CP, OM [16]
. . . No difference in DM, CF, or other nutrient
Korean native goats TMR with varying peNDF digestibility [76]
Dairy cows (in vitro) 16 TMR formulations OM fermentation: 32:;157;0;0; NDF fermentation: [59]
Buffaloes TMR vs. conventional 1T DM, OM, NDF digestibility [77]
Holstein dairy cows TMR + FF T Nltroge'n efficiency 1n.50 o EE [58]
| urinary N excretion
Korean native goats TMR with varying peNDF No difference in Nitrogen balance [76]
o 1 Crude protein digestibility
Holstein-Zebu steers FTMR (pH 3.5) | fat digestibility in silage-TMR. [61]
Angus beef cattle High-concentrate TMR |} DM, CP, and NDF digestibility [18]
Yellow cattle (in vitro) ~ Fermented TMR (FTMR) | NDF/ADEF; T lactic acid and soluble [46]
carbohydrates.
Simmental bulls Multi-silage TMR (MS) Improved fiber degradation linked to 1 Prevotella-1. [63]
Murrah buffaloes . TMR (maize ‘ Highest DMI (14.35 kg/ d) at‘ 50:50 ratio; ME content 78]
silage/concentrate ratios) | with 1 silage.
TMR with fermented feed Higher DM disappearance (3—-12 h) and weight gain
Hanwoo steers (TMRF) (308 kg vs. 284 kg control). [13]
1 CP, EE, ADF, and GE digestibility vs.
Suffolk sheep Fermented TMR (FTMR) non-fermented TMR. [30]
Montbéliarde cattle TMR (90% concentrate) No difference in DMI or c.:hgestlblhty vs. separate [17]
feeding.

Nellore bulls TMR with pefNDF Optimal fiber digestion at 20.5 g pefNDF/kg DM. [70]

TMR = total mixed ration, DM = dry matter, OM = organic matter, CP = crude protein, NDF = neutral detergent
fiber, ADF = acid detergent fiber, ME= metabolizable energy, WPCS = whole-plant corn silage, CTMR = corn
silage-based TMR, CONS = conventional starter, SS-AF = sweet sorghum-alfalfa, LY = live yeast, WM = wheat
middlings, aNDF = amylase-treated NDF, LB = lactic acid bacteria, PH-TMR = pineapple husk TMR, DMD = dry
matter digestibility, OMD = organic matter digestibility, EED = energy efficiency of digestion; g/kg = grams per

kilogram, 1 = increased, | = decreased.

Crude protein digestibility is also positively influenced by TMR, particularly when pro-
tein sources are well-balanced between degradable and undegradable fractions. Lakhani &
Tyagi [78] reported that TMR containing 11-14% CP optimizes microbial protein synthesis
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while minimizing nitrogen wastage. Additionally, FTMR containing microbial additives,
such as Lactobacillus acidophilus and Saccharomyces cerevisiae further enhances CP digestibil-
ity by promoting proteolytic activity in the rumen [42]. Wang et al. [24] also demonstrated
that yeast supplementation in TMR improves fiber digestibility by stimulating cellulolytic
bacteria, leading to better NDF and ADF breakdown. The implications of these findings
are significant for both animal productivity and feed efficiency. Improved DM and OM
digestibility indicate better energy utilization, which translates to higher milk yield in dairy
cows and improved weight gain in beef cattle [79]. Enhanced fiber digestibility ensures op-
timal rumen function, reducing the risk of metabolic disorders such as SARA. Furthermore,
the use of FTMR and additives like wet brewers’ grains [38] or yeast culture [24] offers a
sustainable approach to enhancing nutrient utilization while reducing feed costs. Farmers
and nutritionists should focus on ingredient quality, forage particle size, and fermentation
techniques to maximize digestibility while minimizing metabolic risks.

4.3. Effects of Total Mixed Ration on Growth Performance

Total Mixed Ration represents a significant advancement in ruminant nutrition, in-
tegrating forage, concentrates, and additives into a homogeneous mixture that enhances
growth performance metrics, including BW, ADG, DMI, and feed efficiency (Table 3). Early
research by Lailer et al. [80] established that TMR ensures uniform nutrient delivery, mini-
mizing selective feeding and stabilizing rumen fermentation. This consistency prevents
fluctuations in ruminal pH and VFAs production, both of which are critical for efficient
nutrient utilization. For instance, Liu et al. [45] reported that lambs fed TMR with optimal
oat-to-alfalfa ratios exhibited higher DMI and ADG due to improved palatability and
balanced energy-to-protein ratios. Similarly, Nguyen et al. [14] observed increased BW in
cattle fed alkaline-treated rice straw-based TMR, attributing it to enhanced digestibility
from reduced lignin content, which facilitated microbial access to cellulose.

The scientific basis for improved ADG lies in TMR’s ability to synchronize carbohy-
drate and protein degradation in the rumen. Wang et al. [5] found that lambs fed TMR
with 40% sweet sorghum and 60% alfalfa silage achieved the highest ADG, as the blend
provided readily fermentable carbohydrates alongside bypass protein, promoting microbial
protein synthesis. Furthermore, Sun et al. [72] demonstrated that pelleting TMR with live
yeast increased ADG in lambs by 11%, as yeast metabolites enhanced fibrolytic bacteria
activity, boosting neutral detergent fiber digestibility. This aligns with Bo Trabi et al. [26],
who noted that smaller forage particles in high-grain TMR accelerated ruminal turnover
but cautioned that excessive starch could reduce fiber digestibility and increase the risk
of acidosis.

Improvements in dry matter intake under TMR systems are often linked to the physical
and chemical properties of the feed. Koch et al. [81] observed that dry TMR formulations
incorporating by-products like straw maintained DMI comparable to conventional silage-
based rations, as the mix’s density and moisture content reduced sorting behavior. Ferrari
et al. [21] further noted that replacing modified distillers” grains with dry-rolled corn
in beef steer TMR linearly decreased DMI, likely due to lower palatability and energy
density. However, wet brewers’ grains in TMR countered this by providing soluble fibers
that stimulated rumination and saliva production, buffering rumen pH and supporting
consistent intake [38].

Feed efficiency improvements stem from TMR’s optimization of nutrient absorption.
Tufarelli et al. [73] reported a 15% better FCR in lambs fed wheat middling-based TMR, as
the diet’s balanced degradable protein and energy reduced nitrogen wastage and directed
nutrients toward muscle deposition. Additionally, fermented TMR with lactic acid bacteria,
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as studied by Chen et al. [28], increased propionate production through enhanced carbo-
hydrate fermentation, thereby supplying more glucogenic precursors for growth. This
was corroborated by Zhang et al. [56] in dairy calves, where TMR enriched cellulolytic
bacteria like Rikenellaceae, improving fiber degradation and metabolic energy availability.
Challenges persist, however, high-grain pelleted TMR can lower rumen pH and increase
lactate production, predisposing animals to subacute acidosis [26]. Martins et al. [25] also
highlighted the risks of mycotoxin contamination in TMR, particularly from maize silage,
which can suppress feed intake and impair hepatic function. Nonetheless, innovations
like yeast supplementation [24] and moisture-stabilizing additives [28] mitigate these is-
sues by enhancing aerobic stability and detoxification. Total Mixed Ration significantly
enhances ruminant growth performance by ensuring balanced nutrient intake, stabilizing
rumen function, and improving feed efficiency. Its adaptability to incorporate agricultural
by-products reduces costs while maintaining productivity, making it indispensable for
sustainable livestock farming. Farmers should prioritize consistent mixing, moisture con-
trol and mycotoxin management to maximize benefits, as these factors directly influence

animal health and economic returns.

Table 3. Effects of Total Mixed Ration on Growth Performance (BW, ADG, DMI, Feed Efficiency).

Species/Breed TMR Type/Modification Summary of Results Reference
. . No difference in BW, ADG, or feed efficiency vs.
Holstein dairy calves WPCS-based TMR (CTMR) starter (CONS) [56]
Karakul sheep 40% SS-AF silage TMR Highest BW, ADG, and DMI [5]
Fattening lambs Pelleted TMR + LY (0.8 g/kg) 11% higher ADG (+36 g/d) [72]
Jersey cows 60% grass hay + 40% concentrate Higher DMI (12.82 Vss 1? .;)g)kg/ day; | FCR (1.36 [82]
Red Chittagong cows Maize stover-based TMR (50:50) Higher DMI in block form (T1) vs. mash (T2) [16]
Holstein cows MS or IRS TMR + grazing Night grazing 1 grass intake (8.53 vs. 5.65 kg [83]
DM/d)
Firmish Ayrshire cows Grass silage + concentrate (FF1 vs. FF1 1 DMI (20.9 vs. 19.9 kg/d) in multiparous [84]
FF5) cows
Holstein-Friesian cows High-starch (27.7% DM) TMR Starch content T DMI and milk yield [85]
Holstein dairy cows 100% TMR vs. TMR + fresh forage No DMI reduction with <29% FF; 8% decrease at 58]
y (FF) 47% FF
Red Chittagong Cows Maize stover-based TMR (50:50) Higher DMI vs. conventional feeding [16]
Korean native goats IMR W th varyms peNDE No DMI differences despite reduced peNDF [76]
(grinding speeds)
Crossbred lambs Pelleted TMR (PTMR) Higher ADG (341 vs. 265 g/d) and ADFI (1.86 vs. (48]
1.44 kg/d)
. Wheat middlings (WM)-based Higher final BW (23.5 vs. 21.9 kg) and daily gain
Comisana lambs TMR (199 vs. 174 g/d) [73]
Hu sheep lambs High-grain pelleted TMR (70% No ADG difference vs. high-grain non-pelleted; [26]
concentrate) lower rumen pH
60% grass silage + barley (MC Highest carcass gain (967 g/d); Best feed
Aberdeen Angus cattle TMR) conversion (11.1 kg DM/kg gain) [34]
FTMR with varying oat/alfalfa AH-300: Higher DMI, ADG, and total weight gain
Crossbred lambs ratios vs. CK and AH-400 (431
Dorper lambs Cactus pear + cottonseed cake No effect on WG/ADG; all treatments met target 7]
p (20-30%) ADG (200 g/day)

Beef steers Hedge lucerne/leucaena TMR Higher ADG and FCR vs. control (fresh grass + [86]

concentrate)
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Table 3. Cont.

Species/Breed TMR Type/Modification Summary of Results Reference

Dairy cattle (fattening) Whole crop rice TMR Higher BW and ADG in mid/late fattening stages [87]
Goats (barn-fed) TMR vs. mountainous pasture ADG doubled in the TMR group [88]
Sheep Pelleted vs. unpelleted TMR Higher feed intake and ADG with pelleted TMR [46]
Crossbred lambs Pelleted TMR (PTMR) TADG (341 vs. 26552/ j)g Zri/d ) carcass yleld (54.5% 48]
Holstein-Zebu steers Grass silage-TMR (STMR) T Early-phase ADG; better FCR in FTMR later. [61]
Simmental bulls Multi-silage TMR (MS) TADG (1.6 vs. 1'30112(%2?51}7); +FCR (1096 vs. [63]
Angus beef cattle High-concentrate TMR T DMIbut no improvementin ADG or feed [18]

efficiency.
Hanwoo Steers T70 (70:30 forage/concentrate) Compensatory growt.h.m late fattening stage; [66]

slower initial growth
Higher DMI (7.17 kg)

Hanwoo Steers Fermented TMR Increased BW (615.20 kg), improved ADG (0.56 kg) (8]
Yak High-energy TMR Higher ADG (0.87 kg/ d.ay vs. —0.17 kg/day in 6]

grazing)
Karakul Sheep 40%SS-60%AF silage TMR Higher BW, ADG, and DMI (p < 0.05) [90]
Naemi Lambs TMR + alfalfa hay (300 g/3 days) Increased BW and feed conversion ratio [10]
Boer Goats TMR + 7.5% intact rapeseed Reduced feed-to-gain ratio (improved efficiency) [42]
Sindhi Crossbred Alkaline-treated straw TMR Higher ADG (0.69 vs.2(5)é4g> 1122)/ day) & BW (278.8 vs. [14]
Dorper Lambs Creep feed (18% CP TMR) Higher weight gain (2.2'17 vs. 1783 kg [22]

pre-weaning)

Hanwoo Steers TMR + Medicinal Plants (30 g/kg) Improved ADG & feed efficiency [27]
Simmental Heifers TMR vs. Free choice No difference in ADG [19]
Holstein (Dairy) pTMR Balanced nutrient intake, reduced purchased feeds [91]
Hanwoo Heifers Italian Ryegrass TMR No difference in DMI./ }.:CR; improved nitrogen [66]

efficiency
Dairy cows Apple pomace TMR Increased LWG [15]
Sheep TMR blocks vs. mash Higher B:C ratio in TMR blocks [92]

T Weight gain (308 kg vs. 284 kg) and feed

Hanwoo steers TMREF (fermented feed) efficiency (0.16 vs. 0.12). [13]
Holstein-Friesian TMR (maize silage + concentrate) 1 BW gain (0.54 kg/d vs. loss in control). [93]

BW = body weight; ADG = average daily gain; DMI = dry matter intake; FCR = feed conversion ratio;
TMR = total mixed ration; WPCS = whole plant corn silage; CONS = conventional starter; SS-AF = sunflower
silage and alfalfa; LY = live yeast; MS = maize silage; IRS = Italian ryegrass silage; FF = fresh forage;
peNDF = physically effective neutral detergent fiber; ADFI = average daily feed intake; PTMR = pelleted to-
tal mixed ration; FTMR = fermented total mixed ration; WG = weight gain; STMR = silage-based total mixed
ration; CP = crude protein; LWG = live weight gain; B:C ratio = benefit-to-cost ratio. 1 = increase; | = decrease; vs.
= versus; % = percent; g/kg = grams per kilogram; kg/day = kilograms per day; g/d = grams per day; DM = dry
matter; p < 0.05 = statistically significant difference.

4.4. Effects of Total Mixed Ration on Milk Yield and Composition

Total Mixed Ration has been widely adopted in ruminant nutrition due to its ability
to provide a balanced diet, ensuring consistent nutrient intake and improving milk pro-
duction (Table 4). Several studies have demonstrated that TMR enhances milk yield and
modifies milk composition, primarily due to its well-balanced formulation of concentrates,
roughages, and additives. Sunarso et al. [79] reported that dairy cows fed TMR exhibited
higher milk yields compared to those on conventional feeding systems, likely due to the
optimized energy and protein balance in TMR. Similarly, Lailer et al. [80] found that TMR
improves feed efficiency, leading to increased milk production by maintaining stable rumen
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fermentation conditions. The nutritional quality of TMR also influences the composition of
milk. A higher concentrate proportion in TMR (30-80%) elevates energy density, which
directly impacts milk fat and protein content [26]. However, excessive concentrate inclusion
may reduce fiber digestibility, negatively affecting milk fat synthesis due to altered rumen
pH and volatile fatty acid production [53]. The fatty acid composition of milk can also
be influenced by the high proportion of concentrate in TMR, particularly by reducing the
levels of health-promoting fatty acids like vaccenic, rumenic, and alpha-linolenic acids, and
increasing the formation of trans-10 fatty acids associated with milk fat depression in dairy
ruminants [94].

Conversely, adequate roughage inclusion, such as maize silage or alfalfa hay, ensures
sufficient fiber intake for rumen health, promoting optimal milk composition [45]. The
inclusion of fermented components, such as molasses and microbial additives like Saccha-
romyces cerevisiae, further enhances nutrient availability, leading to improved milk yield
and quality [24,42].

Moreover, the physical characteristics of TMR, such as particle size, play a crucial role
in digestion and milk production. Smaller particle sizes increase feed intake and rumen
turnover but may reduce fiber digestibility, potentially lowering milk fat content [54]. On
the other hand, proper fermentation of TMR, as seen in FTMR, enhances nutrient preserva-
tion and digestibility, leading to better milk yield and composition [52]. The addition of
yeast culture in TMR has also been shown to stabilize rumen pH and improve fiber degra-
dation, further supporting milk production [24]. Despite these benefits, challenges such as
feed sorting and SARA may arise, particularly with high-grain TMR formulations [17,84].
Proper management, including optimal roughage-to-concentrate ratios and the use of
fermentation enhancers, is essential to mitigate these risks. Additionally, environmental
factors, such as storage conditions, can affect TMR quality, emphasizing the need for proper
ensiling techniques to maintain nutrient integrity [42,61].

The adoption of TMR in dairy farming significantly improves milk yield and compo-
sition by ensuring balanced nutrient intake, enhancing rumen function, and optimizing
feed efficiency. However, careful formulation and management are necessary to prevent
metabolic disorders and maintain consistent milk quality. Farmers should consider incor-
porating fermented additives and maintaining proper roughage levels to maximize the
benefits of TMR while minimizing potential drawbacks. This approach not only enhances
productivity but also supports sustainable dairy farming practices.

Table 4. Effects of Total Mixed Ration on Milk Yield and Composition.

Species/Breed TMR Type/Intervention Summary of Results Reference
. . Hay-based TMR Increased milk yield
Lactating Holstein cows (DM-adjusted) (26.99 — 27.29 kg/d) [23]
60% grass hay + 40% S
Jersey cows concentrate T Milk yield (9.57 vs. 6.23 kg/day [82]
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Table 4. Cont.

Species/Breed TMR Type/Intervention Summary of Results Reference
. . : 1 Milk yield (T1: 3.6 L/d; T2: 349 L/d
Red Chittagong cows Maize stover-based TMR vs. TO: 335 L/d) [16]
. . TMR 1 milk yield (34.4 vs. 32.7 kg/d in
Holstein cows TMR vs. separate feeding R2X/R4X) [95]
o . . . No difference (32.8 kg/d ECM FF1 vs.
Finnish Ayrshire cows Once vs. 5x daily feeding 32.5 kg/d FF5) [84]
60% grass hay + 40% No difference in fat %; No difference in
Jersey cows o [82]
concentrate protein %
Red Chittagong cows Maize stover-based TMR 1 Fat % in T1/T2 [16]
Holstein cows TMR vs. separate feeding Separate feed1ng3¢3fla:; )/O (2.14-2.31% vs. [95]
Dairy ewes Wheat middling-based T Fat % and yield [73]
TMR
Holstein (Dairy) Confinement TMR Highest yield (10,000 kg/cow) [91]
Holstein (Dairy) Pasture + Concentrate (PC) Lowest yield (7500 kg/cow) [91]
. . . 38.1 kg/day > pTMR (32.0 kg/day) > PC
Holstein (Dairy) Full TMR (confinement) (285 kg /day) [12]
. . . Higher yield at high feed levels vs.
Danish Black/White Multi-group TMR single-group TMR [96]
Dairy cows Apple pomace TMR Increased milk yield [15]
Holstein (Dairy) Pelleted TMR Higher milk protein (3.38% vs. 3.16%), [65]
lower fat
. o TMR (maize silage + o
Holstein-Friesian concentrate) 1 Milk yield (29.5 kg/d vs. 21.1 kg/d) [93]
Crossbred cows FTMR with 25% peNDF 1 Milk fat % due to 1 acetate [75]
Aosta Red Pied cows TMR vs. separate feeding No difference in protein % [97]
Holstein cows TMR + night grazing 1 PUFA (CLA, VA, ALA) in milk [98]
Holstein dairy cows 100% TMR vs. TMR + FF 00 @ higher yield in 100% TMR; T UFA [58]
in 50% FF
Red Chittagong Cows Maize stover-based TMR Higher milk yleld, fat, and SNF vs. [16]
control
Holstein cows Cracked cottonseed in 4 C18:2 (linoleic acid) in milk [99]
FTMR
Dairv cow Pasture vs. TMR (maize TMR: 33% higher milk yield; No [100]
y cows silage + concentrates) difference in fat/SCC
Brewers’ grain + rice straw  Higher milk yield at 1.2% supplement
Buffaloes TMR No difference in composition [101]
. Increased milk yield and protein;
Dairy cows Apple pomace TMR reduced lactose [15]

TMR = total mixed ration, DM = dry matter, d = day, L = liter, ECM = energy-corrected milk, FF = feeding frequency,
PTMR = partial TMR, PC = pasture + concentrate, FTMR = fermented TMR, peNDF = physically effective
neutral detergent fiber, PUFA = polyunsaturated fatty acids, CLA = conjugated linoleic acid, VA = vaccenic acid,
ALA = o-linolenic acid, FF = fresh forage, UFA = unsaturated fatty acids, SNF = solids-not-fat, SCC = somatic cell
count. R2X/R4X refers to different feeding frequencies or rationing schedules for the “separate feeding” group,
1 =increased, | = decreased, — = change from baseline, vs. = versus, % = percent, kg = kilogram, g = gram,

> = greater than.
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4.5. Carcass Traits and Meat Quality in Livestock Fed Total Mixed Ration

The evaluation of carcass traits and meat quality in livestock fed TMR reveals signifi-
cant insights into the nutritional and physiological impacts of this feeding strategy. Table 5
summarizes data from various studies that demonstrate how TMR formulations influence
carcass yield and meat characteristics, with variations observed across species, breeds, and
TMR compositions. Khy et al. [86] reported that beef steers fed a hedge lucerne-based
TMR showed no difference in dressing percentage but had higher chilled carcass weight
compared to controls. This suggests that TMR enhances muscle deposition without altering
fat distribution, likely due to balanced nutrient intake. Similarly, Huuskonen et al. [34]
found that Aberdeen Angus cattle fed a TMR with 60% grass silage achieved superior
carcass gain (967 g/d) and conformation, attributed to the optimal fiber-to-energy ratio
promoting lean tissue growth.

Marbling, a critical determinant of meat quality [102], was significantly improved in beef
cattle fed whole crop rice-based TMR [87]. The higher marbling score indicates enhanced
intramuscular fat deposition, which is linked to improved juiciness and flavor [1,103]. However,
the absence of significant changes in rib eye area suggests that TMR primarily influences fat
metabolism rather than muscle hypertrophy. This is corroborated by Ku et al. [66], who observed
that Hanwoo steers fed a 70:30 forage-to-concentrate TMR had the highest intramuscular fat
content, alongside favorable shear strength and drip loss. Moreover, the inclusion of fermented
components in TMR, such as molasses and Saccharomyces cerevisiae, has been shown to positively
influence meat quality by improving tenderness and reducing shear force [42]. This is attributed
to enhanced protein metabolism and reduced oxidative stress in muscle tissues, which preserves
meat structure during post-mortem aging [4]. Additionally, the use of wet brewers’ grains as
a partial replacement for traditional roughages contributes to higher IMF content, which is
associated with improved juiciness and flavor [1,55]. However, excessive concentrate inclusion
in TMR may lead to rapid fat deposition, which, while increasing marbling, could also result
in undesirable fatty acid profiles if not adequately balanced with fiber sources [53]. The lower
n-6/n-3 fatty acid ratio in this group further highlights the role of forage-rich TMR in promoting
healthier lipid profiles, as omega-3 fatty acids are associated with cardiovascular benefits in
consumers [55,103].

In small ruminants, Wang et al. [90] demonstrated that Karakul sheep fed a 40%
sweet sorghum-alfalfa silage TMR exhibited increased carcass weight and subcutaneous fat
thickness, and improved meat quality parameters such as water-holding capacity (WHC)
and CP content. The enhanced WHC is particularly important, as it results in better
moisture retention during cooking, which contributes to tenderness [4,55]. Furthermore,
Zhang et al. [48] observed that crossbred lambs fed pelleted TMR (PTMR) had higher
carcass yield (54.5% vs. 49.4%) compared to unpelleted TMR, likely due to improved feed
efficiency and nutrient utilization. The scientific basis for these findings lies in the ability of
TMR to synchronize nutrient release in the rumen, optimizing microbial fermentation and
energy availability. For instance, Liu et al. [6] reported that yaks fed a high-energy TMR
exhibited a 106.43% increase in carcass weight and 57.52% dressing percentage, alongside
improved tenderness and reduced cooking loss. These outcomes are driven by the TMR’s
balanced energy-to-protein ratio, which supports muscle hypertrophy and fat deposition
while minimizing metabolic waste.

On the other hand, Cooke et al. [29] found that beef heifers fed high-concentrate TMR
had higher marbling but also an elevated n-6/n-3 ratio, which is less desirable from a
human health perspective [3,55]. This highlights the importance of carefully formulating
TMR to strike a balance between meat quality and nutritional value. The study by Horcada
et al. [20] on Retinta cattle further emphasized that TMR with maize silage increased PUFA
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content (18.8% vs. 14.3%) and n-3 PUFA (0.47% vs. 0.35%) compared to a high-concentrate
diet, suggesting that forage inclusion can enhance the nutritional quality of meat [1,2].
TMR ensures consistent nutrient intake, reducing selective feeding and metabolic disorders.
For example, Iraira et al. [19] found that Simmental heifers fed TMR had no differences in
meat tenderness compared to free-choice diets. However, the TMR group exhibited longer
rumination times, indicating better rumen health. This aligns with the findings of Alhidary
et al. [10], where Naemi lambs fed TMR supplemented with alfalfa hay showed improved
meat color and reduced shear force, reflecting enhanced muscle fiber structure.

The impact of TMR on meat quality extends to its oxidative stability and shelf life.
FTMR has been reported to enhance the antioxidant capacity of meat due to the presence
of beneficial microbial metabolites, such as short-chain fatty acids and bioactive pep-
tides [89,90]. This is particularly evident when FTMR includes Lactobacillus acidophilus and
Bacillus subtilis, which modulate rumen microbiota and reduce lipid oxidation in meat [43].
On the other hand, improper TMR processing, such as inadequate particle size reduction,
may lead to inconsistent nutrient absorption, negatively affecting meat texture and color
stability [54]. From a practical standpoint, the adoption of TMR in livestock farming ensures
consistent growth performance and meat quality; however, it requires careful formulation
to avoid metabolic disorders, such as SARA. The inclusion of NDF at optimal levels is
essential for maintaining rumen health and preventing excessive fat deposition, which
can compromise carcass yield [6,78,86]. For farmers, TMR offers a practical solution to
optimize growth and carcass quality while reducing feed wastage. For scientists, the data
highlight the importance of ingredient selection and processing (e.g., pelleting, fermen-
tation) in modulating meat quality. For instance, Chen et al. [42] demonstrated that Boer
goats fed TMR with 7.5% intact rapeseed had altered fatty acid profiles, including higher
linolenic acid and lower palmitic acid, which are beneficial for human health. Additionally,
Santos-Silva et al. [104] found that feeding finishing young bulls a TMR with high forage
content supplemented with sunflower seeds (10% DM) improved the meat fatty acid profile
by increasing the levels of alpha-linolenic, vaccenic, and rumenic acids, while reducing the
proportion of t10-18:1, a fatty acid that can be detrimental to human health and is often
present in meat from animals fed high-concentrate diets [105].

Table 5. Effects of Total Mixed Ration on Carcass Traits and Meat Quality.

Species/Breed TMR Type/Modification Summary of Results Reference
Beef steers Hedge lucerne TMR No difference in dressing %; Higher chilled carcass weight [86]
Aberdeen Angus cattle MC TMR (60% grass silage) Best carcass gain (967 g/d) and conformation [34]
Beef cattle Whole crop rice TMR Higher marbling score; No difference in carcass weight/rib 87]

eye area
Karakul sheep 40% SS-AF silage TMR 1 Carcass weight, subcutaneous fat; Improved WHC, CP, [90]
EE, and shear force

Crossbred lambs Pelleted TMR (PTMR) Higher carcass yield (54.5% vs. 49.4%) [48]
Comisana lambs WM-based TMR Higher cold-carcass dressing (10.5 vs. 9.7 kg) [73]
Crossbred lambs FTMR (AH-300) Higher backfat thickness, ;ggimuscular fat; Lower shear [45]
Hanwoo Steers T50 (50:50 forage/concentrate) Comparable carcass weight to control; higher IMF [66]
Hanwoo Steers FTMR Higher marbling score (5.6rf>1 r‘r/S 3.13), fat thickness (13.25 [89]
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Table 5. Cont.
Species/Breed TMR Type/Modification Summary of Results Reference

Yak High-energy TMR Increased carcass weight (106.:13 %), dressing percentage [6]

(57.52%)
Karakul Sheep 40%S5-60%AF silage TMR Higher carcass weight and subcutaneous fat thickness. [90]
Beef Cattle TMR (pre-mixed) Higher carcass weight (279.5 kg vs. 268.6 kg in control) [29]
Hanwoo Steers FTMR Improved tenderness, .]ulcmess,‘crude fat (18.39%); no [89]

pH/cooking loss differences

Yak High-energy TMR Improved tenderness (| shear fg)rce), reduced cooking loss [6]

(1 7.28%)
Karakul Sheep 40%SS-60%AF silage TMR Improved WHC, CP, EE; reduced shear force [90]
Naemi Lambs TMR + alfalfa hay Improved meat color (L*, a*, b*); reduced shear force [10]
Beef Cattle (Retinta) Maize silage TMR Higher PUFA (18.8% vs. (1)43;0;0; and n-3 PUFA (0.47% vs. 20]
Boer Goats TMR + 7.5% intact rapeseed T Linolenic acid, eicosenoic acid; | palmitic acid [42]
Beef Cattle High-concentrate TMR Higher 18:1, lower 18:3; 1r;c;(;e)15ed n-6/n-3 ratio (3.83 vs. [29]
Hanwoo Steers TMR + Medicinal Plants Improved meat quality grade [27]
Simmental Heifers TMR No difference in meat tenderness [19]

TMR = total mixed ration, SS-AF = sweet sorghum-alfalfa, WHC = water-holding capacity, CP = crude protein,
EE = ether extract, PTMR = pelleted TMR, WM = wheat middlings, FTMR = fermented total mixed ration,
MC = mixed concentrate; 1 = increased, | = decreased % = percentage, kg = kilograms, g/d = grams per day;
Carcass yield = (carcass weight/live weight) x 100; Cold-carcass dressing = carcass weight after chilling; Marbling
score = intramuscular fat content grading; Shear force = tenderness measurement (lower values indicate more
tender meat); Rib eye area = cross-sectional area of longissimus dorsi muscle; Dressing % = (hot carcass weight/live
weight) x 100.

5. Methane Emission and Environmental Impact
5.1. Enteric Methane Emissions

Methane (CHy) is a potent greenhouse gas, and agriculture is a significant contributor
to global CH, emissions, largely due to enteric fermentation in ruminants. Globally, agri-
culture accounts for 52% of CH,4 emissions, with 80 million tonnes of this being a product
of enteric fermentation in ruminants [93]. This represents a considerable energy loss for the
animal, typically ranging from 2% to 12% of gross energy intake [93,106]. Therefore, strate-
gies to mitigate enteric CHy are crucial for both environmental sustainability and animal
productivity. Methane production is highly dependent on the quantity of feed consumed
and the composition of the diet [2,93,106]. Furthermore, methane emissions from ruminants
are primarily driven by rumen microbial fermentation, where methanogenic archaea utilize
hydrogen (H;) and carbon dioxide (CO,) to produce CHy [3]. Studies indicate that TMR
formulations influence methane production by altering the rumen environment, revealing
complex interactions between diet composition and microbial activity. Metzler-Zebeli
et al. [67] found that TMR with a high concentrate content (490 g/kg DM) resulted in
rapid gas production during the early fermentation stage (2—4 h), followed by a decline
in gas production. This suggests that associative effects between feed components (e.g.,
grass silage, cereal concentrate) may transiently stimulate microbial activity, increasing
methane output before stabilizing. Particle size also plays a critical role. Tafaj et al. [69]
demonstrated that reducing TMR particle size (5.5 mm vs. 25 mm) lowered rumen pH
and shifted VFA profiles toward propionate, which competitively reduces H; availability
for methanogenesis. Smaller particles increase the surface area for microbial degradation,
accelerating fermentation and potentially lowering methane yield due to improved energy
utilization. Recently Jairath et al. [51] found significantly lower methane production under
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in vitro conditions when maize grain in the concentrate portion of TMR was replaced with
fermented agro-waste at a 32% level. In contrast, feeding high-forage, low-starch TMR with
10% DM of sunflower seeds to finishing crossbred bulls increased digestive CH4 emissions
compared to a concentrate finishing diet. However, the carbon footprint did not differ
between diets, 6.63 vs. 6.51 kgCO,e/kg LWG [104]).

5.2. Role of Rumen Inoculum and Microbial Populations

The source of rumen inoculum has a significant impact on methane emissions. Metzler-
Zebeli et al. [67] observed higher gas production with particle-associated liquid (PAL)
inoculum compared to free rumen liquid (FRL), likely due to greater microbial density and
fibrolytic activity. This implies that in vitro studies using only FRL may underestimate
methane potential, as PAL microbes are more representative of the rumen mat, where fiber
degradation is most active. FTMR has shown promise in mitigating methane emissions. Cao
et al. [30] reported a 25% reduction in methane when sheep were fed FTMR, attributed to
increased propionate production from lactate fermentation. This metabolic shift consumes
Hy, diverting it away from methanogenesis (the production of methane). Similarly, Li
et al. [46] found that FTMR inoculated with lactic acid bacteria reduced methane by 15-20%
in vitro, correlating with higher propionate and butyrate levels.

5.3. Impact of Dietary Composition

High-concentrate TMR typically reduces methane per unit of feed intake but may in-
crease total emissions due to higher dry matter intake. O’Neill et al. [93] reported that dairy
cows fed TMR produced more methane (397 g/day) than pasture-fed cows (251 g/day), de-
spite higher milk yields. This reflects the trade-off between productivity and environmental
impact, where energy-dense TMR improves efficiency but may elevate absolute emissions.
Conversely, high-fiber TMR can lower methane but risk impairing digestibility. Zhong
et al. [65] noted that pelleted TMR improved feed efficiency but had no significant effect
on methane, likely due to balanced fiber and starch ratios. Including additives like yeast
culture [24] or tannins [107] in TMR further reduces methane by inhibiting methanogens
or altering fermentation pathways. Methane mitigation is crucial for environmental sus-
tainability, and TMR strategies must simultaneously maintain optimal rumen health [65].
High-concentrate TMR, particularly in pelleted forms, significantly increases the risk of
ruminal acidosis, specifically SARA. This occurs because such formulations can lead to
excessive lactic acid production, thereby lowering rumen pH (e.g., to 5.58 compared to 5.87
in separate feeding) and impairing the activity of fiber-digesting microbes [17]. Conversely,
fermented Total Mixed Ration offers a promising solution by stabilizing rumen pH and
simultaneously mitigating methane emissions. FTMR achieves pH stability by promoting
the growth of lactate-utilizing bacteria, such as Megasphaera elsdenii, which convert lactic
acid into propionate [30,44]. This metabolic shift not only enhances energy availability for
the animal but also consumes hydrogen, thereby diverting it away from methanogenesis,
leading to a reported 15-25% reduction in methane production. This dual benefit of FTMR,
supporting rumen function while reducing environmental impact, makes it a viable strategy
for sustainable livestock production [44]. Therefore, sustainable TMR strategies necessitate
careful formulation and management to strike a balance between methane reduction, feed
efficiency, and rumen stability to meet both environmental and production goals.

5.4. Feed Utilisation

The environmental implications of TMR are closely linked to its composition, process-
ing methods, and efficiency in nutrient utilization. Scientific evidence suggests that TMR
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reduces feed wastage and improves rumen fermentation stability, which in turn enhances
productivity while mitigating methane emissions [17]. This is particularly significant given
that methane is a potent greenhouse gas and optimizing feed efficiency can contribute to
more sustainable livestock production. One of the key environmental benefits of TMR lies
in its ability to incorporate agricultural by-products such as wet brewers” grains (WBG) and
rice straw, reducing reliance on conventional feedstuffs while minimizing waste [45,90].
Furthermore, FTMR has been shown to improve aerobic stability and nutrient retention,
which reduces spoilage and further enhances [42]. The inclusion of microbial additives,
such as Saccharomyces cerevisiae and Lactobacillus acidophilus, in FTMR not only improves
fibre degradation but also stabilises rumen pH, resulting in more efficient digestion and
lower methane output [24]. These findings suggest that TMR, particularly when fermented,
can play a vital role in reducing the carbon footprint of ruminant production systems
(Table 6).

Table 6. Environmental Impact of Feeding Total Mixed Ration to Ruminants.

Species/Breed TMR Type/Modification Summary of Results Reference

TMR + Saccharomyces CE (0.6 mg/g DM) increased CHy; LC

Brown Swiss cows cerevisiae (CE) had no effect.

[68]

25% lower CHy compared to the control

Suffolk sheep Fermented TMR (FTMR) due to a propionate shift. [30,44]
. . Higher CHy (138.5 L/day) vs. separate
Holstein steers High-concentrate TMR feeding (118.2 L/day). [9]
e TMR (maize silage + Higher CHy (397 g/d) vs. grass diet
Holstein-Friesian concentrate) (251 g/d). [93]
. . Lower N leaching (21 kg/ha) but higher
Holstein (Dairy) PTMR volatilization (98 kg/ha) 1]
Holstein (Dairy) Automatic TMR (AFS) 67.5% lower CO,e emissions [108]
Holstein (Dairy) Pasture + Concentrate Highest N volatilization (116 kg/ha) [91]
Aberdeen Angus MC TMR (60% grass silage) Lowest GWP (19.1 kg CO; eq/kg beef); [34]

best feed conversion

TMR = total mixed ration; CE = Saccharomyces cerevisiae; DM = dry matter; LC = low concentrate;
FTMR = fermented total mixed ration;, pTMR = precision total mixed ration; AFS = automatic feeding sys-
tem; MC = medium concentrate; GWP = global warming potential. CH; = methane; CO, = carbon dioxide;
CO,e = carbon dioxide equivalent; N = nitrogen; L/day = liters per day; g/d = grams per day; kg/ha = kilograms
per hectare; kg CO, eq/kg beef = kilograms of carbon dioxide equivalent per kilogram of beef.

6. Mycotoxin Contamination and Mitigation Costs

Mycotoxin contamination in TMR poses significant risks to ruminant health and
productivity, with scientific evidence linking it to poor feed quality, storage conditions, and
ingredient sourcing (Table 7). Mycotoxins are toxic secondary metabolites produced by
fungi, primarily Aspergillus, Fusarium, and Penicillium species, which can proliferate in feed
components under favorable conditions [43].

6.1. Mycotoxins in Total Mixed Ration

The presence of mycotoxins in TMR is particularly concerning because TMR combines
multiple ingredients, increasing the likelihood of contamination if even one component
is compromised. One of the primary reasons for mycotoxin contamination in TMR is the
inclusion of mold-infected roughages such as maize silage, rice straw, and alfalfa hay [45].
These forages are highly susceptible to fungal growth, especially when harvested or stored
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at high moisture levels [25]. Moreover, the fermentation process in ETMR does not always
eliminate mycotoxins, as some fungal strains remain viable and continue to produce toxins
even under anaerobic conditions [42]. This is further exacerbated when wet by-products,
such as brewers’ grains, are incorporated, as improper drying or storage can introduce
additional fungal contamination [37,38].

The primary source of mycotoxins in TMR is often maize silage, which is highly sus-
ceptible to fungal colonization. Cogan et al. [109] reported that 90% of maize silage-based
TMR samples contained deoxynivalenol (DON) and zearalenone (ZON). These are toxic
secondary metabolites produced by fungi, and their presence in TMR, particularly in maize
silage-based TMR, is a significant concern. In contrast, grass silage-based TMR showed no
detectable mycotoxins. This contrast highlights the role of feed composition in contamina-
tion risk. Additionally, Gonzélez-Jartin et al. [110] observed that fumonisins (74%), DON
(42.5%), and ZEN (39.1%) were the most prevalent mycotoxins in maize silage TMR, with
co-occurrence increasing health risks due to potential synergistic effects. Rodriguez-Blanco
et al. [111] further noted that 58% of TMR samples were contaminated with Fusarium-
derived mycotoxins, emphasizing the need for rigorous feed quality control. Sultana
et al. [112] found that 100% of TMR samples tested were contaminated with aflatoxin
B1 (AFB1) and ochratoxin A (OTA), exceeding European Union regulatory limits. AFB1,
a potent hepatotoxin, was detected at 30 ng/g, while OTA averaged 48.5 ng/g, raising
concerns about chronic exposure in dairy cattle. Furthermore, 50% of samples contained
zearalenone (ZON) at 700 ng/g, a mycotoxin linked to reproductive disorders. These
findings reveal the widespread nature of mycotoxin contamination in TMR, particularly
in regions with suboptimal feed storage conditions. The implications for animal health
are profound. AFB1 is metabolized in the liver to aflatoxin M1 (AFM1), which is excreted
in milk and poses risks to both livestock and consumers Mycotoxins like DON disrupt
gut integrity and immune function, while ZEN interferes with reproductive hormones,
leading to infertility and reduced milk yield. Even at subclinical levels, chronic exposure
can impair growth, feed efficiency, and overall herd health [112]. The quality of TMR is
further compromised by microbial and endotoxin contamination.

Table 7. Mycotoxin Contamination in Total Mixed Ration for Ruminants.

Species/Breed TMR Type/Intervention Summary of Results Reference

100% AFB1 (30 ng/g, exceeding EU limits); 100%

Dairy cattle Mycotoxin-contaminated TMR OTA (485 ng/g); 50% ZON (700 ng/g) [112]
Holstein cows Grass silage-based TMR No mycotoxins detected [109]
Holstein cows Maize silage-based TMR 90% of samples had DON/ZON [109]

Dairy cows Maize silage TMR Fumonisins (74%), DON (42.5%), ZEN (39.1%) [110]

prevalent

Dairy cows Fusarium-contaminated TMR 58% samples contammated0 (FBs 34%, DON 17%, [111]

ZEN 16%)
Dairy cattle (Pakistan) Commercial TMR 33.3% AFB1 positive (mean 21.97 ppb) [113]
Holstein cows Grass silage TMR Higher enterobacteria 1;1CTCMR vs. silage; linked to [109]

Dairy cows Maize/grass silage TMR Highest endotoxins in TMR (293.44 EU/mL) [114]
Holstein cows Maize silage TMR Fterobacteriaceae: iﬁigl:glo CFU/g inmaice [114]

Dairy cows Maize silage-based TMR Maize silage = primary source of DON/ZEA; [25]

co-occurrence increases health risks
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Table 7. Cont.

Aflatoxin Carryover to Milk

AFB1-contaminated TMR + sequestering

Holstein cows agent 47% reduction in AFM1 with optimal SA inclusion [115]

High-yielding cows AFB1-contaminated TMR 75% milk samples exceeded EU AFMI limits [116]
(50ng/L)

Dairy cows (Portugal) Mycotoxin-contaminated TMR RC/BEA/enniatins s};ﬁﬁ\f d 2-10% carryover to [110]

Mitigation Strategies

Holstein cows Pelletized SA in TMR Most effective (0.013 AFM1 excretion) [115]

Dairy cows Mycotoxin adsorbents in TMR Reduced toxin bioavailability [117]

Dairy cows Inoculant additives in grass silage TMR Improved ME content and milk yield [109]

AFBI1 = aflatoxin B1, OTA = ochratoxin A, ZON = zearalenone, DON = deoxynivalenol, ZEN = zearalenone,
FBs = fumonisins, SCC = somatic cell count, SA = sequestering agent, AFM1 = aflatoxin M1, RC = roque-
fortine C, BEA = beauvericin, ME = metabolizable energy. ng/g = nanograms per gram, ppb = parts per
billion, EU/mL = endotoxin units per milliliter, log10 CFU/g = logarithmic colony-forming units per gram,
ng/L = nanograms per liter.

Vaiciuliené et al. [114] reported that TMR had the highest endotoxin levels
(293.44 EU/mL) compared to silages, likely due to bacterial proliferation during feed mixing
and storage. Enterobacteriaceae counts were elevated in maize silage (3.93 log10 CFU/g),
suggesting poor hygienic conditions that exacerbate mycotoxin risks. These findings indi-
cate that TMR not only introduces mycotoxins but also creates an environment conducive
to secondary microbial challenges.

Mitigation strategies are crucial for reducing mycotoxin exposure and ensuring feed safety
in TMR. Effective mitigation requires a combination of rigorous feed quality monitoring, im-
proved storage practices, and the strategic use of mycotoxin binders. One key strategy involves
the use of sequestering agents, such as clay-based binders, which have been demonstrated to
reduce Aflatoxin M1 excretion in milk by 47% when incorporated into TMR [115]. Pelletizing
these agents further enhances their efficacy, underscoring the importance of feed processing in
mitigation efforts. Furthermore, improving silage management is vital to minimizing fungal
growth [109]. This includes ensuring anaerobic conditions during ensiling and using inoculants,
which can indirectly reduce mycotoxin risks by improving the overall hygienic quality of the
feed. For instance, farms that utilized silage additives reported higher metabolizable energy
content and milk yields, indicating better feed preservation and reduced spoilage [109]. In
conclusion, mycotoxin contamination in TMR is a multifaceted issue driven by the quality of
feed ingredients, storage practices, and environmental factors. Therefore, adopting integrated
approaches, including routine mycotoxin screening, enhanced silage management, and the
utilization of binding agents, is essential to ensure animal health and food safety. Addressing
these challenges will ultimately enhance the sustainability and productivity of ruminant produc-
tion systems, as farmers and nutritionists must prioritize mycotoxin management to maintain
productive and sustainable livestock systems.

6.2. Mycotoxin Mitigation Costs

A significant economic concern in TMR is mycotoxin contamination, which can reduce
feed quality and animal health. Maize silage, a common ingredient in TMR, is particularly
susceptible to aflatoxins and Fusarium toxins [111]. Contaminated feed leads to decreased
productivity, increased disease incidence, and higher veterinary costs [25]. Although
effective mitigation strategies, such as mycotoxin binders and improved silage storage,
add to operational expenses but are necessary to prevent losses [115]. Routine monitoring
and sourcing high-quality ingredients are essential to minimize these risks. In conclusion,
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the economic benefits of TMR are well-documented, including improved feed efficiency,
labor savings, and enhanced livestock productivity. However, these advantages depend on
proper formulation, management practices, and investment in technology. Farmers must
balance cost-effectiveness with animal health considerations, such as maintaining adequate
fiber levels and preventing mycotoxin contamination. For small-scale operations, partial
TMR systems or cooperative feed mixing may offer viable alternatives. Ultimately, TMR
represents a scientifically validated approach for optimizing livestock production, but its
economic viability must be assessed in the context of farm-specific conditions.

7. Implications of Total Mixed Ration for Animal Health

The formulation and delivery of TMR have profound implications for the metabolic
and physiological health of ruminants. Blood metabolite profiles serve as critical indi-
cators of this status, reflecting dietary composition, rumen fermentation dynamics, and
subsequent metabolic adaptations.

7.1. Blood Metabolites as Health Indicators
7.1.1. Glucose Metabolism

Blood glucose levels are primarily influenced by dietary energy content and rumen
fermentation patterns. TMR formulations rich in fermentable carbohydrates (e.g., maize
silage, cereal grains) promote increased propionate production in the rumen, which is a
primary precursor for hepatic gluconeogenesis [67]. For instance, Hu et al. [118] observed
elevated blood glucose in dairy heifers fed a high-straw fermented TMR (HSF), a response
attributed to enhanced volatile fatty acid production. However, excessive concentrate
inclusion can lead to subacute ruminal acidosis, which may impair glucose metabolism
due to systemic inflammation [18].

7.1.2. Nitrogen Utilization

Blood urea nitrogen (BUN) levels are a key reflection of nitrogen metabolism and pro-
tein utilization efficiency. Elevated BUN in TMR-fed animals often indicates an imbalance,
such as excessive rumen-degradable protein or inadequate energy synchronization, leading
to increased ammonia absorption and subsequent hepatic urea synthesis [63]. Conversely,
optimized TMR formulations with balanced protein-to-energy ratios (e.g., combining al-
falfa silage and maize silage) can lower BUN by improving microbial protein synthesis
and nitrogen capture in the rumen [66]. Furthermore, fermented TMR has been shown to
reduce BUN, likely by enhancing microbial efficiency and nitrogen retention [64].

7.1.3. Lipid Metabolism

The TMR composition significantly influences lipid metabolism, as evidenced by
alterations in serum triglycerides and cholesterol levels. High-concentrate TMR can increase
hepatic lipid mobilization, a consequence of elevated insulin resistance and altered VFA
profiles [18]. In contrast, TMR formulations incorporating adequate forage (e.g., alfalfa
hay) promote healthier fatty acid profiles and can reduce the saturation of intramuscular
fat [10]. The strategic inclusion of specific additives, such as oilseeds (e.g., rapeseed),
further modulates lipid metabolism, increasing the proportion of beneficial unsaturated
fatty acids in animal products [42].

7.1.4. Oxidative Stress

Markers of antioxidant capacity, such as superoxide dismutase and total antioxidant
capacity, indicate the level of oxidative stress. High-grain TMR diets can induce oxidative
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stress due to the increased production of reactive oxygen species associated with rapid
rumen fermentation and inflammatory states [63]. Conversely, FTMR inoculated with lactic
acid bacteria has been demonstrated to enhance antioxidant capacity by stabilizing rumen
pH and reducing systemic inflammatory responses [64].

7.1.5. Synthesis for Animal Health

Collectively, blood metabolite profiles underscore the necessity of balancing fer-
mentable carbohydrates, physically effective fiber, and protein sources in TMR to maintain
metabolic health. For lactating dairy cows, this typically means a TMR with moderate
starch (25-30% DM) and adequate fiber (>30% NDF) to stabilize glucose and minimize
SARA risk [67]. In growing cattle, FTMR can enhance nutrient digestibility and improve
energy retention [46], while for goats and sheep, TMR particle size and fiber content must
be carefully optimized to prevent suboptimal fermentation [76]. Future research should
explore precision feeding strategies using real-time metabolite monitoring to dynamically
tailor TMR formulations for different production stages and individual animal needs.

7.2. Economic Sustainability and Operational Costs of Total Mixed Ration

The adoption of TMR is a significant management decision with major economic
implications, impacting feed efficiency, labor requirements, capital investment, and overall
farm profitability.

7.2.1. Feed Efficiency and Economic Gains

A primary economic advantage of TMR is its ability to improve feed efficiency. By
blending roughages and concentrates into a homogeneous mixture, TMR prevents selective
feeding by animals and ensures a consistent and balanced intake of carbohydrates, proteins,
and minerals [69]. This nutrient synchronization optimizes rumen microbial activity,
leading to enhanced volatile fatty acid production and superior energy utilization [59].
Studies, such as one by Zhong et al. [65], have demonstrated that pelleted TMR increased
dry matter intake and average daily gain in lambs due to improved digestibility. These
improvements in performance directly translate into economic benefits, as shown in Table §,
where TMR feeding led to lower feed costs per kilogram of gain [22] and higher net
income [45]. It is critical, however, that TMR is properly formulated to maintain adequate
physically effective fiber (peNDF) to avoid metabolic disorders like SARA, which can erode
these economic gains [76].

Table 8. Economic Impact of Feeding Total Mixed Ration to Ruminants.

Species/Breed TMR Type/Intervention Findings vs. Control Reference
. Higher feed costs but similar carcass yield vs.
Simmental bulls Dry TMR (straw-based) conventional TMR [81]
Crossbred lambs FTMR (AH-300) Improved net income due to better feed efficiency [45]
Dorper Lambs 16% CP Growing TMR Lowest feed cost/kg gain (RM 8.94 vs. RM 22.92 [22]
control)
Holstein (Dairy) Confinement TMR Highest net return ($738/cow) but greatest risk [91]
Holstein (Dairy) Automatic TMR (AFS) 75% lower labor costs, 91% energy reduction [108]
Hanwoo Steers TMR + Medicinal Plants Reduced feed costs, increased carcass price [27]
Sindhi Crossbred Alkaline-treated TMR 17.75% higher economic benefit/kg gain [14]

TMR = total mixed ration, FTMR = fermented total mixed ration, CP = crude protein, AFS = automated feeding
system. RM = Malaysian ringgit, $ = US dollar, % = percent, kg = kilogram.
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7.2.2. Labor and Operational Cost Savings

The operational efficiency of TMR systems, particularly when automated, offers
substantial labor savings. Tangorra and Calcante [108] reported that automatic feeding
systems (AFS) used for TMR delivery lowered labor requirements by 75% and reduced
energy consumption by 91% compared to conventional mixer wagons. Furthermore, AFS
improves feeding accuracy and consistency, minimizing nutrient variation and feed waste.
While the initial investment in TMR equipment (mixer wagons, AFS) can be substantial,
the long-term savings in labor and improved feed utilization contribute significantly to
economic sustainability, especially in large-scale operations.

7.2.3. Productivity and Quality Premiums

TMR feeding is consistently associated with enhanced productivity, which directly
boosts income. In dairy systems, TMR-fed herds typically produce more milk with higher
fat and protein content compared to those on less controlled diets [93]. In beef production,
cattle fed TMR often exhibit improved carcass quality metrics, such as better marbling
and meat tenderness, which can command premium market prices [29]. Strategies like
incorporating specific additives (e.g., medicinal plants) into TMR have also been shown to
reduce feed costs while simultaneously increasing carcass value [27].

7.2.4. Economic Considerations and Barriers

Despite the clear benefits, economic barriers to adoption exist. The high capital invest-
ment required for TMR equipment can be prohibitive for smallholder farmers [108]. To
mitigate this, partial TMR strategies, which combine TMR with grazing or forage supple-
mentation, have been proposed as a cost-effective alternative for smaller operations [12,91].
Furthermore, the pursuit of maximum productivity via high-concentrate TMR formulations
must be balanced against potential externalities, such as increased methane emissions [9],
which may have future economic implications through regulatory costs or market prefer-
ences. Therefore, the economic sustainability of TMR depends on optimizing formulations
for both profitability and long-term operational resilience.

8. Challenges in Feeding Total Mixed Ration to Ruminants

TMR is widely adopted in ruminant production due to its ability to provide a nutri-
tionally balanced diet, improve feed efficiency, and enhance productivity. However, several
challenges arise in its implementation, affecting both animal health and farm profitability
(Figure 5). One major challenge is ruminal acidosis, particularly with high-concentrate
TMR formulations that reduce rumen buffering capacity. Bo Trabi et al. [26] found that
pelleted TMR (PTMR) reduces particle size, thereby increasing starch digestibility; how-
ever, it lowers rumen pH, which increases the risk of SARA. Similarly, Arbaoui et al. [17]
reported that high-concentrate TMR resulted in a lower rumen pH (5.58 vs. 5.87 in separate
feeding), thereby increasing the risk of acidosis. This implies that while TMR enhances
nutrient utilization, improper forage-to-concentrate ratios can disrupt rumen homeostasis,
negatively impacting microbial activity and fiber digestion.

Feed sorting is another concern, where animals selectively consume preferred in-
gredients, leading to nutrient imbalances. Although TMR is designed to minimize this,
studies indicate that compact TMR or FTMR may better prevent sorting by improving
homogeneity [60,114]. Furthermore, mycotoxin contamination in TMR, particularly from
maize silage, poses health risks. Martins et al. [25] highlighted that mycotoxins, such as
aflatoxin B1 and deoxynivalenol, are prevalent in TMR, which can impair liver function
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and reduce feed intake. This emphasizes the importance of rigorous feed quality control
and the use of mycotoxin binders to mitigate these effects.

Feed Sorting Risk of Acidosis

Challenges

Mycotoxin Aerobic
Contamination Deterioration/Spoilage

E Solutions/ -
Purchasing less o ° Management Particle Size
vulnerable ingredients g Management
Routine Mycotoxin binders
inspection of feed

Figure 5. Some challenges of feeding total mixed ration to ruminants and potential solutions.

Methane emissions from TMR-fed ruminants also present environmental challenges.
O’NeEeill et al. [93] observed that TMR-fed dairy cows emitted more methane (397 g/day)
than pasture-fed cows (251 g/day), despite higher milk yields. This suggests that while
TMR improves productivity, its environmental footprint must be addressed through strate-
gies like FTMR or methane-inhibiting additives [46]. In conclusion, the challenges of feed-
ing TMR include ruminal acidosis, feed sorting, mycotoxin contamination, and methane
emissions, highlighting the need for precise formulation, quality control, and innovative
strategies such as FTMR or yeast supplementation. Addressing these issues ensures sus-
tainable ruminant production, striking a balance between productivity, animal health, and
environmental impact. Future research should focus on optimizing TMR composition and
mitigating its associated drawbacks to enhance farm profitability and global food security
(Figure 5).

9. Conclusions and Gaps Identified

While TMR offers a precision feeding strategy that significantly enhances ruminant
productivity and health, the current body of research identifies several limitations and
points towards crucial directions for future investigation. Early studies, such as the one
conducted by Lakhani et al. [78], involved a relatively small sample size of Murrah buffaloes
(n = 18 for the feeding trial, n = 9 for in vitro and in vivo comparison) which, while
demonstrating the reliability of in vitro techniques for predicting metabolizable energy,
suggests that broader validation with more extensive data is needed. Moreover, Tafaj
et al. [69], when examining the impact of TMR particle size on rumen fermentation, also
noted that their findings were based on limited number of observations (n = 3 cows for
the main experiment) and emphasized the need for further studies to verify observed
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trends and better understand the complex relationships between in vitro gas production
and in vivo measurements across different digesta compartments.

A significant challenge in TMR research lies in the translation of in vitro findings to
in vivo animal performance and livestock productivity as milk and meat. Researchers,
such as Mansfield et al. [119], highlighted that rumen simulation systems, like Rusitec, may
not perfectly replicate the natural rumen environment due to factors including reduced
protozoa numbers, potential shifts in bacterial populations, and limitations imposed by feed
enclosures in nylon bags, which can affect microbial accessibility and nutrient recycling.
This discrepancy hinders direct comparisons and the drawing of definitive conclusions for
the live animal feeding complex, despite some short-term in vitro studies showing similar
fermentation patterns to those of the natural rumen. Furthermore, Mendoza et al. [98]
observed that the spot sampling technique used for assessing microbial protein flow might
lack sufficient sensitivity to detect small differences between dietary treatments, indicating
a methodological limitation that could obscure subtle biological responses. Similarly, Zhong
et al. [65] cautioned that their findings on rumen pH and risk of acidosis in dairy cows fed
pelleted TMR were based on a single sampling over 42 days, emphasizing the need for
longer-term evaluations consisting multiple sample collection to establish the sustained
effects on lactating performance and health status. Sun et al. [72] also noted that their
study’s short duration might have limited the detection of significant differences in carcass
traits in fattening lambs supplemented with live yeast.

A notable gap in the current literature, which merits further investigation as detailed
below in Section 10 (Future Research Directions), is the predominant focus of studies
on dairy and beef cattle. While some research exists on sheep, there is limited research
on other ruminants, such as goats. The physical characteristics of TMR ingredients also
present limitations. Zhang et al. [48] pointed out that while pelleted TMR can improve
growth performance, the fine grinding of roughage often reduces physically effective
neutral detergent fiber (peNDF) content, potentially leading to lower rumen pH and
compromised fiber degradation. This can sometimes result in minimal or no substantial
difference in feed conversion ratio despite increases in average daily gain. Jang et al. [76]
found that for goats, traditional peNDF metrics based on particle size distribution might
not be as effective in predicting chewing activity or digestibility, suggesting that goats,
due to their unique digestive characteristics, may respond differently to feeding pattern
and particle size variations, necessitating further research with a broader range of peNDF
levels and particle sizes to better identify these effects. Confounding factors can also
complicate interpretations of finding in terms of practical on farm applicability. Kronqvist
et al. [31] reported that their study design was unable to distinguish between the effects of
particle size and dry matter concentration on feed intake, highlighting the need for studies
specifically designed to isolate these variables.

Variability in environment and raw material in feed pose additional challenges. Mo-
hammadi Shad et al. [116] reported that aflatoxin B1 (AFB1) contamination in TMR and
feed ingredients, particularly cottonseed cake and corn gluten meal, was higher during
the rainy season, emphasizing the influence of climatic conditions on feed quality and
the need for improved storage and feeding procedures to mitigate mycotoxin occurrence
and carryover effect into milk. Furthermore, high-concentration TMR, especially when
finely pelleted, can pose a higher risk of acidosis due to rapid fermentation and reduced
buffering from saliva if not carefully managed, which may result in reduced feed intake
and lower animal performance. An unusually low protein content in the control TMR for
one study also highlights the importance of consistent feed quality in comparative trials.
These limitations directly inform future research directions.
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10. Future Research Directions

This review underpins a need for long-term studies to fully assess the sustained
effects of various TMR formulations, including pelleted and fermented TMR (FTMR),
on livestock health, animal productivity, and milk composition, particularly at different
stages of lactation. Research should focus on optimizing TMR composition, including ideal
forage to concentrate ratios, and exploring alternative ingredients, such as sweet sorghum
and alfalfa silage mixtures, or novel agricultural by-products, while comprehensively
evaluating their impact on rumen function, microbial populations, and digestive enzyme
activity. The efficacy of processing methods, such as fermentation, which potentially
incorporates lactic acid bacteria and fibrolytic enzymes, in improving nutrient digestibility,
reducing methane production, enhancing feed storage quality, and improving aerobic
stability, warrants further in vivo validation. Moreover, future investigations should delve
deeper into the impact of feed additives, such as yeast cultures for ameliorating rumen pH
drops and enhancing fibre degradation, or essential oils and volatile fatty acid solutions as
alternative energy sources, with a focus on optimal dosage and long-term effects.

Understanding the intricate interplay between diet, rumen microbiota, and metabolic
profiles is crucial for developing precision feeding strategies and identifying markers
related to feed efficiency and growth performance. Economic analyses are also important
to determine the feasibility of incorporating novel ingredients or feeding strategies, such
as the use of wheat middlings in lamb diets or total mixed ration silage in dairy and
beef cattle production in tropical countries, to ensure sustainable and profitable livestock
farming. Ultimately, continuous research is essential for developing more resilient TMR
formulations that can cope with variations in raw material quality and environmental
conditions, thereby ensuring optimal animal performance and contributing to global food
security in an environmentally responsible manner.
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Simple Summary: Virtual fencing (VF) technology offers a modern approach to cattle
management by using GPS-enabled collars to create invisible boundaries instead of physical
fences. Studies indicate that cattle quickly learn to associate auditory cues with mild
electrical pulses, achieving high containment rates (>90%) within days. While welfare
impacts are generally minimal, with cortisol levels comparable to traditional fencing,
some short-term behavioral disruptions and occasional collar-related abrasions have been
reported. This technology enhances pasture management flexibility but faces challenges
such as high costs, connectivity issues, and individual animal variability. Further research
is needed to optimize training protocols, assess long-term welfare effects, and improve
scalability for diverse farming systems.

Abstract: Virtual fencing (VF) technology represents an innovative approach to livestock
management, utilizing GPS-enabled collars to establish invisible boundaries through audi-
tory and mild electrical stimuli. While VF offers potential benefits such as enhanced pasture
management flexibility and reduced labor costs, its widespread adoption faces challenges
including high initial investment costs, connectivity issues, GPS accuracy limitations, poten-
tial device durability concerns, and individual animal variability in learning and response.
Furthermore, despite studies showing rapid learning and generally minimal long-term
welfare impacts, questions remain regarding optimizing training protocols, addressing
occasional short-term behavioral disruptions and collar abrasions, assessing long-term
welfare effects across diverse systems (especially intensive and dairy), and improving
scalability. To comprehensively assess the potential and limitations of this technology and
guide its future development and implementation, a review integrating existing knowledge
on the efficacy, welfare implications, and practical applications of VF in cattle production
systems is essential. This review examines the efficacy, welfare implications, and practical
applications of VF in cattle production systems. Studies demonstrate that cattle rapidly
learn to associate auditory cues with electrical pulses, achieving high containment rates
(>90%) within days, with minimal long-term welfare impacts as indicated by stable cortisol
levels. However, short-term behavioral disruptions and occasional collar-related abrasions
have been reported, particularly in dairy cattle. While VF enhances pasture management
flexibility and reduces labor costs, challenges such as connectivity issues, individual animal
variability, and high initial investment costs limit its widespread adoption. The findings
suggest that VF is a promising tool for precision livestock farming, though further research
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is needed to optimize training protocols, assess long-term welfare effects, and improve
scalability across diverse farming systems.

Keywords: precision livestock farming; animal welfare; stress indicators; GPS-enabled
collars; animal behavior; associative learning; grazing management

1. Introduction

Grazing livestock has been a fundamental agricultural practice for centuries, shap-
ing landscapes and providing essential food resources [1]. Historically, controlling the
movement of grazing animals relied primarily on herding and physical barriers such as
stone walls, hedges, and wire fences [2]. While these traditional methods were effective,
they required significant labor and infrastructure investment. The past century has seen
substantial changes in temperate grazing dairy systems, particularly due to the increasing
demand for animal-derived protein, which is projected to nearly double by 2050 [3]. This
growing demand has intensified pressure on grazing land, necessitating more efficient and
flexible management strategies [4].

In response, technological advancements have led to the development of precision
livestock farming (PLF), which aims to enhance animal management through automated
monitoring [5,6]. PLF technologies, including electronic identification systems, on-animal
sensors (e.g., accelerometers and GPS), and stationary management systems, are increas-
ingly being adopted in both intensive and extensive farming operations [7,8]. Within this
technological progression, virtual fencing (VF) has emerged as an innovative solution to
manage animal movement without physical barriers [2,6]. VF systems typically involve
wearable collars that deliver sensory cues, such as audio warnings followed by mild electri-
cal pulses, to contain animals within predefined virtual boundaries [9]. This technology
represents a significant advancement in flexible, data-driven grazing management, offering
potential benefits for pasture utilization and environmental conservation [10].

Virtual fencing is defined as an enclosure or boundary system without physical
structures, relying instead on wearable devices such as collars [2,4,6]. When an animal
approaches a virtual boundary, it first receives an audio cue, followed by a low-intensity
electrical pulse if it continues moving forward [9]. This operant conditioning approach
trains animals to retreat upon hearing the initial warning, minimizing the need for electrical
corrections over time [7]. Research has demonstrated that cattle can successfully adapt to
these systems, with prior exposure to physical electric fences accelerating learning [11,12].
Companies such as Halter, Vence, Nofence, eShepherd /Gallaghers, and Boviguard have
commercialized VF technology, leveraging GPS tracking and wireless communication to
dynamically adjust grazing areas [13].

A key advantage of VF is its ability to facilitate rotational and strip-grazing systems,
which traditionally require labor-intensive fence adjustments [10]. By enabling farmers to
modify grazing zones remotely via smartphones or computers, VF enhances pasture utiliza-
tion efficiency while reducing labor costs [14]. Furthermore, VF can protect environmentally
sensitive areas, such as riparian zones, by temporarily excluding livestock to prevent soil
erosion and water contamination [9,15]. Studies have shown that VF can effectively restrict
cattle from vulnerable ecosystems while maintaining pasture productivity [16].

A critical aspect of VF is the animal’s ability to learn and adapt to virtual boundaries
through associative learning [7]. Research on beef heifers in rotational grazing systems has
shown a decline in electric-to-acoustic signal ratios over time, indicating successful behav-
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ioral adaptation [12]. Similarly, nursing cows undergoing VF training exhibited reduced
electrical stimuli as they learned to respond to audio cues alone [14]. Furthermore, some
research found no significant difference in FCM levels between virtually and physically
fenced cattle, indicating comparable stress levels [17], while others similarly reported no
significant differences in welfare indicators such as lying time and weight gain [13]. These
findings highlight the need for further investigation into the long-term welfare implications
of virtual fencing across different livestock species. This study characterizes the state of the
art regarding the use of VF as an innovative tool for modern grazing management. Specifi-
cally, it (1) explores the technological foundations of VF systems, including their reliance
on wearable collars with GPS and auditory—electrical stimuli to control livestock move-
ment without physical barriers; (2) reviews research on animal learning and behavioral
adaptation, assessing how cattle respond to virtual boundaries over time; and (3) evaluates
animal welfare implications, particularly stress responses associated with electrical stimuli,
through analyses of physiological indicators (e.g., fecal cortisol metabolites, FCM) and
behavioral metrics.

Beyond animal behavior, this paper discusses the practical applications of VF in
grazing systems, including its role in rotational grazing, pasture optimization, and en-
vironmental protection (e.g., preventing overgrazing near riparian zones) [9,15]. It also
situates VF within the broader framework of PLF, highlighting how sensor-based moni-
toring enhances livestock management efficiency. Finally, the paper considers barriers to
adoption, such as cost and farmer acceptance, while emphasizing the technology’s potential
to support sustainable livestock production in the face of growing global food demand and
environmental challenges.

2. Materials and Methods
2.1. Literature Search

To comprehensively assess the potential of virtual fencing (VF) for cattle management,
a comprehensive literature search was conducted across multiple academic databases,
including Google Scholar, ScienceDirect, Scopus, PubMed, and Web of Science. The goal
was to gather peer-reviewed studies evaluating the efficacy, animal welfare implications,
and practical applications of VF in grazing systems. Both controlled experiments and field
trials were included to ensure a balanced understanding of real-world applicability. While
peer-reviewed journal articles formed the core of the review, relevant conference papers
and technical reports were also considered to capture emerging trends in the field.

2.2. Searching Criteria

The search strategy employed targeted keywords such as “virtual fencing cattle be-
havior”, “precision livestock farming grazing”, “animal welfare virtual fencing”, and “GPS
collars grazing management”. Boolean operators (AND/OR) were used to refine the re-
sults, focusing primarily on studies involving cattle. Additional filters were applied to
prioritize studies examining animal learning, stress responses (e.g., cortisol levels), and
pasture utilization efficiency. No restrictions were placed on publication years to ensure
the inclusion of both foundational and recent research. To maintain scientific rigor, non-
peer-reviewed sources, commercial advertisements, and non-English publications without
verified translations were excluded. Reference lists of key articles were manually screened
to identify further relevant studies.
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3. The Concept and Mechanism of Virtual Fencing for Cattle

Virtual fencing represents an innovative advancement in precision livestock farming,
offering a boundary control system that eliminates the need for physical barriers [18]. This
technology has gained attention for its potential to revolutionize grazing management
through targeted grazing approaches, labor reduction, and application in environmentally
sensitive areas where traditional fencing proves impractical [19]. Unlike conventional
fencing methods, VF systems utilize wearable technology, typically GPS-enabled collars, to
establish and maintain virtual boundaries (Figure 1).

GPS positioning

Monitoring animal activity via the App

Figure 1. Detailed schematic representation of the virtual fencing concept, including the components
used. GPS—Global Positioning System.

The operational mechanism of virtual fencing relies on the sophisticated integration
of positioning technology and behavioral conditioning [20]. As the authors of [21] explain,
these systems continuously monitor an animal’s position through GPS tracking, comparing
it against predefined virtual boundaries established by farmers using digital mapping tools.
When cattle approach these boundaries, the system initiates a two-stage deterrent process:
first emitting an audible warning signal, followed by a mild electrical stimulus if the animal
continues moving toward the boundary [22]. This design is rooted in operant conditioning
principles, where animals learn to associate the initial auditory cue with the subsequent
aversive stimulus [7].

Research demonstrates that cattle can effectively learn this association, with studies
showing a significant reduction in electrical stimuli required over time as animals learn to

114



Ruminants 2025, 5, 21

respond to audio cues alone [9]. Verdon et al. [23] reported that experienced cattle showed
containment rates comparable to physical fencing, with electrical stimuli decreasing by
up to 80% after the initial learning period. This learning capacity is crucial for both the
effectiveness and ethical justification of virtual fencing systems [24]. Current commercial
systems like eShepherd and NoFence have demonstrated impressive containment capabili-
ties, with some studies reporting >99% effectiveness in keeping cattle within designated
areas [25]. However, as Goliniski et al. [4] note, these systems may not completely eliminate
boundary breaches to the same degree as physical barriers. Despite this limitation, the
technology offers unique advantages, including the ability to create exclusion zones within
pastures and precisely track animal movements [10]. These features enable more dynamic
grazing management strategies, such as rotational grazing systems that can be adjusted
remotely in response to pasture conditions [16].

Several virtual fencing systems and manufacturers have been evaluated in research
(Table 1). For instance, the Halter® system, developed for intensive pastoral dairy farm-
ing, utilizes sound and vibration as primary cues and a low-energy electrical pulse as a
secondary aversive cue [26]. Research has shown that cows can learn to respond to sound
cues within a day and can be remotely herded to the milking parlor [27]. Another widely
studied system, Nofence®, has demonstrated success in keeping cattle within virtual enclo-
sures, with animals learning to respond to auditory warnings over time during a 4-week
evaluation period [28,29]. The Halter® system was evaluated over a 6-week period, while
the eShepherd® system by Gallagher has been tested on pasture-raised Angus and Jersey
cows, in a 4-week study following a 1-week acclimation period (Table 1), showing effective
boundary compliance through proximity-based beep and pulse responses [24-29]. Previous
research by Anderson and Hale [30] and Umstétter [2] laid the groundwork by defining
virtual fencing and reviewing its evolution, highlighting its potential in rangeland settings.

A wide range of parameters have been measured to assess efficacy, animal welfare,
and behavioral responses to virtual fencing (Table 1). Technology efficacy, often measured
by the percentage of time animals remain within virtual boundaries, has generally shown
high containment rates (>99%) for various cattle types, including heifers, steers, dry cows,
and lactating dairy cows [31-34]. Langworthy et al. [10] studied lactating dairy cows
in intensive grazing systems and found that while virtual front-fences did not entirely
eliminate entry into exclusion zones, cows were contained within inclusion zones > 99%
of the time. These findings align with earlier studies on beef and dry dairy cattle [35,36].
However, Verdon et al. [23] reported occasional containment failures, suggesting that
effectiveness may vary depending on environmental conditions and herd dynamics. The
number and type of cues delivered (audio vs. electrical pulses) are frequently recorded to
assess animal learning. A common finding is that electrical pulses decrease over time as
cattle learn to associate auditory warnings with boundary limits [37].

Animal welfare is a critical aspect investigated in virtual fencing studies. Researchers
have measured physiological stress indicators such as cortisol levels in milk, hair, and
feces [29,38]. While Langworthy et al. [10] noted transient increases in milk cortisol con-
centrations during the initial week of virtual fencing, Sonne et al. [17] found no significant
changes in manure cortisol levels. A systematic review by Wilms et al. [13] concluded that
most welfare indicators, including fecal cortisol metabolites (FCMs), showed no significant
differences between virtually and physically fenced cattle, with some studies even report-
ing lower stress levels in VF-managed herds. Behavioral responses, such as time spent
near virtual fences, lying duration, and activity levels, have also been analyzed [39,40].
Studies indicate that cattle may initially avoid fence boundaries but adapt over time [41].
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Individual differences in behavior suggest that temperament influences adaptation, with
more exploratory animals requiring more corrective stimuli [42].

3.1. Associative Learning Is Crucial in the Context of Virtual Fencing and Animal Welfare

Virtual fencing technology is used to manage livestock movement using wearable
devices that emit sensory cues, typically pairing a non-aversive audio signal with an
electrical stimulus if the animal continues toward the boundary. The success of this system
relies on associative learning, where animals learn to associate the audio cue with the
subsequent aversive stimulus, allowing them to predict and control their interactions
with the virtual boundary [20,22]. This predictability and controllability are critical for
animal welfare, as they enable animals to avoid the electrical pulse by responding to the
benign audio cue alone, reducing stress and improving welfare outcomes [24]. Studies
have shown that species like cattle, sheep, and goats can learn this association, with most
animals reducing their reliance on electrical stimuli over time [4,34]. However, individual
variation exists, with some animals requiring more training or failing to learn, which may
compromise welfare [41,42].

While acute stress may occur during initial learning, successful associative learning min-
imizes long-term welfare impacts, as evidenced by declining electrical stimuli in trained ani-
mals [38]. Social learning and herd behavior also influence individual responses, with group
training enhancing learning efficiency [9,23,39]. However, further long-term studies are needed
to assess welfare impacts in intensive systems and address individual differences.

3.2. Learning Behavior and Social Adaptation

Learning behavior is a key focus, with studies examining how quickly cattle respond
to audio cues and avoid electrical pulses. Naive heifers have been shown to comply with
virtual fence boundaries within 3-7 days, with learning retention observed over extended
periods [43]. The decreasing ratio of electrical to acoustic signals over time indicates success-
ful associative learning [44]. Social learning also plays a role, as cattle react to herd mates
receiving stimuli, suggesting that group training may enhance compliance [45]. Training
protocols, whether individual or group-based, have been explored to optimize learning
efficiency, with some studies recommending phased training to minimize stress [46].

3.3. Impact on Livestock Performance and Pasture Management

The impact of virtual fencing on livestock performance, including weight gain and
milk production, has been evaluated. Hamidi et al. [34] found no negative effects on beef
heifer weight gain compared to traditional electric fencing. Similarly, Verdon et al. [23]
reported no adverse effects on dairy cow milk yield or live weight. Pasture utilization
studies present mixed findings: some suggest lower grazing efficiency with VE, while
others highlight its potential to prevent overgrazing and protect sensitive ecosystems [44].
Virtual fencing is applied in rotational grazing, strip-grazing, and conservation grazing,
offering labor and cost savings over physical fences [28]. It also enables dynamic pasture
management, such as creating firebreaks or protecting riparian zones [47]. However,
limitations remain, including the need for further research on large-scale deployments,
suckler cows with calves, and long-term welfare impacts [48]. Future studies should explore
individual animal variability, optimal training methods, and integration with precision
livestock farming technologies [44]. While challenges remain, virtual fencing represents a
significant advancement in precision livestock farming, providing a flexible, welfare-compatible
tool for pasture-based management. Ongoing innovations and research will continue to enhance
its applicability, making it a promising solution for sustainable cattle production.
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4. Commercial Cattle Monitoring Systems in Pasture-Based Systems

Diverse commercial Precision Livestock Farming (PLF) technologies are designed for
pasture-based livestock systems (Table 2). These systems vary in terms of sensor types
(e.g., accelerometers, GPS, thermometers), target species, and geographic origins, reflecting
the adaptability of PLF solutions to different agricultural contexts [50]. Devices such as
smaXtec (Graz, Austria/Ainring, Germany) and Allflex SenseHub (Netanya, Israel) utilize
accelerometers and thermometers to monitor rumination, body temperature, and calving
events, aligning with research indicating that accelerometers effectively detect behavioral
changes linked to health and reproduction, while thermometers enable early disease
detection [50]. In contrast, Ceres Tag (Lutwyche, QLD, Australia) and digitanimal (Madrid,
Spain) integrate GPS with accelerometers to track activity and geofencing, addressing
challenges like theft prevention and pasture utilization, particularly valuable in large-scale
grazing systems where manual monitoring is impractical [50].

Table 2. Some devices used in commercial cattle monitoring systems and their sensors, and functionalities.

Device Sensors Outputs/Functionalities Country
Datamuster Walk-over-weigh (weighing crate) Mat'ernal parentage, reRroductlve efficiency, growth rates, Australia

calving, property mapping
smaXtec (GmbH) Accelerometer, thermometer pH, body temperature, calving, heat detection, Austria, Germany

health, rumination
Ceres Tag GPS, Accelerometer Activity, geofencing, health monitoring Australia
Health, rumination, feed intake, heat detection, calving,

Allflex SenseHub Accelerometer - Israel
activity, heat stress
Moomonitor+ Accelerometer Activity, resting, feeding, rumination, heat detection Ireland
IceTag/IceQube Accelerometer Lameness, activity, resting, heat detection UK
Moocall Accelerometer Calving, heat detection Ireland
CalveSense Accelerometer Calving monitoring Israel
eShepherd® GPS, Accelerometer Virtual fencing, activity monitoring, pasture management  Australia
Halter® GPS, Accelerometer Virtual fencing, activity monitoring, pasture management  New Zealand
Vence® GPS, Accelerometer Virtual fencing, activity monitoring, pasture management USA
Nofence® GPS, Accelerometer Virtual fencing, activity monitoring Norway
digitanimal GPS, Accelerometer, thermometer  Activity, geofencing, body temperature Spain

Abbreviations and symbols: GPS = Global Positioning System; GmbH = Gesellschaft mit beschrankter Haftung
(German for “company with limited liability”); pH = potential of hydrogen (measure of acidity/alkalinity);
UK = United Kingdom; USA = United States of America. Adapted from Aquilani et al. [50].

Virtual fencing technologies like eShepherd (Australia), Halter (New Zealand), and
Vence (USA) rely on GPS and accelerometers to guide livestock via auditory cues and
electric stimuli, reducing labor costs and enabling dynamic pasture allocation, though
their success depends on consistent animal training and ethical welfare considerations [50].
Reproductive efficiency is a key focus for devices like Datamuster (Australia) and Moocall
(Ireland), which use walk-over-weigh systems and accelerometers to predict calving and
maternal parentage, supporting automated weight monitoring for genetic selection and reduced
postpartum losses [50]. Similarly, IceTag (UK) and Moomonitor+ (Ireland) prioritize lameness
and heat detection (Table 2), addressing welfare concerns in pasture-based systems.

Despite these advancements, challenges such as cost, data transmission reliability, and
farmer adoption persist. GPS collars and multi-sensor systems face limitations in battery
life, connectivity, and affordability for small-scale farmers [50]. This highlights the need for
user-friendly, energy-efficient designs to enhance scalability. Emphasizing multi-sensor
integration while acknowledging economic and operational barriers is crucial for broader
implementation.

It is important to note that the virtual front-fence does not eliminate cow entry into
the exclusion zone, unlike a conventional temporary electric front-fence. While cattle
typically learn to associate acoustic cues with boundaries within 12 days [31], occasional
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entry into exclusion zones still occurs. Strategies to guide cattle back to inclusion zones
include dynamic fencing adjustments, incentives like food, and leveraging their gregarious
nature—collared individuals often return to rejoin herds [9]. However, standardized
protocols for managing exclusion zone entries remain understudied. Informal observations
suggest calves without collars may wander into restricted areas, while stakeholder insights
propose combining movement incentives with gradual virtual boundary shifts to encourage
voluntary returns [9,13,22,47].

Effective management of exclusion zone entries is vital for animal welfare, as frequent
boundary breaches increase exposure to aversive stimuli and stress. While initial learn-
ing phases may temporarily elevate stress markers like milk cortisol [10,17], studies on
beef cattle show no long-term welfare impacts [11,12,22,47]. Maintaining environmental
predictability is critical; frequent boundary changes in intensive systems may undermine
controllability, prolonging stress even after cue-to-pulse associations are learned [11,12]. In-
dividual variability in learning efficiency also necessitates tailored approaches to minimize
welfare risks, particularly in dairy systems with high stocking densities [51].

5. Impact of Virtual Fencing Devices on Animal Behavior and Welfare

Virtual fencing systems have been increasingly studied for their effectiveness in
livestock containment and their implications for animal behavior and welfare [52]. The
findings from multiple studies suggest that while these devices generally achieve successful
containment, their impact on animal welfare varies depending on factors such as device
design, electric pulse intensity, acoustic signals, and individual animal responses. Most
collars used in VF systems weigh between 1.4 and 1.45 kg, with Nofence® and eShepherd®
being the most commonly tested [53-56]. The lightweight design appears to have minimal
physical impact, though some studies have reported occasional jaw abrasions, particularly
with prolonged use [34,36]. This suggests that while collar weight itself may not be a major
welfare concern, improper fit or extended wear could lead to minor physical discomfort in
some animals. The electric pulses delivered by these devices typically range from 0.2 to
3 kV, often preceded by an 82 dB acoustic warning lasting 5-20 s [31,39,45,57]. The use of an
auditory cue before the electric pulse is critical in promoting associative learning, allowing
animals to avoid the stimulus over time. Studies have found that cattle generally adapt
within 5-7 days, with a decreasing ratio of electric to acoustic stimuli [9,56,57]. However,
individual variability exists, with some animals requiring more stimuli than others [46,57].

5.1. Impact of Device Weight and Electric Pulses on Animal Welfare

The design and weight of virtual fencing (VF) collars play a significant role in animal
welfare, with variations in materials and construction influencing comfort and long-term
usability. Fisher and Cornish [53] reported that device weight and materials directly affect
animal welfare, noting that the eShepherd collar (~1.5 kg; Figure 2) incorporates a nylon strap
and counterweight, while lighter alternatives such as the Halter system (1.42 kg) and Nofence
cattle collar (1.465 kg for cattle) use materials like polyester, foam, and rubber to reduce
strain. In contrast, the Vence collar (1.13 kg) employs stainless steel and plastic chain links,
which may require careful fitting to avoid pressure sores [53]. While cattle generally tolerate
heavier collars well, smaller livestock like sheep may experience fatigue, highlighting the
need for species-specific designs [53]. These findings align with studies on cattle, where
collars weighing 1.4-1.45 kg (e.g., Nofence® and eShepherd®) showed minimal adverse
behavioral effects [58-62]. However, a study involving lactating dairy cows fitted with
pre-commercial prototype eShepherd neckband-mounted virtual fence devices reported the
development of abrasions on the lower jaw of some cows after 23 days of use [34,36]. This

120



Ruminants 2025, 5, 21

led to the experiment being terminated 11 days earlier than planned. This observation is
particularly important as abrasions have not been reported in other research or commercial
trials utilizing beef breed or non-lactating dairy cattle [9], and previous research on beef
cattle using virtual fencing found no effect on skin abrasions [9]. Some animals in the
study also showed indications of increasing milk cortisol concentrations during the first
week, which could suggest stress [36]. Wilms et al. [13] also noted this finding by Verdon
etal. [12] and Langworthy et al. [10], mentioning the possible connection between abrasions
and decreased grazing time, although higher milk cortisol was not proven in injured
animals [36]. The authors suggested that the abrasions were likely caused by the design
of the prototype device, which was initially intended for extensively grazed cattle and
may need modifications for intensive pastoral production systems like those used for
dairy cows [36]. They hypothesized that the abrasions could be linked to differences in
the morphology, grazing behavior, and management practices of dairy cattle compared
to extensive beef systems [34,36]. Specifically, the frequent pasture allocations common in
dairy systems may require cows to repeatedly rediscover the virtual boundary each day,
potentially reducing their perception of environmental predictability and controllability [36].
The premature end to the experiment limited the ability to draw firm conclusions about the
long-term effects of virtual fencing on dairy cow welfare. This highlights the clear need for
longer-term research, especially within intensive pastoral systems.
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Figure 2. Weight of virtual fencing devices. Nofence® (1) for cattle; Nofence® (2) for sheep/goats.
Adapted from Colusso et al. [48], Lomax et al. [49], and Fisher and Cornish [53].

Electric pulses, typically ranging from 0.2 J at 3 kV to low-voltage 800 V stimuli, are
often preceded by acoustic warnings to facilitate associative learning. Harland et al. [33,42]
found that cattle progressively reduced their reliance on electrical stimuli, with heifers
decreasing their electrical-to-audio (E:A) response ratio from 17.9% during training to 5.2%
during grazing. Similarly, Confessore et al. [47] reported that Limousin cows learned to
avoid restricted zones with minimal stress, as indicated by stable cortisol levels. However,
Lomax et al. [49] observed that some individuals received repeated pulses, raising concerns
about potential aversion and welfare costs in less responsive animals. This variability
suggests that while most cattle adapt well, individual differences in temperament and
learning speed must be considered to minimize unnecessary stress. The implications of
these findings highlight a balance between effective containment and animal welfare. While
current VF systems are generally well-tolerated by cattle, improvements in collar materials,
such as softer straps or adjustable fits, could mitigate abrasion risks [36]. Additionally,
optimizing pulse intensity and ensuring consistent acoustic warnings may further reduce
reliance on electrical stimuli, particularly for slower-learning individuals [53,57].
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5.2. Role of Acoustic Signals in Animal Training

Acoustic cues play a crucial role in conditioning cattle to virtual boundaries. Most
studies reported using tones between 82 dB and 2700 Hz, with rising pitch signals proving
effective in eliciting avoidance behavior [39,53,58]. Verdon et al. [11,12] noted that dairy
cows achieved 90% containment within four days, with decreasing reliance on pulses as
they learned to respond to auditory warnings. However, individual variability exists, as
Sonne et al. [17] found that some heifers required more time to adapt, while Fisher and
Cornish [53] reported that shorter audio tones improved responsiveness. These findings
suggest that while acoustic signals are generally effective, their duration and frequency
should be optimized to minimize stress and enhance learning efficiency.

5.3. Cortisol Data and Stress Implications

Cortisol measurements across studies indicate that VF systems do not generally induce
significant stress compared to traditional electric fencing (EF). Hamidi et al. [43,46] and
Harland et al. [33,42] found no significant differences in fecal cortisol metabolites (FCMs)
between the VF and EF groups, while [17] reported stable manure cortisol levels throughout
their study. Confessore et al. [28] further supported this, showing no significant changes
in hair cortisol concentrations (HCCs) before and after VF exposure. However, Verdon
et al. [12] recorded elevated milk cortisol levels in dairy cows during early VF exposure,
though these stabilized over time. These discrepancies may reflect differences in study
duration, animal type (beef vs. dairy), or individual stress susceptibility. Overall, the
cortisol data suggest that once animals adapt, VF does not impose chronic stress, but initial
exposure may require careful management to mitigate short-term welfare impacts.

5.4. Behavioral Adaptations and Welfare Outcomes

Behavioral observations indicate that cattle generally adapt well to VF, with most
studies reporting high containment rates (>90%) and reduced escape attempts over time
(Table 3) [9,46]. Harland et al. [33] found that cattle learned to avoid virtual boundaries
with minimal welfare concerns, even in winter conditions, while Fuchs et al. [31] reported
successful herd conditioning in dairy cows, albeit with slightly more vocalizations and
displacements compared to EF groups. However, some studies highlight potential welfare
trade-offs, such as reduced lying time [9] and altered grazing distribution [44]. Additionally,
Langworthy et al. [10] noted that pasture depletion reduced VF efficacy, requiring more
auditory cues, which could increase stress if not managed properly.

Table 3. Comparative analysis of virtual fencing systems: behavioral responses, welfare impacts, and
technical specifications across cattle studies.

Study . . .
Refer- Animal Type De\‘nce Electric Pulse Acoustic Signal Cortisol Data Key Behav%ora.l and Welfare
ence (n) (Weight) Findings
[36] Beef heifers Nofence® 0.2Jat3kV 82 dB (increasing No significant Comparable to EF, adaptation over
(n=32) (1.45 kg) (max 3) pitch) FCM differences time, slower initial transitions
Cattle learned to avoid virtual
boundaries with minimal welfare
concerns. The system provided
Yearling beef ® Mild electrical Audio cues effective containment, despltg
X Nofence some collar losses, without major
[33] heifers, bulls, (145 kg) pulse (frequency not Not measured welfare issues. Animals adapted
cows + calves ’ (1.5-3 kv) specified) )

well, showing no significant
behavioral stress. It was also
effective in winter conditions, with
no adverse welfare effects.
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Table 3. Cont.

Stud . . .
Refel}j- Animal Type Deche Electric Pulse Acoustic Signal Cortisol Data Key Behavgora.l and Welfare
(n) (Weight) Findings
ence
Heifers adapted to VF boundaries
Yearling heifers Nofence® in 5-7 days; E:A ratio decreased
[42] (n = 49) 1.45 k. 1.5-3kV 82 dB (5-20s) Not measured from 17.9% (training) to 5.2%
n (1.45kg) (grazing). High individual
variability in response.
Cows retained prior learning
First-calf cows (E:A ratio: 1.6% during re-training,
(n =39, same Nofence® 2.2% during grazing). Presence of
[42] animals as (1.45 kg) 15-3kV 82dB (5-205) Not measured uncollared calves did not
heifers in Year 1) significantly reduce containment
(>99% compliance).
Bulls (n=2in .
[42] Year 1;n =3 in Nofence® 153kV 82 dB (5-20 s) Not measured Excluded from analysis due to
Year 2) (1.45 kg) small sample size.
- No effect on fecal . . . .
[43] Flf;l;:;:h 145 kg 0.2Jat3kV (Sr ?s?r? at.i rl? cortisol compared Minor ar.ld mtc.o nts 1s£en; dl: ferences
g pitch) to a physical fence 1 achivity budge
Dairy cows Halter® Upto0.18] 2700 Hz 90% containment (<1.7 oun beyond
[55] ~ 80) 14k 20 ps) d Not reported fence), autonomous herding by day
(n= (14kg) K crescendo 4, decreasing pulse ratio
The cattle effectively responded to
Angus cattle 82 dB rising tone audio alerts and remained
[54] & - Nofence® 02]J(1s) & Not measured securely contained within the
(n=17) (5-20s) 1
enclosure. No spatial issues or
welfare concerns were observed.
Anets cows Reduced exclusion use, grazing
[44] (;51 -12) Vence® 800V (0.55) 0.5 s auditory cue Not reported distribution changes,
some noncompliance
Dairy cows ® 2 weak.er Audio tone Milk cortisol: no Successful he.rd conditioning
[31] (n = 20) Nofence than EF; (1.9 + 33/day) difference vs. EF No welfare differences vs. EF
0.1 +£0.7/day . : Yy : More vocalizations/ displacements (VF)
Cows learned to avoid restricted
zones and spent more time in
containment areas. They needed
Nursing fewer audio-electric cues, relied
Nofence® Mild electric more on auditory signals, traveled
[14] Brangus cows 1 - Not reported loss dail lored 11
(n =28) (1.45 kg) pulse ess daily, explored smaller areas,
and showed reduced overall
activity. Training minimized
negative impacts on their comfort,
well-being, and welfare.
Manure cortisol
concentrations
ranged from 12 to No negative effects on cattle
42ng/gw/w, behavior and welfare
with a mean of VF was comparable to traditional
82 dB t 20.6 +£523ng/g electric fencing. There was no
Angus cows ® 0.2J at 3 kV for . ones w/w. No evidence of stress from VF, as
[17] ~ Nofence increasing in L . .
(n=5) one second itch for 5-20 significant indicated by manure cortisol
prichio s differences levels. The study suggests using
among manure cortisol analysis as a
individuals. noninvasive stress measure for
Levels remained large grazers during VE.
stable throughout
the study
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Table 3. Cont.

Study . . .
Refer- Animal Type Deche Electric Pulse Acoustic Signal Cortisol Data Key Behavgora.l and Welfare
(n) (Weight) Findings
ence
Hair cortisol
concentration
(HCC) in pg‘/mg. Cows learned with fewer stimuli
Mean Ti . .
(beginning): over time and a lower ratio of
. & & sounds to pulses. They stayed in
. . . Rise tone scale of 1.14 pg/mg; .
Limousin cows ® Low electric - . designated zones more
[47] Nofence sounds lasting mean Tf (end): . . ..
(n=20) pulse consistently, with minimal escapes.
from5sto20s 0.82 pg/mg. S level ined stabl d
No significant tress levels remained stable, an
. shorter audio tones showed better
differences were reSpOnSiveness
observed in HCC P '
before and after
the VF treatment
Lower activity/grazing (d4-6)
Lactating dairy eShepherd® Slll(ort, sharP . Incrgasleii mlllk 1}:10 gverS{orfll behavcllors .
[12] cows (mixed rototype (kV range; Non-aversive cortisol levels: Jaw abrasions influenced grazing
breed) (n = 30) }z~1 4 kp) confidential) audio tone higher at d5 (VF) behavior (study halted)
B X8 Short, sharp vs. d8 (EF) Cows were successfully contained
behind the virtual fence for 10 days.
Non-lactatin Cows learned to remain within the
dry cows & eShepherd® Short, sharp VF over time, even with restricted
(48] (Holstein- picitztl}(zpe (l;\f/l ;a?é;ie;l : DlStlnCttl;lle audio Not measured feed. Res:;m:edﬁc;w; received
Friesian) Akg confidentia one ore stimu O
(n = 34) (~725 g unit) Short Learned retention (<17% AT—EP)
Feed motivation influenced behavior
Cows learned to respond to audio
cues to avoid electrical stimuli,
with a daily ratio of 0.18 £ 0.27.
Stayed within the inclusion
zone > 99% of the time. Pasture
Distinctive but depletion slightly reduced efficacy,
Shepherd® eli}cl’z};tc’aslhaiie non-aversive and more audio cues were needed
[10] Dairy cattle ¢ (067% lf r o E\ th audio cue within Not reported when entering new paddocks. VF
73kg) Slfﬁ:)l\e/olcteran ee the animal’s effectively contained the herd
& hearing range without affecting production
metrics but did not fully prevent
entry into the exclusion zone.
Some cows developed jaw
abrasions from the neckband, and
social learning may have occurred.
Fecal cortisol
metabolite (FCM)
C?;C?nt;?gins VF successfully contained animals
8/8 y over 4 weeks with minimal
feces). No . .
: welfare impacts. Animals spent
differences . . ;
slightly less time lying
between fence .
Beef steers Shepherd® Low voltage types overall (<20 min/day). They all learned to
[9] eets ceonepher & 785 Hz yP ) respond to audio cues, showing no
(n=64) (~1.4 kg) 800V (<15s) Concentrations !

decreased across
time for all cattle.
Cohort 1 had
significantly
higher overall
concentrations
than cohort 2

avoidance behaviors or significant
stress differences (measured via
FCM). Individual learning rates

varied. Further research is needed

for pastured dairy and beef cattle.
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Table 3. Cont.

Study
Refer-
ence

Key Behavioral and Welfare
Findings

Device
(Weight)

Animal Type

Cortisol Data
(n)

Electric Pulse Acoustic Signal

Cows were successfully contained
99% of the time, but there was
significant variation in the stimuli
received and paddock usage among
individuals. Some cows experienced
potential welfare costs due to
repeated electrical pulses and
possible aversion to the fence line.
Further research is needed on the
long-term welfare impacts.

Distinctive audio
tone (within
the animal’s

hearing range)

Short, sharp
pulse in the
kilovolt range

eShepherd®
(~1.4kg)

Dairy cows

(n=12) Not measured

[49]

Abbreviations and Symbols: VF = virtual fencing; EF = electric fencing; EP = electrical pulse; E:A = electrical-
to-audio ratio; FCMs = fecal cortisol metabolites; HCC = hair cortisol concentration; dB = decibel; ] = Joule;
kV = kilovolt; ps = microsecond; Hz = Hertz; s = second; min = minute; ng/g = nanogram per gram; pg/mg
= picogram per milligram; w/w = wet weight; n = sample size; vs. = versus; ~ = approximately; + = standard
deviation.

Beef cattle appear to adapt more readily to VF than dairy cattle, possibly due to differences
in temperament and prior handling ([36] vs. [12]). Additionally, younger animals and previously
trained individuals (e.g., first-calf cows in [33,42]) show faster learning, suggesting that prior
experience enhances VF efficacy. The presence of uncollared companions (e.g., calves) did not
significantly disrupt containment [33,42], supporting VF use in mixed groups (Table 3). However,
device-related injuries [12] and individual variability in stimulus response [49] highlight the need
for ergonomic collar designs and tailored training protocols.

Virtual fencing technology has demonstrated significant potential in livestock management,
with studies reporting high containment rates and rapid animal learning (Table 4). Grinnell
etal. [36] found that VF achieved a success ratio of 94.6% to 97.9%, comparable to electric fencing,
with no adverse effects on welfare or weight gain. Similarly, Harland et al. [49] observed that cattle
learned to associate audio cues with electrical pulses within 5-7 days, reducing the EP-to-AC
ratio from 17.9% during training to just 5.2% during grazing. These findings suggest that VF is an
effective containment method, though individual variability in learning rates was noted [49,50].

Table 4. Summary of key findings, limitations, and future directions in virtual fencing studies.

Reference

Summary of Main Findings

Limitations of the Study

Future
Directions/Recommendations

VF success ratio improved (94.6% to
97.9%); no welfare/weight gain

Short duration (8 weeks);
double-fence setup; infrequent cortisol

Longer-term studies; open-range
testing; frequent stress sampling;

[36] differences vs. EF; proposed 90% success sampling; high forage availability; varied forage conditions; minimal
threshold benchmark. human intervention. human intervention.
Naive cattle learned to associate audio
cues (ACs) with electrical pulses (EPs)
within 5-7 days, reducing the EP-to-AC
ratio from 17.9% (training) to No non-VF control group for
5.2% (grazing). direct comparisons. Further research on long-term
Heifers retained learning over a 300-day Confounding factors (uncollared calves, welfare effects.
hiatus; first-calf cows with prior VF prior VF experience) complicated Investigate scalability for
experience had even lower EP rates (1.6% behavioral interpretations. commercial herds.
[33] re-training, 2.2% grazing). Small sample sizes for high-stimuli Optimize training durations.

Cattle stayed within VF boundaries > 99%
of the time, though cows with uncollared
calves had slightly more escapes.
Individual variability observed (high-,
moderate-, low-stimuli cohorts), but all
achieved similar containment rates.
Stocking density influenced cow behavior
(higher density = more ACs/EPs).

cohorts (n = 5-7).

Limited to temperate grasslands; may
not generalize to arid/tropical systems.
Ethical concerns about EPs, though no
adverse welfare impacts noted.

Explore alternatives to EPs for

welfare-sensitive applications.

Test VF in diverse climates and
production systems.
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Table 4. Cont.

. r. o s Future
Reference Summary of Main Findings Limitations of the Study Directions/Recommendations
Network connectivity was generally good,
with mean connection intervals within the Longer-term studies to assess
optimal 15 min window. Poor connections ~ Limited generalizability due to study & a1
N . . . collar durability and performance
occurred < 1% of the time. being conducted in only two Alberta over multinle vears
Collars primarily used 4G-LTE, but rural locations; broader rural Canada has Research in arefs w};th ;)orer
areas in Canada may have limited poor cellular access. P
A ) network coverage to evaluate
network availability. Study duration may have been VT feasibilit
Most collar failures were due to insufficient to assess long-term Further investi ati}g N into
[42] connectivity issues, with older (v2.1) collar performance. environmental angd behavioral
collars showing increased failures in the Unmeasured factors (cloud cover, factors affecting solar charein
second year. Physical collar loss occurred, precipitation, animal behavior, Studies on aflimal wel fa%e &
especially with bulls. wildfires) could affect solar charging. behavior. and erazine e fficierllc
Battery charge remained high (>96%) in all Focused on technical performance; ur,1 der \;51: ovs t%ms y
trials, including winter, though solar impacts on animal behavior, welfare, Improved collar des}; e ’ better
charging was lower in winter. Habitat and and grazing management need fﬁ reduced loss ris?e n}.?a;ce d
animal behavior influenced charging. further study. C(,)nne ctivity in rem’o te areas)
Collar battery capacity was sufficient for '
cattle in both summer and winter.
[29] Solar-powered eShepherd collars reduced Cellular dependency, small sample Off_gtl;liilzogirdSggs;;zﬁfééarger
fencing costs and enabled dynamic grazing. (n = 60), and no cost-benefit comparisons. ¢ ¢ d .
rade strategies.
No age-related di.fferences in VF learning; Short (31-day) trial; small sample . . -
28] younger cows received more AT later, older (n = 20); only Holstein-Friesians; heat Longer studles., ml.ll.tl-breed trials;
cows responded faster. No long-term stress h founded ! n forage availability effects.
(milk yield, hair cortisol stable). waves may have confounded results.
Dairy cows using the Halter VF system
showed rapid learning, with electrical
pulse (EP) rates dropping from 60% Short 28-day period; no long-term .
(Day 1) to 2.6% post-training. Also, 90% of welfare metrics; sample limited to L;;%(se;;eer;rsss(tgdlez)xieslcf)ef; ¢
[55] cows spent <1.7 min/day beyond mid-lactation cows in one region; economic feasib.i%i.é anal si’s .
boundaries, and 50% received no paddock  operational mismanagement caused testing in diverse em}/]ironrr}ient,s
pulses by the final week. Superior to pulse spikes. & ’
earlier VF systems due to bidirectional
sound, vibration, and machine learning.
Elzv“;fglﬁrgiff/el;g;es3;;&@??1;/5;1?&)& Small sample (n = 13 studies); beef Long-term dairy cow studies;
[13] in VF cattle (p = 0.0165) L,earning cattle focus; short trial durations; standardized protocols; assess
evidenced by re ducé d elecltric /acoustic variable protocols; FCM may miss individual learning differences;
signal ratio (p = 0.0014). acute stress. multimodal stress indicators.
i1:1]?Acr?glﬁésctEs:slias?igsggfgizgcm f:cnolric; GPS inaccuracies (3.5-10 m); short Longer observation periods;
[54] p <0.001). Daily rank variability sugge;sts, observation period (45 days); focused integrate direct interaction data;
dyr{amic. social interactions rather than on spatial metrics rather than direct improve GPS precision; assess
stable leadership. social interactions. age/experience effects.
0,
Heifers successfully learned virtual Only 373) of col.lar }C;leds weéetobslf.rved Refine observation methods for
fencing (VF) over 12 days, showing fewer (%I;Z::I;islzn :];2 ;xs/erlgfoeclﬁse;fn E‘E)' group settings.
strong reactions (scores 2 and 3) and more ﬁrs t reacting heifer Improve collar algorithms
mild reactions (score 1). Technical issues: incognsisten.t acoustic for consistency.
Increased acoustic signals and decreased sienals be fo1;e mode activation Study longer training periods and
electric pulses (higher success ratio). & across collars PE-VF distance effects.
[43] Collar data showed a 91.3% success ratio ) Test VF reliability in

by trial end.

Improved confidence ratio (phases 2—3).
Faster mode switching (teach—operate) in
Round 2 vs. Round 1.

Cattle learn to associate audio cues with
shocks, adjusting behavior to avoid pulses.

Training variables: unclear if 12 days
is optimal; physical fence (PF)
proximity may influence learning.
Single escape incident after PF removal.
Small pasture size (3000 m?) and visual
support from physical fences may limit
real-world applicability

PF-free environments.
Explore individual vs. herd learning
differences. Single escape incident
suggests further research is needed
on fence distance effects. Confidence
ratio requires refinement.
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Table 4. Cont.

Reference Summary of Main Findings

Limitations of the Study

Future
Directions/Recommendations

Tri-axial accelerometer data from collars
effectively classified cattle behaviors
(accuracy: 0.998). Orientation correction
did not improve performance. A 20 s
smoothing window optimized results.
Rare behaviors were classified but with
lower accuracy.

[38]

Short-duration behaviors excluded;
individual variability not assessed;
smoothing may obscure rapid transitions;
rare behaviors underrepresented.

Include short-duration behaviors;
account for individual differences;
optimize smoothing parameters;
collect more rare behavior data.

Cows adapted to VF within 3 days; EP/AT
ratio declined. No lasting welfare impacts
(milk yield, cortisol stable). More
vocalizations/displacements initially.

[45]

Small sample (n = 20); short duration;
group-based training;
controlled conditions.

Individual training protocols;
on-farm trials; larger/longer
welfare assessments.

Virtual fencing (eShepherd, Nofence, etc.)
reduces labor/costs and benefits
[4] ecologically sensitive areas. Auditory cues
minimize welfare concerns, but individual
learning varies.

High costs; variable efficacy in
large/diverse herds; GPS reliability
issues; underdeveloped regulations.

Cost reduction; improve GPS
reliability; welfare optimization;
stakeholder engagement for
regulatory frameworks.

VF collars showed 92% precision for lying
time detection
Strong correlation between UAV RGBVI
and herbage changes

Behavior changes: | lying time, 1 walking

distance over days
Improved spatial distribution

(Camargo’s Index)

Random forest model showed moderate
correlation (R? = 0.43) between UAV data
and animal activity
Demonstrated potential for “grid grazing’
precision management

[46]

’

Small-scale case study: only 2
pastures/treatment for 15 days
Limited imagery: RGB-only (no

NIR/NDVI data)
Environmental variables not
fully controlled
Potential animal acclimatization bias

Larger-scale trials needed
for validation
Incorporate NIR/NDVI sensors
for better pasture assessment
Study forage scarcity scenarios
Develop decision support systems
for practical farming use
Explore long-term effects of
grid grazing

Overall, 98% containment; 76% fewer
electric cues; rapid learning; reduced
movement/ exploration.

[59]

Individual variability; artificial pen
setting; no calf data; short duration
(12 days); audio design questions.

Pasture testing; include calves;
longer trials; optimize auditory
signals; assess social learning.

Pasture systems provide ecosystem
services (carbon sequestration,
biodiversity) and nutritionally enhanced
milk (higher CLA/omega-3). Rotational
grazing and virtual fencing improve
sustainability, but continuous grazing
risks degradation.
Multi-species/silvopastoral systems
enhance resilience.

[58]

Focused on temperate regions; limited
long-term data on innovations;
economic feasibility of technologies
understudied; climate change impacts
not addressed.

Context-specific research;
long-term studies of grazing
innovations; cost-benefit analyses;
tropical/arid system adaptations.

Wearables (e.g., SCR Heatime Pro+)
showed moderate-high accuracy for
rumination/eating. Satellite NDVI
correlated well with forage biomass
(r = 0.74-0.94). Virtual fencing
(e.g., Nofence) contained cattle without
welfare harm.

[60]

Wearables less accurate in grazing vs.
confinement. Satellite limitations:
weather dependency, multi-species
pastures. Virtual fencing lacked
long-term welfare/economic data. High
costs hinder small-scale adoption.

Pasture-specific algorithm
refinements, cost reduction, and
longitudinal studies on scalability.
Autonomous tools (e.g., CowBot)
need further validation.

Personality matters: consistent activity
differences (walking distance)
between calves
Active calves grow faster: positive
correlation between movement and
weight gain
Predictable plasticity: personality type
influences environmental adaptation

[41]

Controlled environment: may not
reflect all farm conditions
Limited behaviors: focused mainly
on locomotion
Small sample: 64 calves total

Expand to production traits
Develop personality-
based management
Include more behavior metrics
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Table 4. Cont.

. r. o s Future
Reference Summary of Main Findings Limitations of the Study Directions/Recommendations
A 42% reduction in fine fuel biomass .
i : Case study design .
within VF boundaries . Lo Longer-term studies
o L limits generalizability o
A rate of 50% forage utilization inside vs. . on habituation
o . Mixed groups may have
5% outside fuel breaks . . Welfare assessments
. . Y influenced behavior .
High containment: dry cows (100%) vs. . (e.g., cortisol levels)
. o No cortisol measurements for .
[41] cow /calf pairs (75%) Separate trials for dry cows vs.
welfare assessment :
Low shock rates: 2.3/day (dry cows), . cow /calf pairs
; Short 30-day trial may not show . . .
10.1/day (cow/calf pairs) 1 Visual cue integration to
. S . . ong-term effects . :
Effective learning: cattle associated audio - . aid learning
. . No visual cues with R
cues (0.5 s tone) with boundaries . . Testing in diverse landscapes
. . virtual boundaries
Water access improved containment
No Welfare dlfferen.ce: Similar stress (fecal Short duration: 21-day grazing period
cortisol) and behavior between VF and EF o . . v .
. . . Limited population: dairy-origin Longer-term studies
Equal growth rates: no difference in daily 1 1 d .
weight gain calves only Breed/age comparisons
[61] . Missing specs: no VF pulse Standardized VF parameters
Learning curve: shock frequency - . .
. . details provided Multi-measure
decreased after initial period . .
. TN . Single stress measure: only cortisol welfare assessment
Individual variation: different learning -
metabolites analyzed
speeds among calves
No cortisol changes (20.6 + 5.23 ng/g) Small sample (n = 5); short duration; Larger samples; longer studies;
[17] over 18 days; stable individual levels no control group; methodological include controls; standardize
(12-42 ng/g); supports cortisol variability; pregnant cortisol methods; diverse
noninvasive monitoring. cows only. physiological states.
Electric shocks in farm management Reliance on manufacturer data may
(fencmg, tramgrs, prods) mherently. cal.xs.e undgrrepgrt risks. Long-.term. Longitudinal welfare studies,
pain, raising ethical concerns unless justified behavioral impacts (especially in - S
. - - . - interdisciplinary research
by welfare benefits. Virtual fencing allows sheep) were insufficiently explored. . .
[57] . . . (ethics/tech/economics), and
controlled shocks but may Gaps in validated non-aversive
. . . . development of
disproportionately affect slow learners. alternatives (e.g., tactile collars). non-aversive alternatives
Technologies like prods/poultry wires were  Societal desensitization to animal pain ’
deemed ethically indefensible due to stress. was theorized but not tested.
PLF tools (RFID, GPS, accelerometers)
enable monitoring of health, behavior, and Battery life/transmission range Improve battery/connectivity
pasture use. Virtual fencing reduces constraints, high costs, variable solutions; cost reduction;
[50] infrastructure but has welfare/response animal responses to virtual fencing, standardize virtual fencing
variability. Remote sensing remote sensing accuracy affected by protocols; integrate
(UAVs/satellites) aids biomass assessment, vegetation/weather. sensor/remote sensing data.
though integration with sensors is limited.
Rapid learning: 89% reduction in electric Long-term welfare studies
. L. . . (6+ months)
pulses over 4 trials Limited to adult Limousins . :
. . o . . Multi-breed trials
Effective containment: 92% success rate in Short duration (21 days)
. . . (Angus, Hereford)
final trial Single-breed study; group Individual trainin
[47] No chronic stress: HCC levels remained training effects; Calf-specific rotocg’ls
stable (A = 0.07 ug/g). No hair cortisol No pasture utilization data -speciic p .
. o . . PN Grazing efficiency metrics
changes; breed-specific learning. Small cortisol sample (n = 16); N .
. ) . . Standardize virtual fencing
Behavior adaptation: audio response time 2G dependency. .
. o protocols; integrate
improved by 65% .
sensor/remote sensing data.
Significant learning; herd behavior Small sample (n = 12); no control; Larger, more diverse samples;
. .. . controls; long-term welfare;
[35] influenced responses; no activity changes short-term focus; sheep-calibrated i .
. . cattle-specific sensors; multiple
post-stimulus. accelerometers; single breed. .
breeds/demographics.
The virtual front-fence did not entirely
prevent cow entry into the exclusion zone;
individual cows were generally contained
S . . 2999
Wlthm the mc.lusmn zone for. 299% of the Short duration (10 days/treatment); Longer studies with herd
time. EP/audio tone (AT) ratio dropped to no herd replication; neckband replication; device design
[10] 0.18 4 0.27. Pasture depletion had p ’ p ’ 5

minimal impact (<28 s/h in exclusion
zones). Uniform grazing near VF, unlike
dry cows (Lomax et al., 2019 [49]).
Comparable welfare/energy intake to
electric fencing.

abrasions in dairy cows; excluded
grazing-function audio cues.

improvements; testing in
varied terrains.
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Table 4. Cont.

Reference

Summary of Main Findings

Limitations of the Study

Future
Directions/Recommendations

[12]

VF initially matched electric fencing in
welfare metrics, but days 4-6 showed
reduced activity/grazing and higher

cortisol. Early termination due to
neckband abrasions.

Small sample (n = 30); early
termination; cortisol variability; no
visual cue testing.

Improved collar design; long-term
welfare studies; visual
cue integration.

[48]

Dairy cattle contained successfully (89%
time in inclusion zone). No difference in
stimuli between fresh/residual pasture
days. Diurnal activity patterns observed
near boundaries.

Non-lactating cows used; short
restriction period; GPS inaccuracies
(8.4 m buffer); small sample (n = 10);

social dynamics not measured.

Include lactating cows; longer
restriction periods; improve GPS
accuracy; larger samples; assess

social interactions.

[62]

Digital tools (GPS collars, drones, virtual
fences) improved health/behavior
monitoring. Virtual fences had mixed
welfare outcomes due to individual
learning variability. Drones risked stress if
flown too close.

Sensor accuracy lacked
standardization. GPS errors in dense
vegetation. Small/long-term virtual
fencing trials. Drone stress data was
limited. Connectivity /battery issues

in remote areas.

Standardized validation protocols,
ethical frameworks for shock use,
and adaptive tech for
remote pastures.

[27]

Cows learned VF boundaries but relied on
visual cues (e.g., white tape). Removal of
visual cues increased boundary challenges.
Reduced grazing/rumination during
training suggested stress.

Small sample (n = 9); short training;
directional ambiguity of audio cues;
no social learning analysis;
unquantified stress.

Larger/longer studies; improved
audio cue directionality;
integration of social learning;
physiological stress measures.

[63]

Group-trained cows relied more on social
cues; reduced paired stimuli (45%—14%).

Technical failures; short tests (10 min);
artificial setting; feed
motivation declined.

Improve collar reliability; longer
tests; pasture applications;
sustained motivation methods.

[49]

Virtual fencing (VF) collars effectively
contained dairy cows (99% success rate),
with reduced stimuli over time (EP:AT
ratio dropped from 20% to 12%),
indicating learning. However, individual
variability was high, and some cows
avoided fence zones, suggesting
welfare concerns.

Short duration (6 days), no
physiological stress measures (e.g.,
cortisol), non-lactating cows, pasture
quality not measured, and proprietary
collar algorithms limited transparency.

Longer trials with larger herds,
physiological welfare assessments
with lactating cows, quantify
pasture, and transparent collar
specs for reproducibility.

(9]

Virtual fencing contained cattle as
effectively as electric tape over 4 weeks,
with 71.51% of interactions using only
audio cues. No difference in fecal cortisol
metabolites (stress indicator) between
groups. Slightly reduced lying time
(<20 min/day) in virtual fence groups (p =
0.02) but within normal range. Weight
gain differences between cohorts suggest
environmental factors influence results.

Short duration (4 weeks); technical
malfunctions in neckbands; pasture
quality not quantified; small sample
size (n = 8/group); individual
temperament not assessed.

Longer-term studies; improved
device reliability; quantify pasture
quality; larger sample sizes; assess

individual temperament effects.

[64]

Fog-enabled WSN with edge mining (IEM)
achieved 83-95% activity classification
accuracy, reducing cloud dependency.

Energy-efficient but performance
depended on parameter tuning (y, ¢).
Jerky motions reduced accuracy.

Used human (not cattle) acceleration
data. Parameter sensitivity required
cloud optimization. Limited to binary
activity states
(e.g., standing /walking). Scalability in
large herds untested.

Species-specific algorithm
training, on-farm parameter
optimization, and broader
behavioral classification
(e.g., grazing/lameness).

[65]

Precision tools (e.g., Grasshopper rising
plate meter, PastureBase Ireland)
improved pasture management accuracy
(r2 = 0.99). Virtual fencing enabled
dynamic grazing but required
GPS reliability.

Limited validation in commercial
pastures, GPS dependency, and lack of
long-term welfare data.

Wider validation in diverse
climates, improved GPS
robustness, and cost-effective
scaling for small farms.

[32]

CID’s cowbell-shaped tracking collar
provided real-time grazing and milk yield
data, integrating GPS and virtual fencing.

Small trial (n = 50), durability claims
unverified, reliance on
mobile networks.

Larger-scale trials, peer-reviewed
durability testing, and alternative
data transmission
(e.g., LoORaWAN).
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Table 4. Cont.

.o o s Future
Reference Summary of Main Findings Limitations of the Study Directions/Recommendations
Broadcast audio cues (8 kHz tones, dog Stationary speakers caused variable
barks) reduced cattle presence near exposure. Small sample (n = 24), . .
R s Mobile sound systems, field
speakers but habituation risks and artificial paddock setup. Uncontrolled R .
[56] . . .. . . A . testing in diverse terrains, and
inconsistent sound levels limited efficacy. variables: age, breed, hearing . ; . .
. . e integration with wearable devices.
Mobile sound delivery may sensitivity. No long-term
improve consistency. habituation data.

Abbreviations and Symbols: VF = virtual fencing; EF = electric fencing; ACs = audio cues; EPs = electri-
cal pulses; AT = audio tone; PF = physical fencing; UAV = unmanned aerial vehicle; NDVI = normalized
difference vegetation index; RGBVI = red-green-blue vegetation index; FCMs = fecal cortisol metabolites;
HCC = hair cortisol concentration; W = Kendall’s W (coefficient of concordance); A = change; 1 = increase;
| = decrease; n = sample size; r = correlation coefficient.

Despite these successes, several limitations were identified across studies (Table 4). Short
trial durations (e.g., 8 weeks in Grinnell et al. [36]; 28 days in Verdon et al. [55]) and small
sample sizes (e.g., n = 20 in Confessore et al. [28]; n = 13 studies in Wilms et al. [13]) restrict
the generalizability of the findings. Additionally, reliance on controlled environments, such
as double-fence setups [36] or artificial paddocks [62], may not reflect real-world conditions.
Technical challenges, including GPS inaccuracies [54] and collar connectivity issues [42], further
complicate implementation. Ethical concerns regarding EPs were also raised, though no direct
welfare harm was reported [33,57].

Future research should prioritize longer-term studies to assess habituation and welfare
impacts, as suggested by multiple authors [9,55]. Improved collar designs, better GPS
accuracy, and alternative stimuli (e.g., vibration or bidirectional sound) could enhance
reliability [4,55]. Testing in diverse environments, such as arid or tropical systems [33],
and integrating visual cues [27] may further optimize VF efficacy. Economic feasibility
remains a barrier, with high costs limiting small-scale adoption [60]. The implications of
these findings are twofold: VF offers a promising tool for precision grazing and ecological
management [48,58], but scalability depends on addressing technical, ethical, and economic
challenges. Future studies should adopt standardized protocols, larger sample sizes, and
multi-breed comparisons to ensure broader applicability [13,54]. Refining technology
and validating long-term impacts could revolutionize sustainable livestock management
through virtual fencing.

5.5. Challenges in the Durability and Reliability of Virtual Fencing

Like any technology, the long-term adoption and success of virtual fencing technology
depend heavily on the reliability and durability of the equipment, particularly the collars
worn by the animals [2,18]. Studying potential problems with VF collars and equipment
over time is crucial for ensuring the technology is a practical and welfare-friendly alterna-
tive to traditional fencing methods. Several studies and stakeholder discussions highlight
concerns regarding the technical performance and reliability of virtual fencing systems.
Prior research has documented connection issues or unspecified technical problems that
can interfere with collar function or data storage and retrieval [4,41]. For instance, a study
involving an earlier prototype of VF collars for dairy cows reported malfunction issues that
led to the removal of animals from the experiment [23].

A specific technical challenge reported in the literature is GPS drift. GPS drift refers
to the discrepancy between an animal’s actual location and the location recorded by the
collar’s GPS receiver. This can be influenced by environmental factors such as the quality
of the GPS receiver and antenna, the number of satellites visible, proximity to buildings,
heavy tree cover, steep slopes, hilly terrain, and even thunderstorms [4,25]. Issues of GPS
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drift can lead to areas intended for exclusion becoming inadvertently accessible to animals.
Stakeholders in one study highlighted that collars were not fit to hold animals within small
paddocks in some cases, leading farmers to abandon their use for precision grazing [54].
Furthermore, GPS drift can be ambiguous and stressful for animals, potentially causing
them to receive unnecessary electric pulses [63]. Careful planning of virtual boundaries
is suggested to minimize issues related to drift, particularly avoiding tight corridors and
corners [25,48].

The reliability of VF systems is considered a key barrier to their widespread imple-
mentation [2]. Uncertainties regarding technical reliability, coupled with challenges in
training animals to use the system, can hinder its adoption by farmers [21]. Concerns
about potential system malfunctions also raise safety issues, such as animals escaping the
virtual boundary, which can lead to questions about liability [9]. While advancements in
electronic communication and device design hold the potential to enhance effectiveness and
reduce costs, studies addressing the detailed technical performance of VF collars are still
limited [11,12,63]. Placing studies on collar durability and reliability in a broader context
is important because these issues directly impact the ability of farmers to effectively man-
age livestock, protect sensitive environmental areas, and maintain animal welfare [9,24].
Ensuring the reliability of the technology is essential not only for practical on-farm ap-
plications but also for gaining public acceptance and social license for its use [6,16,18].
Therefore, continued research and development focused on enhancing the technical robust-
ness and durability of virtual fencing collars and equipment are vital for the successful and
widespread adoption of this innovative technology in livestock grazing systems [4,18,21].

5.6. Comparison Between Virtual and Physical Fencing Systems

Virtual fencing eliminates the need for physical infrastructure, reducing long-term labor
and material costs while maintaining 99% effectiveness in cattle containment through associative
learning (Table 5) [19]. This system enables rapid boundary adjustments [6,9,22,24,47], supports
biodiversity by excluding sensitive areas from grazing [1,6,13,16,37,40], and avoids landscape
fragmentation [41]. Furthermore, virtual fences can be integrated with monitoring technologies,
allowing for precise tracking of individual animals [38] and dynamic grazing patterns, which
may enhance pasture management [13,38,40]. Importantly, Sonne et al. [17] emphasize that
virtual systems reduce injury risks to wildlife and livestock compared to traditional barriers
(Table 5). In contrast, physical fences remain a widely understood and reliable method, partic-
ularly in harsh weather or rugged terrains where GPS signals may falter [4,21]. Their visual
clarity provides immediate deterrence, avoiding the need for animal training [20]. However,
physical barriers pose significant ecological drawbacks, including habitat fragmentation and
restricted wildlife movement [66-68]. Additionally, their high installation and maintenance
costs [44] and labor-intensive upkeep [69] limit scalability, particularly in remote regions.

Table 5. Comparative analysis of virtual and physical fencing systems in modern livestock management.

Aspect Virtual Fences Physical Fences References

Advantages

Costand Labor g{ﬁgﬁxgszrlong-term material costs No technological dependency. [4,38,68]

Flexibility Rapid boundary modification. Dynamic grazing  Reliable in all weather/terrain. Clear visual 12,91
patterns. boundaries.

. No landscape fragmentation. Supports . . .

Environmental Impact biodiversity and wildlife migration. Effective physical containment. [17,35]

Effectiveness 99% effective for cattle containment. Precise Established, widely [9,19,69]
tracking in difficult terrains. understood technology. ”

Animal Welfare No 51gn1f1'caf\t stregs 'dlffer'ences vs. physical No ethical concerns (no electric stimuli). [17,19,20]
fences. Eliminates injury risks.

Integration Integrates with monitoring /research systems. No animal training required. [19,21]

Social-psychological benefits.
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Table 5. Cont.

Aspect Virtual Fences Physical Fences References

Disadvantages

Cost and Labor glgh ‘1n1t1a1 costs (collars per animal). High m.atel_“lal / labqr costs. [21,44,69]

equires ongoing tech maintenance. Expensive installation/maintenance.
. GPS accuracy/ signal loss in Inflexible boundaries.

Technical Issues rugged terrain. Rigid infrastructure limits adaptabilit [41,45]
Dependency on GSM coverage. & P ¥

Animal Welfare Et_h%cal concerns (electric 1r_npulses). Injury risks f(?r wﬂdhfe / 1.1vest.0ck. [9,20,56]
Initial grazing time reduction. Higher aversive visual stimuli.

. No predator protection. Fragments landscapes.
Environmental Impact Technical malfunctions. Restricts wildlife movement/migration. [19,68,69]
. Requires animal training. Labor-intensive installation /maintenance.
Operational Challenges Continuous monitoring needed. Infeasible in protected habitats. 491

Despite the promise of virtual fencing, challenges persist. High initial costs, dependency
on GPS accuracy [45], and ethical concerns about electrical stimuli [56] require careful consid-
eration. For instance, Campbell et al. [9] reported minor stress differences between virtual and
physical systems, but prolonged GPS signal loss in complex terrains remains a hurdle [41].
Meanwhile, physical fences, while reliable, are incompatible with conservation goals in pro-
tected habitats [19]. Virtual fencing aligns with global trends toward precision agriculture
and ecological preservation, whereas physical fences retain value in predictable, small-scale
operations. Future innovations must address cost barriers and technological limitations to
ensure equitable access for farmers while safeguarding animal welfare and ecosystems.

6. Conclusions

Virtual fencing technology has emerged as a transformative tool in precision livestock
farming, offering a flexible and labor-efficient alternative to traditional fencing. Studies
demonstrate that cattle rapidly learn to associate auditory cues with mild electrical stimuli,
achieving high containment rates (>90%) with minimal long-term welfare impacts, as
evidenced by stable cortisol levels and normal behavioral patterns. However, short-term
behavioral disruptions and occasional collar-related abrasions highlight the need for op-
timized device design and training protocols. These integrated findings suggest that VF
can significantly enhance pasture management by enabling dynamic rotational grazing,
protecting sensitive ecosystems, and reducing labor costs. However, challenges such as
high initial costs, connectivity limitations, and individual animal variability must be ad-
dressed for its broader adoption. Regulatory standards should ensure welfare-compliant
designs, while farmer education programs can facilitate smoother transitions to VF sys-
tems. The novelty of VF lies in its integration of GPS tracking and behavioral conditioning,
providing a scalable solution for sustainable livestock production. Future research should
focus on long-term welfare assessments, cost-effective scalability, and the development of
non-aversive stimuli. As the technology evolves, VF has the potential to redefine cattle
management, aligning productivity with environmental and animal welfare goals.
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Simple Summary: For a sustainable tomorrow, the welfare of humans, animals, and the en-
vironment must be considered as a whole. Nowadays, animal welfare has become a public
concern, with consumers becoming increasingly aware of the quality of food products and
husbandry practices, and willing to pay more for animal products that prioritize animal
welfare. Thus, there is need for transparent communication of the animal welfare level
through product labeling. Cattle, sheep, and goats account for nearly all dairy production
and are among the primary species raised for meat. In Europe, there is increasing develop-
ment of animal welfare labeling schemes by private or public initiatives. All these schemes
exceed the welfare level of conventionl systems and sometimes even that of organic systems,
particularly when they were developed by animal welfare organization initiatives. The few
standards developed for evaluating animal welfare in intensive systems, although mainly
reinforcing the regulations for conventional husbandry, enhance welfare by analyzing the
regulations in detail, reducing ambuigity and ensuring clear guidance. The standards
developed for extensive systems promote a higher welfare level by promoting access to
pasture, comfort, social bonding, and environmental enrichment, thus promoting positive
aspects in the animals’ lives by evaluating animal welfare in a more comprehensive way.

Abstract: In 2020, the European Union endorsed its “Farm-to-Fork” strategy, emphasizing
the need for transparency in the food production chain and communication of the sus-
tainability level and nutritional value of food products to the consumer through labeling.
For animal-based products, this also includes information about the husbandry systems
under which the animals are raised. At the same time, people are becoming increasingly
concerned both as citizens and as consumers about animal welfare issues in production
species, as animal welfare is considered an integral part of sustainability and food security.
This has led to the development of various enhanced animal welfare labeling schemes,
initiated by public or private entities, or even as a partnership of both. Specifically for cattle,
sheep, and goats, various standards have been developed and implemented in Europe,
all establishing higher welfare standards compared to conventional farming, and in some
cases exceeding the minimum requirements for organic farming as set by Regulation (EU)
2018/848. Most of these standards, especially those developed by NGOs advocating for
animal welfare or through public initiative, were developed for semi-intensive to extensive
systems. They primarily incorporate animal-based measures, including positive welfare
indicators, offering a holistic approach to animal welfare evaluation. Although there is
significant heterogeneity in European animal welfare standards, nearly all of them pro-
mote access to pasture, comfort, environmental enrichment, and, in some cases, even
mother—young bonding.
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1. Introduction

Nowadays, animal welfare is a fundamental component of agricultural development,
gaining increasing concern on a worldwide basis [1,2]. In 2016, the United Nations Commit-
tee on World Food Security formally denoted animal welfare as a key pillar of sustainable
agricultural development, recognizing its link to food security and emphasizing that an-
imals, humans, and the environment should be considered interconnected [3]. In other
words, a production system cannot be considered sustainable today if the animals are
kept below a minimum welfare level deemed acceptable by society [1,4]. Gradually, this
level is getting higher, particularly in developed countries, where people as citizens advo-
cate for stricter legislation for animal protection and as consumers for ethical production
practices for animal-derived products [5]. Animal welfare is considered a common good
that is beneficial for society, and animal-derived products originating from animals raised
under an adequate, societally acceptable welfare level are perceived as products of high
quality [1,6]. Thus, consumers are willing to pay a premium for products from animals
kept under enhanced welfare standards [7,8]. In the EU, 90% of citizens consider animal
welfare a key factor that influences their decision to purchase animal-derived products,
believing that products that are more friendly and ethical to animals are also healthier and
more friendly to the environment [9]. This trend is a result not only of ethical concerns, but
also of pressure from animal welfare non-governmental organizations (NGOs) demanding
improved animal welfare practices in livestock systems [10].

On the other hand, the pressure for improved animal welfare standards for production
animals contrasts with the growing international demand for products of animal origin, espe-
cially milk and meat [7,8]. It can be challenging for a farming system to balance animal and
environmental sustainability with economic viability, since, although consumers are willing
to pay more for animal-derived products from animals kept at an improved welfare level,
this willingness is complex and influenced by various factors [10-15]. Additionally, improved
animal welfare often results in an increased price of the final product, which can be unaffordable
for some consumers [8,11]. Considering the rising global population and the increasing demand
for animal-derived products, especially in developing countries, this challenge becomes even
more complex [8-12]. As a result, there is still intensification in livestock production, and the
welfare of the animals is severely compromised in some farming systems.

Cattle, sheep, and goats are livestock species whose welfare raises high concern among
consumers. According to the Food and Agriculture Organization (FAO), 81% percent of
the world’s milk supply is produced by dairy cattle, 15% by buffalo, and 4% by sheep,
goats, and camels [16]. In 2024, the EU’s milk output reached approximately 235 million
tons, increased by 0.6% compared to 2023 [17]. This growth was primarily driven by yield
improvements rather than an increase in animal numbers, which shows the intensification
of breeding that could lead to welfare impairment of highly productive animals [16,17].
Moreover, goat and sheep herds are expected to expand at a faster rate. World milk
production is expected to rise by 1.7% by 2030 compared to 2019, outpacing the growth of
other agricultural commodities. Per-capita consumption of both fresh and processed dairy
products is estimated to increase in the EU from 23.6 kg in 2018 to 25.2 kg (milk solids)
by 2030, including mainly milk, cheese, and yogurt. The production and consumption
of meat from cattle and small ruminants follow the same trend as dairy products [16].
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Although meat consumption has been shifting towards poultry, growth in beef and sheep
meat consumption is expected to increase by 5.9% and 15.7%, respectively, by 2030 on a
global basis, representing 20% and 5%, respectively, as a source of meat protein [18].

These numbers underscore how challenging it is to achieve a sufficient animal welfare
level for livestock ruminants in the various existing production systems, from purely
extensive to highly intensive, and at the same time to satisfy the various consumer demands
and the price that they can afford for the final animal-derived product. In 2020, the
European Union emphasized the need for transparency in food labeling through its “Farm-
to-Fork” strategy [19]. This strategy highlights the importance of informing consumers
about the sustainability level of food production, the nutritional value of food products,
and the level of animal welfare in farming systems [19]. This initiative is an effort to inform
consumers through product labeling and communicate not only the quality of the products
but also the husbandry systems under which the animals are raised [18,20].

In Europe, consumers are increasingly concerned about animal welfare and husbandry
practices in cattle [14,15], sheep [10,13,21], and goat [13,21] farming systems; thus, trans-
parent labeling to communicate this information is crucial. Consumers are willing to and
do pay a higher price for milk when cattle are raised with access to pasture [14]. Veal
meat is considered a product of added value when the welfare of the animals is enhanced,
and consumers are particularly concerned about the provision of painkillers during the
castration of calves and bulls [15]. Labeling influences consumer decisions for choosing
beef, exhibiting a preference to organic or animal welfare labels [14,15,22]. Organic bovine
products are considered a socially responsible and ethical consumption choice [23,24]. Posi-
tive animal welfare information on labeling affects the emotional responses of consumers
towards milk [25,26] and yogurt [27], who perceive them as tastier and healthier than
conventional dairy products [25,27] and a more conscious choice [26,27]. Sheep and goat
milk consumption is rising in Southern Europe, since in consumers’ minds small ruminants
are often raised in extensive systems and their husbandry is more environmentally friendly
compared to cattle husbandry [13,21]. Additionally, the European public perception of
sheep and goat dairy products is affected by the origin and the impact of the product on
the environment and the welfare level of the animals [10,13,21]. For example, in Greece,
one out of three consumers will pay more for organic-labeled products [21], while in the
UK, 93% of consumers would pay more for a product with a label that indicates improved
animal welfare [28]. Consumers are also becoming concerned about cow—calf separation
and are willing to pay more for meat from calves reared by their mothers or milk by cattle
that have suckled the calf, even for a limited period [29].

The above outcomes highlight the importance of informing consumers about the animal
welfare practices in farming systems. As part of this effort, new welfare protocols are being
developed through the initiative of private, public, and non-profit organizations [20,30-33].
These protocols include animal welfare provisions that exceed the minimum legal requirements
of an acceptable animal welfare level [20,30-33]. Also, they establish standards that often go
beyond the standards of organic farming as laid down by Regulation (EU) 2018 /848 on organic
production and labeling [32,33]. Not only do they include standards that ensure the protection
of animals from negative welfare aspects, but also often positive welfare indicators that promote
the experience of positive emotional states in animals [20,32,33].

This paper aims to identify and review the main European protocols regarding the
assessment and labeling of welfare in cattle, sheep, and goats, covering both dairy and
meat production systems. We will analyze and compare the retrieved animal welfare
standards in terms of their structure, content, geographical origin and extent, initiation, and
audit frequency. In addition, we will examine the additional provisions included in these
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standards that go beyond those of conventional husbandry systems, enhancing animal
welfare in relation to husbandry practices, transport, and slaughter. A special focus will be
also placed on the environmental enrichment criteria and the positive welfare indicators
that are incorporated into the standards and improve animal welfare. After reviewing all
these factors, we will discuss whether the retrieved labeling schemes require a higher level
of animal welfare not only compared to conventional systems but also in relation to organic
husbandry. Finally, we will reflect on current implementations and challenges and propose
directions for future research and development of animal welfare labeling schemes.

2. Materials and Methods

All the labeling schemes were retrieved through Google and Google Scholar. Some of
them were already known, while the rest were identified by using the following combi-
nations of keywords: “animal welfare” AND “labelling scheme*” OR “labeling scheme”,
“animal welfare” AND “labelling” OR “labeling”, “animal welfare” AND “protocol*” OR
“standard*”, “dairy” OR “milk” OR “yogurt” OR “cheese” OR “butter” AND “animal
welfare” AND “labelling” OR “labeling”, “meat” OR “beef” OR “bovine” OR “veal” OR
“lamb*” AND “animal welfare” AND “labelling” OR “labeling”, “cattle” OR “sheep” OR
“goat*” AND “animal welfare” AND “labelling” OR “labeling”.

In total, 19 labeling schemes were identified. We selected only labeling schemes that
are used in Europe but were not necessarily developed by European countries. Then, we
visited each scheme’s official website to examine and download their standards and policy
for the audits. Sixteen labeling schemes had their full standards publicly available online,
which we downloaded, analyzed, and included in the review. Three labeling schemes
(Fur Mehr Tierschutz, Compromiso Bienestar Animal PAWS, and Animal Welfare Interovic
Spain) only had selected criteria available online rather than the full list of standards, so
they were not included in our review.

3. Overview of Enhanced Animal Welfare Labeling Schemes in Cattle,
Sheep, and Goats in Europe

In Table 1, we present the selected animal welfare labeling schemes. As shown in the table,
fifteen standards have been developed for the welfare assessment of dairy cattle, eight for dairy
sheep, and seven for dairy goats. Regarding meat husbandry systems, fourteen, eleven, and
eight schemes address the welfare evaluation of beef cattle, sheep, and goats, respectively.

Table 1. Labeling schemes with enhanced animal welfare standards in Europe and information about
geographical scope, country of origin, and initiation (private or public). The table also indicates the
number of tiers of each scheme (single or multiple), the species covered, and the audit frequency.

Labeling . Territorial cre s Number of Tiers Frequency
Scheme Species Country Extent Initiation (Single/Multiple) of Audits References
Cattle (dairy, National (also
beef), sheep Germany,
KRAV (dairy, meat), Sweden Spain, Latvia, Private 1 Annual [34]
goats Denmark,
(dairy, meat) Bulgaria)
s
Svensk Sigill beef), sheep Sweden National Private . B Annual [35-37]
(dairy, meat) ing/naturbeteskott/
v klimatcertifiering
National (also
Bedre Cattle Baltic region, . .
Dyrevelfaerd (dairy, beef) Denmark Norway, Public-private 3 Annual [38]
Sweden)
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Table 1. Cont.

Labeling . Territorial e e Number of Tiers Frequency
Scheme Species Country Extent Initiation (Single/Multiple) of Audits References
Anbefalet af Cattle (dairy, National (also At least annual
Fyrenrs beef), sheep Denmark Norway, Private 1 (different times [39-41]
Beskyttelse (dairy, meat) Sweden) of year)
Beter Leven Cattle Netherlands National Public-private 3 Annual [42-47]
(dairy, beef)
Meadow Milk Dairy cattle Netherlands National Private 1 Annual [48]
Once every
two
EKO Cattle (da.1 ry), Netherlands National Public-private 3 years, [49,50]
goats (dairy) maximum
30-month
interval
3 (dairy: basic,
Cattle (dairy, plus, plus
AMA beef), sheep outdoors/beef:
. (dairy, meat), Austria National Public-private basic, Mer Annual [51-53]
Giitesiegel .
goats Tierwohl,
(dairy, meat) bio/Freiland /
Aim/Weidehaltung)
Cattle (dairy,
beef), sheep .
Demeter (dairy, meat), Germany Natlona@ (also Private 1 Annual [54]
international)
goats
(dairy, meat)
Cattle (dairy,
beef), sheep .
Bio Suisse (dairy, meat), Switzerland Nahona? (also Private 1 Annual [55]
international)
goats
(dairy, meat)
Cattle (dairy,
Red Tractor beef), sheep UK National Private 1 Annual (max [56-58]
(meat), 18 months)
goats (dairy)
National (also
ARSI;SQ d ( da(i:rattkief) UK Ireland, Private 1 Annual [59-61]
pp Y Australia)
Annual
Scotch Assured  Cattle (beeh), i papea) National Private 1 (different times [62]
sheep (meat)
of year)
Cattle (dairy,
Bi beef), sheep National (also Public ..
ienestar . . . Minimum
. . (dairy, meat), Spain Spain, (research 1 [63-67]
Animal Welfair A annual
goats Portugal) institutes)
(dairy, meat)
Animal Cattle (dairy, Every 15
Welfare beef), sheep . . months (to
Certified by (meat), Global GAP International Private 6 (1-5, 5+) cover all [68-71]
GAP goats (meat) seasons)
Animal Cattle (dairy, o
beef), sheep Minimum
Welfare . A Greener . .
A (dairy, meat), International Private 1 annual and on [72-77]
pproved by World i
AGW goats all farms
(dairy, meat)

3.1. Structure, Content, Geography, Initiation, and Audits
3.1.1. Number of Tiers

The labeling schemes can follow either a single- or a multi-tiered structure. The

higher the tier, the more provisions and enrichments are required and the more improved
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the animal welfare level is. As shown in Table 1, the majority of schemes are single-
tiered, meaning that a farming system either passes or fails to pass a certification audit.
However, some labeling schemes employ a multi-tiered structure, certifying animal welfare
at ascending levels. The number of tiers ranges from three [38,42—47] to six [68-71]. In
these cases, the tier is indicated on the label either numerically [68-71] or symbolically with
a corresponding number of shapes, such as hearts for Bedre Dyrevelfaerd [38] and stars for
Beter Leven [42-47].

3.1.2. Country of Origin and Geographical Extent

Almost all animal welfare standards have been developed in Central and Northern
Europe. Only one scheme, Welfair, originates from Southern Europe. Countries in Central
and Northern Europe often implement national regulations that are stricter than those of
the EU regarding animal welfare. This can be explained by the fact that the debate on
animal welfare, as well as the concern of consumers about husbandry practices, is more
intense in these countries [20].

The geographical scope of most schemes is mainly national [35-37,42-53,56-58,62].
However, it is also common for a standard to be applied beyond its country of origin, in
neighboring countries (KRAV [34], Bedre Dyrevelfaerd [38], Anbefalet af Fyrenrs Beskyt-
telse [39-41], RSPCA Approved [60,61], Welfair [63-67]).

3.1.3. Initiation

Most of the standards were developed through private initiatives. However, the
Bedre Dyrevelfaerd [38], Beter Leven [42—-47], EKO [49,50], and AMA Gititesiegel [51-53]
schemes are a result of public and private collaboration. For these four standards, all
audits are conducted and overseen by private control bodies. The only exception is Bedre
Dyrevelfaerd [38]. Although inspections under this scheme are carried out by private
inspection bodies, the audit oversight is managed by public authorities [20,38]. So far,
Denmark remains the only European country that certifies animal welfare at the public
level. Nonetheless, efforts are currently underway to develop a public certification system
also in Italy and Germany [20]. The Welfair standards were developed by academic
institutions. Their criteria are based on the Welfare Quality animal welfare assessment
protocols for dairy cows [63], fattening cattle [64], and veal calves [65]. These protocols
are the outcome of collaborative research within the Welfare Quality Network, involving
multiple European universities [78]. Although the network does not have its own labeling
system, it provides standardized certification protocols that can serve as a basis for the
development of national-level schemes [78]. The AWIN protocols for sheep [66] and
goats [67] were developed on the same philosophy and form the basis of Welfair standards
for small ruminants.

Private initiators of improved animal welfare standards are often non-government
organizations (NGOs). RSPCA Approved, spread throughout England and Ireland, was es-
tablished by the non-profit animal protection organization Royal Society for the Prevention
of Cruelty to Animals—one of the oldest organizations advocating for animal welfare [79].
Anbefalet af Fyrenrs Beskyttelse is an NGO focusing on animal protection with a territorial
scope mainly in the Baltic and Scandinavian regions [80]. Global GAP [81] and A Greener
World have an international scope and presence [82]. In some cases, animal welfare labeling
schemes are also designed to support product differentiation in the market by associating
improved animal welfare with high-quality products. For example, Scotch Assured was
developed by the collaboration of Quality Meat Scotland and the Scottish Society for the
Prevention of Cruelty to Animals to differentiate Scottish red meat of cattle and sheep in
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the market. Meat products carrying the Scotch Assured logo originate from animals that
have not only been raised under improved animal welfare conditions but have also been
born, raised, and slaughtered in Scotland [83].

3.1.4. Frequency of Audits

For all labeling schemes, audits are conducted annually. The only exception is EKO,
requiring auditing of farms every two years (with a maximum interval of 30 months).
This standard focuses on promoting access to pasture for dairy cattle and goats and is
the only scheme that mandates farms to be both organic and non-GMO certified [49,50].
Organic certification requires annual audits according to Regulation (EU) 2018/848 and
already sets high animal welfare standards. This may explain the less frequent audits for
EKO compared to other standards. Some standards require the audits to be conducted at
different times of the year (Anbefalet af Fyrenrs Beskyttelse [39—-41], Scotch Assures [62])
or every 15 months to cover all seasons (Animal Welfare Certified by GAP [68-71]). This
variation highlights the importance of evaluating animal welfare during different seasonal
conditions, particularly those that may pose additional challenges to animal well-being.

3.1.5. Type of Production Systems Covered

As analyzed in Table 2, the standards vary significantly in terms of the type of system
that they address, ranging from purely intensive to purely extensive. Most schemes were
developed for semi-extensive to extensive systems, since the level of animal welfare is
improved when ruminants have access to pasture or the outdoors. Red Tractor [56-58]
and Welfair [63-67] are the only schemes developed for evaluating animal welfare in
intensive systems.

Table 2. Labeling schemes with information about the conversion period, the main type of production
system that they assess (extensive or intensive), whether they focus exclusively on promoting animal
welfare and not other sustainable aspects, and whether they require organic certification according to
Regulation (EU) 2018/848 on organic production and labeling of organic products.

Production System Focusing Mandatory
Labeling Scheme Tvoes Exclusively on Organic Conversion Period Breed References
M Animal Welfare Certification
Cattle: 6 months milk, 12
KRAV Extensive No No meat, sheep, goats: 6 Suitable for organic [34]
months milk/meat
One season on pasture
.. . (“naturbeteskott”), . »
Svensk Sigill Extensive No No 60 days lamn IP, up to All (natural calving) [35-37]
120 days cattle)
Bedre Dyrevelfaerd Semi-intensive- Yes No No All [38]
extensive
Sheep: all, 75%
Anbefalet af Fyrenrs . Animals born and raised documented beef cattle
Beskyttelse Extensive Yes No in the herd breeds and crosses [39-41]
thereof (natural calving)
Breeds with a high
Beter Leven Extensive Yes No No 1n§1dence of caesarean [42-47]
section and stress during
transport excluded

Meadow Milk Extensive No No No All [48]

EKO Extensive No Yes No All [50,59]
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Table 2. Cont.

Production System Focusing Mandatory
Labeling Scheme Tyoes y Exclusively on Organic Conversion Period Breed References
P Animal Welfare Certification
6 months, 2 months All (animals purchased
AMA Giitesiegel Extensive No No calves (organic aep : [51-53]
. ; from farm’s local region)
time credited)
Milk, all: 6 months, meat
sheep, lamb:
. 6 months organic, Suitable for
Demeter Extensive No No 12 conv. beef: 1/3 of organic farming 541
their lives if organic, 2/3
if conv.
Bio Suisse Extensive No No 6 months Su1'Eable for [55]
organic farming
Red Tractor Intensive No No No All [56-58]
RSPCA Approved Semi-extensive- Yes No No All [59-61]
extensive
Born, reared,
. slaughtered
Scotch Assured Extensive No No in Scotland—entire life All [62]
under standard
Bienestar .
Animal Welfair Intensive Yes No No All [63-67]
Animal Welfare A mimuim of 2 years in All—animals selective to
s All—extensive Yes No tier 4 is required to reach adapt, easy [68-71]
Certified by GAP - L .
tier 5 in tier 4 to reach t calving, polled
Animal Welfare All—easy calving,
Approved Extensive Yes No No closed herd, [72-77]
by AGW polled animals

3.1.6. Exclusive Focus on Promoting Animal Welfare

As shown in Table 2, standards developed by NGOs prioritize the promotion of
animal welfare, without addressing other aspects of sustainability (Bedre Dyrevelfaerd [38],
Anbefalet af Fyrenrs Beskyttelse [39—41], Beter Leven [42-47], RSPCA Approved [59-61],
Animal Welfare Certified by GAP [68-71], Animal Welfare Approved by AGW [72-77]).
However, it is also common for some standards to promote environmental sustainability
alongside animal welfare, especially those that have been developed for the evaluation
of animal welfare in extensive systems and require access to pasture (Meadow Milk [48],
EKO [49,50], Demeter [54], Bisuisse [55]). In certain cases, social sustainability is also
promoted (KRAV [34], Svensk Sigill [35-37]).

3.1.7. Conversion Period

Nine out of sixteen animal welfare schemes do not require any conversion period.
When a conversion period is mandatory, it is usually six months for all dairy ruminants and
for small ruminants raised for meat and one year for beef cattle (KRAV [34], Demeter [54]).
In these cases, the length of the mandated conversion period is the same as the one imposed
by the standards of organic agriculture according to Regulation (EU) 2018/848. Some
schemes, such as AMA Giitesiegel [51-53] and Demeter [54], also allow organic time to
be credited. Anbefalet af Fyrenrs Beskyttelse [39—-41] requires a close herd and Scotch
Assured specifies that animals must have spent their entire life under the conditions of the
standard [62].

3.1.8. Breeds

Regarding the breeds permitted by the standards, almost all schemes impose no
specific restrictions. However, they all emphasize that breed selection should prioritize
natural calving, excluding breeds or animals with a high incidence of caesarean sections.
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Maximum thresholds for caesarean sections and dystocia rates within the herd can also
be established (Animal Welfare Approved by GAP [68,69]). Certain standards developed
mainly for welfare assessment in extensive systems allow breeds suitable for organic

farming (KRAV [34], Demeter [54], BioSuisse [55]), while others allow only animals from
local breeds (AMA Giitesiegel [51-53], Scotch Assured [62]).

3.2. Husbandry Practices

3.2.1. Tail Docking

Tail docking of sheep is prohibited under most standards (although it is still permitted

for veterinary reasons), as shown in Table 3. Demeter [54] states that this practice is per-

mitted but not systematically. However, in labeling schemes created for intensive systems
(Red Tractor [55], Welfair [65]) or for meat quality (Scotch Assured [61]), tail docking is
allowed. Welfair [65] explains that the length of the tail must cover the anus/vulva.

Table 3. Handling practices regarding tethering, tail docking, castration of males, and dehorn-

ing/disbudding under the selected animal welfare standards.

Tail Dockin, Specific
Labeling Scheme & Castration of Males Identification/Dehorning/ Tethering (Cattle) References
(Sheep) . . .
Disbudding Practices
Yes (max 50 animals,
Yes (calves under Only hot dehorning during the stable
KRAV No 8 weeks) methods permitted period, [34]
routine exercise)
Svensk Sigill No (yes for Yes Identlflcatlon.m anaceep table Not mentioned [35-37]
veterinary reasons) way for animal’s welfare
Bedre Dyrevelfacrd No Not mentl(?ned/ as Not mentlgned/ as No [38]
conventional conventional
Anbefalet af Fyrenrs Yes (bulls under Not mentioned/as
Beskyttelse No 10 months) conventional No [39-41]
Beter Leven No Yes (anestheticup to ~ Freeze branding, d1§budd1ng No [42-47]
at least e days) paste not permitted
Meadow Milk Not mentioned Not mentioned Not mentioned Not mentioned [48]
EKO Not mentioned Not mentioned Not mentioned Not mentioned [49,50]
As of 1 January 2024,
tethered housing
AMA Giitesiege Not mentioned Not mentioned Not mentioned with access to pasture [51-53]
less than 90 days
not permitted
Yes (to improve the . .
Demeter Yes (r}ot health, welfare, Dehorning not permltted No [54]
systematically) hvei . (annual review)
ygiene of animals)
No (bovines yes if
regular access to
. . No (yes for Yes (if prescribed by Not mentioned/ range and/or pasture
Bio Suisse . S . . . [55]
veterinary reasons) a veterinarian) as conventional according to Article
75 of the Direct
Payments Ordinance)
Red Tractor Yes Yes Cutting/sawing hor‘n No [56-58]
(must not be used routinely
RSPCA Approved Permitted only if the calf is intended to be Not mentioned / No (59-61]

raised beyond 12 months of age

as conventional
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Table 3. Cont.

Tail Dockin Castration of Specific Identifica-
Labeling Scheme 8 tion/Dehorning/ Tethering (Cattle)  References
(Sheep) Males . . .
Disbudding Practices
Yes (recommended
Scotch Assured Yes Yes Chemical cauterization no, gntethered [62]
not recommended exercise must be
provided daily)
Bienestar Yes (must cover Not mentioned/
Animal Welfair the anus/vulva) Yes as conventional No [63-67]
Yes (tiers 2-5+, not

Animal Welfare Yes for tiers 1-4, no only pain reh.ef, Plsk?uddmg ' prohlb}ted

e . also non-steroidal in tiers 5, 5+, dehorning No [68-71]
Certified by GAP tiers for 5, 5+ - o .
anti-inflammatory prohibited in all tiers
drug)

Caustic paste may be used

Animal Welfare to disbud calves by 7 days
Approved by Not permitted Yes of age (instructions of Not permitted [72-77]

AGW use)/hot branding
prohibited

3.2.2. Castration

Castration of males is permitted by all schemes, with the exceptions of Animal Welfare
Certified by GAP, which forbids the practice in tiers 5, 5+ [68-71], and RSPCA Approved,
which allows castration and tail docking only for animals that will be raised beyond the
age of twelve months [59-61].

3.2.3. Dehorning

When it comes to dehorning, Beter Leven prohibits the use of caustic paste [42,43].
Scotch Assured [63] and Animal Welfare Approved by AGW [72,73] permit its use but
distinctly mention that the practice is not recommended. Also, the scheme provides detailed
instructions on its use since it can be dangerous for the animals. Demeter [54] underscores
the need for dehorning and genetic hornless breeding of cattle, having also the strategy of
“horns belong to the cow” [84].

3.2.4. Tethering

Tethering of cattle is not allowed by most standards, and the few that allow it (KRAV
on farms with less than fifty animals [34], BioSuisse [55], Scotch Assured [62]) require that
the animals be provided with routine exercise.

3.2.5. Husbandry Practices Concerning Dairy Calves

A common practice in dairy farming is the immediate separation of newborn animals
from their mothers after birth. As shown in Table 4, some animal welfare evaluation
schemes require that the mother have licked the newborn before the separation (Beter
Leven [42-47]), while others mandate that the newborn be allowed to suckle for 6-12 h
(Animal Welfare Certified by GAP [73,74,76] tiers 2—4) or up to one day (KRAV [34], Bedre
Dyrevelfaerd [38] tier 3, Anbefalet af Fyrenrs Beskyttelse [40,41]). Animal Welfare Certified
by GAP in tiers 5, 5+ requires that the newborn stay with the mother until weaning. The
duration of individual housing for calves also varies considerably between standards from
one week (KRAV [35], Bedre Dyrevelfaerd [38], Anbefalet af Fyrenrs Beskyttelse [40,41],
Demeter [54]) to up to eight weeks (Red Tractor [56-58], Scotch Assured [62], BioSuisse [55],
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Svesk Sigill [35,36]). Animal Welfare Certified by GAP permits individual housing of
calves only in the lowest tiers. Weaning time differs from a minimum of 5 weeks (Red
Tractor [56-58], Scotch Assured [62]) to natural weaning (Animal Welfare Certified by
GAP [73,74,76] in tiers 5, 5+) for all dairy animals.

Table 4.
labeling schemes.

Handling practices regarding dairy calf welfare in the selected animal welfare

Do Dairy Newborns Suckle?

Housing of Calves in

Labeling Scheme (Min Time) Minimum Weaning Age Individual Pens References
Calves: 1 day, lambs/ Calves: 3 months, lambs:
KRAV kids: 3 days 8 weeks, kids: 45 days Up to 1 week (341
.. . Calves: 3 months, lambs:
Svensk Sigill Not mentioned 8 weeks (25 kgs min) Up to 8 weeks [35-37]
Calves tier 1: min
Bedre Dyrevelfaerd Tier 3: calves for 1 day 8 weeks, tier 2: 10 weeks, tier 3: 12 Up to 1 week [38]
weeks
Anbefalet af Calves: 5 months, lambs:
Fyrenrs Beskyttelse Atleast 1 day 3 months Up to 1 week [39-41]
Separation after the mother has Calves: 3 months tier 1,
Beter Leven licked the newborn 6 months tier 3 Up to 2 weeks [42-47]
Meadow Milk Not mentioned Not mentioned Not mentioned [48]
EKO Not mentioned Not mentioned Not mentioned [49,50]
AMA Giitesiege Not mentioned Calves: 3 months Up to 8 weeks [51-53]
Demeter Not mentioned Not mentlgned/ Up to 1 week [54]
as conventional
. . . Calves: 3 months, lambs/
Bio Suisse Not mentioned kids: 35 days Up to 8 weeks [55]
Calves: 5 weeks, lambs/
Red Tractor No Kids: 5 weeks Up to 8 weeks [56-58]
RSPCA Approved Not mentioned Calves: 8 weeks Not menthned/ [59-61]
as conventional
Bienestar Animal Welfair Not mentioned Not mentioned Not mentioned [63-67]
Calves: 6 months, tiers 1-4,
Animal Welfare Certified by 6 h tier 1, 12 h tiers 2—4, until 8 mf’“ths tiers 5, 5+ nafurzf\l Up to 2 weeks tier 1, not
GAP weaning 5, 5+ weaning step 5, lambs /kids: 12 ermitted in other tiers [68-71]
g 2 weeks tiers 14, 16 weeks tiers 5, p
5+
Animal Welanée V\[?pproved by Recommended: calves should be Calves: 6 months/dairy calves 6 Up to 4 weeks [72-77]

weeks from milk

reared by their mothers

3.2.6. Access to Pasture and Stocking Density on Pasture

Access to pasture is a mandatory animal welfare provision in all labeling schemes
except for Red Tractor [56-58] and Welfair [63-67], as these two were developed for animal
welfare assessment in intensive systems. Nevertheless, the Welfare Quality Assessment
protocol for fattening cattle includes as a positive welfare indicator access to pasture or to
an outdoor loafing area [64]. This is also incorporated in the Welfair standards. Table 5
provides a detailed analysis of the pasture requirements specified by each scheme. Usually,
the requirements are defined by the minimum days per year/grazing period and/or the
minimum hours of pasture access per day. For calves older than six months and cows,
access requirements vary from 120 days per year and 6 h per day (Bedre Dyrevelfaerd [38]
tier 1, Meadow Milk [48]) to 180 days per year and 8 h (EKO [49]) or 6 h per day (Anbefalet
af Fyrenrs Beskyttelse [40]). Animal Welfare Certified by GAP [73,74,76] in tiers 5, 5+ again
sets the highest welfare standard, requiring 200 days per year and unrestricted access
in tier 5+. For sheep and goats, continuous grazing is promoted (KRAV [34], Animal
Welfare Certified by GAP [70,71]). Standards like Meadow Milk [48] and EKO [49,50] were
specifically developed to promote natural grazing. Additionally, Animal Welfare Approved
by AGW certifies dairy cattle as grassfed certified if the animals have grazed continuously
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for one year prior to slaughter [85]. Most labeling schemes also define maximum stocking
density on pasture so that the coverage will not be denuded, and the animals will have

space to move freely and synchronize their behaviors (Table 5).

Table 5. Access to pasture, stocking density on pasture, daylight provision, and maximum allowed

mortality rates in the selected standards.

Labeling Stocking Density Daylight/Day-Night .
Scheme Pasture on Pasture Rhythm Mortality References
Suckling calf mortality
Cattle over six months: Davlight must be let 0-24 h: 11%, calf
outdoors most of the day ayught must be e mortality 1-180 days:
during the grazing period nvia an area 10%, young animal
KRAV (ming12 h)gsheepg/goats- Not mentioned equivalent to at least mort:li}’;y 6—%5 months [34]
around the clock in ?lcioo(r)fatr}elzz (heifers) 4%, cows that
grazing period die natural
death/euthanized 10%
“Grundcertifering” or
“naturbeteskott” certified: Windows or
Svensk Sigill nimum hal.f of the grazing Low, not harming openings for light Not specified [35-37]
period (for animals older than the pasture to enter
6 months), dairy cattle: min
10 h/day, beef: whole day
Tier 1: no; tier 2: cattle min
150 days, cattle more than
6 months 1 May-1 November, As of 1 January 2028, max
Bedre calves less than 6 months, Not mentioned Not mentioned 8% for cattle and 10% for [38]
Dyrevelfaerd 1 May-1 September; tier 3: all calves under the last
more than 4 months 1 May- 24 months
1 November, calves less than
4 months 1/5-1/9
:min 7 hs, f :mi .
Anbefalet af Sheep r.mn] months be? Beef ca’gtle o Light area must be at
F cattle: min 5; months, dairy 0.2 ha/animal, dairy l o .
yrenrs . o east 5% of the Not mentioned [39-41]
Beskvttelse cattle: min 6 h/day from cattle: min floor area
Y 1 April-1 November 1 ha/animal
Beef cattle tier 1: 8 h/day for
150 day/year or 24 h/day for Beef cattle:
115 days/year, tier 3: All cattle tier 1: daylight-permeable
210 days of 12 h/day or
Beter Leven . 10 cows/ha, tier 3: area covers at least Not mentioned [42-47]
160 days of 24 h/day, dairy o . o
_— 6.5 cows/ha 6.7%, dairy: 10% of
cattle tier 1: 6 h/day for the floor area
120 days/year, tier 3: 8 h/day
for 180 days
Dairy cattle: 6 h/day for
Meadow Milk 120 days/year or 720 h in 10 cows/ha Not mentioned Not mentioned [48]
total, min 120 days/year
Dairy cattle: 8 h/day for
180 days (15 April - 6.5 cows/ha, . .
EKO 12 October), dairy goats: 100 goats/ha Not mentioned Not mentioned [49,50]
5h/day for 120 days
Dairy cattlg: 120 days/year, Sizes of the surface of
AMA Giitesiegel 2h/day dairy plug standard No the windows min 3% Not mentioned [51-53]
and 6 h/day dairy plus of the floor area
outdoors standard
All access to pasture durin 2 livestock units/ha
Demeter p & (1.4 manure Not mentioned Not mentioned [54]
the summer half-year .
units/ha)
Cattle: regular (exception
Bio Suisse bulls, fattening calves), sheep, 2.5 livestock units/ha Natural light Not mentioned [55]

goats: every day during the
growing season
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Table 5. Cont.

Lsact::glf Pasture Stozl:;is?:;:lty DayllgI?l:/}],It);L—nght Mortality References
Normal
daylight hours
Red Tractor No No (natural or artificial), Not specified [56-58]
night hours
not specified
RSPCA Calves older than § weeks . Min 100 lux during i
A d must be given continuous Not mentioned davlieht hours Not specified [59-61]
pprove ylig
access to paddock
Natural, so that
Scotch Assured Yes, not specified Not mentioned animals can Not mentioned [62]
see clearly
No—but in cattle access to
outdoqr lc(i)afing area or Not mentioned—but
Bienestar Animal }r: asture (in days per year or . criterion score lamb
Welfair ours per day) an.d access to No Not mentioned mortality (appropriate [63-67]
pprop
pasture in expression of other nutrition), veal mortalit
behaviors ! y
(appropriate behavior)
Pre-weaning calf
Beef cattle: 2/3 of their lives mortality max 6% per
in tiers 1-2, 3/4 of their lives 12-month period in steps
in tier 4/all their lives on So that vegetation Not specified. due to 1-3 and 4% in
Animal Welfare  range or pasture in tiers 5, 5+, coverage not cont}i)nuous ;ccess 4-5+/mortality for [68-71]
Certified by GAP  dairy cattle 6 h/day in tiers 4, denuded more to Dashure weaned heifers to
5 and min 200 days/year in than 20% P 3-weeks pre-calving max
tier 5+, sheep/goats: 2% per 12 months all
unrestricted daily access steps, sheep/goats
pre-weaning 8%
Beef cattle: continuous (calves
Animal Welfare  only growing season), dairy if Maximum
Approved 1 year prior to slaughter Not mentioned dav-leneth 16 h Not specified [72-77]
by AGW continuously then y-ieng

grassfed certified

3.2.7. Mortality Rates

In addition to the previously mentioned provisions and practices that enhance animal
well-being, another important factor that varies between the retrieved animal welfare
standards is mortality. Although mortality rates are influenced by various management
and breeding factors, high mortality generally indicates poor welfare conditions. Thus,
three of the selective schemes establish maximum acceptable mortality rates for different
animal groups. KRAV [34] permits a maximum calf mortality rate of 10% for calves aged
1-180 days and 4% for older animals. Bedre Dyrevelfaerd [38] allows a maximum mortality
rate of 8% for cattle and 10% for calves (<180 days of age) based on data from the past
two years (this criterion will come into effect on 1 January 2028). Animal Welfare Certified
by GAP [68,69] imposes the strictest limits, even at low tiers, allowing a maximum pre-
weaning calf mortality rate of 6% at tiers 1-3 and 4% at higher tiers. Notable, it is also the
only standard that sets a mortality threshold for sheep and goats, limiting pre-weaning
mortality to 8% [70,71].

3.2.8. Day-Night Rhythm and Daylight Provision

As presented in Table 5, almost all schemes promote natural lighting and day—night
rhythm, especially those that require access to pasture (Biosuisse [55], Animal Welfare
Certified by GAP [68-71]). Although Red Tractor [56-58] was developed for animal welfare
assessment in intensive systems, it still requires normal daylight hours, either through
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natural or artificial light. Additionally, most standards set explicit standards regarding the
amount of natural light that must enter the facilities by specifying the minimum size of
window surface area as a percentage of the total floor area. This requirement varies from 3%
(KRAV [34], AMA Giitesiegel [51-53]) to up to 10% (Beter Leven [44,45]) in the standards.

3.3. Transport and Slaughter

The rearing of the animals is described with details in all standards; however, it
is equally important to also assess animal welfare during transport and slaughter. As
shown in Table 6, transport and slaughter are not typically analyzed as separate sections or
standards. In most cases, even when transport criteria are addressed, the requirements are
those included in the conventional Regulation (EC) 1/2005 on the protection of animals
during transport. Although all standards recommend keeping transport time to a minimum,
ideally less than 8 h if possible, only Animal Welfare Certified by GAP 5+ [68,69] sets a
stricter requirement, prohibiting transport and demanding on-farm slaughter. Regarding
slaughter conditions, only Red Tractor [86], Animal Welfare Approved by AGW [87], and
Welfair [88,89] provide separate detailed standards, with the latter incorporating various
animal-based indicators to evaluate welfare.

Table 6. Labeling schemes with information on whether they include a separation section/standard
about animal welfare evaluation during transport and slaughter. The table also presents the maximum
allowed transport time under each standard.

Separate Section/Standard About:

Labeling Scheme Maximum Transport Time References
Transport Slaughter
KRAV No No The ideal minimum, but 34]
not specified
.. Yes (“naturbeteskott”, .
Svensk Sigill “Iimatcertifiering”) No Not mentioned (8 h) [35-38]
Bedre Dyrevelfaerd No No 8h [38]
Anbefalet af . . . .
Fyrenrs Beskyttelse Yes No 8 h (including loading /unloading) [39-41]
Beter Leven Yes No 8h [42-47]
Meadow Milk No No Not mentioned [48]
EKO No No Not mentioned [49,50]
AMA Giitesiegel Yes No Not mentioned [51-53]
Minimized, on-farm
Demeter No No slaughter recommended [54]
Bio Suisse No No 8h [55]
Yes (meat and poultry
Red Tractor Yes processing scheme 8h [56-58]
standards section [86])
RSPCA Approved Yes Yes 8h [59-61]
Scotch Assured Yes No 8h [62]
Yes (system of integration of
measures for the welfare
Bienestar Animal Welfair No assessment protocol for cattle Not mentioned [63-67]
[88]/sheep and goats [89] at
the slaughterhouse)
All meat tiers 5+ on farm
. " slaughter, beef cattle: tier 1:
Animal Weléj‘;epcemﬁed by Yes Yes 25 h, tiers 2—4: 16 h, tier 5: 8 h, [68-71]
sheep: 18 h, goats: 12 h, dairy 1-4:
8h, tier 5,5+: 2h
. Yes (guidelines for red meat
Animal Welfare Approved by Yes & slaughter Sh [72-77]

AGW

facilities [87])
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3.4. Environmental Enrichment and Positive Welfare Indicators

A holistic, comprehensive approach to evaluating animal welfare includes resource,
management-, and animal-based indicators. Among these, animal-based indicators are
the main category used in animal welfare assessment schemes and considered the most
reliable, since they focus directly on the animal, evaluating its welfare through direct
observation [90]. Moreover, all five aspects of animal welfare should be quantified and
assessed for a holistic welfare evaluation [91]: nutrition, natural environment, health,
behavior, and mental state. To ensure an acceptable welfare level, it is necessary not only
to protect the animals from negative experiences by keeping these experiences below a
minimum, but also to actively promote positive affective states in animals’ lives [92,93].

Table 7 summarizes the positive welfare indicators identified in the selective protocols.
The most common indicators are access to pasture and comfort. Access to pasture not only
fulfills the strong behavioral motivational need of ruminants to graze and/or browse, but
also promotes exploration, behavioral synchronization, and comfort [94,95]. Comfort is
further promoted in certain standards through mandatory provision of grooming brushes
and/or rubbing devices (Svensk Sigill [35,36], Anbefalet af Fyrenrs Beskyttelse [39,40],
Beter Leven [42-47], Meadow Milk [48], AMA Giitesiegel [51], Animal Welfare Certified by
GAP [68,69]). Bedding material requirements are often described in detail (e.g., RSPCA Ap-
proved [61]), and animals are provided with additional space through pasture or outdoor
access (Table 5). Under these conditions, positive social interactions, positive affiliative
behaviors, and play in young animals are also promoted [94]. In addition, structural envi-
ronmental enrichment is promoted for sheep and goats, primarily by elevated platforms
(Biosuisse [55], Animal Welfare Certified by GAP [71,72]). Another positive welfare in-
dicator included in the schemes is positive human—animal interaction. While generally
mentioned across standards, Welfair has gone a step further by measuring it at the farm
level using the human approach test [63-67]. Finally, mother—young bonding is gaining
attention, as described previously (Table 4), along with the provision of places for seclusion
(KRAV [34], Animal Welfare Certified by GAP [68-71]).

Table 7. Positive welfare indicators and requirements for environmental enrichment included in the
selected standards.

Specific Environmental Positive Welfare Positive Human—Animal

Labeling Scheme Enrichment Indicators Promoted Interaction References
KRAV Not specified Access t.o p 'flsture, cquort, General [34]
calving in seclusion
All free-range cattle in loose
Svensk Sigill systems must have access to a Access to pasture, comfort General [34-37]
grooming brush or similar
Bedre Dyrevelfaerd Not specified Access to pasture, comfort General [38]
1 stationary brush per 50 cows
in stables; scratching Access to pasture, comfort,
Anbefalet af Fyrenrs post, trees, social interactions, behavioral
Beskyttelse or similar on pasture; detailed synchronization, General [39-411
description of shelter, mother-young bonding
shade outdoors
For all tiers, the farm
manager must
Rubbing devices permanentl Access to pasture, comfort, have followed a
Beter Leven & p y mother-young bonding, human-animal interaction [42-47]

in each pen

social interactions

workshop approved by the
Society for the Protection
of Animals

150



Ruminants 2025, 5, 19

Table 7. Cont.

Labeling Scheme

Specific Environmental
Enrichment

Positive Welfare
Indicators Promoted

Positive Human—Animal
Interaction

References

Meadow Milk

All cows should be able to
graze simultaneously, partial
herd grazing not permitted

Access to pasture, comfort,
social interactions, behavioral
synchronization

Not mentioned

[48]

EKO

Bedding comfort, at least
10 cm thick and brushing
facilities for all cattle

Access to pasture, comfort,
social interactions

Not mentioned

[49,50]

AMA Giitesiegel

Not specific, but “enhanced
animal welfare” for beef
requires 40% more space and
scratching posts than
basic requirements

Access to pasture, comfort,
social interactions

Not mentioned

[51-53]

Demeter

Systems must allow animals

free contact with their natural

environment (sun, rain, earth
underfoot, etc.).

Access to pasture, comfort,
social interactions, behavioral
synchronization

General

[54]

Bio Suisse

For goats, outdoor pens and
pastures should be
appropriately structurally
enriched, e.g., with elevated
areas, places of retreat

Access to pasture, comfort,
play, positive social
interactions, places for animals
to rest and hide

General

[55]

Red Tractor

Not specified—emphasis on
adequate, dry bedding

Comfort, social interactions

Analyzed in detail (appendix
on good handling)

[56-58]

RSPCA Approved

Emphasis on roughage
provision, explained and
described in detail as bedding
and enrichment

Access to pasture, comfort,
positive social interactions,
play, behavioral
synchronization

General

[59-61]

Scotch Assured

Enough space for behavioral
synchronization

Access to pasture, comfort,
behavioral synchronization

General

[62]

Bienestar Animal Welfair

Not specified

Exploration, access to pasture,
comfort, play, QBA, positive
social interactions/ affiliative

behaviors, behavioral
synchronization, cohesion

Analyzed and measured as
indicator (avoidance
distance test)

[63-67]

Animal Welfare Certified
by GAP

For tier 2, objects on which
beef cattle can scratch or
groom, detailed
environmental enrichment
appendix for all species,
detailed bedding description
and score for calves, criterion
for bullied animals’ protection,
one enrichment item for meat
sheep/goats (1/50 animals)
when moved from pasture

Access to pasture, comfort,
mother-young bonding, social
interactions and
synchronization, play, places
where animals can hide

Analyzed in detail

[68-71]

Animal Welfare Approved
by AGW

Not specific, but houses
conditions analyzed in detail,
e.g., bedding material

Access to pasture, comfort,
social interactions,
mother-young bonding

Analyzed in detail, mentions
that efforts must be made to
develop positive relationships
between the farmers—animals

[72-77]

3.5. How Improved Is Animal Welfare in the European Labeling Schemes?

Is the welfare of production animals actually enhanced according to the selective
standards? To answer this question, we must set a comparison baseline as the welfare
in conventional husbandry systems, as set by EU Directives 98/58/EC, 91/629/EEC and
Regulations (EC) 1/2005 and (EC) 1099/2009. In this context, the answer is yes. All labeling
schemes set higher welfare standards compared to conventional farming. Still, some of
them just repeat the conventional regulations with slight modifications. These are mostly
schemes developed for intensive and semi-intensive systems. Nevertheless, it is important
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that they explain in detail and precisely the management and handling practices, reducing
ambiguities and minimizing the risk of misinterpretation. For example, Red Tractor has a
separate appendix specifying the accepted practices for handling animals during movement
and provides detailed requirements regarding bedding material and its condition [56-58].
Thus, although developed for intensive systems, it sets high standards for management
and health-related animal-based indicators. The Welfair standards are also developed for
intensive systems but include many animal-based indicators, including positive ones, that
enhance animal welfare level [63-67]. These schemes even assess the positive emotional
states of animals by QBA [63-67].

When comparing the standards of the selected schemes to those in organic husbandry
systems, as defined by Regulation (EU) 2018/848, again, in this case, some schemes do not
significantly differ from the Regulation. However, they set detailed criteria for various prac-
tices, such as pasture and stocking density on pasture (Meadow Milk [48], EKO [49,50], AMA
Giitesiegel [51-53]). Additionally, considering that most of the labeling schemes require environ-
mental enrichment and promote comfort, the overall animal welfare level is improved. It is the
standards developed by NGOs that advocate for animal welfare, such as Anbefalet af Fyrenrs
Beskyttelse [39-41], RSPCA Approved [59-61], Animal Welfare Certified by GAP [68-71], and
Animal Welfare Approved by AGW [72-77], that set the highest animal welfare conditions.
Likewise, standards developed by public—private initiatives, like Beter Leven [42—47] in the
Netherlands and Bedre Dyrevelfaerd [38] in Denmark, establish a high animal welfare level,
exceeding conventional EU regulations in the low tiers and even EU organic standards in the
higher tiers. Notably, these standards focus on promoting animal welfare and do not issue other
sustainability aspects. Table 8 summarizes the key points regarding how stringent each labeling
scheme is compared to conventional and organic systems and whether they address certain
animal welfare husbandry issues.

Table 8. Summary of the main points that indicate whether each standard is stricter than Regulation
(EU) 2018/848 on organic production and sets a relatively high animal welfare standard, compared
to both organic and conventional EU regulations.

Labeling Scheme

Is It Stricter Than EU Organic as a Standard and in General Does It
Set a High Animal Welfare Level?

References

Promotes access to pasture but also allows tethering on farms with less

KRAV than 50 cows, good welfare standards, strict regarding feedstuff.

[34]

Svensk Sigill “naturbeteskott” is strict regarding pasture criteria. All
Svensk Sigill three standards have a good welfare level for animals but focus a lot on
environment, biodiversity, and use of energy.

[35-37]

Bedre Dyrevelfaerd

If the animals are already organic, no conversion period is needed. Tiers
2 and 3 set a good welfare level. Max mortality level is established.
Dairy calves stay with the mother 24 h after birth. Calves are in
individuals pens up to 1 week in all tiers.

[38]

Requires an enhanced animal welfare level, with environmental

Anbefalet af Fyrenrs Beskyttelse complexity and positive indicators, castration of male rams prohibited,

and dairy calves staying with mothers 24 h after birth.

[39-41]

All tiers analyze the criteria in detail, with a higher animal welfare level
for dairy cattle in all tiers (separation after mother licks the calf, as of
2030 groups kept together for 5 days, cubicle systems prohibited
starting in 2040), and disbudding paste not permitted.

Beter Leven

[42-47]

Meadow Milk Yes, regarding pasture.

[48]

Yes, regarding pasture, but requires also a few other provisions for

EKO animals, like brushes.

[49,50]

The basic AMA Giitesiegel certificates are for more intensive systems.
AMA Giitesiegel For dairy plus and plus outdoors and for beef “enhanced animal
welfare,” the animal welfare is higher.

[51-53]
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Table 8. Cont.

Is It Stricter Than EU Organic as a Standard and in General Does It

Set a High Animal Welfare Level? References

Labeling Scheme

Although giving emphasis to the environment and feedstuffs, it is strict
Demeter regarding pasture and promotes the expression of natural behaviors [54]
and keeping animals loose and horned.

It is more complex that EU organic standards, also emphasizing the
Bio Suisse environment, but sets a good animal welfare standard with [55]
environmental enrichment.

Mainly for intensive systems, including mainly management-based and
animal-based measures that have to do mostly with health. Still, there
are very detailed criteria for management and high standards for
conditions for this type of system.

Red Tractor [56-58]

Sets high animal welfare standards, with complex, enriched

RSPCA Approved environments, particularly for dairy calves.

[59-61]

Developed mainly to promote meat products from Scotland, not animal

Scotch Assured welfare, but has a good animal welfare level.

[62]

Developed for intensive systems, has a holistic and high animal welfare

level, and many animal-based indicators, including positive ones. [63-67]

Bienestar Animal Welfair

Very high animal welfare standards starting from tier 2 and especially
in tier 5,5+. Tier 5+ requires on-farm slaughter, access to pasture for the
duration of the animals’ lives, natural weaning for all animals, and
breastfeeding by their mothers—even dairy cattle, and castration is not
permitted. Very detailed way to measure animal-based indicators. The
environmental enrichment analyzed is detailed in the appendix.

Animal Welfare Certified by GAP [68-71]

High animal welfare standards, various animal-based indicators,
explained in detail. Separate detailed section for transport and
standards for slaughter. “Grassfed” standards require natural grassfed
feeding for a minimum of one year.

Animal Welfare Approved by AGW [72-77]

4. Discussion

Considering the results of our review, it can be argued that the retrieved European
animal welfare labeling schemes differ in various aspects, but all require an improved
animal welfare level, not only compared to conventional but in many cases also compared to
organic husbandry. A crucial factor contributing to this welfare amelioration is the detailed
analysis of the criteria included in each scheme, which leaves no space for misinterpretation.
The more specific and detailed the standard, the easier it is for the farmers to understand
and implement, reducing the likelihood of practices that could negatively impact welfare.
For example, it is not enough to mention that analgesia is needed after a treatment; the
length of time must be precisely described [39-47,68-77]. Similarly, it is not enough to
merely mention the requirement for bedding material; the standard should provide clear
guidelines regarding its thickness and cleanliness [69]. Moreover, it is recommended that
the standards be accompanied by detailed manuals for farmers and consumers, as well as
self-evaluation checklists or a farm-specific information scheme in the form of notes. These
resources should explain not only the application of each criterion but also how and why
it enhances the well-being of the animals [96]. Additionally, mandatory training for the
personnel, potentially performed by the initiator of the standard, can educate the farmers
further, ensuring that they fully understand the welfare objectives [51-53].

When it comes to husbandry practices that enhance animal welfare, almost all labeling
schemes prohibit tail docking and tethering, and promote access to pasture and day-
night rhythm and daylight provision. However, castration of males is either allowed
or not explicitly addressed in most standards [48-50]. The welfare of male animals is
often compromised in husbandry systems. Reproduction is primarily carried out through
artificial insemination, and only a few males are retained in the herd, as nearly all male
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calves, lambs, and kids are slaughtered for meat after weaning. To improve welfare, it is
important to use castration as an animal welfare indicator in all standards and develop and
incorporate more indicators that evaluate the welfare of male ruminants. Another important
indicator for animal welfare assessment, though only incorporated in a few standards, is
mortality [34,38,63-71]. In the future, animal welfare schemes should establish accepted
mortality levels for both young and adult animals. Additionally, to further enhance the
welfare of animals, it would be beneficial for labeling schemes to incorporate maximum
acceptable levels for assisted calvings and caesarean sections [39-47,56-58,68-77].

Husbandry practices concerning the welfare of dairy newborn ruminants should
be given greater emphasis in animal welfare schemes. In a farming system, it is often
the animals in the productive stage that experience the highest welfare level. Attention
must also be focused on unweaned animals, especially dairy ruminants, which are often
separated from their mothers immediately after birth and, in intensive systems, kept in
individual pens. Animal welfare labeling schemes should mandate a minimum mother—
young contact period after calving, even if it is just for one day [34,38]. Further to this,
the duration for keeping calves in separate pens should be minimized, and the provision
of clean, dry bedding material of adequate height should be made a strict requirement.
Based on the authors” personal observations, inadequate height of bedding material and
insufficient cleanliness, which compromise comfort and thermoregulation, are common
issues in dairy calf management.

Also, we propose that standards developed for labeling and communicating animal
welfare in farming systems should define not only the timeline but also the specific time
intervals for interventive handling practices that pose significant physical and mental stress
to the animals. For example, RSPCA Approved requires that weaning from colostrum not
coincide with castration and/or disbudding since both practices are significantly stressful
for the animals [61]. Additionally, animal welfare standards should set a maximum number
of individual animals that can be kept in a group [38,42-47,68-71] and impose stricter
criteria on the regrouping of animals, as both factors negatively impact welfare.

Another aspect of animal welfare that should be thoroughly evaluated in the labeling
schemes is thermal comfort. Animal Welfare Certified by GAP has incorporated a heat
stress [69] and Welfair a panting score [66,67]. While the standards provide extensive anal-
ysis of shelter and shed requirements, especially for pasture-based systems [34-47,63-71],
thermal comfort is often not assessed in dept within the facilities. This is particularly
crucial for Mediterranean countries when the temperature is high. It also underscores the
importance of performing audits during different parts of the year to cover all seasonal
phases of a farming system [39-41,62,68-71] and always during a period when welfare is
at risk.

According to our analysis, all animal welfare assessment schemes include positive
welfare indicators, primarily access to pasture and comfort, and demand environmental
enrichment, which is described in detail. However, a positive human-animal relationship
is usually only generally mentioned in the standards, with Welfair being the exception by
measuring it with a human approach test [63-67]. A positive human—-animal relationship is
valuable both for animal welfare and for productivity [95,97-100], and should be promoted
in the labeling schemes more systematically. Incorporating a human-approach test as
a tool for measuring animals’ fearfulness towards humans would be both feasible and
effective [97]. Another positive welfare indicator that should be emphasized more in the
standards is behavioral synchronization, as it not only indicates positive affective states
but also the adequate availability of space and resources. A practical way to measure it
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during an audit would be to assess how many animals in a herd can lie down in a natural
body posture, eat, or drink simultaneously [39-41,63-67].

We also recommend the use of scoring tools during audits to measure indicators.
Scoring scales are practical and feasible methods for assessing welfare, as they consist of
a limited number of levels, accompanied by photos and explanations. Body condition
and lameness scoring scales are commonly used in most standards. Notably, Animal
Welfare Approved by GAP sets a nesting scoring for calves and a simple evaluation of
air quality for all animals [69]. Scoring tools enhance repeatability and inter- and intra-
observer reliability, making welfare assessment more effective. Moreover, scoring sheets
with pictures explaining each score can serve as a feasible way to train auditors.

It is also important to develop standards for assessing animal welfare during transport
and slaughter, as these production stages are not covered by most labeling schemes. Addi-
tionally, there is lack of standards for dairy sheep in intensive systems. Red Tractor [70]
evaluates welfare only for sheep raised for meat. The AWIN Welfare assessment protocol
for sheep is the only scheme developed for intensive dairy farming [66]. Furthermore,
there is a need for animal welfare labeling schemes for buffalos and bison. No dedicated
animal welfare labeling schemes were retrieved for these species, except for one standard
for bison [101] developed by GAP and one for water buffaloes [102] developed by Certified
Humane, an NGO based in the USA but with an international presence. According to the
FAO, 15% of the world’s milk production comes from buffaloes [16], so the population of
buffaloes in Europe is growing and milk production is becoming more intensive.

Nowadays, consumers are willing to pay a premium price for products originating
from improved animal welfare farming systems. Although this willingness to pay is
complicated and the exact premium consumers are willing to pay even more so [10-15],
various studies indicate that consumers do indeed pay more [13-15,21-29]. Keeping the
labeling standards open to the public strengthens consumer’s trust and transparency, which
can influence both the willingness to pay and the economical sustainability of enhanced
animal welfare farming systems. Credibility can also be reinforced by incorporating a
minimum required conversion period for the farms before they are allowed to label their
products under a given standard [34,35,52,54,55]. Further to this, auditing all farms rather
than just a sample in a company [68-71] would strengthen this credibility, since group
certification in most standards requires only sample auditing.

Moreover, we should emphasize that it is essential to communicate the farming
criteria set by each labeling system to consumers through strategic promotion by the
system initiators and even certification bodies. Achieving this requires collaboration
between private and public entities and can be achieved through consumer and farmer
demand, stricter animal welfare legislation from the state, and cooperation between private
(both for-profit and non-profit) and public organizations [103]. It is also crucial to link
animal welfare with the quality of animal-derived products. A notable example is the
Scotch Assured labeling scheme, developed through collaboration between commercial
and animal welfare NGOs, which promotes locally produced red meat of high quality [83].
Animal welfare credibility is strengthened by the fact that the Prevention of Cruelty to
Animals can be present during the audits and has been involved in the development of
the standard. Additionally, economic studies can further support this type of initiative,
studying the economical sustainability and profitability of this type of enhanced animal
welfare products.

Further to this, many labeling schemes, such as the Dutch Beter Leven [42-47] and the
Danish Bedre Dyrevelfeerd [38], focus solely on improving animal welfare conditions rather
than addressing other aspects of sustainability. As a result, their requirements exceed the
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EU legislation for conventional farming but remain lower than those of organic production.
However, at the third and highest level in both systems, the welfare requirements for
animals reach or even surpass those of organic farming [38,43,45]. Since these systems
prioritize animal welfare, it is generally easier for a producer to adapt its husbandry
practices to meet certification standards compared to the more extensive changes required
for organic certification. This means that a farm can enhance animal welfare with a lower
financial investment than would be needed for a full transition to organic farming.

However, certification requirements vary significantly, making it challenging to com-
pare different protocols both from a scientific perspective and from a consumer stand-
point [12-15,20]. To prevent consumer confusion, the development of a pan-European
labeling system has been proposed to ensure a unified policy across countries [20,104]. This
approach is supported by non-profit organizations [20,105]. Nonetheless, in practice, it
could pose challenges, as not all countries would be able to meet the common require-
ments while remaining economically viable and competitive in the European market [20].
Additionally, the existence of various protocols—and, consequently, different farming
management practices—results in animal-based products of a wide cost range, and thus
being affordable for a wide group of consumers.

Finally, elaboration on how these schemes compare in terms of real-world effectiveness
or consumer impact is beyond the scope of this review. Still, future studies focusing on
these aspects could contribute significantly to the development of animal welfare labeling
schemes not only by improving welfare assessment but also by enhancing their credibility
among consumers.

Despite the variation in the requirements of animal welfare standards, the trend to-
ward raising animals under better welfare conditions—and the corresponding consumer
demand in Europe—is clear and is even supported by state-led labeling initiatives. Tar-
geted consumer and farmer education, strategic promotional efforts, and research support-
ing the quality of higher-welfare products of animal origin can contribute to advancing
this movement.

5. Conclusions

Animal welfare labeling serves as an important tool for informing consumers and
enhancing the credibility of the production chain. Globally, consumers are increasingly
concerned about the rearing conditions of production animals, driving the development of
more and more labeling systems that certify improved welfare conditions. These systems
vary in their structure, content, and the level of welfare they ensure. However, they all
require conditions superior to those of conventional and, in many cases, even to organic
farming, especially those developed by NGOs. The criteria included in these impose im-
proved husbandry practices, particularly regarding tail docking for sheep and management
of dairy calves. Dairy calves are often allowed to suckle for a period, and the maximum
permitted duration for keeping calves in individual pens is shorter compared to conven-
tional systems. Positive welfare indicators are also incorporated into the protocols, with the
most common being access to pasture and comfort. The improvement in animal welfare in
these schemes is largely due to the detailed and specific analysis of required practices and
provisions, which minimizes the risk of misinterpretation. Nonetheless, certain limitations
do remain. Specific parameters like thermal comfort, mortality, and positive human—animal
relationships are not incorporated into all standards. Furthermore, there is a need for
more comprehensive animal welfare evaluation during transport and slaughter. Effectively
communicating the standards to consumers and strengthening their credibility can enhance
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consumer willingness to pay, thereby improving the economic viability of systems with
improved animal welfare standards.
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Simple Summary: Urea is a common and inexpensive supplement in the diet of ruminants
because it provides nitrogen that rumen microbes use to grow. However, when urea
dissolves too quickly in the stomach, it can release ammonia at toxic levels and reduce the
efficiency of nutrient use. To address this problem, scientists have developed “slow-release
urea,” a technology that controls the speed at which urea is broken down. By covering
the urea with protective materials such as waxes, oils, or plant-based substances, it is
possible to better match nitrogen release with the energy that animals obtain from their
feed, improving animal performance and providing a promising way to make livestock
production more efficient, safe, and environmentally friendly.

Abstract: Urea is one of the most widely used sources of non-protein nitrogen (NPN)
in ruminant diets due to its low cost and high availability. However, its rapid solubi-
lization in the rumen can result in abrupt ammonia release, leading to toxicity risks and
low nitrogen utilization efficiency. In this context, slow-release technologies, particularly
microencapsulation, have been developed to synchronize NPN release with fermentable
carbohydrate availability, thereby enhancing microbial protein synthesis, improving animal
performance, and reducing environmental impacts. This review compiles recent advances
in urea microencapsulation, emphasizing different wall materials such as waxes, lipids,
polysaccharides, and fatty acids, as well as drying techniques and formulation strategies.
Slow-release urea (SRU) addition in small ruminants” diet may increase nutrient intake and
digestibility, improve N balance, and reduce urinary excretion losses. Regarding perfor-
mance, positive responses are observed when nitrogen release is properly synchronized
with energy availability, although the results may vary depending on the encapsulant type,
forage-to-concentrate ratio, and ruminal passage rate. Additionally, effects on meat quality
and environmental parameters indicate that this technology holds not only zootechnical
but also socio-environmental potential. It is concluded that urea microencapsulation can
represent a promising alternative to optimize NPN use efficiency in ruminant produc-
tion systems, though greater methodological standardization, long-term evaluations, and
comparative economic analyses are required to encourage its broader adoption.
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1. Introduction

Urea is a widely used source of non-protein nitrogen (NPN) in ruminant nutrition,
primarily due to its low cost per unit of nutrient. It represents a viable alternative to
partially or completely replace true protein from commercial meals, which are expensive,
and from oilseed cakes, which often contain antinutritional factors that may compromise
nutrient digestibility [1,2].

However, the high solubility of urea makes it highly susceptible to rapid hydrolysis
in the rumen, resulting in accelerated ammonia release [3]. When supplied in excess,
this ammonia may exceed the liver’s capacity for conversion back to urea, impairing
recycling through saliva or urinary excretion [4]. This overload increases blood ammonia
concentration, potentially leading to ruminal alkalosis and acute toxicity. Therefore, the
safe use of urea requires continuous adaptation of the ruminal microbiota to optimize its
conversion into microbial protein and to reduce the risk of toxicity [2].

Microbial protein synthesis in the rumen strongly depends on ammonia (NH3-N) avail-
ability. Classical studies demonstrate that microbial synthesis efficiency is maximized when
ruminal NH;3-N concentrations are approximately 5-11 mmol /L (~7-15 mg-dL 1) [4,5];
substantially lower concentrations can support only limited microbial growth, while rapid
and excessive releases of N into the rumen increase the risk of ammonia release into portal
and systemic blood [5,6]. In episodes of overload (e.g., acute urea ingestion), ruminal
ammonia spikes from ~9.7 to ~32.0 mg/100 mL within minutes have been observed,
with corresponding elevations in portal blood (up to ~8.0 mg/100 mL) and subsequent
arterial rise, illustrating that ruminal spikes can rapidly exceed hepatic detoxification ca-
pacity. Clinical signs of hyperammonemia typically appear around ~1.0 mg/dL plasma
ammonia, and associated mortality is generally reported when blood ammonia exceeds
~2.0 mg/dL, emphasizing the narrow threshold between high N availability and systemic
toxicity [6]. Although the ruminant liver has the adaptive capacity to increase ureage-
nesis, and a significant portion of hepatic urea is recycled to the gastrointestinal tract
(recent modeling indicates that a substantial fraction of urea-N may return to the lumen,
model estimates even suggest that a large portion of hepatic N is recycled to the digestive
tract), this recycling has limits. It does not eliminate the risk of acute ruminal peaks [7].
Therefore, nutritional strategies that reduce rapid ruminal amino acid degradation (e.g.,
microencapsulated lysine) can improve N use efficiency and reduce nitrogen losses and
hyperammonemia risk [8].

In this context, strategies have been developed to control the rate of urea release
in the rumen environment. By promoting a more gradual release of NPN, it becomes
possible to synchronize nitrogen supply with the availability of fermentable energy, thereby
enhancing microbial growth and microbial protein synthesis [1,2]. Technologies such as
microencapsulation have been investigated for this purpose, using different materials and
methods. Alternatives tested over the past few decades include starch-based systems [1],
formaldehyde treatments [2], lipid protection [3,9], liquid urea with calcium chloride [10],
and the use of polymers [11].

This type of approach is particularly relevant in arid and semi-arid regions worldwide,
where forage scarcity or the predominance of low-quality feedstuffs, often with high fiber
content and slow ruminal degradation, limits animal performance. In such environments,
the lack of synchronization between nitrogen release and the availability of fermentable car-
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bohydrates further restricts the utilization of free urea, compromising ruminal fermentation
efficiency and microbial protein production [12,13].

Given this scenario, research efforts have intensified to develop and improve slow-
release urea technologies aimed at enhancing the compatibility between nutrient degrada-
tion rates and maximizing the efficiency of non-protein nitrogen utilization [14]. Therefore,
this review summarizes advances in encapsulation techniques and evaluates their effects
on nitrogen utilization and small ruminant performance.

2. Protein Metabolism in Ruminants

Protein is an essential macromolecule for the functioning and maintenance of animal
organisms, playing roles in cellular structure, hormonal regulation, enzymatic activity,
stimulus reception, and the storage of genetic information [2,14]. Protein metabolism
in ruminants plays a central role in sustaining growth, reproduction, milk, and meat
production. It is a complex process influenced by the interaction between dietary proteins
and the rumen microbial ecosystem. Microorganisms in the rumen degrade dietary proteins
into peptides, amino acids, and ammonia, which are later used for microbial protein
synthesis [11,13]. This microbial protein is a major source of amino acids for the host
animal once digested in the small intestine. The balance between rumen degradable and
undegradable proteins strongly affects nutrient utilization efficiency. Thus, efficient protein
metabolism reduces nitrogen losses, contributing to animal performance and environmental
sustainability [10].

To facilitate the understanding of these processes, an infographic (Figure 1) was pre-
pared to schematically represent protein metabolism in sheep, highlighting the interaction
between dietary proteins, ruminal microbial activity, nitrogen recycling through the urea
cycle, and the contribution of slow-release urea (SRU) to synchronizing nitrogen availability
with energy supply.

Understanding these mechanisms is essential for developing feeding strategies to
optimize productivity in ruminant systems. In ruminants, dietary proteins are initially
degraded in the rumen by microorganisms into peptides and amino acids, which are subse-
quently used for microbial protein synthesis [9]. The extent and rate of this degradation
vary widely depending on the type of feed: plant proteins, particularly those from legumes,
tend to be more degradable than those of animal origin and usually have higher protein
content compared to grasses [13].

Given this dynamic, modern ruminant feeding systems adopt the concept of metab-
olizable protein (MP), defined as the total amount of amino acids truly absorbable in the
small intestine, originating from both microbial protein and rumen undegraded dietary
protein [14-17]. However, not all amino acids reaching the intestine are efficiently absorbed
and utilized. The fraction of MP effectively incorporated into body tissues, milk synthe-
sis, or metabolic maintenance is what determines the efficiency of metabolizable protein
utilization [18].

In this context, Galvani et al. [19] suggested an average efficiency of 62% for MP utiliza-
tion in sheep, a value considered safe to ensure adequate protein supply while preventing
negative impacts on rumen fermentation. According to Van Soest [20], diets with protein
levels below 8% of dry matter (DM) may impair microbial growth and, consequently, reduce
diet digestibility. Under conditions of low protein intake, physiological adaptations occur,
such as increased renal urea reabsorption [21] and enhanced ruminal urea transport [22],
allowing this recycled urea to be used as a nitrogen source by ruminal microorganisms.
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Protein Metabolism in Ruminants:
From Diet to Animal
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Figure 1. Schematic representation of protein metabolism in sheep. Dietary proteins are degraded
in the rumen into rumen degradable protein (RDP), releasing peptides, amino acids, and ammonia
(NHj3), which support microbial protein synthesis. Rumen undegradable protein (RUP) escapes
ruminal degradation and, together with microbial protein, contributes to metabolizable protein (MP),
effectively absorbed in the small intestine. Slow-release urea (SRU) provides controlled nitrogen
availability synchronized with carbohydrate fermentation. The diagram also illustrates nitrogen
recycling through the urea cycle and nitrogen excretion (urinary and fecal).

On the other hand, excessive crude protein (CP) supplementation does not lead
to greater productive gains and brings both economic and environmental drawbacks.
Nitrogen excess requires additional energy for excretion and reduces CP utilization ef-
ficiency [23]. Moreover, it increases N excretion, mainly as urinary urea, contributing
to ammonia volatilization and nitrate leaching into groundwater [24], thus raising the
environmental impact of livestock systems.

Although ruminants can utilize NPN sources such as urea, the efficiency of this pro-
cess remains limited. Nitrogen balance studies in dairy and beef systems have shown that
only 27% and 14% of ingested N, respectively, were converted into milk or live weight
gain [25]. The remaining N is excreted via feces or urine, contributing to environmental
pollution through soil and water contamination and atmospheric emissions of nitrogenous
compounds [26]. Importantly, urinary N is more susceptible to rapid losses via volatiliza-
tion and leaching than fecal N, representing a mitigation opportunity through nutritional
management [27].

Fecal N excretion, largely derived from undigested microbial protein and proteins
fermented in the large intestine, is directly influenced by diet quality. Diets with higher
digestibility, in addition to supplying more fermentable energy to rumen microorganisms,
tend to enhance microbial protein production. However, part of this protein may escape
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digestion in the small intestine and be excreted in feces [28], particularly in diets with high
CP content.

The efficiency of nitrogen metabolism in ruminants can also be assessed through
nitrogen retention, defined as the difference between ingested N and total excretion. High
retention rates are associated with adequate fermentable energy supply in the rumen, which
favors microbial synthesis, reduces urinary urea excretion, and increases the proportion
of N excreted in feces [29]. Pfeffer et al. [30] estimated that well-formulated diets should
provide approximately 16 g of N/kg of dry matter, considering inevitable losses: 11 g in
feces, 4 g as non-urea N in urine, and 1 g as urinary urea. This requirement can be met
by either true protein sources or NPN, provided there is proper synchronization with the
energy available to microorganisms.

3. Non-Protein Nitrogen (NPN)

The use of urea [(NH;),CO] as a source of NPN has been widely adopted in ruminant
nutrition, primarily because it represents an effective strategy to reduce production costs.
Urea is rapidly hydrolyzed by ureolytic bacteria present in the rumen, releasing ammoniacal
nitrogen (NH3-N), which can be incorporated by ruminal microorganisms into microbial
protein, essential for ruminant growth and maintenance [31].

Among ruminal microorganisms, ureolytic bacteria play a key role in dietary urea
hydrolysis since they produce the enzyme urease, which catalyzes the conversion of urea
into ammonia (NH3) and carbon dioxide [32,33]. However, the rate of urea hydrolysis
often exceeds the capacity of ruminal bacteria to assimilate NH3 into microbial protein,
thereby reducing the efficiency of urea-N utilization by ruminants [34]. Furthermore, the
isolation and cultivation of these bacteria are complex, resulting in limited knowledge of
the ureolytic ruminal microbiota [35]. This knowledge gap hampers the development of
targeted strategies to regulate the rate of urea hydrolysis [36].

The NH;3-N peak in the rumen following urea supplementation usually occurs between
1 and 2 h after feeding. In contrast, when true protein sources are supplied, this peak
is observed between 3 and 5 h after intake [37,38]. This difference reflects the rapid
metabolism of urea in the ruminal environment. However, such rapid hydrolysis also
raises concerns, such as the low incorporation rate of NH3-N by the microbiota and the
risk of ammonia intoxication when excessive amounts are provided [20].

Urea remains an attractive alternative because of its low cost per nutrient unit and
high protein equivalent, reaching up to 281% [39]. This allows for its partial replacement of
plant protein sources from meals and cakes. Nevertheless, its rapid degradation rate can
lead to the sudden release of large amounts of NH3-N, accumulating in the rumen. When
absorption exceeds the liver’s capacity to convert ammonia into urea, it accumulates in the
bloodstream, potentially leading to ruminal alkalosis, intoxication, and, in severe cases,
animal death.

Ammonia production in ruminants is multifactorial. It can originate from dietary
amino acids, glutamine catabolism in enterocytes, and peripheral tissues such as skeletal
muscle. In mammals, at least 20 metabolic reactions produce ammonia, with glutaminase,
glutamate dehydrogenase, and the purine nucleotide cycle being the most relevant [40]. In
the gastrointestinal tract (GIT), ammonia arises mainly through two mechanisms: microbial
degradation of nitrogenous compounds in the lumen and microbial hydrolysis of urea
diffusing across the intestinal wall from the bloodstream [41].

In diets with very low protein levels, urea becomes the main NHj3 source in the rumen.
Rumen undegradable protein and indigestible protein pass into the duodenum without
influencing ruminal NH3 production. Conversely, degradable NPN, such as urea, is rapidly
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converted into NHj. Dietary nucleic acids are also degraded by bacterial peptidases
and deaminases, generating ammonia [42]. In animals with high protein intake, 10% to
15% of dietary protein may be deaminated to generate energy, leading to additional NHj3
production [43].

Ammonia absorbed through the ruminal epithelium, small intestinal mucosa, and
large intestine is transported via the portal vein to the liver, where it is converted into urea.
This urea may then be recycled back to the rumen, intestine, or saliva; excreted by the
kidneys; or secreted into milk or sweat [44]. Hepatic metabolism, therefore, plays a central
role in maintaining nitrogen homeostasis.

Urea intoxication in ruminants is an acute and often fatal syndrome that results
from the excessive conversion of NPN into ammonia within the ruminal environment.
The pathophysiological mechanism begins with the hydrolysis of urea by the enzyme
urease, produced by ruminal microorganisms, leading to the release of ammonia and
carbon dioxide. Under normal conditions, the ammonia generated is either incorporated
by ruminal microbes for microbial protein synthesis or absorbed through the ruminal
wall and converted to urea in the liver. However, when excessive amounts of urea are
ingested, or when ammonia is released too rapidly, hepatic detoxification mechanisms
become overwhelmed, resulting in the accumulation of ammonia in the bloodstream [45].

Ammonia toxicity exerts its effects through multiple deleterious cellular mechanisms.
Ammonia inhibits the citric acid cycle, induces lactic acidosis, decreases ATP production,
and disrupts the Na* /K*-ATPase pump, severely impairing cellular energy metabolism.
These effects are particularly pronounced in the central nervous system, where ammonia
readily crosses the blood-brain barrier and directly interferes with neurotransmission.
Critical blood ammonia thresholds for toxicity are well established in the literature. In
cattle, clinical signs such as ataxia occur when blood ammonia-nitrogen exceeds 20 mg/L,
with death usually occurring above 49 mg/L. In sheep, fatalities have been reported when
blood ammonia-nitrogen surpasses 32 mg/L, indicating a slightly different sensitivity
between species [46]. Other studies report that death commonly occurs when blood
ammonia reaches approximately 5 mg per 100 mL (equivalent to 50 mg/L) [45].

The interval between urea ingestion and the onset of clinical signs varies markedly
across species, generally ranging from 20 to 60 min in cattle and 30 to 90 min in sheep,
and can be even longer in horses [21]. This temporal variation reflects differences in urea
hydrolysis rate, ammonia absorption, and detoxification capacity among species. In sheep,
the progression of intoxication may be extremely rapid, with some animals found dead
without overt clinical signs.

Early clinical signs of urea intoxication include muscle tremors, especially of the face
and ears, abdominal pain, frothy salivation, polyuria, and bruxism. As intoxication pro-
gresses, animals may display restlessness, labored breathing, motor incoordination, bloat,
and tetany. In severe cases, mydriasis, tetanic contractions, lateral recumbency, and convul-
sions develop, rapidly progressing to coma and death. In sheep specifically, experimental
studies have documented distinctive clinical manifestations, including pronounced muscle
fasciculations, tremors, teeth grinding, ataxia, lateral recumbency, bloat, regurgitation,
hyperesthesia, mydriasis, and seizures. Anuria and absence of salivation have also been
described as late signs [47].

The practical aspects of urea intoxication in sheep involve both predisposing factors
and preventive measures. Major risk factors include abrupt introduction of urea into the
diet without proper adaptation, poor mixing of feed leading to localized areas of high urea
concentration, administration of urea on an empty stomach when ruminal pH is elevated
and microbial populations are reduced, and provision of urea without readily fermentable
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carbohydrates to balance ammonia release. Toxicity is further exacerbated under stress,
dehydration, or conditions of low energy intake, which compromise the microbial capacity
to assimilate ammonia.

From a diagnostic perspective, urea intoxication can be confirmed through clinical
findings in association with specific laboratory alterations. Ruminal fluid pH becomes
alkaline, typically ranging from 7.1 to 7.9 (normal 6.0-7.0), with elevated ruminal am-
monia concentrations often exceeding 500-800 mg/L compared with normal values of
60-680 mg/L. The presence of white froth in the airways at necropsy and the characteristic
odor of ammonia are supportive post-mortem findings. Blood sampling for ammonia
determination must be performed immediately after collection and processed without
delay, since values may artificially increase if samples are not properly preserved.

Treatment of urea intoxication is largely symptomatic and supportive, as no specific
antidote exists. Therapeutic measures include the oral administration of weak acids such as
vinegar (acetic acid) or diluted hydrochloric acid to neutralize ruminal alkalinity and reduce
ammonia absorption, provision of easily fermentable carbohydrates to stimulate microbial
growth and ammonia utilization, fluid therapy to correct dehydration and enhance renal
excretion of nitrogenous compounds, and administration of sedatives or anticonvulsants
when seizures occur. Prognosis depends critically on the rapidity of intervention, and
animals in advanced stages of intoxication usually have a poor to grave prognosis.

Prevention of urea intoxication in sheep requires the implementation of strict nutri-
tional management protocols. Urea introduction into the diet should be gradual, beginning
with low doses and increasing progressively over 7 to 14 days to allow for ruminal micro-
biota adaptation. Uniform mixing of urea into feed is essential, and direct administration
of powdered or granulated urea to animals must be avoided. The simultaneous provision
of readily fermentable carbohydrates, such as molasses or grains, is crucial to synchronize
ammonia release with energy availability for ruminal microbes. Additionally, urea should
not exceed 1% of total dietary dry matter or 3% of concentrate, and animals must have
continuous access to high-quality water.

To mitigate the risks associated with the rapid release of ammonia in the rumen, tech-
nological strategies such as urea microencapsulation have been explored. This technique
aims to control the release of the compound, ensuring gradual and safer availability of am-
monia, optimizing synchronization with fermentable carbohydrate supply [20]. Controlled
release improves nitrogen utilization efficiency and reduces toxicity risks. Freire et al. [48]
emphasized that the rate of ammonia release in the rumen is crucial both for microbial
protein synthesis and for the adaptation of urea to the ruminal environment. Additionally,
urea can improve the digestibility and utilization of low-quality roughages, such as hays
and straws [49], supporting animal performance even under nutritional restrictions.

A comprehensive understanding of the pathophysiological mechanisms of urea in-
toxication, coupled with knowledge of critical blood ammonia thresholds and practical
aspects of prevention and management, is fundamental for the safe and effective use of
urea as a source of non-protein nitrogen in sheep production systems. Proper implementa-
tion of these practices allows producers to benefit from the economic advantages of urea
supplementation while minimizing the risks of intoxication, thereby contributing to the
sustainability and efficiency of ruminant production.

Therefore, the use of urea as an NPN source remains a viable and economically attrac-
tive strategy, provided that practices are adopted to ensure metabolic safety and maximize
microbial efficiency, particularly through technologies such as microencapsulation.
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4. Microencapsulation Technique

Microencapsulation is a technology designed to package solids, liquids, or gases into
small capsules, whose main function is to enable controlled release of their core content
at defined rates, over time, and under specific conditions [50]. In animal nutrition, this
approach has gained increasing interest due to its potential to improve nutrient utilization
efficiency, such as urea, while also favoring the modulation of ruminal microbiota and
enhancing ruminant productive performance [51,52].

Historically, the microencapsulation technique was first described in the 1950s by
Green and Schleicher, who patented capsules containing dyes initially developed for copy-
ing purposes [51]. Since then, this technology has evolved, being applied to the encapsula-
tion of liquids, solids, or gases within wall-forming materials, resulting in microcapsules
with the capacity for controlled release of the core [50]. This feature is particularly relevant
in ruminant nutrition, as certain compounds, such as urea and methionine, undergo rapid
transformations in the rumen, namely hydrolysis and deamination, respectively, thereby
reducing their utilization efficiency [53].

Although relatively recent in zootechnical applications, microencapsulation was al-
ready described in the 1970s as a process involving polymeric coatings applied to solid
particles, liquid droplets, or gases, generating microcapsules capable of releasing their
core under specific conditions of time and environment [54]. This conceptual evolution
reinforces the potential of the technique as a strategy to overcome ruminal constraints.

In ruminant nutrition, two main objectives justify the use of microencapsulation:
(i) the controlled release of nitrogenous compounds, such as urea, in the rumen, and
(i) the protection of amino acids, fatty acids, and probiotic microorganisms against ruminal
degradation [55-57]. As highlighted by Comunian et al. [58], several techniques have
been investigated and employed for ingredient encapsulation, which can be grouped into
three broad categories: physical (Iyophilization, extrusion, spray-chilling, fluidized bed,
co-crystallization, among others), chemical (polymerization, interfacial polymerization),
and physicochemical (coacervation, solvent evaporation, liposomes, fusion-emulsion).

The choice of an appropriate technique depends on multiple factors, including the site
and mode of application of the final product, the desired particle size, release mechanisms,
and the physicochemical properties of both the core and the encapsulating material [51].
Moreover, cost and safety of materials, particularly in the context of feed ingredients, are
fundamental considerations [58].

When lipid-based wall materials are used, the most common method is fusion-
emulsification. This method consists of melting the lipids that compose the encapsulant,
followed by core incorporation through dispersion or dissolution. To stabilize the emulsion,
an emulsifier such as soy lecithin is added to the molten lipid [59]. The emulsion is then
dispersed into an aqueous phase containing an oil-in-water surfactant. Subsequently, the
system is left at room temperature, allowing for lipid solidification and aqueous fraction
evaporation [60].

Another widely used method, especially for preserving heat-sensitive compounds,
is lyophilization. According to Azeredo [61], this technique involves freezing the ma-
terial and subsequently removing water by sublimation under vacuum, resulting in a
high-quality product with minimal structural changes and good stability. In microencapsu-
lation, lyophilization can be applied to emulsions previously formed between the core and
encapsulant, favoring content preservation and encapsulation efficiency.

Following encapsulation, one of the most relevant aspects for success in ruminant
nutrition is understanding the mechanisms that regulate the release of the core in the
ruminal environment. In this context, both the rate and mode of release are strongly
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influenced by the properties of the wall material, the nature of the core, and the ruminal
physicochemical conditions.

In the rumen, the main identified release mechanisms are diffusion and biodegra-
dation (or enzymatic erosion), both mediated by microorganisms and their digestive
enzymes [62,63]. Diffusion occurs when the coating remains intact, allowing ruminal fluid
to penetrate, dissolve the core, and subsequently release it through pores or channels
within the encapsulant matrix [64]. This process depends on factors such as solubility of
the core, wall permeability, and microcapsule morphology [65,66]. Biodegradation, on the
other hand, results from the action of ruminal enzymes, such as proteases and lipases, that
hydrolyze wall constituents, particularly when composed of proteins or lipids, thereby
exposing the core to the external environment and facilitating its release [67].

Although some encapsulating materials, such as waxes or saturated fats, are con-
sidered relatively inert in the ruminal environment, evidence from electron micrographs
suggests that the structure of these walls can be partially removed or disrupted by mi-
crobial action. Scanning electron microscopy (SEM) allows for the evaluation of surface
morphology in both isolated phases and microencapsulated systems. For the preparation of
micrographs, samples were fixed on aluminum stubs using double-sided adhesive tape and
subsequently coated with gold. According to Medeiros et al. [63], carnauba wax exhibits
an irregular yet intact surface, sealed, non-porous, and marked by distinctive features. In
contrast, urea displays a rough, porous surface with visible fissures [52,63]. When urea
was encapsulated in carnauba wax, the microstructure retained the characteristic features
of the wax, confirming its protective role. The observation that carnauba wax formed the
only visible external phase supports the success of the microencapsulation process [63].
The effectiveness of carnauba wax for material incorporation has also been reported in the
literature, where it was employed to hydrophobize bentonite, vermiculite, and diatomite.
Similarly, Carvalho Neto et al. [53] demonstrated its potential as a microencapsulating
agent for valine.

According to Carvalho et al. [52], bee wax micrographs show a slightly irregular, intact,
sealed, non-porous, and smooth surface, which contrasts with the more irregular mor-
phology of carnauba wax [63]. In the case of SRU encapsulated with beeswax, the surface
appeared very similar to that of isolated bee wax, indicating that urea was located inside
the microparticle, although minor surface exposure was detected. However, Carvalho
et al. [52] further observed that when sulfur was incorporated into the bee wax encapsulant,
the microstructure became clearly rough and aggregated, suggesting a significant presence
of exposed urea. This effect was likely associated with the sulfur source, which reduced the
protective efficiency of the matrix and led to nitrogen exposure.

Medeiros et al. [63] demonstrated from the scanning electron micrographs obtained
before and after the in vitro ruminal digestion process of microcapsules formulated with
carnauba wax as wall material, the capacity of ruminal microorganisms to promote physical
and/or enzymatic modifications of microcapsules, potentially as an adaptive strategy to
access metabolically valuable internal contents. Thus, interactions between capsules and
ruminal microbiota appear more dynamic than previously assumed, with implications for
release kinetics and compound bioavailability.

In practice, multiple mechanisms often act simultaneously or sequentially, and release
may also be conditioned by specific triggers, such as pH, temperature, or the presence of
particular enzymes, offering greater precision in nutrient delivery [67,68].

It is important to emphasize that the core purpose of microencapsulation is not only
to protect the core but also to ensure its controlled release at the appropriate time and
site. Without such control, the technique loses its functionality [67]. When correctly
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applied, these systems provide a viable solution to challenges faced in ruminant nutrition,
particularly in replacing soybean meal with alternative sources such as non-protein nitrogen
compounds, protected amino acids, and functional lipids. Therefore, microencapsulation
emerges as a promising technological tool to enhance feed efficiency and sustainability in
animal production.

5. Methodology

This research followed the PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) framework, structured as a systematic and descriptive review with
a quantitative analytical approach. The review aimed to compile and critically assess the
scientific evidence on slow- and controlled-release urea (SRU/CRU) technologies applied
to sheep feeding systems, emphasizing their impact on nitrogen metabolism, feed efficiency,
and animal performance.

5.1. Literature Search Strategy

A comprehensive and systematic search was conducted from September 2016 to April
2025 across three major academic databases: SciELO, ScienceDirect (Elsevier), and the
National Library of Medicine (PubMed). The search strategy was developed using the
Boolean method, combining controlled descriptors and free-text terms to maximize retrieval
sensitivity and specificity.

The search string was formulated as follows: (“slow-release urea” OR “controlled-
release urea”) AND (“sheep” OR “lamb”) AND (“feedlot” OR “intensive feeding”) AND
(“nitrogen metabolism” OR “protein efficiency”).

After a pilot search, descriptions were selected to ensure adequate indexing under the
Agricultural and Biological Sciences category. Only peer-reviewed articles published in
English were considered. The reference management software Mendeley 1.19.3 (Elsevier®)
was used to organize records, identify duplicates, and facilitate screening.

5.2. Eligibility Criteria

Inclusion and exclusion criteria were defined a priori to ensure methodological trans-
parency and reproducibility. As inclusion criteria, studies were included if they: were
original research articles published between 2016 and 2025; reported experimental data on
the development, evaluation, or application of SRU or CRU in sheep; were conducted under
feedlot or controlled feeding conditions using complete diets; and provided at least one
quantitative response variable, such as nutrient intake, digestibility, ruminal or nitrogen
metabolism, growth, or productive performance.

Priority was given to studies presenting novel encapsulation materials (e.g., lipid, wax,
polymeric, or polysaccharide matrices), detailed characterizations of protection technolo-
gies, and trials assessing synchrony between nitrogen release and carbohydrate degradation.

In contrast, as an exclusion criterion, publications were excluded if they: were review
papers, theses, dissertations, or book chapters; presented duplicated data across databases;
lacked precise or reproducible methodological descriptions; reported results unrelated to
SRU/CRU or nitrogen metabolism; or did not address the guiding research question of
this review.

5.3. Study Selection Process

The selection process was conducted in three consecutive phases: Identification: Initial
screening based on titles and keywords retrieved from the databases. Screening: Abstracts
were evaluated to determine alignment with the review objectives. Eligibility and Inclusion:
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Full texts were read and assessed against all inclusion and exclusion criteria. From an
initial pool of 246 studies (76 from SciELO, six from PubMed, and 164 from ScienceDirect),
23 manuscripts fulfilled all eligibility criteria and were retained for in-depth analysis.

A PRISMA [69] flow diagram (Figure 2) summarizes the article selection process,
including the number of records identified, screened, excluded, and finally included in
the synthesis.

‘ Search Scielo, PubMed, ScienceDirect ’

Y

‘ Records identified (n = 246) ’

Records excluded

‘ Records screened

(n=184)
No Records excluded
(n=143)
Yes

Full-text articles
assessed for elig-

ibility (n=41)
No Records excluded
(n=18)
Studies included
(n=23)

Figure 2. PRISMA [69] flow diagram summarizes the article selection process.

5.4. Data Extraction and Synthesis

Two reviewers independently extracted and verified data from the selected studies to
minimize bias. Extraction fields included: Author(s) and year of publication; Experimental
design and animal category; Type of SRU/CRU and encapsulation material; Analytical
and evaluation methods (chemical, metabolic, or performance-based); Main quantitative
outcomes (intake, digestibility, ruminal parameters, nitrogen balance, growth rate, or
carcass traits).

Information was organized into comparative tables and summary figures, focusing
on the technological characteristics and biological responses of SRU systems. To enhance
visual interpretation, results were synthesized into heatmaps and trend graphs highlight-
ing relationships between the degradation rate of carbohydrate sources, nitrogen release
kinetics, and ruminal synchronization efficiency.
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5.5. Guiding Research Question

This review was structured around the question: “Which slow- or controlled-release
urea technologies demonstrate effective applicability and productive advantages in sheep
nutrition under feedlot or intensive feeding conditions?”.

5.6. Quality Assessment and Bias Control

Each included study was critically evaluated for methodological consistency, clarity of
experimental design, replication, and statistical robustness. The risk of bias was assessed
based on sample size, replication, data transparency, and the adequacy of control treatments.
Studies with unclear reporting or methodological limitations were included only when
their findings were essential to technological comparisons, with their limitations explicitly
discussed in the results and discussion below.

6. New Systems of Slow-Release Urea in the Rumen

The use of protected urea is already a well-established practice in ruminant nutrition.
However, recent advances in encapsulation processes have expanded the possibilities
of this technology, enabling the development of more efficient and specific systems for
controlled release. This has encouraged its adoption on a larger scale and stimulated the
registration of new patents in the sector.

One of the main challenges in urea microencapsulation is the choice of the encapsu-
lating material. Various industrial techniques have been employed to reduce the degra-
dation rate of urea in the rumen. Among the pioneering strategies are “amireia” [1],
formaldehyde-treated urea [2], lipid protection [3], liquid urea associated with calcium
chloride [5], biuret [9], and polymer encapsulation [11]. To be effective, the encapsulating
material must provide high protection and retention capacity, commercial availability, and
safety for animals.

The wall material, or encapsulant, coats the core to form microparticles (Figure 3).
Compounds such as carbohydrates, mainly polymer [37,70,71], lipids [52,53,63,72,73], and
cellulose [49,74] can be used, provided they are compatible with the core, stable at different
pH values, capable of film formation, possess good emulsifying properties, and adequate
porosity for the desired release. These characteristics must be evaluated in conjunction
with the properties of the core and the environmental conditions at the release site.

To promote the slow release of urea in the rumen, the ideal encapsulant should
be chemically inert, water-insoluble, and highly hydrophobic. Waxes such as carnauba
and beeswax meet these criteria, offering good moisture resistance and a melting point
close to 65 °C [63,74]. Carnauba wax, abundant in the Caatinga biome, characteristic of
Brazil’s semiarid region, is a viable alternative because it is biodegradable, inert to ruminal
microbiota, and hydrophobic [63]. Composed of long-chain saturated lipids extracted from
the palm Copernicia cerifera, it is considered safe for animals [75]. In addition, carnauba wax
has environmental and economic importance for local communities in the Caatinga, being
an important source of extractive income [76].

Medeiros et al. [63] evaluated carnauba wax as an encapsulating matrix in different
core-to-encapsulant ratios using the lyophilization technique. All tested systems demon-
strated satisfactory performance, reinforcing the potential of this wax in urea encapsulation.
Beeswax also stands out as a lipidic encapsulant, with desirable characteristics such as
hydrophobicity, thermal stability, and moisture resistance [52,74]. It also contains between
12 and 15% of free fatty acids, predominantly tetracosanoic acid, being inert to ruminal
microorganisms [77].
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Figure 3. Different urea encapsulation systems using distinct wall materials. (a) [53,63] Carnauba
wax: (a.1) pure wax flakes; (a.2) emulsion obtained by melting carnauba wax with urea and lecithin;
(a.3) dried and ground material, showing a flour-like structure. (b) [52] Beeswax: (b.1) pure wax
blocks; (b.2) emulsion obtained by melting beeswax with urea and lecithin; (b.3) dried and ground
material, showing a flour-like structure. (c) [71,72] Vegetable fat: (c.1) emulsion prepared with
vegetable fat, aqueous urea solution, and lecithin; (c.2) material after drying; (c.3) homogenized
material with a pasty appearance. (d) [70] Sodium alginate: (d.1) beads formed by mixing urea with
sodium alginate and immersing in calcium solution; (d.2) capsules after the gelification process;
(d.3) dried material, showing a circular and solid structure. (Source: Photos by the author).

Different wall materials used for urea encapsulation exhibit distinct properties that
directly influence microencapsulation efficiency, the protection of urea, and the release
profile of nitrogen in the rumen (Table 1).

Carnauba wax is initially available in flakes and is melted together with urea and
lecithin to form an emulsion [53,63]. After drying and grinding, it results in a flour-like
material. This matrix provides a continuous hydrophobic barrier without apparent porosity,
offering efficient protection against the rapid solubilization of urea [78,79]. Its irregular but
sealed surface suggests strong potential for encapsulation and controlled release.

Beeswayx, typically sold in blocks, follows a process similar to that of carnauba wax,
also yielding an emulsion and, after drying, a flour-like material. Its particles, however, dis-

174



Ruminants 2025, 5,

50

play a smoother and less irregular surface compared to carnauba. While beeswax is capable
of encapsulating urea, studies indicate a higher likelihood of superficial crystal exposure,
particularly when combined with sulfur, which reduces its protective efficiency [52,80].

Vegetable fat is used to prepare emulsions with aqueous urea solutions and lecithin.
After drying, it produces a homogeneous material with a pasty texture. This matrix is more
flexible and less structured than waxes, which may compromise the physical resistance of
the encapsulated product. On the other hand, its malleability allows for adjustments in the
release rate through formulation strategies [71].

Sodium alginate, in contrast to lipid matrices, forms solid beads through ionic gelation
in calcium solutions. After drying, it produces circular and rigid capsules with high
structural integrity. Being a hydrophilic system, it favors the production of uniform and
resistant particles, but it may provide less protection against rapid diffusion of urea in
aqueous environments, depending on the crosslinking density of the gel [70].

In comparative terms, waxes (carnauba and beeswax) are hydrophobic and create
effective physical barriers against the immediate solubilization of urea, but they differ
in texture: carnauba produces a more sealed and irregular matrix, whereas beeswax
forms a smoother surface with a greater chance of urea exposure [81]. Vegetable fat
offers flexibility and ease of processing but yields less robust structures, which may limit
long-term protection [71,72]. Sodium alginate, due to its polysaccharide nature, forms
well-defined solid capsules and represents a non-lipid alternative that combines simplicity
of production with the potential for controlled release, although it is more susceptible to
rapid hydration [70].

However, not all encapsulating matrices are efficient in protecting urea. For example,
Nayohan et al. [82] attempted to encapsulate urea using chitosan, but this material proved
ineffective. In vitro ruminal fermentation assays confirmed this inefficiency, as the degrada-
tion of urea in the rumen was not altered compared to the unprotected form, demonstrating
that the choice of encapsulating material is crucial to ensuring the functionality of slow-
release urea systems.

Table 1. Comparison of different materials used as urea encapsulants.

Encapsulant

Form/Structure Obtained

Surface Characteristics

Advantages

Limitations

Carnauba wax
[53,63,78,80,83]

Flakes — emulsion with urea
and lecithin — dried and
ground, flour-like material

Irregular but sealed
surface, intact and
non-porous

Hydrophobic barrier,
good protection against
rapid solubilization,
controlled release, high
structural integrity

More rigid processing;
requires higher thermal
energy during preparation

Beeswax
[52,81,83]

Blocks — emulsion with urea
and lecithin — dried and
ground, flour-like material

Smooth, slightly irregular
surface, sealed but may
expose urea crystals

Hydrophobic, effective
encapsulation, less
irregular morphology

Higher risk of exposed
urea; reduced efficiency
when combined with
sulfur

Vegetable fat
[71,72]

Emulsion with aqueous urea
solution + lecithin — dried
homogeneous material,
pasty texture

Less rigid, homogeneous
structure, flexible
consistency

Easy processing, flexible
matrix, adjustable release
rate

Lower physical resistance;
less durable protection

Sodium alginate
[70]

Beads formed by gelification in
Ca®* — circular and solid
capsules after drying

Rigid, circular, uniform,
hydrophilic structure

Simple production,
resistant capsules, particle
uniformity

Lower hydrophobic
barrier, higher risk of
rapid diffusion in aqueous
medium

Overall, each encapsulant presents specific advantages and limitations: waxes stand
out for their strong physical barrier, vegetable fat for its simplicity and adaptability,
and sodium alginate for its structural robustness, albeit with a greater tendency toward
quick hydration.
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Several experimental studies have been conducted to evaluate the performance of
different encapsulating matrices and methodologies applied to the production of SRU,
focusing on process yield, encapsulation efficiency, product stability, controlled nitrogen
release, and the impact on animal metabolism.

In Figure 4, the microencapsulation yield (MY) is presented, calculated as MY = (Mgina1/
Minicial) X 100, which compares the total mass of materials used in the encapsulation pro-
cess with the mass obtained after processing. In Figure 5, the microencapsulation efficiency
(EM) is shown, determined as EM = (U etained / Uinserted) X 100, which relates the amount
of urea effectively retained in the final product to the amount initially used in the process.
These parameters provide important insights for selecting the most effective combinations
of core and wall materials, as well as for identifying operational and technological limita-
tions, considering different formulations, urea proportions, drying methods, and the effects
of sulfur addition.
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Figure 4. Microencapsulation yield (MY) of slow-release urea systems, calculated as MY = (Mgpa1/
Minicial) % 100. The figure compiles data from several studies using different wall materials:
CW = Carnauba Wax; BW = Beeswax; PEC = Pectin; VF = Vegetable Fat; SA = Sodium Algi-
nate; SAC = Stearic Acid. Some formulations were produced with different drying processes
(Oven = Oven-dried; Lyo = Freeze-dried) and others with or without sulfur addition (+S = Sulfur
added). Blue dots indicate the level of urea incorporated into each encapsulation system, and
connected dots belong to the same study [52,63,69-71,80,83,84].
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Figure 5. Microencapsulation efficiency (ME) of slow-release urea systems, calculated as
ME = (Usetained / Uinserted) % 100. The figure compiles data from several studies using different wall
materials: CW = Carnauba Wax; BW = Beeswax; PEC = Pectin; VF = Vegetable Fat; SA = Sodium
Alginate; SAC = Stearic Acid. Some formulations were produced with different drying processes
(Oven = Oven-dried; Lyo = Freeze-dried) and others with or without sulfur addition (+S = Sulfur
added). Blue dots indicate the level of urea incorporated into each encapsulation system, and
connected dots belong to the same study [52,63,69-71,80,83,84].

Carvalho et al. [52] used beeswax as an encapsulant, observing its effectiveness in
reducing urea hygroscopicity, which favored homogenization with diet ingredients and
prevented solidification during storage. The 33% urea proportion showed the best yield
and urea content. However, sulfur addition impaired the quality of the formulation.

Another matrix evaluated was citrus pectin [69], a natural polysaccharide successfully
used with the external ionic extrusion/gelation technique. Pectin concentrations between
3 and 5% (w/v) and urea concentrations between 10 and 30% (w/w) were tested. Results
indicated that pectin favored the slow release of non-protein nitrogen, optimizing its
utilization and reducing nitrogen excretion.

When diets with high non-protein nitrogen levels, such as urea, are provided to
ruminants, adequate sulfur supplementation is necessary to meet ruminal microbial re-
quirements for sulfur amino acid synthesis. In this context, incorporating sulfur directly
into encapsulated urea systems would logically optimize the simultaneous supply of these
two essential nutrients for microbial metabolism. However, several studies have shown
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that sulfur addition during the encapsulation process can negatively affect the efficiency
and quality of the formed microparticles.

Because it is a polar molecule, sulfur, especially in the form of magnesium sulfate,
can alter the interaction between the core and encapsulating materials, affecting emulsion
stability, microcapsule shape, and final encapsulation yield. Silva et al. [70], for example,
evaluated systems encapsulated with 3% (w/v) sodium alginate containing 20% (w/w)
urea, using the external ionic extrusion/gelation technique and testing two drying methods
(oven and freeze-drying). Results indicated that oven drying performed better; however,
magnesium sulfate addition significantly compromised urea encapsulation efficiency. Sim-
ilarly, Silva et al. [83] compared carnauba and beeswax as encapsulating matrices using
emulsification followed by lyophilization at a 2:1 (encapsulant:core) ratio. Again, sul-
fur addition reduced system efficiency, highlighting the need for caution in formulating
encapsulated products with multiple components.

Medeiros [84], evaluating stearic acid at a 2:1 ratio as wall material, also investigated
the effect of sulfur addition to the urea core and compared two dehydration methods
(oven drying and lyophilization). Results showed the same negative effect of sulfur on
encapsulation. Still, under all tested conditions, stearic acid demonstrated high urea
encapsulation efficiency, emphasizing the relevance of its physicochemical properties,
such as high melting point (65 °C) and saturated nature, as determining factors for lipid
application in protecting molecules in the ruminal environment. It is worth noting that
stearic acid, in addition to being metabolically inert in the rumen, can be absorbed in the
small intestine and used as an energy source by the animal.

Most SRU systems use about 33% urea in the formulation, considered the upper
limit to maintain microparticle integrity and quality. Encapsulation yields (Figure 4) are
generally above 90%, with Silva et al. [83] reporting nearly 100% when using carnauba wax.
Conversely, systems with only 20% urea showed average yields of 87% [63,80], although
SRU in pectin reached 97% [69].

Values above 100%, such as those reported by Silva et al. [83] with carnauba wax with
and without sulfur, may be attributed to moisture retention during drying, due to wax
hardness and the hygroscopicity of magnesium sulfate heptahydrate. Silva et al. [70] also
obtained yields exceeding 300% with sodium alginate, as urea concentration was calculated
based on the hydrated solution, which concentrated after drying.

Particle size also influences urea degradation rate: larger particles degraded less and
released more slowly [63]. Microencapsulation efficiency was close to 100% for waxes and
vegetable fat and exceeded 150% for pectin [69] and sodium alginate [70] systems.

The analyzed systems showed low water activity (~0.5 at 25 °C), an important param-
eter for the stability of powdered feeds, whose residual moisture must be below 4% [85].
All formulations met this criterion. Results obtained with vegetable fat as encapsulant [63]
differed from those reported by Medeiros et al. [63], Carvalho et al. [52], and Netto et al. [80],
as increasing fat proportion did not improve yield, unlike other encapsulants. Lucena
et al. [71] highlighted a relevant finding regarding the ratio between wall material and core:
higher wall content is not always associated with greater yields and efficiencies. This oc-
curs because the interaction between urea, soy lecithin, and vegetable fat during emulsion
formation can significantly influence this relationship, especially during dehydration. At
this stage, vegetable fat may hinder water evaporation, compromising emulsion stability
and, consequently, final yield and material stability.
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7. Slow-Release Urea in Small Ruminant Feeding

The use of urea in ruminant nutrition is limited by the risk of ammonia intoxication,
especially when there is a rapid release of NPN in the rumen, surpassing the microbial
assimilation capacity. This abrupt release can cause an excessive increase in ruminal ammo-
nia concentration, leading to systemic absorption and hepatic overload in the conversion to
urea, with a consequent rise in serum urea levels and higher urinary excretion. As an alter-
native, slow-release urea has been proposed with the aim of synchronizing nitrogen release
with carbohydrate fermentation in the rumen, favoring microbial growth and improving
nitrogen use efficiency.

Based on bench-scale laboratory tests, it is possible to verify that the protection of
urea through encapsulation with waxes and carbohydrates is effective, ensuring gradual
release of NPN. However, it is crucial to understand how these systems behave in the actual
ruminal environment, where variables such as passage rate, pH, and diet composition may
directly influence the efficiency of encapsulated nitrogen utilization. Diets with high energy
concentration and different forage-to-concentrate ratios, for instance, can affect the release
pattern and utilization of protected urea.

Beyond the technical efficiency of encapsulation, it is essential to assess how these sys-
tems affect nutrient intake and digestibility, parameters directly related to diet acceptance
and ingredient utilization. Some wall materials, such as carnauba wax, may present odors
and specific sensory characteristics that influence palatability, potentially impacting volun-
tary intake. In this context, evaluating DM and CP intake allows for verification not only
of diet acceptance but also of potential adjustments in the synchronization between NPN
release and the availability of fermentable carbohydrates. Such synchronization is decisive
to maximize NPN use efficiency by fibrolytic bacteria, whose activity is fundamental for
fiber degradation and, consequently, energy utilization of the diet, reflecting in changes in
the apparent digestibility of DM, CP, and NDF.

Table 2 presents the effects of SRU inclusion on DM, CP, and NDF intake and di-
gestibility. Table 3 compiles the data related to nitrogen metabolism, while Figure 6 shows
the animals’ average daily gain (ADG). A joint analysis of these results makes it possi-
ble to identify whether SRU contributes to a better balance between nutrient supply and
utilization, optimizing ruminal fermentation and enhancing productive performance.

The inclusion of microencapsulated urea in sheep diets has promoted greater DM
intake, especially with increasing levels of SRU [52,63,80,83], in addition to reducing urinary
urea excretion, indicating better ruminal nitrogen utilization. However, Geron et al. [38],
using an established commercial SRU product, did not observe changes in intake.

The encapsulation process of urea can reduce or even eliminate the negative effect
that free urea exerts on voluntary intake, even though wall materials may contain high
ether extract (EE) levels. Lucena et al. [71], by including up to 3% encapsulated urea
using vegetable fat as wall material, raised the total dietary EE content to 6.25%, without
reducing intake or altering ingestive behavior. Despite the high EE content, there was also
no negative effect on fiber digestibility. Similar results were reported by Medeiros [84] with
the inclusion of 4.5% encapsulated urea with stearic acid.

Waxes also demonstrated positive effects on microbial activity on fiber [52], possibly
due to greater ruminal pH stability [69,71,72]. This stability favors protozoal growth, whose
contribution to fermentation and nutrition remains debated [86]. Gradual ammonia release
from SRU favors microbial nitrogen utilization and improves DM digestibility [63,69].

Regarding animal performance, responses to encapsulated urea vary according to
wall material, dose, encapsulation technique, and animal category (Figure 6). The best
weight gain results were obtained with SRU encapsulated in carnauba wax [78], reinforcing
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the superiority of this system over others. Systems with vegetable fat [71] or combined
waxes [69] also proved viable, though with a more modest impact on performance.

SRU also contributes to the reduction in ruminal ammonia and serum urea peaks,
promoting better nitrogen balance without compromising ruminal conditions [70,71]. The
inclusion of SRU (2% of the diet) encapsulated with oven-dried sodium alginate proved
efficient in nitrogen retention and reduction in urinary excretion [70].

Table 2. Dry matter intake (DMI) and crude protein (CP) intake, and apparent digestibility of dry
matter (DM), crude protein (CP), and neutral detergent fiber (NDF) in sheep fed diets containing
different nitrogen sources (soybean meal, free urea, and slow-release urea—SRU), using distinct
encapsulating agents and inclusion levels in the total diets.

Encapsulating  Levels of Intake (g/d)

Apparent Digestibility Coefficient

100 g Ingested
References Agent Inclusion (g/100 g Ingested)
DM CcP DM CP NDF
Soybean Meal - 946 129 66.8 b 52.1b 40.7
Geronetal. . . 0.4 956 132 66.8 b 59.2 ab 45.1
[31,38] b Omm‘zma 0.8 972 134 718 a 65.4 a 52.2
rotected urea 12 836 116 632 ¢ 54.7 b 413
Soybean Meal - 785 ¢ 107 58.6 64.9 495 ¢
Carvalho 1.5 788 ¢ 108 60.2 59.8 57.0b
etal. [52] Beeswax 3.0 905 a 126 66.1 64.2 59.2b
45 813b 109 64.3 65.1 622 a
Soybean Meal - 1000 b 132 ¢ 67.3 74.1b 48.4
Netto et al. 1.5 1004 b 135 ¢ 67.6 745b 50
[80] Carnauba Wax 3.0 1071 ab 141b 68.3 78.0 a 493
45 1167 a 151 a 67.5 79.3 a 495
Free Urea 0.5 843 120 73.3 63.2 53.9
Lucena et al. 1.25 813 119 73.2 66.9 50.4
[71] Vegetal Fat 2.0 856 125 74.8 65.5 48.3
3.0 871 129 73.4 67.5 454
Free Urea 0.5 972 b 137b 64.5 ab 725 51.9b
Silva et al. . 1.0 1183 a 166 a 66.9 a 719 51.8b
Sodium
[70] einate 15 1011 ab 152 ab 61.2 ab 67.9 55.8 ab
& 2.0 1100 ab 153 ab 58.9b 68.9 62.1a
Free Urea 0.4 1686 250 - - -
. 1.0 1684 239 - - -
Ba“?;";]et al. Corrnuba W 2.0 1641 236 - - -
arnauba ¥vax 3.0 1653 237 - - -
4.0 1573 223 - - -
Free Urea 1.5 1583 226 74.81 69.69 66.98
Medeiros Stearic Acid 45 1430 199 74.22 71.24 66.92
" ;
[84] Commercial 15 1527 215 72.36 66.7 64.09

Protected urea

abc Means followed by different letters in the same column are statistically different by Tukey’s test at 5%.

Netto et al. [80] observed linear increases in DM, CP, and total digestible nutrient intake
with SRU encapsulated in carnauba wax. Similarly, Silva et al. [83] reported improved DM
and NDF digestibility with sodium alginate-encapsulated SRU. Lucena et al. [71] observed
increased TDN intake and nitrogen retention, although Netto et al. [80] did not identify
changes in excretion despite higher nitrogen intake.
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Urea encapsulation also showed positive effects on ruminal environment. SRU inclu-
sion promotes greater ruminal pH stability, improving conditions for fiber fermentation
and favoring cellulolytic microbial growth. These effects were more pronounced with
sodium alginate and pectin encapsulation [69,70], which maintained pH within the optimal
range for microbial enzymatic activity.

Ruminal ammonia nitrogen concentration was also positively influenced by SRU.
Gradual release provides continuous ammonia supply, optimizing microbial assimilation
and reducing losses through excessive absorption or urinary excretion [52,71]. These
dynamic favors microbial protein synthesis, leading to greater dietary nitrogen use effi-
ciency [31,63].

Table 3. Nitrogen metabolism in sheep fed diets containing soybean meal, free urea, and slow-release
urea (SRU), using different encapsulating agents and inclusion levels. This table compiles data from
several studies evaluating parameters such as nitrogen balance, urinary and fecal nitrogen excretion,
nitrogen use efficiency, and body nitrogen retention, comparing different nitrogen sources.

References Encapsulating Levels' of Nitrogen Metabolism (g/d)
Agent Inclusion Intake Urinary Fecal Retained

Soybean Meal - 20.7 ab 1.77 991a 9.25¢
Geron et al. [31,38] Commercial 8§ g}é : égz 87.264 4&{? g%gz
protected urea 12 18.6 b 111 8.11 ab 9.22 ¢

Soybean Meal - 18.0 6.8 4.79 6.44

1.5 18.4 7.27 5.45 5.66

Carvalho etal. [52] Beeswax 3.0 213 6.53 4.69 10.1

4.5 19.6 6.83 5.67 7.11

Soybean Meal - 21.1b 5.18 5.34 10.6 b

1.5 21.7b 5.52 5.58 10.6 b

Netto et al. [80] Carnauba Wax 3.0 22.6 ab 5.93 5.86 10.8b
4.5 242 a 5.81 5.88 12.5a
Free Urea 0.5 19.3 5.52a 711a 6.67 d

L tal. [71] 1.25 19.0 4.85b 6.42b 7.75 ¢
vcenaetat Vegetal Fat 2.0 20.0 4.63b 6.96 ab 8.41b

g

3.0 20.7 3.76 ¢ 6.77 ab 10.2 a

Free Urea 0.5 21.8b 4.75b 6.88 10.2 ¢

sil t al. [70] 1.0 26.6 a 5.22 ab 6.85 14.5a
Hvaetal Sodium alginate 15 24.3 ab 5.42 ab 6.85 12.0b
2.0 24.8 ab 592 a 6.89 12.0b

Free Urea 1.5 34.1 11.1 3.16 199 a

Medeiros [84] Stearic Acid 45 33.6 9.38 2.81 214a
Commercial 15 31.0 114 345 161D

protected urea

abcd Means followed by different letters in the same column are statistically different by Tukey’s test at 5%.

Lucena et al. [71], although not observing significant effects of vegetable fat encap-
sulation on the ADG of feedlot lambs compared to free urea, reported that all treatments
achieved expressive gains, with values above 200 g/day. A relevant aspect of this study is
that SRU inclusion with vegetable fat allowed soybean meal to be reduced from 14% to 8%
of the diet DM, without compromising animal performance. This represents a substantial
reduction in the use of a costly and seasonally available ingredient, while demonstrating
the efficiency of encapsulated NPN in partially replacing true protein sources without
impairing ruminal fermentation or animal growth.
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Specification of nitrogen source and inclusion level (%)

The effectiveness of SRU also depends on its interaction with forage sources and effec-
tive fiber levels. Its efficiency may be compromised by factors such as particle size, forage-
to-concentrate ratio, and ruminal passage rate, which directly affect the retention time of
encapsulated urea in the rumen and synchronization with fermentable energy availability.

In this context, carnauba wax-encapsulated SRU has shown contrasting results, possi-
bly due to diet composition and physical structure. For example, Netto et al. [80] reported
a quadratic increase in ADG of feedlot lambs fed Cynodon spp. hay, ranging from 90 to
148 g/day. Conversely, Batista et al. [78], evaluating carnauba wax SRU in high-concentrate
diets (60:40) with low physically effective forage, found no improvement in weight gain or
carcass traits compared to free urea. Moreover, inclusions above 27.5 g/kg DM impaired
performance. The authors attributed this to the small particle size, which accelerated
passage rate, reducing ruminal exposure time of encapsulated urea and limiting nitro-
gen assimilation. These findings reinforce the importance of integrating diet formulation,
ingredient structure, and synchronization of NPN release with carbohydrate availability.

Soybean Meal 90c CW: Carnauba Wax
CW 1.5% 148a VE: Vegetable Fat
SAC: Stearic Acid
0,
CW3% 138b CPU: Commercial Protected Urea
CW 4.5% 133b
WNetto et al. 2019
Free Urea 0.5% 213 B Lucena et al. 2024
VF 1.25% 207 MBatista et al. 2025
B Medeiros 2024
VF 2% 206
VF 3% 200
Free Urea 0.4% 243a
CW 1% 241a
CW 2% 231b
CW 3% 222¢
CW 4% 165d
Free Urea 1.5% 220ab
SAC 4.5% 240ab
CPU 1.5% 180b
0 50 100 150 200 250

Average daily gain (g)

Figure 6. Average daily gain (ADG) of sheep fed diets containing different nitrogen sources: soybean
meal, free urea, and slow-release urea (SRU) encapsulated with distinct wall materials (CW: carnauba
wax; VF: vegetable fat; SAC: stearic acid; CPU: commercial protected urea), included at different
levels in the total diets. (abcd Means followed by different letters in the same column are statistically
different by Tukey’s test at 5%.) [63,70,72,75].

Complementary in vitro evidence has been provided by Inécio et al. [87], who eval-
uated SRU protected with carnauba wax associated with cassava starch and sugarcane
molasses powder. The authors observed improved metabolic activity of ruminal microor-
ganisms and linked these effects to changes in gas production dynamics, which were
associated with the utilization of simple carbohydrates such as fructose (from molasses)
and starch (from cassava), compared with fibrous carbohydrates (cellulose and hemicellu-
lose) derived from forages. These results highlight the potential of combining SRU with
readily fermentable carbohydrate sources to enhance microbial fermentation efficiency and
modulate ruminal fermentation patterns.
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Positive results were also obtained by Medeiros [84], who, using corn silage, observed
that stearic acid-encapsulated urea yielded ADG of 240 g/day in sheep, a 25% increase com-
pared to commercial SRU. This superior performance may be linked to the physicochemical
properties of stearic acid, such as its high melting point and saturated nature, which confer
greater resistance to ruminal degradation and more controlled nitrogen release.

Besides ruminal metabolism and performance, it is also relevant to evaluate the impact
of encapsulation systems on meat quality. Diet composition strongly influences lipid profile
and nutritional value of meat, potentially yielding benefits for human health. Thus, it
is crucial to assess whether encapsulating materials affect fatty acid deposition in body
tissues, impacting not only productivity but also product quality and value.

Lucena et al. [71] found that SRU protected with vegetable fat improved ruminal
microbial efficiency. Although this fat, due to its high saturation degree, is considered
inert in the rumen, it can be digested in the small intestine as a source of energy and
fatty acids, potentially influencing meat lipid composition. According to Mazza et al. [72],
low-trans-fat SRU increased fatty acid and energy intake in lambs without altering carcass
traits or physicochemical meat composition. However, including this encapsulate at 1.25%
of diet DM increased trans-MUFA, n-6 PUFA, and CLA concentrations in meat compared
to free urea. These findings suggest that vegetable fat-protected SRU may serve not only to
optimize nitrogen utilization but also to improve meat lipid profile, potentially enhancing
consumer health benefits.

Environmental parameters also benefit from SRU use. Reduced urinary urea excretion
and greater nitrogen retention lower the risk of nitrous oxide emissions and soil /water
contamination. Moreover, reduced ruminal ammonia peaks indirectly mitigate methane
production by improving fiber fermentation and microbial efficiency [80].

8. Conclusions

From a technological standpoint, advances in urea encapsulation have been driven
by improved production techniques (extrusion, emulsification, freeze-drying), as well as
careful selection of wall materials. Promising systems, such as those based on carnauba
wax, sodium alginate, and pectin, offer excellent stability, core protection, and gradual
NPN release, with potential for large-scale application.

It should be emphasized, however, that system efficiency also depends on diet com-
position, adaptation time, and feeding management. Diets with adequate fermentable
carbohydrates and effective fiber are essential to ensure ammonia utilization and avoid
ruminal disorders.

Based on available studies, it is concluded that slow-release encapsulated urea may
represent a viable alternative to improve NPN use efficiency in small ruminants, and it has
potential to improve nitrogen utilization and contribute to more efficient feeding strategies,
though the results are variable. Developing systems with regional raw materials, such as
carnauba wax, further adds social and environmental value to the technology, promoting
sustainable resource use and strengthening local production chains.

Future research should focus on standardizing encapsulation efficiency evaluation
methods, optimizing release according to ruminal passage rate, and assessing long-term
effects on health, metabolism, and productivity. In addition, comparative economic studies
between different slow-release technologies and traditional NPN sources may encourage
broader adoption of this strategy in livestock production systems.
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9. Limitations and Future Perspectives

Despite the promising advances in slow-release urea technologies for small ruminants,
several limitations currently hinder their widespread adoption and optimal implementation.
Importantly, the findings presented here should not be extrapolated to other species, such
as goats or cattle, since the inclusion criteria restricted the review to sheep meat production.

One of the main technical challenges is the variability in coating materials. Waxes,
lipids, and polysaccharides often show inconsistent release profiles under different ruminal
conditions, making standardization across production systems difficult. Manufacturing
complexity adds to this issue, as microencapsulation requires specialized equipment and
expertise that are not always available to smaller feed producers, limiting scalability. In
addition, the long-term stability of encapsulated products under varying temperature and
humidity conditions during storage and transport remains poorly characterized, raising
concerns about product efficacy over time.

Methodological gaps represent another critical limitation in the current state of slow-
release urea research. The absence of universally accepted protocols for evaluating release
kinetics and efficacy across different research groups has led to difficulties in comparing
results and establishing clear performance benchmarks. Most existing research focuses on
short-term trials, with insufficient data on long-term effects on animal health, reproduc-
tion, and overall performance, leaving important questions about chronic exposure and
sustained benefits unanswered. The variable response factors observed in different studies,
including inconsistent results due to differences in forage-to-concentrate ratios, ruminal
passage rates, and individual animal variations, further complicate the development of
universal application guidelines.

Economic and practical barriers also pose significant challenges to the broader imple-
mentation of slow-release urea technologies. Limited comprehensive economic evaluations
comparing the costs of slow-release urea production and application versus the benefits
obtained from conventional urea supplementation make it difficult for producers to make
informed investment decisions. The scale-up of laboratory techniques to commercial
production remains challenging, and producers are often reluctant to adopt new feed
technologies without extensive field validation, creating market resistance.

Knowledge limitations persist in several key areas, including an incomplete under-
standing of the precise mechanisms governing nitrogen-energy synchronization in different
ruminant species, which hampers the development of optimized formulations. Limited
research on species-specific responses means that optimization for specific small ruminant
breeds and production systems remains underdeveloped, while insufficient long-term
studies on environmental benefits and potential ecological consequences leave important
sustainability questions unanswered.

Looking toward the future, several promising research perspectives emerge that could
address these limitations and unlock the full potential of slow-release urea technologies.
Technological innovations hold particular promise, with the development of smart re-
lease systems that incorporate pH-responsive and time-controlled mechanisms capable of
adapting to individual animal ruminal conditions representing a significant advancement
opportunity. Nanotechnology applications, including the exploration of nanoencapsulation
techniques, could provide improved precision in nitrogen release control, while research
into biodegradable coating materials derived from agricultural by-products could offer
environmentally sustainable and cost-effective alternatives to current synthetic options.

Methodological advancements will be crucial for the field’s progression, particularly
through standardization initiatives that establish international protocols for testing and
validating slow-release urea products. The development of in vivo monitoring technologies
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capable of real-time ruminal monitoring could enable precise optimization of nitrogen
release patterns, while the creation of mathematical models to predict optimal formulations
based on diet composition and animal characteristics could revolutionize formulation
development processes.

Applied research priorities should focus on conducting extended trials lasting more
than six months to evaluate chronic effects on animal health, reproduction, and produc-
tivity, providing the long-term data currently lacking in the literature. Comprehensive
cost-benefit evaluations across different production systems and geographic regions are
essential for demonstrating economic viability, while life-cycle analyses of slow-release
urea technologies, including carbon footprint assessments and waste reduction potential
evaluations, will be critical for establishing environmental credentials.

Integration and implementation strategies will require the development of precision
nutrition approaches that combine slow-release urea with precision feeding systems for
individualized supplementation strategies. Extension and education programs targeting
veterinarians, nutritionists, and producers will be essential for ensuring optimal imple-
mentation, while collaboration with regulatory agencies to establish safety and efficacy
standards for commercial products will facilitate market acceptance.

Emerging applications present exciting opportunities for the technology’s expansion
beyond traditional supplementation roles. Investigation of slow-release urea’s potential in
reducing greenhouse gas emissions from ruminant production could position it as a climate
change mitigation tool, while exploration of incorporating urea derived from organic waste
streams into slow-release formulations could contribute to circular economy initiatives.
Research into simultaneous delivery of other nutrients, including vitamins, minerals, and
probiotics through co-encapsulation technologies, could create value-added products that
provide multiple benefits simultaneously.

To realize these future perspectives, research efforts should prioritize immediate goals
including the establishment of standardized protocols for release kinetics evaluation, com-
prehensive economic feasibility studies, and the development of quality control standards
for commercial products. Medium-term objectives should focus on completing long-term
safety and efficacy trials in diverse production systems, optimizing formulations for spe-
cific small ruminant species and production stages, and validating environmental benefits
through comprehensive life-cycle assessments. The long-term vision encompasses achiev-
ing commercial-scale production with cost-competitive pricing, integrating slow-release
urea into precision livestock farming systems, and establishing global adoption frameworks
with regulatory approval across major livestock-producing regions. Success in addressing
these limitations and pursuing these future perspectives will ultimately determine whether
slow-release urea technologies can fulfill their promise as a transformative approach to
optimizing nitrogen utilization in small ruminant production systems.
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