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Simple Summary: Methane from livestock is a contributor to greenhouse gases, which are responsible
for climate change. A large part of this methane comes from the digestive processes of ruminants.
This study looked at how research on methane emissions from livestock has changed over time. By
examining 1294 studies published between 1986 and 2024, this review identified key trends and topics
in the field. This study found that research in this area has increased significantly since 2005, with
most studies coming from Europe and North America, where livestock farming is widespread. The
research topics focused on ways to reduce emissions, such as changing animal diets and improving
farm practices. One of the most important findings is that while progress has been made, more
research is needed to better understand and reduce methane emissions. This knowledge could help in
reducing the environmental impact of livestock farming, leading to more sustainable food production
and helping to fight climate change.

Abstract: Methane (CHy) from livestock, particularly enteric CHy emission (EME), is one contributor
to greenhouse gas emissions and climate change. This review analyzed 1294 scientific abstracts on
EME in ruminants from 1986 to May 2024, using Scopus® data. Descriptive statistics, text mining,
and topic analysis were performed. Publications on EME have risen significantly since 2005, with
the Journal of Dairy Science being the most frequent publisher. Most studies (82.1%) were original
research, with Northern Hemisphere countries leading in publication numbers. The most frequent
terms were “milk”, “cow”, and “diet”, while key research topics included greenhouse gas emissions
from livestock, diet composition, and prediction models. Despite progress, some areas like CHy
emission from animals need further investigation.

Keywords: ruminants; enteric methane; text mining; topic analysis; machine learning

1. Introduction

Methane (CH,), together with carbon dioxide (CO,) and nitrous oxide (N,O), are the
main greenhouse gases (GHGs) produced by the livestock sector. Greenhouse gas concen-
trations contribute to climate change and are responsible for the increase in temperature and
water scarcity [1]. Compared to pre-industrial levels, the global temperature has increased
by 1.5 °C [2], and changes in the natural hydrological cycle of water are occurring, such as
increases in intense precipitation, variations in the quantity and seasonal distribution of
precipitation, increases in sea levels in coastal communities, increased evapotranspiration,
and decreased soil moisture [1]. According to the FAO [3], livestock agrifood systems are
responsible for 12% of all anthropogenic GHG emissions, corresponding to 6.2 Gt CO,
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equivalent emissions (data referring to 2015). Total CHy produced by the livestock sector
represents 54%, 31% is CO,, and 15% is N,O (data referring to 2015, FAO [3]). Methane
seems to have the greatest impact on the GHGs produced by the livestock sector since it
represents a major share of the GHGs, and the effect on global warming of CHy is approxi-
mately 28 times that of CO, [4]. Emissions of GHGs from the livestock sector can occur both
directly (through enteric fermentation and manure) and indirectly (through processing,
fertilization, feed production, etc.) [4]. Methane produced directly by manure represents
7.8% of the total CH, derived from the livestock sector, while the CHy derived from ru-
minal fermentations, called enteric CHy, is equal to 46% of the total CH, emissions [3].
Significant variations in emission levels and/or intensity are noted among different species,
geographical areas, and production systems [5]. According to an FAO report [3], of the
six species of livestock animals responsible for producing GHGs, 62% comes from cattle,
8% from buffaloes, 4% from goats, 3% from sheep, and 23% from monogastric animals
(pigs and poultry) (Figure 1). Considering the production system, two-thirds of GHG
emissions is associated with meat production (67%), followed by milk production (30%)
and egg production (3%). A distinction must be made in ruminants: the greater production
of CHy, is derived from ruminal fermentation, whereas in monogastric systems, the main
contributors are feed production, land use change, and manure management.
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Figure 1. Sankey diagram of GHG emission sources in 2015 by species and products, expressed as a
percentage (based on GLEAM 3. FAO [3]). Monogastric species comprise pigs 14% and chickens 9%.

The demand for animal products (meat, milk, and eggs) is projected to grow by 20%
by 2050 compared to 2020 levels due to the world’s population growth and increasing
prosperity [3]. This increased demand leads to an inevitable increase in GHG emissions
from the livestock sector to satisfy the growing demand for proteins. Implementing
sustainable methods is essential for achieving reduced emissions and lessening the negative
effects of livestock systems on the environment. Methane emissions have a shorter average
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lifespan in the atmosphere than CO; (~12 years versus hundreds of years, respectively),
which makes it an attractive improvement target for short-term gains in global warming
abatement [6]. Enteric CHy is produced during enteric fermentation in ruminants by
anaerobic microorganisms collectively known as methanogens in the Archaea domain and
the phylum Euryarchaeota [7]. The CHy4 produced by animals is affected by many factors: the
species, the production level and direction, the diet composition, the type of carbohydrates
present, the level of ingestion, the degree of lipids saturation, some environmental factors
such as temperature, and genetic factors such as feed conversion efficiency [8]. Searching
for feasible mitigation strategies is essential to reduce CHy emissions and increase feed
efficiency. CHy4 emissions from ruminants not only aggravate the global GHG effect but
can also cause energy losses in livestock, accounting for 3.9-10.7% of ingested metabolic
energy [9], representing one of the most important inefficiencies and economic losses in
ruminant production systems [10].

Recognizing the importance of this issue, the FAO has been actively studying methane
and mitigation strategies since 2005, when it began developing the Global Livestock En-
vironmental Assessment Model (GLEAM). The first version was released in 2010, and
GLEAM has since been continuously updated to enhance the accuracy of GHG emission
estimates across species, regions, and production systems. In addition to the FAO, nu-
merous researchers around the world are actively investigating innovative approaches
to reduce methane emissions. Simultaneously, the Intergovernmental Panel on Climate
Change (IPCC) has played a crucial role by providing global guidelines for estimating
emissions. In 2006, the IPCC published the 2006 Guidelines for National Greenhouse
Gas Inventories, which established standardized methods for calculating emissions from
agriculture, including livestock. These guidelines are continuously updated, with the most
recent update occurring in 2019, to incorporate advancements in estimating methane from
enteric fermentation and other agricultural sources [3].

The data mining approach, also known as text mining (TM)), is useful for extracting
various information from large text databases [11]. Finding the most relevant words
in a text and identifying significant patterns in text data are the aims of TM analysis.
Text mining employs methods from computational statistics and machine learning [12].
Another type of text analysis is topic analysis (TA), which is a technique for identifying
hidden textual patterns and the structure of significant themes within record collections
using probabilistic models [12]. Quantitative analysis organizes knowledge on a specific
subject/topic/discipline and identifies the main trends in a specific sector [13]. This is
because the scientific literature contains potentially new knowledge [12]. Recently, in many
sectors, there has been a growing interest in this kind of text analysis. This is largely
attributable to the advancement of recent analysis techniques (e.g., using 4.3.1 R version,
3.7.0 Python version) and the availability of platforms that provide reference data (e.g.,
Scopus, Web of Science). Even in the livestock sector, several papers have recently been
published on several topics, from precision livestock farming [13] and automated milking
systems [14] to the well-being of several species, including beef cattle [15], horses [16], and
buffaloes [17], utilizing techniques such as text mining and topic analysis.

Enteric CHy emission is a hot topic in the livestock sector, but no TM and TA study
has been conducted on it to date. For this reason, the goal of this review was to use TM
and TA techniques to describe the literature’s evolution and geographical distribution,
identifying the most investigated research topics and highlighting the knowledge gaps
regarding enteric CHy emission from ruminants.
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2. Materials and Methods
2.1. Dataset

A bibliometric study of documents related to enteric methane emission (EME) in
ruminants using a bibliometric database of Elsevier©®, namely, Scopus®, was carried out.
The topics were searched using keywords. Enteric methane (EM) AND another keyword
such as “emission,” “ruminants,” “cow,” “buffalo,” “sheep OR goat,” “additive,” and
“microbiome OR microbiota” were used in this research. The selected dates ranged from
1986 to May 2024. Several filters were added, including the selection of publications
from scientific fields like agricultural and biological sciences, environmental sciences,
biochemistry, genetics and molecular sciences, veterinary sciences, engineering, earth
sciences, and planetary sciences. Under these circumstances, 3624 records were generated.
Each search was exported as a Comma Separated Values file (Microsoft Excel®, v16.0,
Redmond, WA, USA); then, the files were merged into a single file containing 3624 lines.
Table 1 shows the total number of documents for each pair of keywords. The data were
arranged in a tabular manner using the Excel spreadsheet (Microsoft Excel®, v16.0), with
each record being shown in a row with its contents arranged in columns. The columns
contained information about the title, author, year of publication, affiliation, type of record
(e.g., article or review), source of publication (i.e., name of the journal), language, and
abstract. Screenings were conducted on this single file to eliminate documents that were
not in English, those in which the abstract was absent, those that misspelled “erratum,”
and, finally, those in which the author was absent. After this, duplicate documents were
eliminated. The articles dealing with rats, humans, manure, and soil were not included.
In vitro studies were included due to their significant importance.

v

Table 1. Bibliographic search strings for the text mining analysis on enteric methane emission in the
livestock sector carried out on titles, abstracts, and keywords of peer-reviewed literature in English
published between 1986 and May 2024.

Search Words Original No. of Records
Enteric Methane AND Emission 1711
Enteric Methane AND Ruminants 742
Enteric Methane AND Cow 612
Enteric Methane AND Sheep OR Goat 242
Enteric Methane AND Additive 221
Enteric Methane AND Buffalo 68
Enteric Methane AND Microbiome OR Microbiota 28
Total 3624

Finally, a manual screening of 1850 articles was performed. The screening process
involved reading each abstract carefully to evaluate the relevance of the study to our re-
view’s scope. The criteria for inclusion were as follows: (i) the article had to focus on enteric
methane emission (EME) from ruminants, (ii) the study needed to present experimental or
empirical data related to EME measurement, mitigation, or related environmental impacts
or be a review of published data, and (iii) the article had to focus on ruminant species (cattle,
sheep, goats, etc.). Articles were excluded if they did not focus on EME, were unrelated to
methane emissions in the livestock sector, or addressed monogastric species (pigs, poultry)
without reference to ruminants. Where abstracts did not provide enough detail, the full
article was reviewed to ensure proper inclusion or exclusion. Details regarding the exact
number of records downloaded from each research string, the eligibility procedure, and
the initial screening are displayed in the flow diagram (Figure 2).

A total of 1294 abstracts were selected, and descriptive statistics were performed on
these articles regarding the year of publication, country, and journal of publication using
Excel Pivot tables and graphics. Each record was associated with the nationality of the first
author, and this information was displayed on a world map.
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Figure 2. Flow chart illustrating the process of searching for and selecting scholarly literature on EME.
The dashed lines indicate the quantity of excluded records and the rationale behind their removal
from the study.

2.2. Text Mining

The TM technique transforms text into numerical data by emphasizing word fre-
quency distributions, allowing for the identification of primary terms and their correla-
tions within a data corpus. Text mining analysis was performed to identify the primary
terms in the data corpus and their correlations. Text mining analysis was performed with
the R studio environment [18] using a combination of functions in the package’s “tm”
(v. 0.7.11) [19], “snowball” (v. 0.7.1) [20], “ggplot2” (v. 3.4.4) [21], “dplyr” (v. 1.1.4) [22],
and “tidyverse” (v. 2.0.0) [23] (information about the packages used is provided in the
Supplementary Materials).

The abstracts of the 1294 selected documents were compiled into an Excel file. This file
contained two columns: one with the document’s progressive ID and another labeled “text”,
which contained the abstracts. Text mining was then performed using this dataset. Before
TM analysis, the three stages of pre-processing, tokenization, filtering, and stemming, were
conducted [24]. Tokenization involves splitting text into individual words or phrases and
converting these words to their base forms. This prevents counting the same word more
than once when it appears in various grammatical forms [25]. Tokenization and filtering
phases were conducted as follows:

Convert text to lowercase;

e  Remove strange symbols and punctuations (“@”, “/”, “*”);
e Remove numbers and extra white spaces;
e Remove common English language words such as articles, prepositions, and conjunc-

e

tions (e.g., “the,” “a,” “and,” “on,” “at,” etc.) as they provide little information about
the contents of the corpus;
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methane,” “buffalo,” “cow,” “sheep,”
microbiome,” “microbiota”.

enteric,

” o

e Remove stop words: “emission,
“goat,” “ruminants,” “cattle,” “additive,

In the final phase, text stemming was performed to reduce words to their root
forms, thereby standardizing word representation and enhancing the accuracy of word
frequency and association analysis. The words were then organized into a document-
term matrix (DTM), with terms arranged in columns and documents in rows. The term
frequency-inverse document frequency approach (TF-IDF) was used to give terms a rela-
tive weight [26]. This displays a term’s frequency adjusted for its total usage, highlighting
the word'’s significance across a collection of texts. The words with the greatest relevance
(TF-IDF > 9.5) were represented as a histogram, and a cloud of the most relevant words
was created using the word clouds website (https:/ /www.wordclouds.com/, accessed on
30 August 2024). Finally, the association between words with TF-IDF > 9.5 was explored.
The frequency of co-occurrence of word pairs was measured, considering a correlation of 1
when two words always appeared together. Associations with a coefficient of correlation
greater than 0.40 were considered significant.

2.3. Topic Analysis

Topic analysis is a methodology used to uncover semantic connections hidden within
documents. For the TA of our abstract corpus, we employed latent Dirichlet allocation
(LDA), a widely recognized approach for topic modeling analysis [27]. Using a Bayesian
probabilistic technique, words that frequently co-occurred in the documents to identify
thematic areas were analyzed. The words used in the TA were drawn from the titles,
keywords, and abstracts of the 1294 scientific literature records. The LDA function was
used with the Gibbs sampling option of the “topic models” package in R [28]. Since the
“optimal” number is typically unknown, multiple trials with varying numbers of topics
were conducted (e.g., 5, 7, 9). The perplexity index and log-likelihood harmonic means
were used to determine the appropriate number of topics. Nine topics were selected at the
end of the procedure because they produced the most logical outcomes, with more than 5%
of the papers in each topic. Each topic was represented as an individual bar histogram with
the probability of the first 10 words inside each topic (based on beta values). Once the right
number of topics was found, we proceeded with topic labeling based on the first 10 words
and evaluated the types of articles that fell back into each topic. An Excel spreadsheet
was used to provide descriptive statistics of the number of papers and the initial year of
publication for each topic.

3. Results
3.1. Descriptive Statistics

The distribution of the initial bibliographic search results by string on titles, ab-
stracts, and keywords is reported in Table 1. Most articles were related to the string
“enteric methane emission” (47%), followed by “enteric methane ruminants” (20%), “en-
teric methane cow” (17%), “enteric methane sheep and goat” (7%), “enteric methane
additive” (6%), “enteric methane buffalo” (2%), and, lastly, “enteric methane microbiome
or microbiota” (1%). After eliminating overlapping records and manually removing unnec-
essary ones, 1294 records were retained for further examination. The trend in the number
of publications per year from 1986 to May 2024 is reported in Figure 3. It can be seen how
publications on the subject began to grow from 2005 onwards, with an exponential increase
(R? = 0.72). The literature search was conducted in May 2024, so the number of publications
related to this year is not complete.
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Figure 3. Records from 1986 to 2024 of peer-reviewed scientific literature (n = 1294) pertaining to
EME in livestock sector. * The asterisk on the year 2024 indicates that results for that year are related
to the period from January to May.

Figure 4 shows the first 10 journals in which articles relating to EME were published.
In terms of percentages, the “Journal of Dairy Science, JDS” published 12.7% of the total
articles, followed by “Animal Feed Science and Technology, AFST” (7%), “Journal of Animal
Science, JAS” (6.3%), “Animals” (6.1%), “ Animal Production Science, APS” (5.9%), “Animal”
(4.3%), “Livestock Science, LS” (2.3%), “Tropical Animal Health and Production, TAHP” (1.8%),
“Canadian Journal of Animal Science, CJAS” (1.6%), and, lastly, “Frontiers in Veterinary Science,
FVS” (1.5%). Regarding the types of documents, the most published on the subject were
original articles (82.1%), followed by reviews (10.5%) and conference papers (4.9%); the
rest were book chapters and short surveys (2.5%). The most cited article (932 citations) was
published in 2000 and concerned “Methane production by ruminants: Its contribution to
global warming” [29]; this was followed by a review published by Beauchemin et al. [30]
with 755 citations. The average number of citations of the 1294 documents was 24.9.

The top 10 of most frequent journals in the field of EM

Figure 4. The top 10 most frequent journals in the field of EME from 1980 to 2024 with the relative
number of articles. JDS: Journal of Dairy Science; AFST: Animal Feed Science and Technology; JAS: Journal
of Animal Science; APS: Animal Production Science; LS: Livestock Science; TAHP: Tropical Animal Health
Production; CJAS: Canadian Journal of Animal Science; FVS: Frontiers in Veterinary Science.

Figure 5 illustrates how the 1294 scientific papers were distributed throughout the
continent according to the first author’s affiliation country. The number (and percentage) of
publications by continent was 369 (28.5%) from Europe, 271 (20.9%) from North America,
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253 (19.6%) from Asia, 182 (14.1%) from South America, 163 (12.6%) from Oceania, and 56

(4.3%) from Africa.
N. of pubblication
56
182
253
163
271 369
DAfrica BAsia OEurope B®North America BOceania BSouth America

Figure 5. Pie graph depicting the number of scientific publications per continent.

Figure 6 shows a geographical map indicating the number of publications per country
(a darker color indicates a greater number of publications). The first countries with the
highest number of publications were then explored for each continent. Concerning Europe,
the countries with a greater number of publications were the United Kingdom (50), France
(46), and the Netherlands (41). For North America, the first two were the United States
(153) and Canada (117). India (101), China (57), and Indonesia (25) represented the top
three states with the highest number of publications in Asia. For South America, the top
three states were Brazil (82), Mexico (53), and Colombia (22). Australia (113) represented
the state with the highest number of publications in Oceania, followed by New Zealand
(50). Finally, as far as Africa was concerned, the greatest number of publications came from
South Africa (25), followed by Kenya (10) and Ethiopia (4).

Country scientific production

N. Articles

gy 74N v ’ I153

Figure 6. World map with the representation of the number of publications for each country (based
on the nationality of the first author).
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3.2. Text Mining

To determine which words in the data corpus were the most frequent, TM analysis
was carried out. Following the data pre-processing, 1288 root terms were kept from the
1294 documents that were chosen after sparseness was reduced (i.e., “rare words” were
excluded). “Rare words” were words that appeared only once or a few times in the
entire corpus. These words were excluded during data pre-processing to avoid noise
and improve the efficiency and effectiveness of the analysis. The results of the most
frequent root words with a weight over 9.5 of TE-IDF are reported in Figure 7. The weights
of the terms found (calculated as TF-IDF) ranged from 18.57 to 0.50. The word “milk”
achieved the greatest value (TF-IDF of 18.57). The other words with the highest TF-IDF
were “cow” (16.57), “diet” (13.76), “dmi” (12.10), “supplement” (11.81), “rumen” (11.54),
“predict” (11.48), “model” (11.16), “day” (11.07), “digest” (10.49), “dairi” (10.43), “nitrat ”
(10.35), “graze” (10.25), “concentr” (10.09), “measur” (9.97), “yield” (9.95), “energi” (9.76),
“increas” (9.75), “anim” (9.72), “emiss” (9.67), “intak” (9.64), “feed” (9.63), and “treatment”
(9.51). A word cloud with the most frequent terms is shown in Figure 8, in which the
size of the font is proportional to the TF-IDF of each term. Table 2 shows the correlations
between the most relevant terms (r > 0.40) and the other terms in the matrix. The terms
“anim,” “concentr,” “dairi,” “day,” “diet,” “dmi,” “emiss,” “feed,” “intak,” “milk,” “nitrat,”
“rumen,” “supplement,” and “yield” did not show any correlation.

o
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€ S ® ° e? O s S @ <<\
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Figure 7. Histogram representation of the most relevant words (stems) in the database (TF-IDF > 9.5).
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Figure 8. Word cloud of the most frequent words (TF-IDF values > 9.5) of the 1294 records included
in this study.
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Table 2. Relationships between the most pertinent terms (TF-IDF > 9.5) and the other terms in the

corpus of 1294 records.

Words (TF-IDF > 9.5)

Associated Words (Grade of Correlation > 0.4)

Cow Lactat (0.47)

Model Error (0.46)

Digest Nutrient (0.42)

Energi Gross (0.46); Metaboliz (0.41)
Graze Pastur (0.43)

Increas Linear (0.45)

Measur Chamber (0.41)

Predict Error (0.50); Equat (0.47); Extant (0.42)

The correlation grade is expressed in parentheses. The minimum grade of correlation was set as >0.4. Because the
text-stemming method reduced the words to their origins, words could be partially cut.

3.3. Topic Analysis

The first 10 words of the nine topics are displayed in Figure 9. Table 3 shows a
list of the nine topics, their nomenclature, the number of articles published (and relative
percentage), and the year of first publication for each topic. The topic that showed the
most documents was topic 9, “Greenhouse gas emission from livestock” (18.08%), followed
by topic 6, “Diet composition” (13.45%); topic 8, “Prediction model” (11.28%); topic 4,
“Supplement and additive” (10.97%); topic 5, “Ruminal fermentation” (10.20%); topic 3,
“In vivo measurement system” (9.81%); topic 2, “Extensive farming system” (9.27%); topic
7, ”Dairy production” (9.20%); and, finally, the topic that showed the lowest percentage of
published documents was topic 1, “Methane emission-animal” (7.73%).
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Figure 9. Histograms showing the most relevant terms for each of the 9 topics in the latent Dirichlet
allocation (LDA). The top 10 terms with the highest beta values are shown. beta = probability that a
word corresponds to a certain topic.
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Table 3. Topics obtained from latent Dirichlet allocation (LDA) analysis.
Topic Label of Topic Acronyms No. of Records per Topic (%)  Year of First Publication
1 Methane emission-animal ME-A 100 (7.73%) 1998
2 Extensive farming system EFS 120 (9.27%) 2005
3 In vivo measurement system MS 127 (9.81%) 2001
4 Supplement and additive SA 142 (10.97%) 2006
5 Ruminal fermentation RF 132 (10.20%) 2006
6 Diet composition DC 174 (13.45%) 2005
7 Dairy production DP 119 (9.20%) 2005
8 Prediction model PM 146 (11.28%) 2005
9 Greenhouse gas emission from livestock GHGL 234 (18.08%) 1986

4. Discussion

This study aimed to evaluate the evolution of EME in the livestock sector through
a machine learning approach with TM and TA analysis methods from 1986 to May 2024.
The number of publications relating to EME in the livestock sector is growing. The first
published article was from Germany, dated 1986, and published by [31], who aimed to
provide an overview of the global CHy production by people, domestic ruminants, and
wild ruminants. Those authors concluded that CHy production by domestic and wild
animals contributed to about 15-25% of the total tropospheric CHy4. Until 2004, publications
were fluctuating and limited. Starting from 2005, there was an increase in publications until
2019, in which the number of publications exceeded 100 articles/year. The rising number of
publications on EME reflects the growing interest in this potent GHG due to its significant
climate-altering effects, with a notable increase in attention since 2005. That year saw
the entry into force of the Kyoto Protocol signed in 1997 by approximately 40 developed
countries. The protocol sets binding targets for reducing GHGs for industrialized countries,
also referred to as developed countries. The main objective of the Kyoto Protocol was to
limit the increase in the global average temperature to less than 2 °C above pre-industrial
levels. Furthermore, the Kyoto Protocol paved the way for international negotiations and
agreements on climate change, including the annual Conference of the Parties (COP) under
the United Nations Framework Convention on Climate Change (UNFCCC). The COP serves
as the main decision-making body for global climate policy, where countries come together
to negotiate and make decisions and agreements to address climate change. Another
significant milestone in efforts to curb GHG emissions was the 2015 Paris Agreement. This
agreement outlined the goal of limiting the increase in the global average temperature to
well below 2 °C and aiming to keep it within 1.5 °C. The heightened focus of the scientific
community on addressing climate change and reducing GHG emissions, particularly from
EME, is evident in the surge of publications following 2005, with a peak coinciding with
the adoption of the Paris Agreement in 2015.

The largest number of publications was produced by the Journal of Dairy Science (JDS),
followed by Animal Feed Science and Technology (AFST), Journal of Animal Science (JAS), and
Animals. These journals’ research scopes are in the livestock sector, in particular relating to
dairy science (in the case of JDS); feeds, as in the case of AFST; and livestock much more
generally in the case of the last two journals (JAS and Animals). These journals reflected the
most common terms discovered with TM, namely, “milk”, “cow”, and “diet”, which will
be discussed later.

The geographical distribution of publications based on the first author showed that
the countries with the highest number of published articles corresponded to the Northern
Hemisphere, where there is the greatest production of anthropogenic GHGs [32]. Addi-
tionally, in these areas, there is a high number of farms, and there is a greater contribution
of funding for research in the livestock sector [32]. According to the FAO [3], regions
with high milk production include Europe, South Asia, and North America, whereas meat
production is concentrated in East Asia, Europe, and North and South America. According
to findings reported by [32], studies on EME measurement techniques were conducted
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predominantly in Europe (32%), followed by Oceania (23%), North America (20%), Asia
(15%), South America (9%), and Africa (1%). Additionally, Della Rosa et al. [32] highlighted
that most studies focused on cattle (64%) and sheep (22%), with only 7% involving goats,
5% involving buffalo, and 2% involving other ruminants such as alpaca, bison, llama, and
deer (Table 4). Their review findings partially align with our own, indicating a similar
distribution of focus in terms of the geographical regions studied.

Table 4. Continental animal CH4 measurement studies published from 1994 to 2018, adapted by [32].

Continent Studies (%) Species ! EME Technique 2
Europe 32 Cattle, goat, sheep, and other RC, SFg, GF, and other
Oceania 23 Cattle, sheep, and other RC, SFg, GE, and other

North America 20 Cattle, goat, sheep, and other RC, SFg, and GF
Asia 15 Buffalo, cattle, goat, sheep, and other RC, SFg, GF, and other
South America 9 Cattle, goat, and sheep RC, SFg, and other
Africa 1 Cattle and goat SF¢ and other

1 Other includes other species: alpaca, llama, deer, and bison; RC: respiration chamber; SFq: sulfur hexafluoride;
GF: GreenFeed; 2 other includes other techniques: face mask, sniffer, laser methane detector, and portable
accumulation chamber.

4.1. Text Mining

From TM analysis, the most frequent words were “milk”, followed by “cow”, “diet”,
and “dmi”, with TF-IDF higher than 12. It is not surprising that the word “milk” followed
by “cow” were the most common ones in our survey on EME in the livestock sector.
Looking at the world map of the countries in which most of the articles were published,
the same countries are the largest breeders and producers of cow milk, according to FAO
data [3]. The word “cow” is directly linked to EME as, among all the livestock species, cattle
represent the largest producers of GHGs (62%). As discussed before, the major component
of CHy is given by enteric fermentation compared with monogastric animals. Methane
production can be expressed in three different ways: (i) CH4 production in liters or grams
per day; (ii) CHy yield, defined as liters or grams of CHy per kilogram of dry matter intake
(DMI); and (iii) CHy intensity, defined as liters or grams of CHy per kilogram of milk/meat
produced [33]. Therefore, the word “milk” could be related to the expression of the intensity
of EME.

The word “diet” represents the rations provided to animals. Diet plays an impor-
tant role in modulating the EME in ruminants. Indeed, among the top important terms
highlighted by the TM, terms related to nutrition emerged, such as “diet”, “supplement”,
“digest”, “graze”, and “concentr”. Several studies agreed that diet modulation remains the
most straightforward and inexpensive approach to lessen EME [34-36]. Methane output
could be lowered by 10% to 40%, depending on the type of feeding strategy interven-
tion [37]. Numerous feeding strategies for mitigating CHy are currently in use. These
strategies can be summarized in three broad categories (adapted to [34]): (i) dietary supple-
mentation of feed additives that either directly block methanogens or change the metabolic
pathways, resulting in the reduction of the substrate for methanogenesis; (ii) improving the
quality of the forage and modifying the forage—concentrate ratio; and (iii) improving feed-
ing management. The word “dmi” (DMI—dry matter intake) is a very important acronym
in the context of EME since there is a strong correlation between DMI and EME [9,38-40].
Notably, multiple EME prediction models are based on DMI. Some studies [41,42] demon-
strated that DMI predicts CH, production (g/d), with a coefficient of determination (R?)
of 0.60 and 0.64, respectively. Furthermore, as previously discussed, DMI is used as an
expression of CHy yield (g of CH4/kg of DMI). It has been observed that this is a precise
method to evaluate how effective a mitigation strategy is, regardless of possible changes
in feed intake, given that feed intake is the main factor driving CH4 production [36]. To
confirm the above, following the word “dmi”, “predict” and “model” were found. Even
though the remaining words had a lower weight according to the TE-IDF analysis (<9.5),
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they were all noteworthy. By studying key factors such as cow diet, DMI, supplement
usage, and grazing management, it is possible to identify effective strategies to reduce
GHGs without compromising milk production or cattle health. Utilizing mathematical
models and predictive methods allows one to anticipate the impact of these strategies and
develop tailored solutions to mitigate increases of CHy emissions. Furthermore, improving
the energy efficiency of cattle metabolism can decrease overall GHGs from the dairy and
meat industries.

4.2. Topic Analysis

From the TA, several expected topics emerged, ranging from ruminal fermentation
(RF) to CH4 measurement systems (MS), diet composition (DC), and topics representing
extensive farming systems (EFS). We were also expecting a topic for meat production
(just like the one that emerged for dairy production), but this could have been hidden
in the other topics. For example, the term “beef” was found in topic 2. The topic that
generically encompassed the subjects dealing with GHGs was the one that emerged before
the others (1986) and the one with the highest number of articles published (18.08%) in the
present survey. Topic 9 was generically defined as “greenhouse gas from livestock, GHGL”,
and the most important terms that emerged from the TA reflected this topic (“livestock,”
“strategi,” “greenhouse,” “ghg,” “mitig”). Furthermore, compared with the other eight, in
this topic, there was a large majority of reviews (32% of documents), probably because it
was very generic. This broad topic included studies that, indirectly, quantified EME, and
had, as their general objective, an estimation of the life cycle assessment (LCA) of livestock
supply chains. Initially, the studies on LCA focused on the primary sector, while only a
few included additional post-agricultural components (e.g., transport) in the analysis [43].
Life cycle assessments of several farming systems showed that on-farm emissions are the
largest contributor to the carbon footprint of dairy or beef supply chains [43-45]. The
carbon footprint, an indicator calculated with an LCA approach, evaluates the GHGs
associated with the life cycle of a product [44]. A cradle-to-grave LCA study on organically
farmed beef [44] reported that the greatest production of GHGs (75-89%) along the food
chain is associated with farms and that EME was the greatest source of GHG arising
directly from agricultural activities (47%), with certain variability due to the different types
of farming systems (conventional, organic) and/or methodological approaches adopted.
Thoma et al. [43] reported that even if a substantial majority of GHGs are derived from
enteric CHy, the impacts of the entire chain and supply chain can be reduced.

Topic 2 contained terms related to extensive farming systems (e.g., “graze,” “forag,”
“pasture,” and “grass”); hence, it was defined as “extensive farming system, EFS”. This topic
encompassed more than 9% of the publications considered in this review, representing the
fifth most important topic identified in the TA. Extensive farming systems likely warranted
a separate topic because they exhibit distinct characteristics that differentiate them from
other farming systems. Systems based on pasture constitute a substantial contributor to
GHG. Although grazing systems are widely utilized, there are difficulties in measuring
and reducing the CHy emissions from these systems [46]. Furthermore, grazing systems
are one of the most significant habitats for CH, exchange. Their CHy budget comprises
two main sources: soil bacterial populations that, depending on the soil’s physical and
biological conditions, can either produce or consume CHy, and ruminants on pasture that
generate CH, during the digestion of grass. Such systems are also considered inefficient and
associated with low animal performance, tending to increase the emission rate per unit of
products (CHy /kg of milk/meat) [47,48]. These issues are more pronounced in developing
and poor countries, such as African countries, which currently stand as some of the largest
GHG emitters [48]. In these regions, pasture is scarce, and what is available is often of
poor quality, resulting in digestive inefficiency and, consequently, increased emissions [49].
On the other hand, EFS is considered a potential GHG mitigation practice [50]. Although
extensive systems are recognized as carbon sinks, and silvopastoral systems can be effective
in protecting animals from extreme weather conditions [51], it has been observed that
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proper pasture management (e.g., adjusted grazing intensity, fire management, legume
or grass sowing, pasture fertilization) leads to soil carbon sequestration, averaging 1.76 t
CO, ha™! per year [52]. Agro-ecological factors, as well as historical and current farming
practices, significantly impact soil carbon sequestration rates [53]. The complexity of
interactions between soils, vegetation, grazing animals, and human interventions makes
it challenging to categorize them in farming management categories typically evaluated
in the scientific literature; thus, assessing the sequestration potential of grazing practices
remains one of the major challenges [53].

Topic 3 was one of the expected ones. Among the most important terms, the terms
“measur”, “animal”, “techniqu”, and “chamber” fell entirely within “in vivo measurement
systems, MS”. More than 9% of the selected articles were included in this topic. The trend
of publications has experienced some fluctuations over the years. The variations in the
number of publications over time could be linked to the introduction of new measurement
systems. For example, in 2010, the commercial GreenFeed (GF) system (C-Lock Inc., Rapid
City, SD, USA) was introduced. Since 2015, studies utilizing the GF system have been
conducted, but its adoption began around 2016, evidenced by a peak in publications during
that year. In 2016, within topic 3, over 45% of the studies were conducted using the GF
system. It is obvious that after the introduction of a new measurement system, many
studies seem to verify the actual efficiency of the instrument. Several techniques have been
developed to measure CHy emissions from individual animals, despite the UNFCCC (1997)
stating that “comparable methodologies” should be used to compile a GHG inventory to
make national results comparable in a consistent manner [32]. Every technique has an
impact on the variability of EME, and different methodologies may add unpredictability to
national inventories and assessments of CHy emissions [54,55].

To date, several methods are available to measure CH, emissions from ruminants [56,57].
None of them is ideal, and each has pros and cons. The best approach will rely on the
goal, tools, expertise, time, and resources available to help manufacturers and researchers
develop and track effective CHy4 mitigation techniques [56-58]. Although the number of
techniques available for EME measurements has increased during the last decade, res-
piration chambers (RC), sulfur hexafluoride (SF6) tracers, and GF automated emissions
monitoring systems are the most used. Della Rosa et al. [55] reviewed 397 studies pub-
lished between 1995 and 2018 and reported that the majority of EME measurements were
performed with RC (55%), followed by SE6 (38%) and, lastly, GF (7%). The remaining 6%,
mostly from Europe, comprised 2% face mask (FM), 2% sniffer (SNF), 1% laser methane
detector (LMD), and 1% portable accumulation chamber (PAC) (from Oceania) methods.

There is uncertainty in all measurement techniques due to random components such
as changes in animal diets, management practices, and environmental conditions. Current
methods still have the potential to over- or under-estimate the reference level of EME
in ruminants due to their random factors [58]. Furthermore, a source of variability is
attributed to different measurement procedures, which could be reduced using similar
settings and protocols within each technique [55]. The measurement of EME directly on
the animal, although with varying degrees of accuracy, is an expensive and burdensome
method [33,59] and, therefore, it is not feasible for large-scale routine measurements, an
essential requirement for genetic selection [33]. Given the need for cheaper, more rapid
methods to be used on a large scale, empirical methods for estimating EME have become
widespread [60]. Therefore, identifying proxies (e.g., indirect indicators or traits) that are
related to CH, emissions, but that are easy and relatively cheap to record on a large scale,
are a much-needed alternative [33].

In topic 8, terms such as “model”, “predict”, “data”, “equat”, and “estim” were
highlighted, all terms related to EME estimation models using proxies. For this reason, this
topic was called “Prediction model, PM”. Since CHy is the result of feed rumen fermentation
(the production of CHy is related to feed intake and fermentability; [42,47]), most predictive
equations are based on DMI or metabolizable energy (ME) and gross energy (GE) intakes
and the amount of NDF/ADF ingested [42]. Several milk fatty acids (MFA) have been
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suggested as potentially useful for EME prediction [61-63]. However, predictive models
based on MFA were developed using a narrow range of diets and limited data [64]. Milk
fatty acids show a potentially effective proxy since fatty acids have common biochemical
pathways in the rumen with CHy [64]. In particular, odd-chain and branched-chain fatty
acids have a strong relationship with the molar proportions of individual volatile fatty
acids (VFAs) in the rumen [61,63]. The fatty acids with greater proxy activity are C14:0 iso,
C15:0 iso, and C17:0, which are positively related to CH, production [61,62]. Recently, in
a meta-analysis, Bougouin et al. [64] observed that the prediction equations considering
only MFA showed a higher mean square error in estimating CHy emissions expressed
as production, yield, and intensity (65.1 g/day, 2.8 g/kg of DMI, and 2.9 g/kg of milk,
respectively) compared with more complex equations. The complex equations included
DMI, NDE ethereal extract, days in milk, and body weight, for which the mean square
error in EME estimation was reduced (46.6 g/day, 2.6 g/kg of DMI, and 2.7 g/kg of milk,
respectively, for production, yield, and CHy intensity). Jonker et al. [65] reported that DMI
has an effect of over 90% in the prediction of CH4 emissions.

Rumen size and feed retention time, according to Goopy et al. [66], are factors
that affect the CHy yield as more rapid passage of the material from the rumen trans-
lates into a reduction in the time available to ferment the substrate. It was observed by
Nkrumabh et al. [67] that the duration of feeding and the presence of animals in the feeder
were related to CHy production, suggesting the influence of feeding behavior on circadian
patterns of CH, production [68]. Other authors [69] studied rumination time in dairy
cows as a possible proxy for EME and observed that cows with high rumination activity
produced more milk, consumed more concentrate, and produced more CHy4 than cows with
low rumination time. Identifying easily measurable proxies would allow for large-scale
data as with the advent of precision livestock farming it is now possible to physiologically
monitor (feeding time, rumination time, etc.) various parameters 24 h a day [70].

Topic 5 was defined as “Ruminal Fermentation, RF” because, looking at the words
highlighted by the beta probability of the LDA analysis, the most important words were
“rumen” followed, in order of importance, by “ferment,” “rumin,” “acid”, etc., all words
associated with RF. This topic encompassed numerous articles focused on in vitro trials.
Such trials play a pivotal role in studying EME by offering a controlled, efficient, and
targeted experimental approach to comprehensively understand and address EME.

The majority of methanogenesis takes place in the rumen, and a lesser proportion
(~13%) of CHy4 is produced in the cecum and colon [71]. The microorganisms present in the
rumen degrade the feed, producing short-chain fatty acids (acetic, butyric, and propionic
acid), CO,, and metabolic hydrogen (H;). Short-chain fatty acids (SCFAs) are absorbed
through the rumen wall to provide energy. Methanogens, belonging to the Archaea do-
main, utilize H, and CO; to produce CHy [72]. In this process, CO; is the carbon source
and Hj is the main electron donor. Four moles of H; can produce one mole of CHy [73].
Methanogenesis is the main biochemical pathway to remove metabolic H, to maintain
a very low concentration of H; in the rumen and ensure proper feed digestion [29]. The
concentration of Hj affects the feed degradation rate. If the concentration of H; increases,
the rate of feed degradation decreases. Methane emissions can be reduced by inhibiting Hp
formation from fermentation or promoting alternative H, pathways [73]. While methano-
genesis is predominantly driven by methanogenic bacteria, the correlation between EME
and the concentration of these bacteria appears ambiguous in several studies [33]. Some
investigations have uncovered significant positive relationships; others have found no
correlation between the concentration of methanogens and methanogenesis [74]. Addi-
tionally, Bouchard et al. [75] reported a reduction in methanogens without a significant
decrease in CH, production. Methanogens are the dominant organisms in the rumen;
there are 10°~108 cells/mL of methanogenic Archaea per ml of rumen fluid [76]. Other
microorganisms, such as protozoa, indirectly influence CH4 emissions by using substrates
(starch, cellulose, hemicellulose, pectin, and soluble sugar) to produce SCFAs and Hj,
which are then converted into CH, by methanogens [77].
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Methanogens are anaerobic organisms that thrive in environments with an optimal pH
ranging from 6.0 to 7.5 [73] and are known to be sensitive to low pH. Van Kessel et al. [78],
using ruminal fluid from fistulated cows fed two types of diets (high-forage or high-
concentrate), demonstrated that methanogenesis is pH-dependent, with complete inhibition
of CHjy production at pH values below 6.0, and highlighted that volatile fatty acids, such
as acetic acid, can directly affect the activity of methanogens at low pH levels. Despite
this sensitivity to low pH, methanogens may survive episodes of low ruminal pH through
changes in community structure or sequestration in protected microenvironments within
biofilms or protozoa [79], allowing them to persist and continue CHy production under
otherwise inhibitory conditions. Although ruminal methanogens are inhibited by a pH
below 6.0 in vitro [78], CH4 production rates in vivo do not decrease when ruminal pH
drops to levels associated with subacute or acute ruminal acidosis (5.2-5.5) in beef cattle [79].
This suggests that there are additional factors, such as increased propionate formation
or passage rate, that contribute to lower EME in cattle fed high-grain diets compared to
high-forage diets. Therefore, reducing ruminal pH alone is not considered an effective CHy
mitigation strategy [30].

Diet is a pivotal factor in EME studies; indeed, one of the emergent topics (topic 6) was
precisely defined as “diet composition, DC”. The keywords that defined this topic were
“diet”, “fed”, “concentr”, “digest”, and “matter”. This topic represented the second most
important in the TA (with a percentage of articles exceeding 13%). Manipulating the diet
has the potential to reduce EME and consequently increase the feed efficiency of animals,
as CHy production results in a loss of GE intake [80]. Some studies [81,82] demonstrated
that the basal diet has significant effects on EME. Additionally, as will be discussed later,
the composition of the basal diet has the potential to enhance the efficiency of certain
supplements in reducing EME, showing additive effects [83,84]. The term “concentr”,
which is the root of concentrate, emerged as a decidedly important term in this topic.
Increasing the proportion of concentrates is associated with increases in the starch content
in the diet.

The ability of starch to reduce CH, emissions has long been recognized. Starch
fermentation produces propionic acid, providing an alternative H; sink to methanogenesis.
Additionally, starch fermentation can lower ruminal pH, which can reduce the populations
of protozoa and methanogens [81]. However, starch is rapidly fermented in the rumen,
leading to high concentrations of VFAs and/or lactate, which increase the risk of acute or
sub-acute ruminal acidosis, so this is proven to be an unsustainable method in attempting
to reduce EME in ruminants [34]. The type of cereal and its processing technique can affect
the fermentation level and EME. In terms of cereal sources, both absolute CH4 production
and CHy yield appear to follow the order of wheat and maize flakes < maize < barley, with
the ranking strongly dependent on the composition and extent of grain processing [85].
Processing methods of cereals (applying different combinations of heat, moisture, time,
and mechanical actions) can alter starch fermentation and ruminal pH. Hales et al. [86]
observed a 17% reduction in CHy yield with a steam-flaked maize-based diet compared
to a dry-rolled maize-based diet in beef cattle. Herrera-Saldana et al. [87] showed that
increasing the processing degree (i.e., smaller particle sizes) of cereal grains increased
the rate of ruminal degradation of the grain and decreased ruminal pH. The inclusion of
concentrated feeds in the diet of ruminants (>40% of the diet) has the potential to reduce
CH, intensity [47].

Forages represent a very important share in ruminant feeding, and their quality has
been shown to have a high potential for modulating CH, emissions [35]. Different types
of forage can influence CHy emissions due to differences in their chemical composition.
High-quality forage, such as young plants, has more readily fermentable carbohydrates and
less NDF, which increases digestibility and transit rate and can modify the fermentation
pathway and minimize the formation of CHy [34,88]. In contrast, more mature forages
result in a greater loss of CHy, primarily due to an increase in the C:N ratio, which reduces
digestibility [89]. The improvement of organic matter digestibility (%) and the increase



Animals 2024, 14, 3158

17 of 24

in protein content (g/kg DM) of grass silage was negatively associated with CHy yield
(R? = 0.74 and R? = 0.36, respectively). In contrast, the NDF content (g/kg DM) showed
a positive relationship with CHy yield both in grass silage (R? = 0.44) and in maize silage
(R? = 0.60) diets [35].

Applying current precision feeding techniques, it is possible to know the chemical
composition of the raw materials and total mixed rations in real time [90]. This could be a
rapid and advantageous method for predicting CHy yield. Furthermore, it has been shown
that forage particle size can affect CH4 emissions per kg of DMI. For example, chopping or
pelleting forage can reduce EME per kg of DMI, as smaller particles are less degraded in the
rumen [91]. The meta-analysis by Arndt et al. [92] reported that mitigation strategies such
as decreasing grass maturity and reducing the dietary forage-to-concentrate ratio could
decrease CHy intensity by 12% on average (range 9 to 17%).

Dietary lipid supplementation lowers CHy emissions. This could include lower levels
of methanogen activity, smaller populations of protozoa, and less fermentation of ruminal
organic matter [80]. Eugene et al. [93] in their meta-analysis reported that adding lipids to
dairy cows’ diet decreased CH4 production by 0.305 g/kg of DMI for every 1% increase in
ether extract, and this was primarily due to the reduced DMI. Furthermore, unsaturated
fatty acid-rich lipids were subjected to biohydrogenation in the rumen, lowering the amount
of hydrogen available for the generation of methane [30].

It is generally recommended not to exceed 6-7% of lipids on a DM basis in the diet,
since greater levels can cause a depression in DMI, thus negating the benefits derived from
the increased energy density of the diet [94].

Della Rosa et al. [32] reported that in most studies on EME measurement systems,
72% tested supplements and/or additives. Topic 4 (“supplement and additive, SA”) was
characterized by the terms “supplement”, “addit”, “nitrat”, and “reduc”. Supplements or
additives include inhibitors that are added to an animal’s diet with the aim of reducing
CH4 formation. They act through different mechanisms [10,95]: (i) inhibition of CHy4 pro-
duction by reacting with methyl-coenzyme M, which is involved in the last step of methane
formation; (ii) alternative H; sinks that move hydrogen ions away from methanogenesis;
(iif) inhibition of methanogenic Archaea bacteria and reduction of the number of protozoa;
(iv) improved nitrogen metabolism; and (v) reduction in pH, increase in propionate, and
decrease in the acetate/propionate ratio. A variety of additives, including ionophores,
essential oils, nitrates, algae, and yeasts, were examined. Although many strategies have
been proposed for mitigating CH,, many others are in the very early stages of develop-
ment (e.g., phages, bacteriocins), have low mitigation potential (e.g., yeast, directly fed
bacterial microbes, saponins, ionophores), or are difficult to apply on-farm (e.g., protozoan
defaunation) [96].

According to Arndt et al. [92], sustainable strategies for enteric CH, mitigation should
preferably avoid socioeconomic and environmental trade-offs and, ideally, increase produc-
tion yield per unit of input. This suggests that other than the reduction of enteric CHy in
absolute terms (g of CH4/day), an additive must be evaluated for its effectiveness in modi-
fying animal performance, which, therefore, influences the yield of CH4. When choosing
the feed additive, in addition to effectiveness and efficiency, the toxicity and potential envi-
ronmental impacts/undesirable side effects must be considered [10]. Arndt et al. [92], in a
meta-analysis carried out on 480 studies considering 98 mitigation strategies, reported that
the most effective mitigation strategies in the context of “supplements” were CHy inhibitors,
tanniferous fodder, electron sinks, oils and fats, and oilseeds. These strategies decreased
CHy intensity by 17% on average (ranging from 12 to 32%) and daily CH, emissions by
21% on average (ranging from 12 to 35%), without negatively affecting animal performance.
Among the CHj inhibitors, 3-nitrooxypropanol (3-NOP) is the one that has shown the great-
est efficiency in CHy abatement and the minimum effect on animal performance [92,97].
These compounds are specific inhibitors of methyl-coenzyme M reductase, an enzyme
involved in the CHy4 formation of methanogenic Archaea in the terminal phase [98].
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The reduction of CHy from 3-NOP varies with dosage [99,100] and depends on the
type of diet [82,97,99]. Increasing levels of 3-NOP in the diet decreased enteric CHy
emissions per unit of body weight, CH4/kg DMI, CHy/L of milk, and CHy/kg of digested
organic matter [82,101]. van Gastelen et al. [82] reported a greater reduction in CHy
intensity and yield with diets containing a higher starch content (based on corn silage)
when supplemented with 3-NOP compared to diets based on grass silage.

The long-term effects of 3-NOP administration in dairy cows have been evaluated. In
their year-long study covering all lactation phases, van Gastelen et al. [97] reported that 3-
NOP persistently decreased CH, emissions, with a positive impact on milk fat and protein
yield, energy-corrected milk yield, and feed efficiency. 3-NOP is currently a commercial
product available to farmers. Indeed, in 2022, the DSM company received EU market
approval for Bovaer® for dairy cows, following a positive EFSA opinion confirming that
the product reduces enteric CH4 emissions from dairy cows and is safe for the animal and
the consumer. This was the first time the EU marketed a product as a feed additive for its
environmental benefits [102].

Topic 1 stood out from the others due to the presence of terms referring to animals
like “intake,” “animal,” “performance,” “weight,” and “group”, so it was defined as a
topic inherent to the interaction between EME and animal; for this reason, it was called
“methane emission-animal, ME-A”. Approximately 8% of the articles selected fell into this
topic. Generally, CH,4 yield was reported to be affected by the level of intake, diet quality,
supplementation level [103], physiological state (lactating, non-lactating) [104,105], and
cattle class (beef, dairy) [81,106]. It has been suggested that CH4 emissions vary during
different physiological phases [105,107]. For example, CHy levels have been reported to
increase by up to 35% from early to late lactation [38,108], and this increase was primarily
due to an increase in DMI, the main driver of CHy production. Lyons et al. [107] measured
CHj emissions in dairy cows at different times of lactation and reported an increase in CHy
yield (L/kg DMI) from the 5th to the 42nd week of lactation (32.2 vs. 36.7 L of CH4/kg of
DML, respectively). Furthermore, it has been observed that the lactation phase affects the
level of reduction of EME by supplements. Adding 3-NOP to the rations of dairy cows,
van Gastelen et al. [97] observed a reduction, on average, of 16%, 20%, 16%, and 26% in the
CH, yield (g/kg DMI) for the dry, early, mid, and late lactation diets, respectively. This
variability was partly attributed to the different compositions of the diets for the different
physiological phases and, more specifically, to the fiber content.

Oddy et al. [109] carried out a study on dairy sheep and reported that the main
determining factor of CHy production and yield was DMI. However, they also identified
factors such as age, rumen volume, and pregnancy status as influential.

Dong et al. [110] further elucidated that the increase in EME with increasing age
is related to greater DMI. In contrast, Ramirez-Restrepo et al. [111] reported similar av-
erage CHy yields between heifers and multiparous cows, both estimated with the SF6
technique (25.3 £ 0.52 and 24.1 £ 0.55 CHy4/kg DMI for heifers and multiparous cows,
respectively) and measured in the RC (23.7 4= 0.66 and 23.6 & 0.66 CH, /kg DMI for heifers
and multiparous cows, respectively), suggesting that there were no differences based on
age. In a recent study on grazing dairy cows, Salas-Riega et al. [112] reported that dry
cows produced less CHy than lactating cows (266 and 325 g CH,/cow/day for dry and
lactating, respectively). Body weight (BW) also affects CHy production. The effect of BW
can be attributed to the relationship between BW and intestinal capacity, since intestinal
volume is proportional to BW, thereby influencing DMI [113]. Animals with a higher BW
typically have a greater intestinal volume, enabling them to consume more dry matter. This
increased DM is correlated with higher CHy production.

Topic 7 was the topic linked to dairy production. The terms that emerged for topic
7 were “milk,” “cow,” “yield,” “dairi,” and “product” and, therefore, it was called “dairy
production, DP”. This topic included studies conducted on dairy ruminants, particularly
dairy cattle. Most studies on EME were conducted on dairy cows, as also confirmed by
the meta-analysis by Della Rosa et al. [32]. Those authors reported that 62% of studies
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conducted on Bos faurus were on dairy cattle (4% growing, 50% lactating, and 8% non-
lactating) and 38% involved beef cattle (35% growing and 3% mature). The terms found in
this topic have been discussed extensively previously.

5. Conclusions

The aim of this review was to analyze the literature referring to EME in the livestock
sector from 1986 to May 2024 using machine learning methods. A growing trend was
observed in the number of publications relating to EME, especially in response to the global
political interest in reducing global GHG emissions. At a geographical level, the publica-
tions reflect the major GHG-emitting countries, i.e., those in the Northern Hemisphere.
From the text mining results, terms strongly associated with EME emerged, covering
various aspects such as milk, cow, diet, DMI, supplement, model, measure, and animal.
The results of the topic analysis highlighted expected topics such as GHGs from livestock,
dairy production, diet composition, and ruminal fermentation, as well as unexpected
topics like extensive livestock farming. Other subjects, such as beef production or genetic
improvement, were evidently overshadowed by other themes.

Future Prospects

The future of EME research in the livestock sector is promising, with several key areas
for development. Research should continue across multiple fronts, emphasizing the need
for stronger connections between them. Increased funding from governments, all aiming
to identify effective strategies for reducing EME, presents significant opportunities for
advancement in this field.

First, diet optimization remains critical, focusing on innovative feed additives to re-
duce EME while maintaining animal health and production yield and quality. However,
the long-term use of these additives, including 3-NOP, raises concerns due to the limited
evidence available regarding their safety and efficacy over extended periods. Compre-
hensive studies are essential to assess the impact of these additives on livestock health
and their environmental effects. In addition, there should be a greater focus on precision
livestock farming. This approach can utilize phenotypic data to enhance EME estimation
and improve the quality of diets through precise analysis. By leveraging precision sys-
tems, researchers can implement modifications that optimize animal nutrition, ultimately
leading to more effective methane reduction strategies. Moreover, implementing more
manageable and precise methane measurement systems will allow for a more accurate
selection of individuals that emit less methane, enhancing breeding programs focused on
low-emission livestock. Integrating these areas of research will be crucial for advancing our
understanding of EME and developing sustainable solutions in the livestock sector. Collab-
oration among scientists, policymakers, and industry stakeholders will further enhance the
effectiveness of these efforts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani14213158/s1.

Author Contributions: C.E.: Conceptualization, methodology, formal analysis, data curation,
writing—original draft preparation. M.M., D.P., G.C. and U.B.: Writing—review and editing. U.B.:
Supervision. All authors have read and agreed to the published version of the manuscript.

Funding: PON—Ricerca e Innovazione 2014-2020 (DM1016/2021) for the Evangelista C. Ph.D. fel-
lowship.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.


https://www.mdpi.com/article/10.3390/ani14213158/s1
https://www.mdpi.com/article/10.3390/ani14213158/s1

Animals 2024, 14, 3158 20 of 24

Acknowledgments: This study was carried out within the Agritech National Research Center
and received funding from the European Union Next-GenerationEU (PIANO NAZIONALE DI
RIPRESA E RESILIENZA (PNRR)—MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032
17/06/2022, CN00000022) and partially funded by the CEF Sebastien projects, co-financed by the Con-
necting Europe Facility Programme of the European Union, grant agreements no. INEA /CEF/ICT/
A2020/2373580. This manuscript reflects only the authors’ views and opinions; neither the European
Union nor the European Commission can be considered responsible for them.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Zobeidi, T.; Yaghoubi, ].; Yazdanpanah, M. Farmers’ incremental adaptation to water scarcity: An application of the model of
private proactive adaptation to climate change (MPPACC). Agric. Water Manag. 2022, 264, 107528. [CrossRef]

2. Portner, H.-O.; Scholes, R.J.; Agard, J.; Archer, E.; Arneth, A ; Bai, X.; Barnes, D.; Burrows, M.; Chan, L.; Cheung, W.L.; et al.
Scientific Outcome of the IPBES-IPCC Co-Sponsored Workshop on Biodiversity and Climate Change (Version 5); IPBES secretariat: Bonn,
Germany, 2021. [CrossRef]

3. FAO. Pathways Towards Lower Emissions—A Global Assessment of the Greenhouse Gas Emissions and Mitigation Options
from Livestock Agrifood Systems. Rome. 2023. Available online: https://openknowledge.fao.org/items/b3f21d6d-bd6d-4e66-
b8ca-63ce376560b5 (accessed on 20 September 2024). [CrossRef]

4. Grossi, G.; Goglio, P; Vitali, A.; Williams, A.G. Livestock and climate change: Impact of livestock on climate and mitigation
strategies. Anim. Front. 2019, 9, 69-76. [CrossRef] [PubMed]

5. Gerber, P; Hristov, A.; Henderson, B.; Makkar, H.; Oh, ].; Lee, C.; Meinen, R.; Montes, F.; Ott, T.; Firkins, J.; et al. Technical options
for the mitigation of direct methane and nitrous oxide emissions from livestock: A review. Animal 2013, 7, 220-234. [CrossRef]
[PubMed]

6. Balcombe, P.; Speirs, ].E; Brandon, N.P.; Hawkes, A.D. Methane emissions: Choosing the right climate metric and time horizon.
Enwiron. Sci. Process. Impacts 2018, 20, 1323-1339. [CrossRef] [PubMed]

7. Hook, S.E.; Wright, A.-D.G.; McBride, B.W. Methanogens: Methane Producers of the Rumen and Mitigation Strategies. Archaea
2010, 2010, 945785. [CrossRef]

8.  McAllister, T.A.; Cheng, K.-J.; Okine, E.K.; Mathison, G.W. Dietary, environmental and microbiological aspects of methane
production in ruminants. Can. J. Anim. Sci. 1996, 76, 231-243. [CrossRef]

9.  Appuhamy, J].A.D.R.N.; France, J.; Kebreab, E. Models for predicting enteric methane emissions from dairy cows in North
America, Europe, and Australia and New Zealand. Glob. Chang. Biol. 2016, 22, 3039-3056. [CrossRef]

10. Palangi, V.; Lackner, M. Management of Enteric Methane Emissions in Ruminants Using Feed Additives: A Review. Animals 2022,
12, 3452. [CrossRef]

11. VijayGaikwad, S.; Chaugule, A; Patil, P. Text Mining Methods and Techniques. Int. ]. Comput. Appl. 2014, 85, 42-45. [CrossRef]

12. Wang, S.-H,; Ding, Y.; Zhao, W.; Huang, Y.-H,; Perkins, R.; Zou, W.; Chen, J.J. Text mining for identifying topics in the literatures
about adolescent substance use and depression. BMC Public Health 2016, 16, 279. [CrossRef]

13.  Marino, R.; Petrera, F.; Abeni, F. Scientific Productions on Precision Livestock Farming: An Overview of the Evolution and
Current State of Research Based on a Bibliometric Analysis. Animals 2023, 13, 2280. [CrossRef] [PubMed]

14. Gislon, G.; Bava, L.; Zucali, M.; Tamburini, A.; Sandrucci, A. Unlocking insights: Text mining analysis on the health, welfare, and
behavior of cows in automated milking systems. J. Anim. Sci. 2024, 102, skael59. [CrossRef]

15. Nalon, E.; Contiero, B.; Gottardo, F.; Cozzi, G. The Welfare of Beef Cattle in the Scientific Literature From 1990 to 2019: A Text
Mining Approach. Front. Vet. Sci. 2021, 7, 588749. [CrossRef] [PubMed]

16. Benedetti, B.; Felici, M.; Costa, L.N.; Padalino, B. A review of horse welfare literature from 1980 to 2023 with a text mining and
topic analysis approach. Ital. . Anim. Sci. 2023, 22, 1095-1109. [CrossRef]

17.  Trapanese, L.; Jasinski, EP; Bifulco, G.; Pasquino, N.; Bernabucci, U.; Salzano, A. Buffalo welfare: A literature review from 1992 to
2023 with a text mining and topic analysis approach. Ital. J. Anim. Sci. 2024, 23, 570-584. [CrossRef]

18. R Core Team. A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna. Available
online: https:/ /www.r-project.org (accessed on 15 June 2024).

19. Feinerer, I; Hornik, K.; Meyer, D. Text Mining Infrastructure in R. J. Stat. Softw. 2008, 25, 1-54. [CrossRef]

20. Bouchet-Valat, M. SnowballC: Snowball Stemmers Based on the C Libstemmer UTF-8 Library. R Package Version 0.6.0. Available
online: https://cran.r-project.org/web/packages/SnowballC/SnowballC.pdf (accessed on 15 June 2024).

21.  Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 978-3-319-24277-4. Available
online: https:/ /ggplot2.tidyverse.org (accessed on 15 June 2024).

22.  Wickham, H.; Frangois, R.; Henry, L.; Miiller, K.; Vaughan, D. Dplyr: A Grammar of Data Manipulation. R Package Version 1.1.4.
Available online: https:/ /dplyr.tidyverse.org/reference/dplyr-package.html (accessed on 15 June 2024).

23.  Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.A; Frangois, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester,
J.; et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]

24. Sebastiani, F. Machine learning in automated text categorization. ACM Comput. Surv. 2002, 34, 1-47. [CrossRef]


https://doi.org/10.1016/j.agwat.2022.107528
https://doi.org/10.5281/zenodo.5101125
https://openknowledge.fao.org/items/b3f21d6d-bd6d-4e66-b8ca-63ce376560b5
https://openknowledge.fao.org/items/b3f21d6d-bd6d-4e66-b8ca-63ce376560b5
https://doi.org/10.4060/cc9029en
https://doi.org/10.1093/af/vfy034
https://www.ncbi.nlm.nih.gov/pubmed/32071797
https://doi.org/10.1017/S1751731113000876
https://www.ncbi.nlm.nih.gov/pubmed/23739465
https://doi.org/10.1039/C8EM00414E
https://www.ncbi.nlm.nih.gov/pubmed/30255177
https://doi.org/10.1155/2010/945785
https://doi.org/10.4141/cjas96-035
https://doi.org/10.1111/gcb.13339
https://doi.org/10.3390/ani12243452
https://doi.org/10.5120/14937-3507
https://doi.org/10.1186/s12889-016-2932-1
https://doi.org/10.3390/ani13142280
https://www.ncbi.nlm.nih.gov/pubmed/37508057
https://doi.org/10.1093/jas/skae159
https://doi.org/10.3389/fvets.2020.588749
https://www.ncbi.nlm.nih.gov/pubmed/33505997
https://doi.org/10.1080/1828051X.2023.2271038
https://doi.org/10.1080/1828051X.2024.2333813
https://www.r-project.org
https://doi.org/10.18637/jss.v025.i05
https://cran.r-project.org/web/packages/SnowballC/SnowballC.pdf
https://ggplot2.tidyverse.org
https://dplyr.tidyverse.org/reference/dplyr-package.html
https://doi.org/10.21105/joss.01686
https://doi.org/10.1145/505282.505283

Animals 2024, 14, 3158 21 of 24

25.
26.
27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Adamackopoulou, C.; Benedetti, B.; Zappaterra, M.; Felici, M.; Masebo, N.T.; Previti, A.; Passantino, A.; Padalino, B. Cats” and
dogs’ welfare: Text mining and topics modeling analysis of the scientific literature. Front. Vet. Sci. 2023, 10, 1268821. [CrossRef]
Salton, G.; Buckley, C. Term-weighting approaches in automatic text retrieval. Inf. Process. Manag. 1988, 24, 513-523. [CrossRef]
Blei, D.M.; Ng, A.Y.; Jordan, M.I. Latent Dirichlet Allocation. J. Mach. Learn. Res. 2003, 3, 993-1022.

Griin, B.; Hornik, K. Topicmodels: An R Package for Fitting Topic Models. J. Stat. Softw. 2011, 40, 1-30. [CrossRef]

Moss, A.R.; Jouany, J.-P.; Newbold, ]. Methane production by ruminants: Its contribution to global warming. Ann. Zootech. 2000,
49, 231-253. [CrossRef]

Beauchemin, K.A ; Kreuzer, M.; O’'Mara, F.; McAllister, T.A. Nutritional management for enteric methane abatement: A review.
Aust. ]. Exp. Agric. 2008, 48, 21-27. [CrossRef]

Crutzen, PJ.; Aselmann, I.; Seiler, W. Methane production by domestic animals, wild ruminants, other herbivorous fauna, and
humans. Tellus B Chem. Phys. Meteorol. 1986, 38, 271. [CrossRef]

Della Rosa, M.M.; Waghorn, G.C.; Vibart, R.E.; Jonker, A. An assessment of global ruminant methane-emission measurements
shows bias relative to contributions of farmed species, populations and among continents. Anim. Prod. Sci. 2022, 63, 201-212.
[CrossRef]

Negussie, E.; de Haas, Y.; Dehareng, F.; Dewhurst, R.; Dijkstra, J.; Gengler, N.; Morgavi, D.; Soyeurt, H.; van Gastelen, S.; Yan,
T.; et al. Invited review: Large-scale indirect measurements for enteric methane emissions in dairy cattle: A review of proxies and
their potential for use in management and breeding decisions. J. Dairy Sci. 2017, 100, 2433-2453. [CrossRef]

Haque, M.N. Dietary Manipulation: A Sustainable Way to Mitigate Methane Emissions from Ruminants. J. Anim. Sci. Technol.
2018, 60, 15. [CrossRef]

van Gastelen, S.; Bannink, A.; Dijkstra, J. Effect of silage characteristics on enteric methane emission from ruminants. CAB Rev.
Perspect. Agric. Vet. Sci. Nutr. Nat. Resour. 2019, 1-9. [CrossRef]

Beauchemin, K.A.; Ungerfeld, E.M.; Abdalla, A.L.; Alvarez, C.; Arndt, C.; Becquet, P.; Benchaar, C.; Berndt, A.; Mauricio, RM.;
McAllister, T.A.; et al. Invited review: Current enteric methane mitigation options. J. Dairy Sci. 2022, 105, 9297-9326. [CrossRef]
Benchaar, C.; Pomar, C.; Chiquette, J. Evaluation of dietary strategies to reduce methane production in ruminants: A modelling
approach. Can. . Anim. Sci. 2001, 81, 563-574. [CrossRef]

Bielak, A.; Derno, M.; Tuchscherer, A.; Hammon, H.M.; Susenbeth, A.; Kuhla, B. Body fat mobilization in early lactation influences
methane production of dairy cows. Sci. Rep. 2016, 6, 28135. [CrossRef] [PubMed]

Niu, M.; Kebreab, E.; Hristov, A.N.; Oh, J.; Arndt, C.; Bannink, A.; Bayat, A.R; Brito, A.F.,; Boland, T.; Casper, D.; et al. Prediction
of enteric methane production, yield, and intensity in dairy cattle using an intercontinental database. Glob. Chang. Biol. 2018, 24,
3368-3389. [CrossRef] [PubMed]

Benaouda, M.; Martin, C.; Li, X.; Kebreab, E.; Hristov, A.N.; Yu, Z.; Yafiez-Ruiz, D.R.; Reynolds, C.K.; Crompton, L.A; Dijkstra,
J.; et al. Evaluation of the performance of existing mathematical models predicting enteric methane emissions from ruminants:
Animal categories and dietary mitigation strategies. Anim. Feed. Sci. Technol. 2019, 255, 114207. [CrossRef]

Mills, J.A.N.; Kebreab, E.; Yates, C.M.; Crompton, L.A.; Cammell, S.B.; Dhanoa, M.S.; Agnew, R.E.; France, J. Alternative
approaches to predicting methane emissions from dairy cowsl. J. Anim. Sci. 2003, 81, 3141-3150. [CrossRef] [PubMed]

Ellis, J.; Kebreab, E.; Odongo, N.; McBride, B.; Okine, E.; France, J. Prediction of Methane Production from Dairy and Beef Cattle.
J. Dairy Sci. 2007, 90, 3456-3466. [CrossRef]

Thoma, G.; Popp, J.; Nutter, D.; Shonnard, D.; Ulrich, R.; Matlock, M.; Kim, D.S.; Neiderman, Z.; Kemper, N.; East, C.; et al.
Greenhouse gas emissions from milk production and consumption in the United States: A cradle-to-grave life cycle assessment
circa 2008. Int. Dairy J. 2013, 31, S3-514. [CrossRef]

Vitali, A.; Grossi, G.; Martino, G.; Bernabucci, U.; Nardone, A.; Lacetera, N. Carbon footprint of organic beef meat from farm to
fork: A case study of short supply chain. J. Sci. Food Agric. 2018, 98, 5518-5524. [CrossRef]

Rossi, C.; Grossi, G.; Lacetera, N.; Vitali, A. Carbon Footprint and Carbon Sink of a Local Italian Dairy Supply Chain. Dairy 2024,
5,201-216. [CrossRef]

Soder, K.J.; Brito, A.F. Enteric methane emissions in grazing dairy systems. JDS Commun. 2023, 4, 324-328. [CrossRef]

Hristov, A.N.; Oh, |.; Firkins, J.L.; Dijkstra, ]J.; Kebreab, E.; Waghorn, G.; Makkar, H.P.S.; Adesogan, A.T.; Yang, W.; Lee, C.; et al.
SPECIAL TOPICS-Mitigation of Methane and Nitrous Oxide Emissions from Animal Operations: I. A Review of Enteric Methane
Mitigation Options. J. Anim. Sci. 2013, 91, 5045-5069. [CrossRef] [PubMed]

Mapfumo, L.; Grobler, S.M.; Mupangwa, ].E.; Scholtz, M.M.; Muchenje, V. Enteric methane output from selected herds of beef
cattle raised under extensive arid rangelands. Pastoralism 2018, 8, 15. [CrossRef]

Avetisyan, M.; Golub, A.; Hertel, T.; Rose, S.; Henderson, B. Why a Global Carbon Policy Could Have a Dramatic Impact on the
Pattern of the Worldwide Livestock Production. Appl. Econ. Perspect. Policy 2011, 33, 584-605. [CrossRef]

Schuman, G.; Janzen, H.; Herrick, J. Soil carbon dynamics and potential carbon sequestration by rangelands. Environ. Pollut. 2002,
116, 391-396. [CrossRef]

Agethen, K.; Mauricio, R.M.; Deblitz, C. Economics of Greenhouse Gas Mitigation Strategies in a North-Eastern Brazilian Beef
Production System. Available online: https://uknowledge.uky.edu/igc/24/3-2/3 (accessed on 21 July 2024).

Conant, R.T,; Cerri, C.E.P,; Osborne, B.B.; Paustian, K. Grassland management impacts on soil carbon stocks: A new synthesis.
Ecol. Appl. 2017, 27, 662-668. [CrossRef]


https://doi.org/10.3389/fvets.2023.1268821
https://doi.org/10.1016/0306-4573(88)90021-0
https://doi.org/10.18637/jss.v040.i13
https://doi.org/10.1051/animres:2000119
https://doi.org/10.1071/EA07199
https://doi.org/10.3402/tellusb.v38i3-4.15135
https://doi.org/10.1071/AN22051
https://doi.org/10.3168/jds.2016-12030
https://doi.org/10.1186/s40781-018-0175-7
https://doi.org/10.1079/PAVSNNR201914051
https://doi.org/10.3168/jds.2022-22091
https://doi.org/10.4141/A00-119
https://doi.org/10.1038/srep28135
https://www.ncbi.nlm.nih.gov/pubmed/27306038
https://doi.org/10.1111/gcb.14094
https://www.ncbi.nlm.nih.gov/pubmed/29450980
https://doi.org/10.1016/j.anifeedsci.2019.114207
https://doi.org/10.2527/2003.81123141x
https://www.ncbi.nlm.nih.gov/pubmed/14677870
https://doi.org/10.3168/jds.2006-675
https://doi.org/10.1016/j.idairyj.2012.08.013
https://doi.org/10.1002/jsfa.9098
https://doi.org/10.3390/dairy5010017
https://doi.org/10.3168/jdsc.2022-0297
https://doi.org/10.2527/jas.2013-6583
https://www.ncbi.nlm.nih.gov/pubmed/24045497
https://doi.org/10.1186/s13570-018-0121-9
https://doi.org/10.1093/aepp/ppr026
https://doi.org/10.1016/S0269-7491(01)00215-9
https://uknowledge.uky.edu/igc/24/3-2/3
https://doi.org/10.1002/eap.1473

Animals 2024, 14, 3158 22 of 24

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Godde, C.M.; Boone, R.; Ash, A.J.; Waha, K; Sloat, L.; Thornton, PK.; Herrero, M. Global rangeland production systems and
livelihoods at threat under climate change and variability. Environ. Res. Lett. 2020, 15, 044021. [CrossRef]

Hammond, K.J.; Crompton, L.A.; Bannink, A.; Dijkstra, J.; Yafiez-Ruiz, D.R.; O’Kiely, P.; Kebreab, E.; Eugéne, M.; Yu, Z.; Shingfield,
K.J.; et al. Review of current in vivo measurement techniques for quantifying enteric methane emission from ruminants. Anim.
Feed. Sci. Technol. 2016, 219, 13-30. [CrossRef]

Della Rosa, M.; Jonker, A.; Waghorn, G. A review of technical variations and protocols used to measure methane emissions from
ruminants using respiration chambers, SF6 tracer technique and GreenFeed, to facilitate global integration of published data.
Anim. Feed. Sci. Technol. 2021, 279, 115018. [CrossRef]

Storm, LM.L.D.; Hellwing, A.L.E,; Nielsen, N.I; Madsen, J. Methods for Measuring and Estimating Methane Emission from
Ruminants. Animals 2012, 2, 160-183. [CrossRef]

Bekele, W.; Guinguina, A.; Zegeye, A.; Simachew, A.; Ramin, M. Contemporary Methods of Measuring and Estimating Methane
Emission from Ruminants. Methane 2022, 1, 82-95. [CrossRef]

Nejad, J.G.; Ju, M.-S;; Jo, ].-H.; Oh, K.-H.; Lee, Y.-S,; Lee, S.-D.; Kim, E.-].; Roh, S.; Lee, H.-G. Advances in Methane Emission
Estimation in Livestock: A Review of Data Collection Methods, Model Development and the Role of AI Technologies. Animals
2024, 14, 435. [CrossRef] [PubMed]

Pickering, N.K.; Oddy, V.H.; Basarab, J.; Cammack, K.; Hayes, B.; Hegarty, R.S.; Lassen, J.; McEwan, J.C.; Miller, S.; Pinares-Patifio,
C.S,; et al. Animal board invited review: Genetic possibilities to reduce enteric methane emissions from ruminants. Animal 2015,
9, 1431-1440. [CrossRef] [PubMed]

Ellis, J.L.; Bannink, A.; France, J.; Kebreab, E.; Dijkstra, J. Evaluation of enteric methane prediction equations for dairy cows used
in whole farm models. Glob. Chang. Biol. 2010, 16, 3246-3256. [CrossRef]

Vlaeminck, B.; Fievez, V.; Tamminga, S.; Dewhurst, R.; van Vuuren, A.; De Brabander, D.; Demeyer, D. Milk Odd- and Branched-
Chain Fatty Acids in Relation to the Rumen Fermentation Pattern. J. Dairy Sci. 2006, 89, 3954-3964. [CrossRef]

Dijkstra, J.; van Zijderveld, S.; Apajalahti, J.; Bannink, A.; Gerrits, W.; Newbold, J.; Perdok, H.; Berends, H. Relationships between
methane production and milk fatty acid profiles in dairy cattle. Anim. Feed. Sci. Technol. 2011, 166167, 590-595. [CrossRef]

van Gastelen, S.; Dijkstra, J. Prediction of Methane Emission from Lactating Dairy Cows Using Milk Fatty Acids and Mid-Infrared
Spectroscopy. J. Sci. Food Agric. 2016, 96, 3963-3968. [CrossRef]

Bougouin, A.; Appuhamy, ].A.D.R.N.; Ferlay, A.; Kebreab, E.; Martin, C.; Moate, P.; Benchaar, C.; Lund, P.; Eugéne, M. Individual
milk fatty acids are potential predictors of enteric methane emissions from dairy cows fed a wide range of diets: Approach by
meta-analysis. J. Dairy Sci. 2019, 102, 10616-10631. [CrossRef]

Jonker, A.; Molano, G.; Koolaard, J.; Muetzel, S. Methane emissions from lactating and non-lactating dairy cows and growing
cattle fed fresh pasture. Anim. Prod. Sci. 2017, 57, 643. [CrossRef]

Goopy, ].P,; Donaldson, A.; Hegarty, R.; Vercoe, P.E.; Haynes, E,; Barnett, M.; Oddy, V.H. Low-methane yield sheep have smaller
rumens and shorter rumen retention time. Br. J. Nutr. 2013, 111, 578-585. [CrossRef]

Nkrumabh, J.D.; Okine, E.K.; Mathison, G.W.; Schmid, K.; Li, C.; Basarab, J.A.; Price, M.A.; Wang, Z.; Moore, S.S. Relationships of
feedlot feed efficiency, performance, and feeding behavior with metabolic rate, methane production, and energy partitioning in
beef cattlel. J. Anim. Sci. 2006, 84, 145-153. [CrossRef]

Jonker, A.; Molano, G.; Antwi, C.; Waghorn, G. Feeding lucerne silage to beef cattle at three allowances and four feeding
frequencies affects circadian patterns of methane emissions, but not emissions per unit of intake. Anim. Prod. Sci. 2014, 54,
1350-1353. [CrossRef]

Watt, L.; Clark, C.; Krebs, G.; Petzel, C.; Nielsen, S.; Utsumi, S. Differential rumination, intake, and enteric methane production of
dairy cows in a pasture-based automatic milking system. J. Dairy Sci. 2015, 98, 7248-7263. [CrossRef]

Lovarelli, D.; Bacenetti, J.; Guarino, M. A review on dairy cattle farming: Is precision livestock farming the compromise for an
environmental, economic and social sustainable production? J. Clean. Prod. 2020, 262, 121409. [CrossRef]

Murray, R.M.; Bryant, A.M.; Leng, R.A. Rates of production of methane in the rumen and large intestine of sheep. Br. . Nutr.
1976, 36, 1-14. [CrossRef] [PubMed]

Key, N.; Tallard, G. Mitigating methane emissions from livestock: A global analysis of sectoral policies. Clim. Chang. 2011, 112,
387-414. [CrossRef]

Pereira, A.M.; de Lurdes Nunes Enes Dapkevicius, M.; Borba, A.E.S. Alternative Pathways for Hydrogen Sink Originated from
the Ruminal Fermentation of Carbohydrates: Which Microorganisms Are Involved in Lowering Methane Emission? Anim.
Microbiome 2022, 4, 5. [CrossRef]

Wallace, R.J.; Rooke, J.A.; McKain, N.; Duthie, C.-A.; Hyslop, J.J.; Ross, D.W.; Waterhouse, A.; Watson, M.; Roehe, R. The rumen
microbial metagenome associated with high methane production in cattle. BMIC Genom. 2015, 16, 1-14. [CrossRef]

Bouchard, K.; Wittenberg, K.M.; Legesse, G.; Krause, D.O.; Khafipour, E.; Buckley, K.E.; Ominski, K.H. Comparison of feed intake,
body weight gain, enteric methane emission and relative abundance of rumen microbes in steers fed sainfoin and lucerne silages
under western Canadian conditions. Grass Forage Sci. 2013, 70, 116-129. [CrossRef]

Tseten, T.; Sanjorjo, R.A.; Kwon, M.; Kim, S.-W. Strategies to Mitigate Enteric Methane Emissions from Ruminant Animals.
J. Microbiol. Biotechnol. 2022, 32, 269-277. [CrossRef]


https://doi.org/10.1088/1748-9326/ab7395
https://doi.org/10.1016/j.anifeedsci.2016.05.018
https://doi.org/10.1016/j.anifeedsci.2021.115018
https://doi.org/10.3390/ani2020160
https://doi.org/10.3390/methane1020008
https://doi.org/10.3390/ani14030435
https://www.ncbi.nlm.nih.gov/pubmed/38338080
https://doi.org/10.1017/S1751731115000968
https://www.ncbi.nlm.nih.gov/pubmed/26055577
https://doi.org/10.1111/j.1365-2486.2010.02188.x
https://doi.org/10.3168/jds.S0022-0302(06)72437-7
https://doi.org/10.1016/j.anifeedsci.2011.04.042
https://doi.org/10.1002/jsfa.7718
https://doi.org/10.3168/jds.2018-15940
https://doi.org/10.1071/AN15656
https://doi.org/10.1017/S0007114513002936
https://doi.org/10.2527/2006.841145x
https://doi.org/10.1071/AN14235
https://doi.org/10.3168/jds.2015-9463
https://doi.org/10.1016/j.jclepro.2020.121409
https://doi.org/10.1079/BJN19760053
https://www.ncbi.nlm.nih.gov/pubmed/949464
https://doi.org/10.1007/s10584-011-0206-6
https://doi.org/10.1186/s42523-021-00153-w
https://doi.org/10.1186/s12864-015-2032-0
https://doi.org/10.1111/gfs.12105
https://doi.org/10.4014/jmb.2202.02019

Animals 2024, 14, 3158 23 of 24

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

van Wyngaard, J.; Meeske, R.; Erasmus, L. Effect of concentrate feeding level on methane emissions, production performance
and rumen fermentation of Jersey cows grazing ryegrass pasture during spring. Anim. Feed. Sci. Technol. 2018, 241, 121-132.
[CrossRef]

Van Kessel, J.A.S.; Russell, ].B. The effect of pH on ruminal methanogenesis. FEMS Microbiol. Ecol. 1996, 20, 205-210. [CrossRef]
Hiinerberg, M.; McGinn, S.M.; Beauchemin, K.A ; Entz, T.; Okine, E.K.; Harstad, O.M.; McAllister, T.A. Impact of ruminal pH on
enteric methane emissionsl. J. Anim. Sci. 2015, 93, 1760-1766. [CrossRef] [PubMed]

Johnson, K.A.; Johnson’, D.E. Methane Emissions from Cattle. J. Anim. Sci. 1995, 73, 2483-2493. [CrossRef] [PubMed]

Grainger, C.; Beauchemin, K. Can enteric methane emissions from ruminants be lowered without lowering their production?
Anim. Feed. Sci. Technol. 2011, 166-167, 308-320. [CrossRef]

van Gastelen, S.; Dijkstra, J.; Heck, ].M.; Kindermann, M.; Klop, A.; de Mol, R.; Rijnders, D.; Walker, N.; Bannink, A. Methane
mitigation potential of 3-nitrooxypropanol in lactating cows is influenced by basal diet composition. J. Dairy Sci. 2022, 105,
4064-4082. [CrossRef]

Bodas, R; Prieto, N.; Garcia-Gonzalez, R.; Andrés, S.; Girdldez, EJ.; Lopez, S. Manipulation of rumen fermentation and methane
production with plant secondary metabolites. Anim. Feed Sci. Technol. 2012, 176, 78-93. [CrossRef]

Kebreab, E.; Bannink, A.; Pressman, E.M.; Walker, N.; Karagiannis, A.; van Gastelen, S.; Dijkstra, J. A meta-analysis of effects of
3-nitrooxypropanol on methane production, yield, and intensity in dairy cattle. J. Dairy Sci. 2023, 106, 927-936. [CrossRef]
Beauchemin, K.A.; McGinn, S.M. Methane emissions from feedlot cattle fed barley or corn dietsl. J. Anim. Sci. 2005, 83, 653—661.
[CrossRef]

Hales, K.E.; Cole, N.A.; MacDonald, ]J.C. Effects of corn processing method and dietary inclusion of wet distillers grains with
solubles on energy metabolism, carbon—nitrogen balance, and methane emissions of cattlel,2. J. Anim. Sci. 2012, 90, 3174-3185.
[CrossRef]

Herrera-Saldana, R.; Huber, J.; Poore, M. Dry Matter, Crude Protein, and Starch Degradability of Five Cereal Grains. . Dairy Sci.
1990, 73, 2386-2393. [CrossRef]

Sun, E; Hu, W; Cao, J.; Wang, X.; Zhang, Z.; Ramezani, J.; Shen, S. Sustained and intensified lacustrine methane cycling during
Early Permian climate warming. Nat. Commun. 2022, 13, 1-10. [CrossRef] [PubMed]

Milich, L. The role of methane in global warming: Where might mitigation strategies be focused? Glob. Environ. Chang. 1999, 9,
179-201. [CrossRef]

Evangelista, C.; Basirico, L.; Bernabucci, U. An Overview on the Use of Near Infrared Spectroscopy (NIRS) on Farms for the
Management of Dairy Cows. Agriculture 2021, 11, 296. [CrossRef]

Boadi, D.; Benchaar, C.; Chiquette, J.; Massé, D. Mitigation strategies to reduce enteric methane emissions from dairy cows:
Update review. Can. J. Anim. Sci. 2004, 84, 319-335. [CrossRef]

Arndt, C.; Hristov, A.N.; Price, W.J.; McClelland, S.C.; Pelaez, A.M.; Cueva, S.E; Oh, J.; Dijkstra, J.; Bannink, A.; Bayat, AR et al.
Full adoption of the most effective strategies to mitigate methane emissions by ruminants can help meet the 1.5 °C target by 2030
but not 2050. Proc. Natl. Acad. Sci. USA 2022, 119, €2111294119. [CrossRef]

Eugeéne, M.; Massé, D.; Chiquette, J.; Benchaar, C. Meta-analysis on the effects of lipid supplementation on methane production in
lactating dairy cows. Can. J. Anim. Sci. 2008, 88, 331-337. [CrossRef]

Knapp, J.R.; Laur, G.L.; Vadas, P.A.; Weiss, W.P,; Tricarico, ].M. Invited review: Enteric methane in dairy cattle production:
Quantifying the opportunities and impact of reducing emissions. J. Dairy Sci. 2014, 97, 3231-3261. [CrossRef]

Almeida, A.K.; Hegarty, R.S.; Cowie, A. Meta-analysis quantifying the potential of dietary additives and rumen modifiers for
methane mitigation in ruminant production systems. Anim. Nutr. 2021, 7, 1219-1230. [CrossRef]

Beauchemin, K.A.; Ungerfeld, E.M.; Eckard, R.J.; Wang, M. Review: Fifty years of research on rumen methanogenesis: Lessons
learned and future challenges for mitigation. Animal 2020, 14, s2—s16. [CrossRef]

van Gastelen, S.; Burgers, E.E.; Dijkstra, J.; de Mol, R.; Muizelaar, W.; Walker, N.; Bannink, A. Long-term effects of 3-
nitrooxypropanol on methane emission and milk production characteristics in Holstein-Friesian dairy cows. ]. Dairy Sci.
2024, 107, 5556-5573. [CrossRef]

Duin, E.C.; Wagner, T.; Shima, S.; Prakash, D.; Cronin, B.; Yanez-Ruiz, D.R.; Duval, S.; Rtimbeli, R.; Stemmler, R.T.; Thauer,
RK,; et al. Mode of action uncovered for the specific reduction of methane emissions from ruminants by the small molecule
3-nitrooxypropanol. Proc. Natl. Acad. Sci. USA 2016, 113, 6172-6177. [CrossRef] [PubMed]

Dijkstra, J.; Bannink, A.; France, J.; Kebreab, E.; van Gastelen, S. Short communication: Antimethanogenic effects of 3-
nitrooxypropanol depend on supplementation dose, dietary fiber content, and cattle type. J. Dairy Sci. 2018, 101, 9041-9047.
[CrossRef]

Melgar, A.; Welter, K.; Nedelkov, K.; Martins, C.; Harper, M.; Oh, J.; Réisénen, S.; Chen, X.; Cueva, S.; Duval, S.; et al. Dose-
response effect of 3-nitrooxypropanol on enteric methane emissions in dairy cows. J. Dairy Sci. 2020, 103, 6145-6156. [CrossRef]
[PubMed]

Jayanegara, A.; Sarwono, K.A.; Kondo, M.; Matsui, H.; Ridla, M.; Laconi, E.B. Nahrowi Use of 3-nitrooxypropanol as feed additive
for mitigating enteric methane emissions from ruminants: A meta-analysis. Ital. J. Anim. Sci. 2017, 17, 650-656. [CrossRef]
DSM Receives Landmark EU Market Approval for Its Methane-Reducing Feed Additive Bovaer®. Available online: https:
/ /our-company.dsm-firmenich.com/en/our-company/news/ press-releases/legacy-archive /2022 /dsm-receives-eu-approval-
Bovaer.html (accessed on 25 May 2024).


https://doi.org/10.1016/j.anifeedsci.2018.04.025
https://doi.org/10.1016/0168-6496(96)00030-X
https://doi.org/10.2527/jas.2014-8469
https://www.ncbi.nlm.nih.gov/pubmed/26020197
https://doi.org/10.2527/1995.7382483x
https://www.ncbi.nlm.nih.gov/pubmed/8567486
https://doi.org/10.1016/j.anifeedsci.2011.04.021
https://doi.org/10.3168/jds.2021-20782
https://doi.org/10.1016/j.anifeedsci.2012.07.010
https://doi.org/10.3168/jds.2022-22211
https://doi.org/10.2527/2005.833653x
https://doi.org/10.2527/jas.2011-4441
https://doi.org/10.3168/jds.S0022-0302(90)78922-9
https://doi.org/10.1038/s41467-022-32438-2
https://www.ncbi.nlm.nih.gov/pubmed/35982047
https://doi.org/10.1016/S0959-3780(98)00037-5
https://doi.org/10.3390/agriculture11040296
https://doi.org/10.4141/A03-109
https://doi.org/10.1073/pnas.2111294119
https://doi.org/10.4141/CJAS07112
https://doi.org/10.3168/jds.2013-7234
https://doi.org/10.1016/j.aninu.2021.09.005
https://doi.org/10.1017/S1751731119003100
https://doi.org/10.3168/jds.2023-24198
https://doi.org/10.1073/pnas.1600298113
https://www.ncbi.nlm.nih.gov/pubmed/27140643
https://doi.org/10.3168/jds.2018-14456
https://doi.org/10.3168/jds.2019-17840
https://www.ncbi.nlm.nih.gov/pubmed/32278563
https://doi.org/10.1080/1828051X.2017.1404945
https://our-company.dsm-firmenich.com/en/our-company/news/press-releases/legacy-archive/2022/dsm-receives-eu-approval-Bovaer.html
https://our-company.dsm-firmenich.com/en/our-company/news/press-releases/legacy-archive/2022/dsm-receives-eu-approval-Bovaer.html
https://our-company.dsm-firmenich.com/en/our-company/news/press-releases/legacy-archive/2022/dsm-receives-eu-approval-Bovaer.html

Animals 2024, 14, 3158 24 of 24

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

Jentsch, W.; Schweigel, M.; Weissbach, F.; Scholze, H.; Pitroff, W.; Derno, M. Methane production in cattle calculated by the
nutrient composition of the diet. Arch. Anim. Nutr. 2007, 61, 10-19. [CrossRef]

Holter, ].; Young, A. Methane Prediction in Dry and Lactating Holstein Cows. J. Dairy Sci. 1992, 75, 2165-2175. [CrossRef]
Ricci, P.; Rooke, J.A.; Nevison, I.; Waterhouse, A. Methane emissions from beef and dairy cattle: Quantifying the effect of
physiological stage and diet characteristics1. . Anim. Sci. 2013, 91, 5379-5389. [CrossRef]

Moraes, L.E.; Strathe, A.B.; Fadel, ].G.; Casper, D.P; Kebreab, E. Prediction of enteric methane emissions from cattle. Glob. Chang.
Biol. 2014, 20, 2140-2148. [CrossRef]

Lyons, T.; Bielak, A.; Doyle, E.; Kuhla, B. Variations in methane yield and microbial community profiles in the rumen of dairy
cows as they pass through stages of first lactation. J. Dairy Sci. 2018, 101, 5102-5114. [CrossRef]

Garnsworthy, P; Craigon, J.; Hernandez-Medrano, J.; Saunders, N. On-farm methane measurements during milking correlate
with total methane production by individual dairy cows. J. Dairy Sci. 2012, 95, 3166-3180. [CrossRef]

Oddy, V.H.; Donaldson, A.]J.; Cameron, M.; Bond, J.; Dominik, S.; Robinson, D.L. Variation in methane production over time and
physiological state in sheep. Anim. Prod. Sci. 2019, 59, 441-448. [CrossRef]

Dong, L.; Li, B.; Diao, Q. Effects of Dietary Forage Proportion on Feed Intake, Growth Performance, Nutrient Digestibility, and
Enteric Methane Emissions of Holstein Heifers at Various Growth Stages. Animals 2019, 9, 725. [CrossRef] [PubMed]
Ramirez-Restrepo, C.A.; Clark, H.; Muetzel, S. Methane emissions from young and mature dairy cattle. Anim. Prod. Sci. 2016, 56,
1897-1905. [CrossRef]

Salas-Riega, C.Y.; Osorio, S.; Gamarra, J.d.P.; Alvarado-Bolovich, V.; Osorio, C.M.; Gomez, C.A. Enteric methane emissions by
lactating and dry cows in the high Andes of Peru. Trop. Anim. Heal. Prod. 2022, 54, 1-11. [CrossRef]

Demment, M.W.; Van Soest, P.J. A nutritional explanation for body-size patterns of ruminant and nonruminant herbivores. Am.
Nat. 1985, 125, 641-672. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/17450390601106580
https://doi.org/10.3168/jds.S0022-0302(92)77976-4
https://doi.org/10.2527/jas.2013-6544
https://doi.org/10.1111/gcb.12471
https://doi.org/10.3168/jds.2017-14200
https://doi.org/10.3168/jds.2011-4605
https://doi.org/10.1071/AN17447
https://doi.org/10.3390/ani9100725
https://www.ncbi.nlm.nih.gov/pubmed/31561414
https://doi.org/10.1071/AN15102
https://doi.org/10.1007/s11250-022-03146-2
https://doi.org/10.1086/284369

	Introduction 
	Materials and Methods 
	Dataset 
	Text Mining 
	Topic Analysis 

	Results 
	Descriptive Statistics 
	Text Mining 
	Topic Analysis 

	Discussion 
	Text Mining 
	Topic Analysis 

	Conclusions 
	References

