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Studies have reported significant variations in global warming potential (GWP) values
associated with beef cattle production. This study was aimed to benchmark the GWP
values of beef cattle production globally using meta-analysis. A total of 52 research
papers, 89 studies, and 1,258 samples were included in this meta-analysis. This meta-
analysis includes only peer-reviewed publications with empirical GWP values for the
beef cattle industry, expressed in quantities comparable to CO2eq/kgLW (carbon dioxide
equivalent/kilogram liveweight). The aggregated GWP value of beef cattle, as derived by
combining data from other research, is 15.69 COz2eq/kgLW. This number serves as a
benchmark for carbon footprint associated with the beef cattle production. Several
subgroup analyses were conducted to identify significant discoveries that contributed to
the range of greenhouse gas emission levels in beef cattle research. he utilisation of
different feed types revealed that organic feed exhibits a greater GWP value (P<0.01)
than inorganic feed. The extensive farming system exhibited a larger (P<0.01) GWP
compared to intensive systems, but the intensive system displayed a lower (P<0.01) GWP
than semi-intensive systems. Large-scale cow farming, defined as operations with more
than 251 head of cattle, had a reduced (P<0.01) GWP compared to medium-scale (50-
250 head) and small-scale (<100 head) activities. The last stages of cattle production
exhibited reduced (P<0.01) GWP values compared to the cow-calf and cow-calf-
finishing stages. The benchmark GWP value from this meta-analysis is a critical
reference point for stakeholders to reach emissions reduction targets and improve the
sustainability practices. It also allows stakeholders to track progress, compare carbon
footprints, and encourage innovations that aim to reduce the environmental impact of
beef production.

1. INTRODUCTION

Beef products have a notably higher carbon footprint

nitrous oxide [5]. The significant carbon footprint associated
with the beef cattle industry has prompted various
stakeholders to criticize the beef cattle farming sector, urging

relative to other food commodities [1]. The substantial carbon
footprint associated with cattle is primarily due to their
prolonged rearing period, inefficient feed conversion, and
methane emissions. Beef production is a prominent
contributor to greenhouse gas emissions, with cattle being a
significant source of methane [2] and other emissions
associated with the industry. Methane emissions result from
secondary metabolite production during digestion in cows [3].
This process occurs in the rumen, where methanogenic
archaea facilitate the breakdown of fodder and cellulose into
acetate [4]. Methane is released as a byproduct of this process.
Methane has a pronounced greenhouse effect, having a
stronger impact than other gases such as carbon dioxide and
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it to reduce its environmental impact [6]. Specific stakeholders
actively work to decrease the quantity of beef cattle ranches
[7], while others focus on implementing mitigation measures
to minimize the consequential environmental ramifications
[8].

There is considerable variation in the reported carbon
footprints of beef cattle, as documented in scientific and
corporate reports [9]. The diversity observed in beef cattle
farming enterprises can be attributed to various management
techniques. Several factors, such as farming systems, stage of
production, type of feed, and farm scale, contribute to the
variability in the carbon footprint of beef cattle farms.
Extensive cattle farming typically results in a more significant
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carbon footprint than intensive farming systems due to the
increased mobility and activity of cows in extensive farming
practices, as opposed to the more confined conditions of
intensive farming [10]. The carbon footprint associated with
organic feed is greater than that of inorganic feed due to the
increased fertilizer requirements in organic farming [11].

Consequently, forage yield is higher in conventional farms
compared to organic farms. The stage of production
significantly influences the variability of carbon footprint
values in beef cow production because breeding cattle
necessitates a more extended maintenance period compared to
cattle farming, which primarily focuses on the objective of
fattening. The comparative business efficiency of large-scale
farms and smaller-scale farms suggests the need for additional
research to ascertain the potential impact of farm scale on the
carbon footprint of beef cattle farms. The magnitude of the
carbon footprint in beef cattle ranching is influenced by
various factors, leading to varying results across different
studies.

Accurate estimations of GWP in the cattle industry are
crucial for addressing climate change and promoting
sustainability in agriculture. Precise assessments of the GWP
offer a thorough comprehension of the environmental
consequences associated with beef production, enabling us to
pinpoint areas that require enhancement and efficiently
implement solutions to reduce these impacts. Furthermore,
GWP assessments are crucial for creating reference points and
overseeing advancements in the reduction of the carbon
footprint of the beef business. Given the growing worldwide
demand for beef, it is becoming increasingly important to
reduce its environmental impact to prevent the negative
consequences of climate change. Accurate GWP estimates
serve as a valuable tool for policymakers, researchers, and the
industry to make well-informed decisions, mitigate emissions,
and transition to more environmentally sustainable practices
in beef production. Amidst the difficulties posed by climate
change, accurate evaluations of GWP are crucial for guiding
the beef industry toward a more environmentally friendly and
sustainable future.

A meta-analysis is necessary to establish normative
recommendations, benchmarks, and key variables influencing
high and low carbon footprints in beef cattle agriculture. This
meta-analytical study will generate adjusted standard values
for beef cattle farms, considering their distinct characteristics
as variables for the subgroup analysis. The treatment factors
encompass farming systems, which encompasses various
livestock systems (intensive, extensive, and semi-intensive),
different types of organic and inorganic feed, distinct stages of
livestock production (breeding, fattening, and breeding-
fattening), and varying scales of farming (small, medium, and
large). This meta-analytical study can also identify the
determinants of high or low carbon footprint values, enabling
authorized entities to use it for policy formulation. An
extensive research analysis can provide a comprehensive
summary of pertinent studies and give a holistic assessment of
the carbon footprint associated with beef cattle rearing. This
meta-analysis study aims to generate revised standard values
for beef cattle ranches on a global scale.

While previous research has extensively documented the
significant carbon footprint of beef production, there is
considerable variability in the reported data due to differences
in farming practices, feed types, and farm scales [12]. Current
literature lacks a standardized approach for assessing the
carbon footprint of beef cattle farming, resulting in a broad
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range of reported greenhouse gas emissions across different
studies and farming conditions [13]. This inconsistency
hinders the development of uniform benchmarks that are
crucial for formulating effective mitigation strategies.
Furthermore, while some studies have focused on specific
factors such as farming systems or feed types, there is a limited
comprehensive analysis that integrates all these variables to
provide a holistic understanding of the factors influencing
greenhouse gas emissions in beef production.

To address these gaps, this study aims to conduct a meta-
analysis to establish normative benchmarks and identify the
key determinants of high and low carbon footprints in beef
cattle farming. Our approach uniquely considers a wide range
of variables, including farming systems (intensive, extensive,
and semi-intensive), feed types (organic and inorganic),
production stages (breeding, fattening, and combined
systems), and farm scales (small, medium, and large). This
comprehensive analysis will generate adjusted standard values
for beef cattle farms, tailored to their specific characteristics,
thereby providing more precise recommendations for reducing
the environmental impact of beef production.

2. METHODOLOGY
2.1 Paper selection criteria

The present study followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
assessment framework to guide the systematic review process,
promoting transparency and adherence to best practices in
meta-analysis [14]. Figure 1 shows the PRISMA processes
conducted in this study. The primary focus was on studies that
directly investigate the environmental impact of beef cattle
farming by applying the Life Cycle Assessment (LCA)
method, ensuring methodological consistency and relevance
[15].

denffication of new studies via databases and registers

Records removed before screening:
Duplicate records (n = 242)
Records marked as ineligible by automation
tools (n = 1,670)

Records identified from:
Databases (n = 3,274)

o

Identification

A

Records screened
(n=1,362)

I

Reports sought for retrieval
(n=513)

Records excluded
(n =749)

" Reports excluded:
No GWP data {n = 185)
Only one replication data available (n - 37)

Manure and pasture research (n = 68)
Mo LCA research performed {n - 116)

Reports not refrieved
(n=55)

Screening

Reports assessed for eligibility
(n = 458)

A

New studies included in review
{n=52)

Included

Figure 1. Paper screening and selection process using
PRISMA method [16]



To ensure a thorough review, databases from Scopus, Web
of Science, ScienceDirect, and Google Scholar were employed
for study selection. This meta-analysis research had
strategically chosen to utilize Google Scholar and
ScienceDirect databases. Scopus and Web of Science were
two platforms that contain a high-quality indexed journal.
High-quality journals were needed to present reliable results
for meta-analysis research. Two key considerations underpin
the decision to employ Google Scholar and ScienceDirect
platforms. Firstly, both databases were distinguished by their
extensive coverage and open-access materials. Google Scholar
was renowned for encompassing a variety of scholarly
literature, including journals, conferences, and theses. In
contrast, ScienceDirect, as a scholarly publishing platform,
provides access to many scientific journals and books across
diverse disciplines. A significant portion of the papers
available in both Google Scholar and ScienceDirect was
accessible through open access, facilitating easy access to
valuable information for researchers and the wider public
without membership restrictions. By leveraging the broad
coverage and open access availability of Google Scholar and
ScienceDirect, this research was expected to ensure
comprehensive and diverse data collection, fostering
inclusivity and accessibility in disseminating scientific
findings.

Keywords and search strings were carefully designed to
capture studies related to the environmental impact of cattle
farming using the LCA method. The keywords used were
"Beef Cattle Life Cycle Assessment" which had been accessed
from Google Scholar, Scopus, ScienceDirect, and Web of
Science from 12 June 2023 to 30 October 2023. The selection
process was narrowed down to studies exclusively concerning
beef cattle, excluding those related to dairy cattle. LCA
methods must be used to conduct the research and contain
GWP values. The specified timeframe for study inclusion,
from 2015 to 2023, helped to maintain the research currency
and considers recent developments. This meta-analysis
focused on Beef Cattle LCA exclusively includes papers
adopting the cradle-to-gate boundary system. The system
boundaries had encompassed post-farm-gate activities,
spanning from processing through to consumption. Cradle-to-
gate LCA assesses the entire environmental footprint of beef
production from the moment raw materials are extracted or
sourced (the "cradle") until the product leaves the factory gate.
This boundary system accounted for all upstream processes,
including feed production, animal husbandry, transportation,
and processing, providing a comprehensive view of the
environmental effects linked to the entire supply chain. By
concentrating on studies employing the cradle-to-gate
approach, the meta-analysis ensured a consistent evaluation
framework for the environmental impacts of beef cattle
production, facilitating meaningful comparisons across the
selected papers. The functional unit used in this study was
COzeq/kgLW, with the potential for converting values if
discrepancies in functional units were encountered, contingent
on data availability in the selected papers. This meticulous
selection process ensures that the meta-analysis incorporates
studies that align with the research objectives and maintain
methodological consistency, thereby enhancing the credibility
and reliability of the findings. The total studies included in this
meta-analysis were 52 research papers, 89 studies, and 1,258
total sample size. There were several duplicate articles
excluded while accessing four different databases and
included only one article in this study.
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2.2 Data synthesis

The studies included in this research were restricted only to
the study performed by a “cradle to gate” perspective. In this
meta-analysis, some studies presented their carbon footprint
data using functional units other than COzeq/kg of live weight
(LW). To ensure consistency across studies and allow for
meaningful comparison, it was necessary to convert the
different functional units into CO.eq/kgLW. The primary units
encountered were CO:eq/kgLWG, COzeq/kgCarcass, and
COzeq/kgBeef. Below is an outline of the conversion methods
applied.

The conversion from live weight gain (LWG) to live weight
(LW) was based on the relationship between weight gain (the
amount of weight the animal has gained over time) and initial
body weight (IBW). The liveweight of cattle was calculated
by adding the initial weight (the animal’s starting weight) to
the liveweight gain over a specific period. Eq. (1) is the
equation to convert CO2eq/kgLWG to CO2eq/kgLW:

LWG+IBW
LwaG

COz2_eq _ COz2_¢q
Kg*LW Kg*LWG

(1)

For studies reporting carbon footprints based on carcass
weight, the carcass dressing percentage (the ratio of carcass
weight to live weight) was used to convert the data to live

weight. Eq. (2) shows the equation to convert
CO:zeq/kgCarcass to CO2eq/kgLW:
CO2—-eq

COz-eq __ Kg carcass ()
Kg«LW 0.6

Data related to standard deviation also needs to be collected
but not all studies provide standard deviation information. So,
it is necessary to synthesize the data through conversion. The
standard deviation (o) can be calculated or estimated from
several different parameters, depending on the available data.
If the variance is known, the standard deviation can be
obtained by taking the square root of the variance which
shown in Eq. (3) [17].

o =VVariance 3)

If the standard error (SE) and sample size n are known, the
standard deviation can be calculated using the Eq. (4) [18].

o =SEX+\n 4)
Additionally, if only the minimum and maximum values are

available, the standard deviation can be estimated through an
approximation using the formula in Eq. (5) [19].

Max—Min
= Mex-iin 6

which is a common estimation method for a normal
distribution. Each formula provides a practical way to
calculate the standard deviation based on the available
parameters.

2.3 Data selection
Selected studies were categorized based on various factors

to perform a subgroup analysis test. The categories were feed
types (organic vs. inorganic), cattle farming systems



(extensive vs. intensive vs. semi-intensive), farm scale (small
vs. medium vs. large), and production stages (cow-calf vs.
finisher vs. cow-calf-finisher). Each category had its
distinctive traits to determine for each subgroup. The
subgroups selected in this study were chosen for two key
reasons: their general applicability and widespread use in prior
research, ensuring abundant data availability, and their
significant impact on GWP, making them a frequent focus in
scientific literature. Subgroup analysis in this context not only
provides global benchmark references but also allows for
specific benchmark values per category, offering deeper
insights into the factors influencing GWP.

The distinction between organic and inorganic feed in beef
cattle farming was significant regarding their composition and
production practices. Organic feed was characterized by the
absence of chemical materials in the composition of the feed
given to the cattle and in the fertilizers used for crop
production to cultivate the feed [20]. Organic feed production
relies on natural and sustainable farming methods, avoiding
synthetic pesticides, herbicides, and genetically modified
organisms (GMOs). This emphasis on natural and chemical-
free feed aligns with the broader philosophy of organic
farming, emphasizing environmental sustainability and animal
welfare [21]. Conversely, inorganic feed, while not inherently
detrimental, may incorporate chemical materials in various
aspects of its production practices, such as nitrogen,
phosphorus, and potassium, to enhance crop yields using
synthetic fertilizer [22]. Additionally, the inorganic feed might
rely on conventional agricultural techniques, including
applying pesticides and herbicides to manage pests and weeds
[23].

Cattle farming systems encompassed extensive, intensive,
and semi-intensive models, each characterized by distinct
criteria. The extensive system typically involves cattle raised
on open pastures with minimal inputs, while the intensive
system often implies confinement and high resource

utilization [23]. In an extensive system, cattle roam large
grazing areas with minimal human intervention, fostering
natural behaviors and maintaining a low stocking density.
Conversely, intensive systems involve confinement in spaces
like feedlots, close human monitoring, and a higher stocking
density. Cattle are kept in confined areas or feedlots, where
their diet is carefully controlled and optimized for rapid
growth [24]. Intensive farming requires higher inputs,
including feed, water, and labor [25]. Semi-intensive systems
strike a balance, allowing cattle access to grazing areas and
confined spaces, involving moderate human intervention, and
maintaining a moderate stocking density. These -criteria
comprehensively overviewed the diverse approaches to
managing cattle in different farming systems.

Farming scale was divided into large-scale (>251 head),
medium-scale (50-250), and small-scale (<50 head) farming
[26]. Large-scale farming, typically involving more than 251
cattle, represents a significant operation in the cattle industry.
These farms often benefit from economies of scale, allowing
for efficient production and distribution of beef products.
Large-scale operations may employ advanced technologies
and practices to maximize productivity. Medium-scale
farming, with a herd size of 50 to 250 cattle, balances
efficiency and manageable scale. These farms can adopt
modern practices while maintaining a more intimate
connection with their animals. Medium-scale operations often
prioritize production and animal well-being, aiming for a
sustainable approach. Small-scale farming, typically involving
fewer than 50 cattle, emphasizes a personalized and hands-on
approach. These farms may focus on niche markets, organic
practices, or local distribution. While they may have lower
production volumes, they contribute to agricultural diversity
and can appeal to consumers seeking locally sourced, ethically
raised beef. The summary of the paper utilized in this research
is shown in Table 1.

Table 1. Paper utilized in the study

Name Year Feed Model Stage Scale
[27] 2017 Inorganic E CCF Large
[28] 2021 Inorganic Organic I,S CC, CCF, F Small
[29] 2016 Inorganic | CcC Large
[30] 2021 Inorganic S CCF Large
[31] 2018 Inorganic E, IS CC, F Small
[11] 2017 Organic S CCF Large
[32] 2021 Inorganic E CCF Large
[33] 2016 Inorganic E CCF Large
[34] 2015 Organic E CCF Large
[35] 2021 Organic S CCF Large
[36] 2023 Inorganic | F -
[25] 2021 Inorganic S CCF Large
[37] 2015 Inorganic E CCF -
[38] 2022 Inorganic Organic E CC,CCF, F Large
[39] 2021 - - CCF -
[40] 2016 Inorganic E CCF -
[41] 2017 Inorganic E CCF Large
[42] 2019 Inorganic I,S F Large
[43] 2015 Inorganic E CCF Large
[44] 2019 Inorganic E, I CCF Medium
[45] 2021 Inorganic E F Large
[45] 2021 Inorganic E CCF Medium
[46] 2021 Inorganic | CCF Large
[47] 2018 Inorganic | CCF Large
[48] 2016 Inorganic E CCF Medium
[3] 2019 Inorganic E -
[49] 2020 Inorganic E IS CC,CCF, F Small, Medium
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[50] 2015 Inorganic
[51] 2023 Organic

[52] 2016 Inorganic
[53] 2023 Inorganic
[24] 2015 Inorganic
[54] 2021 Inorganic
[55] 2020 Inorganic
[56] 2018 Inorganic
[26] 2021 Inorganic
[57] 2019 Inorganic
[12] 2015 Inorganic
[58] 2020 Inorganic
[59] 2018 Inorganic
[60] 2018 Organic

[61] 2018 Inorganic
[62] 2021 Organic

[63] 2023 Inorganic
[64] 2020 Inorganic
[65] 2021 Inorganic
[66] 2015 Inorganic
[67] 2015 Inorganic
[68] 2016 Inorganic
[69] 2015 Inorganic
[70] 2015 Inorganic

E, I F Large
| F Large
E CC, CCF, F Small
E CCF Large
I, S CCF Large
I,S CCF Small
I, S CCF Large
E CCF Medium
E cc Small
- CCF -
E CCF -
S CCF Large
| F Large
| CCF Large
E CCF -
E CCF Medium
| F Medium
E CCF Large
| F Large
| Small
E F Large
S CCF Large
E CCF Large
| F Large

Notes: E=extensive; [=intensive; S=semi-intensive; CC=cow-calf; CCF=Cow-calf-finisher; F= Finisher

2.4 Data analysis

This study used a single-arm meta-analysis approach to
synthesize data from a singular group or intervention, focusing
on the standardized mean difference (SMD) as the effect size
measure [71]. In this single-arm meta-analysis, the data
collected were a population sample, mean, standard deviation,
variance, standard error, minimum value, and maximum value
to calculate the meta-analysis. The standard deviation value
could be converted from the variance, standard error,
minimum, and maximum value. The data collected from the
selected studies were subject to statistical analysis. The meta-
analysis results were visualized using the forest plot graph.
The analysis conducted in this study is a random effect
analysis with a 95% confidence interval using the method
discovered by DerSimonian and Laird [72]. DerSimonian-
Laird has a simple procedure for estimating the variation (t?)
of the studies studied compared to other estimation methods.
The DerSimonian and Laird procedure also has the advantage
of not requiring the assumption of normality for random
effects [73]. Subgroup analyses were conducted using the
covariates that had been stated. The significance was
determined by visualization of the forest plot. Each study in a
forest plot was represented by a point estimate (diamond
shape) and its CI (horizontal line). If the CI crosses the vertical
line, representing no effect, it suggests the result is not
statistically significant.

In this meta-analysis, rigorous quality assessment was
conducted to remove the outlier [74]. Statistical analysis
employed a random-effects model to enhance the robustness
of our findings. This model accounted for inherent variability
among studies, providing a more conservative and
generalizable overall effect estimate. We employed funnel
plots to evaluate potential publication bias, a crucial aspect of
meta-analysis. These graphical representations allowed for
visual inspection of asymmetry, which may indicate selective
reporting or other biases. High publication bias was indicated
by a high standard error of the study. These analyses involved
varying key parameters and exploring their impact on the
outcomes, ensuring the consistency and wvalidity of our
findings across different scenarios. This comprehensive

approach ensured a thorough examination of the literature,
enhancing the reliability and credibility of our meta-analytic
results. Software such as R 4.2.1 and Openmeta package
including metaphor, meta, dmetar was employed for analysis
to ensure a rigorous and comprehensive single-arm meta-
analysis methodology.

3. RESULTS

The analysis of GWP values from various studies yielded a
range of estimates, reflecting the environmental impact of
cattle farming across different contexts and methodologies.
Figure 2 displayed the overall study's GWP values along with
their 95% confidence intervals for beef cattle, measured using
the standard mean difference (SMD). This value was derived
from a meta-analysis study that utilized data obtained from 89
investigations. The mean GWP II value is 15.69 CO,eq/kgLW
eq, with the minimum value being 14.29 CO»eq/kgL W eq and
the maximum value being 17.09 CO,eq/kgLW eq, within a
95% confidence interval. the GWP values exhibit substantial
variability, with estimates ranging from 6,430 CO,eq/kgLW
eq to 24,030 CO2eq/kgLW eq. Among the studies reviewed,
the highest GWP estimate was observed in the study [56], with
a GWP 0f 24,030 CO2eq/kgLW eq (95% C.1. 20.139, 27.921),
while the lowest GWP estimate was found in the study [30],
with a GWP of 6,430 COeqkgL W eq (95% C.1. 5.860, 7.000).
This study had 1,258 replications, each with corresponding 12
values. The I? score suggests that the study exhibits significant
heterogeneity [75].

3.1 Beef cattle GWP values worldwide

In this study, we conducted a comprehensive analysis of the
GWP associated with various beef production systems,
considering data from a range of studies. Our findings in
Figure 2. highlighted the substantial variability in GWP
estimates across these studies, indicating the complex nature
of environmental impacts associated with beef production.
The GWP estimate for different production systems ranged
from 4.16 to 39.43, with considerable variations in the



confidence intervals. Notably, the study [59] reported
relatively lower GWP estimates in the range of 2.33
COzeq/kgLW eqto 6.00 CO2eq/kgLW eq, while the study [12]
documented higher GWP estimates of 39.43 CO,eq/kgLW eq.
The overall GWP estimate across all studies was calculated to
be 15.69 CO2eq/kgLW eq (95% C.I. 14.29, 17.09), indicating
significant variation in the environmental impact of beef
production.

3.2 Risk bias assessment of GWP values worldwide

The significant amount of variation suggested that more
elements impact the magnitude of the GWP value on beef
cattle ranches. The funnel plot in Figure 3 showed that some
studies analyzed were located on the outer side of the funnel
plot triangle which indicated a bias in meta-analysis. A
subgroup analysis was conducted to ascertain the impact of
additional factors on the variances in GWP values on beef
cattle ranches to subdue the study bias. The variables
examined in this meta-analysis study include the kind of feed
(organic versus inorganic), the livestock model (intensive,
semi-intensive, and extensive), the farm scale (big, medium,
and small), and the stage of production (cow-calf and cow-calf
finishing).

3.3 Subgroup analysis on feed types

In our comprehensive investigation into the impact of feed
type on beef cattle GWP values, we conducted a subgroup
meta-analysis focusing on the utilization of organic and
inorganic feed. The meta-analysis involved a multitude of
studies, each contributing valuable insights into the
environmental implications of these different feed sources.
Figure 4 shows that inorganic feed utilization has a lower
GWP value on beef cattle production compared to organic
feed. Two studies on organic feed and 51 on inorganic feed
were excluded from the subgroup analysis conducted on this
particular type of diet. This study was excluded from the
analysis due to its status as an outlier. The inorganic feed
exhibited a markedly lower (P<0.01) value of 15.19
COeq/kgLW eq compared to the organic feed, which has a
value of 20.54 CO,eq/kgLW eq. The funnel plot on feed types
indicated that studies [28, 35] exhibit a relatively elevated

standard error. The funnel plot revealed that the studies [26,
57] exhibited the most significant bias about inorganic feed.

Mean Mean
SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

Study Mean
Ruviaro etal, 2015 3043 17900 6 1.2% 30.43[33.00; 40.36] =
Angerer et al, 2021 3270 51740 6 1.1% 3270 [28.56, 36.84] ——
Ruviaro etal, 2015 3082 15600 6 1.2% 30.82[20.57;32.07]

Florindo et al., 2017 2970 18416 3 1.1% 2970[27.61,31.78] -
Ruviaro etal, 2015 27.40 14200 6 1.2% 27.40[26.26; 28.53]

Bragaglio etal., 2018 2630 1.6500 7 1.2% 26.30[25.08, 27.52]

Mazzetto et al, 2020 2622 46950 52 1.2% 26.22[24.94; 27.50]

Bragaglio etal., 2018 2541 1.6500 7 12% 2541[2419, 2663]

Vogel etal, 2021 2427 13400 3 1.2% 24.27 [22.75,25.78] =
Kamali etal., 2016 2402 39710 4 1.1% 24.02[20.13;27.92] ——
Samsonstuen tal, 2020 23.45 49323 9 1.1% 2345[20.23 26.67] =
Herron et al., 2021 2338 37203 8 1.1% 23.38[20.79; 25.06] -
Capper etal, 2021 2272 17715 4 1.1% 22.72[20.98; 24.46] =
Mazzetlo et al., 2020 2243 87400 18 1.1% 22.43[18.40; 26.47] ——
Constantini, 2021 2202 39000 4 11% 22.02[18:20; 25.84] —-—
Bragaglio etal, 2018 21.94 19500 6 1.2% 21.94[20.38 2350] =
Ruviaro etal, 2015 2166 10400 6 1.2% 21.56[20.83 22.49]

Ruviaro etal, 2015 2166 12600 6 1.2% 21.66 [20.65; 22.67]

Buratt et al,, 2017 2141 45326 2 0.0% 21.41[1513 27.70] —=
Angerer et al, 2021 19.80 51370 6 1.1% 19.80 [15.69; 23.91] —EE—
Mazzetlo et al, 2020 1970 48925 10 1.1% 1970 [16.66; 2273 -
O'brien etal., 2023 1950 54000 106 1.2% 19.50 [18.47; 20.53]

Herron etal, 2019 1034 23645 20 1.2% 19.34 [12.30; 20.38]

Lynch et al, 2019 1913 41915 3  1.0% 19.13[14.38;23.87] S
Mazzetto ef al., 2020 19.05 10.5650 76 1.1% 19.05 16.67; 21.42] =
Samsonstuen etal, 2020 18.81 29100 9 11% 1881[16.91;20.71] -
Ruviaro etal, 2015 1870 08500 6 1.2% 18.70[12.02; 19.38]

Mazzetto et al., 2020 1852 46975 175 1.2% 1852[17.82;19.22]

Ruviaro etal, 2015 1851 09100 6 1.2% 18.51[17.78; 19.24]

tsutsumi et al., 2018 1817 13358 3 1.2% 1817 [16.66; 19.68] =
Samsonstuen etal, 2020 17.97 24122 9 1.2% 17.97 [16.39; 19.54] =
Escribanoetal 2022 17.73 14827 4 1.2% 17.73[16.30; 19.16] i ]
Bragaglio etal, 2018 17.62 17800 5 1.2% 17.62[16.06:19.18] ;]
Webb etal, 2020 17.43 08801 4 1.2% 17.43[16.76;18.09]

Angerer et al, 2021 17.10 5.1490 6 11% 17.10[12.98;21.22] ——
Dicketal., 2015 1584 04480 2 065% 15.84[275 28.03] ;

Dick et al,, 2021 15.46 3.9600 4  11% 1546[11.57;19.34] —_—
Constantini, 2023 1543 03931 4 1.2% 15.43[15.05;15.2] :

Alemu etal, 2017 1518 07411 4 1.2% 1518[14.45;1590]

Bonnin et al., 2021 15.00 1.9573 55 1.2% 15.00 [14.48; 15.52]

Quintero etal,, 2021 1497 47606 3 1.0% 1497958, 20.35] —i—
Widi et al., 2015 1490 29000 22 1.2% 14.90 13.69; 16.11]

Cardoso et al., 2016 1472 71182 5 09% 1472[8.48;20.96]

Mazzetto et al, 2020 1461 31300 18 1.2% 14.61[13.16; 16.06]

Rotzetal., 2019 1445 109330 17 1.0% 14.45[9.25; 19.65]

Quintero et al., 2021 1437 50203 3 1.0% 14.37(8.69;20.05]

Widi et al., 2015 1430 20000 22 1.2% 14.30 [12.45; 15.14]

Ferronato etal, 2021 1410 0.0433 3 1.2% 14.10[14.05 14.15]

Wiedemann efal, 2015 1356 09791 6 1.2% 13.56 [12.78; 14.35]

Figueiredo, 2016 1350 46163 3 10% 1350([828 1872] —
Quintero et al., 2021 1347 21502 3 1.1% 13.47[11.03; 15.90] =
Rotzetal., 2019 1295 35710 16 1.1% 12.95[11.20; 1470] =

morel etal, 2016 1292 31460 6 1.1% 12.92[10.40; 15.44] R 5
Rotzetal., 2019 1265 43230 13 1.1% 12.55[10.30; 15.00] =
Mazzetto et al, 2020 12.65 48275 54 1.2% 12.65[11.3613.94]

Ogino etal,, 2015 1230 24000 2 1.4% 12.30[8.97; 15.63] -

ogino etal., 2021 1220 26870 2 1.1% 12.20(8.48; 15.92) —£
Quintero et al, 2021 1213 21502 3 1.4% 1213[9.70;14.57] E 3
Wiedemann etal, 2016 12.00 1.3750 6 1.2% 12.00 [10.90; 13.10]

Wiedemann etal, 2016 11.80 07950 3  1.2% 11.90 [11.00; 12.:80]

Mazzetto et al, 2020 1161 20875 93 1.2% 11.61[11.19;12.03]

Rotzetal., 2019 1160 78970 22 1.1% 11.60(8.30;14.90] —&
Vasconcelos etal, 2018 1158 1.0336 11 1.2% 11.58[10.97;12.19]

Herd et al., 2015 1133 03215 3 1.2% 11.33[10.97; 11.70]

Herron et al,, 2021 1100 12640 & 1.2% 11.09[10:21 11.97]

Webb etal, 2023 11.06 04318 4 1.2% 11.06 [10.64; 11.49]

Wiedemann etal, 2016 11.00 05850 5 1.2% 11.00 [10.40; 11.60]

Presumido etal, 2018 1076 23177 2 11% 10.75[7.5413.06]  —F
Rotzetal., 2019 1065 25510 16 1.2% 10.65[9.40;11.90]

Payen etal., 2020 1065 26530 6  11% 10.65([853;1277] -
Wiedemann etal, 2016 10.60 05850 5 1.2% 10.50 [10.00; 11.20]

Rotzetal,, 2019 1055 1.6500 14 12% 10.55[969;11.41]

Wiedemann etal, 2015 10.33 07800 3  1.2% 10.33[0.44;11.22]

Rotzetal,, 2019 1025 23710 15 1.2% 10.25[9.05; 11.45]

Rotzetal., 2019 1010 20410 16 1.2% 10.10[9.10;11.10]

Mazzetto et al., 2020 9.91 17600 26 12% 991[924;1059]

Jeswani et al., 2018 9.69 08081 8§ 1.2% 9.69[9.27,10.11)

Heflin etal, 2019 931 44719 5 11% 931[539;1323] —-—

Mazzetto et al, 2020 943 30625 30 12% 9.13[8.03 10.23)

Hietala etal., 2021 903 06740 & 12% 0.03[856 049

Brien et al., 2023 875 2.2000 11% 875[6.5910.91 -
Mogensen etal, 2015 260 41986 9 11% £650[585 1134 -8

Berton et al., 2016 840 05831 5 12% 840[7.89; 8.91]

Mogensen etal, 2023 749 08184 11 12% 749[6.94 £03]

‘Werth etal., 2021 717 25336 6  11% 717[515 9.20] E

Cerietal., 2015 620 07674 22 12% 6.29[597; 661]

‘Wiedemann etal., 2017 520 04080 4 12% 520[480; 560]

Wiedemann etal, 2017 460 03420 5 12% 4.60[4.30; 490]

Stanley et al, 2018 416 13220 2 11% 415[233 500] £

Total (95% CI) 1258 100.0% 15.69 [14.29;17.09] -*

Heterogenety: Tau® = 43.0360; Chi* = 16822 52, df = 88 (P= 0, ' = 99%
5 10 15 20 25 30 35 40

Figure 2. Meta-analysis results on beef cattle GWP
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Figure 3. Funnel plot of beef cattle GWP on all studies
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Study or Mean Mean
Subgroup Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Wazzetto et al., 2020 19.70 48925 10 2.9% 19.70[16.66;22.73] —
Mazzetto et al,, 2020 19.05 10.5650 76 2.2% 19.05[16.67,21.42] —a
Samsonstuen etal, 2020 18.81 2.9100 9 3.4% 18.81[16.91; 20.71] —a_
Samsonstuen et al, 2020 17.97 24122 9  3.5% 17.97 [16.39; 19.54] —
Bragaglio etal., 2018 17.62 17800 5 3.5% 17.62[16.06,19.18] e
Webb etal, 2020 17.43 06801 4 37% 17.43[16.76;18.09] -
Angerer etal, 2021 1710 4.1900 6 27% 17.10[13.75; 20.45] —
Escribano et al, 2022 16.86 1.3435 2 34% 16.86[15.00;18.72] —
Dicketal,, 2021 15.46 3.9600 4  2.5% 15.46[11.57; 19.34] —
Constantini, 2023 15.43 03931 4 3.8% 15.43[15.05; 15.82]
Alemu etal., 2017 1518 0.7411 4 3.7% 15.18[14.45,15.90] -
Bannin et al, 2021 1500 19573 55  37% 15.00[14.48;15.52]
Quintero etal., 2021 14.97 47600 3 1.9% 1497[9.58,2035 ———F—
Widi et al. 2015 1490 29000 22 36% 14.90[13.69;16.11] =
Mazzetto et al, 2020 1461 31300 18 35% 14.61[13.16; 16.06] e
Rotzetal, 2019 1445 109300 17 20% 1445[925 1965 ———
Quintero etal,, 2021 14.37 5.0200 3 1.8% 1437[8.69,2005] ————F—F——
Widi etal. 2015 1430 20000 22 37% 14.30[13.46; 15.14] i
Wiedemann etal,, 2015 1356 0.9791 6 3.7% 13.56[12.78; 14.25] -
Quintero etal,, 2021 13.47 21500 3 31% 13.47[11.03;15.90] —
Rotzetal ,, 2019 1295 35710 16 3.4% 12.95[11.20; 14.70] —a
morel etal, 2016 1292 31460 6 3.1% 12.92[10.40; 15.44] —a
Rotzetal , 2019 1265 43230 13 32% 12.65[10.30; 15.00] —
Ogino etal., 2015 12,30 2.4000 2 28% 1230[8.97,1563] —&—
Ogino etal , 2021 1220 26870 2 26% 1220[848;1592]
Quintero etal,, 2021 1213 21500 3 3% 1213[970;1457] —=—
Rotzetal, 2019 1160 7.8970 22 28% 1160[8.20;1400] —F—

-
Vogel etal, 2021 2427 13400 3 3.5% 24.27[22.75; 25.78] ——
Constantini, 2021 22.02 39000 4 2.5% 22.02[18.20; 25.84] —
Angerer etal, 2021 19.80 4.1900 6 27% 19.80[16.45; 23.15] —a—
Escribano et al, 2022 1875 1.0112 2 3.5% 18.75[17.35; 20.16] -
tsutsumi etal., 2018 18.17 1.3359 3 3.5% 18.17 [16.66; 19.68] .-

~———

Total (95% CI) 364 100.0% 16.00 [14.90; 17.10] e
Heterogeneity: Tau® = 7.7692; Chi = 333 80, df = 31 (P < 0.013; ' = 91%
Test for subgroup differences: Chi* = 18.16, df = 1 (P< 0.01) 10 15 20 25

Figure 4. Subgroup analysis on feed types

Study or Mean Mean
Subgroup Mean SD Total Weight IV, Random, 95% C| IV, Random, 95% CI
Constantini, 2023 1543 03931 4 3.2% 1543[15.05 15.82]
Widi etal. 2015 1490 29000 22 31% 14.90[13.89;16.11] -
Widi etal. 2015 1430 20000 22 31% 1430[13.46;15.14]
Mazzetto et al, 2020 1265 48275 54 31% 1265[11.36,13.94] -
Payen etal, 2020 11.32 1.2940 2 3.0% 11.32[9.53;13.12] b o
Webb et al 2023 11.06 04318 4  31% 11.06[10.64; 11.49]
Jeswani etal, 2018 969 06081 8 31% 969[9.27;1011]
Mazzetto etal., 2020 913 20625 30 31% 9.13[8.03;1023 -
Hietala etal., 2021 9.03 06740 8 231% 9.03[8.56 9.49]
Mogensen etal, 2015 7.29 29820 7 28% 7.30[4.44,1034] —a
Werth et al., 2021 717 2.5336 6 3.0% 7.17[5.15 9.20] .
-

Constantini, 2021 2202 3.9000 4  26% 22.02[18.20, 25.84] —a—
Buratti et al.,, 2017 2141 45226 2 1.9% 21411513, 27.70] o
Angerer et al, 2021 19.80 4.1900 6 27% 19.80[16.45, 23.15] —a
Mazzetto et al, 2020 19.05 10.5650 76 2.9% 19.05[16.67,21.42] .
Samsonstuen etal, 2020 18.81 2.9100 9  3.0% 18.81[168.91,20.71] —
Samsonstuen etal , 2020 17.97 24122 9 30% 17.97[16.39; 19.54] .
Angerer et al, 2021 1710 4.1900 6 27% 17.10[13.75; 20.45] ——
Dicketal, 2021 1546 3.9617 4  25% 1546 [11.57, 19.34] ——
Bonnin etal., 2021 15.00 19573 55 31% 15.00[14.48,15.52]
Wiedemann etal, 2015 1356 09791 6 31% 13.56[1278; 14.35]

-
Kamalietal.,, 2016 2427 48274 3 21% 24.27[18.80,29.73] —a—
Mazzetto etal., 2020 2243 27400 18 25% 2243[18.40, 26.47] —
Orbrien etal, 2023 1950 54000 106 31% 19.50[18.47, 20.53] -
Herron etal., 2019 19.39 33899 10 2.9% 19.39[17.29;21.49] —
Lynch et al, 2019 19.13 41915 3 23% 19.13[14.38,22.87] —
Escribano et al, 2022 1875 10112 2 31% 18.75[17.35, 20.16] : 3
Ruviaro et al,, 2015 1870 0.8500 6 31% 1870[18.02;19.38]
Ruviaro et al., 2015 1851 09100 6 3.1% 18.51[17.78; 19.24]
Webb etal 2020 17.43 06201 4 31% 17431676, 18.09]
Dick etal., 2015 15.84 0.4469 2 08% 15.84[275 28.97]
Alemu etal, 2017 1518 07411 4 31% 15.18[14.45 15.90]
Quintero et al, 2021 14.97 47600 3 22% 14.97[9.5820.35] —a—
Quintero et al, 2021 14.37 5.0200 3 21% 14.37[8.69; 20.05] —a—
Figueiredo, 2016 1350 46163 3 22% 1350[8.28;1872] —
Quintero et al, 2021 1347 21500 3 29% 13.47[11.03;15.90] R

b
Total (95% CI) 520 100.0% 15.56 [14.12; 17.01] -
Heterogeneity: Tau’ = 16.1465; Chi’ = 1989.28, df = 35 (P = 0); I = 98%
Test for subgroup differences: Chi‘ = 40.38, df = 2 (P<0.01) 5 10 15 20 25

Figure 5. Subgroup analysis on farming systems
3.4 Subgroup analysis on farming systems

Our research conducted a comprehensive subgroup meta-
analysis to assess the GWP values associated with extensive,
intensive, and semi-intensive beef cattle production systems in
Figure 5. The subgroup analysis revealed that the intense
model exhibits a substantially lower value (P<0.01) of 11.2
CO2eq/kgLW, suggesting a more efficient use of resources and
reduced emissions. The semi-intensive model followed with a

341

value of 17.58 CO,eq/kgL W, and the extensive model has the
highest (P<0.01) value of 17.84 COeq/kgLW eq. In this
subgroup analysis, numerous studies on extensive (25), semi-
intensive (5), and intensive (11) model were excluded. The
funnel plot on farming systems subgroup analysis indicates
that the most significant bias in the intensive model was
observed in the research done in the study [50]. The most
pronounced bias in semi-intensive research was identified in
the study [12]. The most significant bias in the comprehensive
model was observed in the study [25].

3.5 Subgroup analysis on the stage of production

This study conducted an extensive subgroup meta-analysis
to investigate the variation in GWP values associated with beef
cattle production across different scales, including small-scale,
medium-scale, and large-scale operations. According to
Figure 6, the cattle production stage had the highest (P<0.01)
GWP value on CCF of 16.30 CO,eq/kgL W, followed by CC
of 15.80 COzeq/kgLW. The finisher stage had the lowest
(P<0.01) GWP value, which was measured at 10.94
COzeq/kgLW. In the CC stage, 5 studies were excluded,
whereas in the CCF and F stages, 9 research were deleted in
each stage. The funnel plot on the stage of production
subgroup analysis indicated that the study [26] exhibited the
most significant bias in the CC and F stages, while the study
[25] revealed the most significant bias in the CCF stage.

Study or Mean Mean
Subgroup Mean SD Total Weight IV, Random, 95% CI IV, Random, 85% CI
Escribano etal, 2022 1875 1.0112 2 2.8% 18.75[17.35; 20.16) 3
Mazzetto etal., 2020 1852 48975 175 2.9% 18.52[17.82, 19.22]
Bragaglio etal, 2018 17.62 1.7800 2.8% 17.62[16.06;19.18] o
morel et al, 2016 1569 04101 2 29% 15.69[15.12; 16.26] |
Widi etal. 2015 14,90 29000 22 2.8% 14.90[13.69; 16.11] i 3
Widi etal. 2015 1430 20000 22 29% 14.30[13.48; 15.14]
Quintera etal , 2021 1347 21500 3 26% 13.47[11.03;15.90] —
Quintero et al, 2021 1213 21500 3 26% 1213[0.70;1457] —
-
Constantini, 2021 2202 3.9000 4 22% 22.02[18.20; 25.84] ——
Buratti et al., 2017 21.41 45326 2 15% 21.41[15.13, 27.70] ——
Angerer et al, 2021 19.80 41900 6 2.3% 19.80[16.45;23.15] —a—
Mazzetto etal,, 2020 19.05 105650 76 2.6% 19.05[16.67; 21.42] .
Samsonstuen etal, 2020 18.81 2.9100 9  27% 18.81[16.91;20.71] o
Ruviaro et al, 2015 18.70 0.8500 6 29% 18.70[18.02;19.38]
Ruviaro et al, 2015 1851 09100 6 29% 18.51[17.78;19.24]
tsutsumi etal, 2018 1817 1.3359 3 2.8% 18.17[16.66; 19.68] -
Samsonstuen etal, 2020 17.97 2.4122 9 2.8% 17.97[16.39; 19.54] -
Webb etal, 2020 17.42 0.68801 4 2.9% 17.42[16.76;18.09]
Dick etal, 2015 1584 9.4469 2 06% 15.84[275;2893] -
Dick et al,, 2021 1546 3.9617 4 21% 15.46[11.57;19.34] —
Alemuetal, 2017 1518 0.7411 4 2.9% 15.18[14.45; 15.90]
Bonnin et al., 2021 15.00 19573 55 2.9% 15.00[14.48; 15.52]
Rotzetal, 2019 1445 108390 17 1.8% 14.45[9.25;19.65] —
morel et al, 2016 14.09 0.6010 2 2.9% 14.09[13.25; 14.92]
Mogensen etal, 2015 13.69 1.5853 3 27% 13.69[11.90; 15.49] =
Figueiredo, 2016 1250 4.6162 3 1.8% 13.50[8.28;18.72] —a—
Rotzetal, 2019 1265 43230 13 2.68% 12.65[10.20; 15.00] T
Ogino etal ,, 2015 1230 24042 2 23% 12.30[8.97; 15.63] —a
Ogino etal,,, 2021 1220 2.8870 2 22% 12.20[8.48,15.92] —a
Rotzetal., 2019 1160 7.8970 22 23% 11.60[8.30;14.90] —
-
Quintero etal., 2021 14.97 47600 3 1.7% 14.97[9.88; 20.25] —
Mazzetto etal,, 2020 1461 31300 18 2.8% 14.61[13.16; 16.06] -
Quintera et al , 2021 1437 50200 3 16% 14.37[8.69;20.05] —
Payen etal., 2020 11.32 1.2940 2 27% 11.32[9.53;13.12] -
Herron etal, 2021 11.09 1.2640 8 29% 11.09[10.21;11.97]
‘Webb etal, 2023 1106 04318 4 29% 11.06[10.64; 11.49]
Wiedemann etal, 2015 10.33 0.7891 3 29% 10.33[9.44;11.22] | |
Heflin etal, 2019 9.31 44719 5 21% 9.31[539,13.23] —a—
morel et al, 2016 8.09 0.0849 2 29% 809[887; 9.11]
Werth et al., 2021 717 25336 6 27% 7.17[5.15; 9.20] .
-
Total (95% CI) 542 100.0% 14.85 [13.73; 15.96] o
Heterogeneity: Tau® = 10 8838; Chi’ = 4185.67, df = 39 (P = 0); I = 08%
Test for subgroup differences: Chi’ = 33.21, df =2 (P < 0.01) 5 10 15 20 25

Figure 6. Subgroup analysis on stage of production
3.6 Subgroup analysis on farm scale

This subgroup analysis was conducted to investigate the
variation in GWP values associated with beef cattle production



across different scales, including small-scale, medium-scale,
and large-scale operations. Figure 7 displayed the findings of
the subgroup analysis for large-scale farms, which exhibit the
lowest (P<0.01) GWP value of 12.14 COzeq/kgLW. Small-
scale farms followed with a value of 15.72 CO,eq/kgLW,
while medium farms have the highest (P<0.01) value of 22.59
CO»eq/kgLW. The large-scale group excluded 20 studies, the
medium-scale group excluded 1 study, and the small-scale
group excluded 9 studies. The funnel plot on farm scale
subgroup analysis revealed a significant bias towards large-
scale livestock in the study [11]. A study [48] conducted
research that revealed a significant bias towards medium-scale
cattle. The presence of a strong inclination for small-scale
livestock was documented in study [26].

Mean
SD Total Weight IV, Random, 95% CI

Mean
IV, Random, 95% CI

Study or

Subgroup Mean

Buratti et al., 2017 2141 45326 2 2.1% 2141[15.13;27.70]
Dicketal, 2021 1546 39617 4 27% 1546[11.57,19.34]
Alemu et al,, 2017 1518 07411 4 33% 1518[14.45;15.90]
Bonnin etal., 2021 15.00 1.9573 55 3.3% 15.00([14.48;15.52]
Wiedemann etal,, 2015 13.56 0.9791 6 3.3% 1358[12.78;14.35] |
QOgino etal.,, 2015 1230 24042 2 2.9% 12.30([8.97,15.63] —
Wiedemann etal,, 2016 12.00 1.3750 6 3.3% 12.00[10.90;13.10] =
Wiedemann etal,, 2016 11.90 07950 3 3.3% 11.90[11.00; 12.80] .
Herd etal,, 2015 1133 03215 3 33% 11.33[10.97,11.70]
Herron et al., 2021 11.09 1.2640 8 3.3% 11.09[10.21;11.97] -
Wiedemann etal,, 2016 11.00 0.6850 5 3.3% 11.00[10.40; 11.60]
Payen etal., 2020 1065 2.6530 6 3.1% 10.65[8.53,1277] —a
Wiedemann etal,, 2016 10.60 0.6850 5 3.3% 10.60[10.00; 11.20]
Wiedemann etal,, 2015 10.33 0.7891 3 33% 1033[944,1122] =
Heflin et al,, 2019 931 44719 5 27% 931[539,1323] —&—
Mogensen et al, 2015 8.60 41986 9 30% B860[585 1134 —F—

-
Kamalietal.,, 2016 2427 39710 4 27% 24.27[20.38 28.16] —
Yogel etal, 2021 2427 1.3354 3 32% 2427[2276,2578] .-
Herron et al., 2021 2338 37203 8 3.0% 23.38[20.79;2596] —
Herron et al,, 2019 19.34 23645 20 23% 19.34[18.30; 20.38] -

—eeifi—
Mazzetto et al., 2020 2243 B7400 18 27% 22.43[18.40;26.47] —
Angerer et al, 2021 19.80 41900 6 29% 19.80[16.45;23.15] —
Mazzetto et al., 2020 19.05 105650 76 21% 19.05[16.67;21.42] —
Bragaglio etal, 2018 17.62 1.7800 5 3.2% 17.62[16.06; 19.18] -
Angerer et al, 2021 17.10  4.1900 6 2.9% 17.10[13.75; 20.45] b el
Quintero et al., 2021 1497 47600 3 23% 1497[958;20.35] —
Widi et al. 2015 14.90 29000 22 3.3% 14.90[13.69;16.11] -
Quintero et al., 2021 14.37 5.0200 3 2.3% 14.37[8.69;20.09]
Widi et al. 2015 1430 2.0000 22 3.3% 14.30[13.46;15.14] |
Quintero et al,, 2021 1347 21500 3 3.1% 13.47[11.03;15.90] ——
morel et al, 2018 12,92 3.1460 6 31% 12.92[10.40; 15.44] —
Qgino etal.,, 2021 1220 2.6870 2 2.8% 12.20(8.48;15.92] 4‘—‘*
Quintero et al., 2021 1213 21500 3 31% 1213[9.70; 1457] —'—
-
Total (95% CI) 336 100.0% 14.90 [13.33; 16.46] -
Heterogeneity: Tau” = 17.4500; Chi* = 53935, df = 32 (P < 0.01); ' = 97%
Test for subgroup differences: Chi = 60.34, df=2 (P=0.01) 10 15 20 25
Figure 7. Subgroup analysis on farm scale
4. DISCUSSIONS

The meta-analysis findings indicate that the mean GWP
value is 15.69 CO,eq/kgL W, derived from 89 investigations.
This value can serve as a global benchmark for the livestock
sector and policymakers to decrease the GWP of beef cattle
farming below this threshold. The study's overall value
exhibits significant variances, primarily attributable to the
intricate nature of the topic matter. Several elements, such as
feed type, livestock system model, livestock scale, and
livestock production stage, impact the differences in GWP
values in the beef cattle business. A subgroup analysis has
been conducted to determine the impact of each of these
parameters on the GWP value.

The data from this meta-analysis can be considered reliable
because the funnel diagram in Figure 3 shows a low bias value.
Figure 3 illustrates the well-spread distribution of the study
results around the average effect size. The distribution of study
results typically balances high effect sizes (to the right of the
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average effect size) and low effect sizes (to the right of the
average effect size). The majority of studies with low effect
sizes tend to approach the top of the funnel, indicating that the
study is close to the average effect size of the entire study with
low uncertainty or bias. While studies with high effect sizes
tend to be slightly away from the top of the funnel, there are
only a few studies that approach it, indicating that most studies
with high effect sizes are different from the average effect size
but the resulting bias is not bad. Only a few studies show bias,
such as study [25], which showed the highest standard error
even though the average of their studies was still within the
range of the average of all studies but had quite high
uncertainty compared to the others. Or outlier cases, such as in
the studies [13, 28], which showed a high average but the
resulting bias was not too high.

Inorganic methods have lower GWP values than organic
feed sources [76]. Organic beef production is commonly
linked to policies that prioritize animal welfare [77], minimize
the use of synthetic pesticides and antibiotics, and promote
more extensive grazing systems. Despite aligning with
sustainability and ethical principles, meta-analyses indicate
that this approach results in more significant GWP values.
These elevated values can be attributable to poorer feed
efficiency and the longer duration organic systems take to
achieve market weight. Organic cattle are often raised with a
focus on allowing them to graze naturally and limiting their
consumption of non-organic concentrated feed [78]. However,
this might lead to a longer time for the animals to achieve the
desired weight for slaughter because of a low feed conversion
[79], resulting in higher methane emissions over their entire
existence. Global benchmark for GWP values in the inorganic
and organic feed are 15.19 COzeq/kgLW and 20.54
COzeq/kgLW.

Intensive livestock systems exhibit a reduced GWP value
compared to extensive and semi-intensive livestock systems.
Extensive systems frequently necessitate the utilization of vast
pastures or grazing fields for livestock [80], enabling them to
browse and minimize the reliance on concentrated feed
naturally. On the other hand, intensive systems frequently
restrict cattle to more crowded spaces and provide strictly
controlled feed [81]. Extensive systems may necessitate extra
land and can lead to deforestation or alterations in land use in
specific regions, thereby amplifying the global warming
potential by diminishing carbon reserves. Conversely,
intensive systems are purposefully engineered to enhance
efficiency by utilizing feedlots and regulated feeding patterns
that optimize growth rates and minimize the ecological
footprint per unit of meat generated. It is crucial to
acknowledge that the environmental impact of these systems,
aside from the global warming potential (GWP), differ
depending on several circumstances. Hence, it is crucial to
employ a strategic methodology when evaluating the
ecological consequences of extensive and intensive beef cattle
farming. Different cattle production levels significantly
impact the beef business's sustainability and carbon footprint.
Global benchmark for GWP values in intensive, semi-
intensive, and extensive farming are 11.20 COeq/kgLW,
17.58 CO2eq/kgLW, and 17.84 COzeq/kgLW.

The diverse scales of farms significantly impact a cattle
business's sustainability and carbon footprint. Large-scale
farms have the lowest GWP value, followed by medium-scale
and small-scale farms. The large scale cattle farm frequently
employs more intensive techniques, such as intensive cattle
farming and larger-scale farms, leading to the reduction levels



of greenhouse gas emissions. Large cattle farm typically
corresponds to enhanced business efficiency, resulting in a
more excellent conversion of carbon into products relative to
the amount of carbon discharged as emissions. On the other
hand, smaller and medium-scaled firms might employ more
extensive group grazing systems that may choose a more
traditional system and in a non-economic way [82], which,
could increase the GWP. Global benchmark for GWP values
in CC, CCF, and F were 15.80 COeq/kgLW, 16.30
COzeq/kgLW, and 10.94 COeq/kgLW, respectively.

The cow-calf stage encompasses the activities of breeding
and calving which has a long period farming in an extensive
area before entering the finishing stage [83]. In finishing stage,
cows are nourished to attain market weight by intensive
feeding and management but has a shorter period compared to
cow-calf stage. The duration of cattle maintenance is
intricately linked to the cow's developmental stage. The CCF
has the most extended maintenance duration, with the CC, and
F coming next. The extended period on maintenance suggests
a more significant accumulation of methane resulting from
enteric fermentation and feces. It is essential to acknowledge
that adopting sustainable practices and using technology can
effectively mitigate the adverse environmental effects
associated with beef production across different levels and
stages. Global benchmark for GWP values in large, medium,
and small farming are 12.14 COzeq/kglLW, 22.59
COzeq/kgLW, and 15.72 COeq/kgLW, respectively.

The variations in GWP values among different aspects of
beef production, such as feed type, farming system model,
farm scale, and livestock production stage. The variations
could be affected by various farming styles, mitigations, and
other factors. Although cattle farms may be maintained with a
system expected to have a low GWP value, some may exhibit
a high GWP value. While the results indicate potential
variations, the meta-analysis study showed a significant result
toward each production aspects. Governmental policies should
consider the beef production aspects mentioned to establish
customized strategies and comprehensive approaches for
reducing beef cattle GWP. Furthermore, additional research
could explore into the complexities of this approach to
enhance sustainability efforts in the cattle industry. These
measures encompass enhancing the efficiency of feed
utilization, implementing efficient methods for managing
manure, adopting rotational grazing practices, and
minimizing.

5. CONCLUSIONS

The worldwide benchmark value of the GWP in beef cattle
production is 15.69 kg CO»eq/kgLW. Benchmark values serve
as baseline indicators for stakeholders. If stakeholders' GWP
values exceed this baseline, efforts should be made to lower
the values below the baseline. This study demonstrated that the
greenhouse gas emissions from beef cattle vary depending on
factors such as feed type, farming system, farm scale, and
cattle stage of production. The lowest global warming
potential (GWP) value is observed in large-scale intensive
cattle production during the finishing stage when inorganic
feed is used. It is strongly advised that additional research on
acidification potential (AP) and eutrophication potential (EP)
be conducted for future research. The AP and EP results were
not included in this research due to the small number of trials
examined.
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NOMENCLATURE

COzeq/kgLW carbon dioxide equivalent per kg liveweight

CO2eq/kgLWG carbon dioxide equivalent per kg liveweight
gain

COzeq/kgBeef carbon dioxide equivalent per kg beef

COeq/kgCarcass carbon dioxide equivalent per kg carcass

kg kilogram

Subscripts

P probability

12 heterogenity

Cl confidence interval
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