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POTENTIAL IMPACT OF THIS RESEARCH

Livestock and agriculture are socially, economically, and environmentally crucial
for Brazil. However, they are also major sources of greenhouse gas emissions in the
country. Brazil plays an important role in global food security, being the largest exporter
of beef and the largest producer of soybeans in the world. This research aimed to evaluate
four cattle production systems, two of which are integrated approaches combining crops,
livestock, and forestry, and are also included in Brazil’s new NDC (Nationally
Determined Contributions). These systems, analyzed alongside a system that
intercropped nitrogen-fixing legumes with grasses, demonstrated great potential to reduce
the environmental impact of cattle production as well as crude protein yield per hectare.
This analysis was conducted using a Life Cycle Assessment (LCA), supported by ISO
14040 and 14044 standards. The present study can be directly linked to three of the United
Nations Sustainable Development Goals (SDGs): Goal 2 (Zero Hunger), Goal 12
(Responsible Consumption and Production), and Goal 13 (Climate Action). Indirectly, it
also relates to several other SDGs. The findings highlight Brazil’s ongoing efforts to

maintain a leading role in sustainable agriculture in the era of climate change.

POTENCIAL IMPACTO DESTA PESQUISA

A pecudria e a agricultura sdo social, econdmica e ambientalmente cruciais para o
Brasil. No entanto, também sao grandes fontes de emissdes de gases de efeito estufa no
pais. O Brasil desempenha um papel importante na seguranga alimentar global, sendo o
maior exportador de carne bovina e o maior produtor de soja do mundo. Esta pesquisa
teve como objetivo avaliar quatro sistemas de producdo de bovinos de corte, dois dos
quais sdo abordagens integradas que combinam agricultura, pecudria e silvicultura, e
também estao incluidos na nova NDC (Contribui¢des Nacionalmente Determinadas) do
Brasil. Esses sistemas analisados junto a um sistema que consorcia leguminosas fixadoras
de nitrogénio com a graminea demonstraram grande potencial para reduzir o impacto
ambiental da produgdo de bovinos bem como de proteina bruta por hectare. Para Tal
analise foi utilizada uma Anélise de Ciclo de Vida (ACV), amparada pela ISO 14040 e
14044. O presente estudo pode ser diretamente vinculado a trés dos Objetivos de

Desenvolvimento Sustentdvel (ODS) das Nacdes Unidas: Objetivo 2 (Fome Zero),



Objetivo 12 (Consumo e Produgdo Responsaveis) e o Objetivo 13 (Agao Climatica).
Indiretamente, também se relaciona a varios outros ODS. Os resultados destacam os
esfor¢os continuos do Brasil para manter um papel de lideranga na agricultura sustentavel

na era das mudancas climaticas.
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Abstract

The global livestock sector encounters increasing challenges to align growing food
demands with the urgent need to mitigate greenhouse gas (GHG) emissions. While
livestock systems are key to global food security, they are significant contributors to GHG
emissions, particularly methane (CHa4) and nitrous oxide (N20O). There is a pressing need
for evidence-based strategies to improve productivity while reducing emissions,
especially in tropical regions like Brazil, where diverse livestock systems operate
simultaneously. This study addresses this gap by evaluating the environmental and
productive performance of four livestock systems in Brazil over 10 years: a nominal
system (low-input pasture), an integrated crop-livestock system (iCL), an integrated crop-
livestock-forest system (iCLF), and a grass-legume consortium. A Life Cycle Assessment
(LCA) approach was performed to estimate the carbon footprint of the different systems.
Results with mass allocation indicated that the emissions intensity per kilogram of carcass
was similar for the Consortium (10.73 kg CO2-eq kg™') and iCLF (10.43 kg CO2-eq kg™).
The iCL exhibited a higher intensity (11.79 kg CO:-eq kg™'), whereas the Nominal
presented the highest value (17.66 kg CO2-eq kg™"). Emissions intensity per kilogram of
crude protein (CP) was lowest in the iCL (5.97 kg CO2eq kg™' CP) and highest in the
nominal system (58.40 kg COzeq kg™' CP). Total emissions per hectare were highest in
the iCL (129.2 t CO2-eq ha™") and lowest in the nominal system (18.4 t COz-eq ha™"). This
study provides a critical framework for balancing productivity and gases emissions,
contributing to the development of climate-smart agricultural practices.

Keywords: Agriculture systems, Climate change, Environmental performance,
Greenhouse gases mitigation

Resumo

A agropecudria enfrenta desafios crescentes para alinhar as demandas por alimentos em
expansdo com a necessidade urgente de mitigar as emissdes de gases de efeito estufa
(GEE). Embora os sistemas pecudrios sejam fundamentais para a seguranga alimentar
global, eles contribuem significamente para as emissoes de GEE, particularmente metano
(CH4) e 6xido nitroso (N20). H4 uma necessidade de estratégias validadas que busquem
produtividade enquanto se reduz as emissdes, especialmente em regides tropicais como o
Brasil, onde diversos sistemas pecudrios operam simultaneamente. Este estudo aborda
essa lacuna ao avaliar o desempenho ambiental e produtivo de quatro sistemas pecuarios
no Brasil ao longo de 10 anos: um sistema nominal, um sistema de integracao lavoura-
pecuaria (ILP), um sistema de integracdo lavoura-pecuaria-floresta (ILPF) e um
consorcio de graminea-leguminosa. Uma Analise de Ciclo de Vida (ACV) foi realizada
para estimar a pegada de carbono dos diferentes sistemas. Os resultados com alocacao
por massa indicaram que a intensidade de emissdes por quilograma de carcacga foi similar
para o Consorcio (10,73 kg COz-eq kg™!) e o ILPF (10,40 kg COz-eq kg™ !). O ILP exibiu
uma intensidade de 11,68 kg CO»-eq kg !, enquanto o Nominal apresentou o valor mais
elevado (16,48 kg CO2-eq kg ). A intensidade de emissdes por quilograma de proteina
bruta (CP) foi menor no ILP (5,97 kg COz.eq kg ' CP) e maior no sistema nominal (58,40
kg COz-eq kg ™! CP). As emissdes totais por hectare foram maiores no ILP (129.2 t CO»-
eqha™!) e menores no sistema nominal (18.4 t COs.eq ha ). Este estudo fornece um
referencial critico para o equilibrio entre produtividade e emissdes de gases, contribuindo
para o desenvolvimento de praticas agricolas climaticamente inteligentes.

Palavras-chave: Sistemas agricolas, mudancas climaticas, desempenho ambiental,
mitigacao de gases de efeito estufa
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1. INTRODUCTION

Brazil has 276.6 million hectares (ha) allocated to agricultural activities, of which
59.5% are pasture areas and 22% are used for the cultivation of crops, such as soybeans,
which occupy approximately 39.8 million ha (MAPBIOMAS, 2024). Owing to its
extensive territorial area and favorable tropical climate and topography, Brazil has
established itself as a key player in the global food market. Nevertheless, alongside the
continuous growth of the global population, the prevalence of undernourishment has also
escalated. In 2023, an estimated 9.1% of the global population was affected by hunger
(FAQ, 2024). Due to the rising demand for animal and plant protein production driven by
Brazil’s remarkable productive potential, the country will play a fundamental role in
addressing global food security challenges.

However, with the continued need for increased food production, the well-known
concerns regarding climate change become more pressing, requiring more sustainable
practices and innovative strategies to mitigate environmental impacts. GHG emissions
totaled 54.5 gigatons of COz-eq (GtCOz-eq) in 2024 (Crippa, 2024). Data from the SEEG
estimate that Brazil emitted approximately 2.3 GtCO»-eq in 2023. Agriculture, Land Use
Changes, and Forestry account for 73.7% of total emissions (SEEG, 2025).

To address this challenge, Brazil has committed to reducing its emissions
alongside other nations as a signatory of the Paris Agreement. During COP29, held in
2024 in Azerbaijan, Brazil presented its new emission reduction targets for 2035,
pledging to cut emissions by 59% to 67% relative to 2005 levels. This corresponds to an
absolute emission range of 1.05 to 0.85 GtCOz-eq, based on the IPCC’s ARS GWP metric
(Brazil, 2024). In the context of agricultural production, the country aims to invest in two
main strategies: the conversion of degraded areas into iCLF and the enhancement of
productivity gains through integrated systems, and the adoption of more intensive
practices.

Significant progress has been observed in the adoption of strategies to mitigate
GHG emissions. However, a gap still exists regarding the validation of the effectiveness
of these strategies as part of governmental targets for reducing such gases. Through the
use of LCA, it is possible to estimate the environmental impacts of products and systems,

including the carbon footprint (kg CO2-eq kg product™). As a standardized methodology,
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LCA provides a holistic assessment by quantifying inputs, outputs, and potential
environmental impacts throughout a product's entire life cycle—from raw material
extraction to end-of-life. This comprehensive approach is fundamental for validating
environmental performance and supporting policy-making. LCA enables the simulation
of productive intensification scenarios (Cardoso et al., 2016; Mazzetto et al., 2015), the
evaluation of integrated systems (Figueiredo et al., 2017; Monteiro et al., 2024) and
comparisons across different biomes (Dick et al., 2021).

When it comes to integrated systems, the simultaneous production of multiple
outputs within the same area presents significant challenges for the precise allocation of
emissions among the various products. The complex biological and agronomic
interactions between crops, forage species, and animals, as well as nutrient flows in the
soil, make it difficult to quantify emissions for each product. In LCA, this partitioning
procedure is known as allocation, where the total environmental burdens of the system
are systematically divided among the products. When emission allocation is required, ISO
14044 recommends that allocation be conducted in a manner that reflects the physical
relationships between the products. Studies evaluating integrated systems such as
Integrated Crop-Livestock (iCL) and Integrated Crop-Livestock-Forest (iCLF) systems
have not consistently reported whether allocation methods were applied (Costa et al.,
2018; Figueiredo et al., 2017; Monteiro et al., 2024). Allocation is important to avoid
increasing the carbon footprint of products in a way that may not represent their true
impact.

There is significant variation in the carbon footprint associated with beef
production in different regions of the world. According to FAO estimates (2024), the
average carbon footprint of beef produced in Europe is 15.8 kg COz-eq per kg of meat,
whereas, in Africa, this value reaches 54.8 kg CO»-eq per kg of meat. In Brazil, the highest
value recorded was 58.3 kg CO»-eq kg carcass™!, associated with a low productivity
scenario (Cardoso ef al., 2016). In contrast, the lowest value was 10.75 kg CO»-eq kg
carcass™!, observed in a system based exclusively on cattle production on well-managed
pastures (Monteiro et al., 2024). Integrated systems apparently do not present significant
advantages when analyzed in relation to kg carcass production. However, these systems
stand out for their smaller carbon footprint associated with greater production of kg of CP
per ha, thereby demonstrating superior environmental and social performance and

representing a more effective management in the short term (Monteiro et al., 2024).
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1.1 LITERATURE REVIEW

1.1.1 Overview of beef cattle production on pastures in Brazil

Brazil's cattle herd is predominantly distributed across 164.6 million hectares
(ha) of pastures under varying environmental conditions (MAPBIOMAS, 2025). The
Brazilian Institute of Geography and Statistics (IBGE, 2024) estimates that more than
50% of this herd is located in Central Brazil, where the Cerrado biome prevails. This
macro-region is characterized by a climate with two well-defined seasons: a humid and
warm summer, with greater light availability due to a more extended photoperiod, and a
dry winter, marked by cold nights and a shorter photoperiod (Hofmann et al., 2021).
These climatic conditions directly influence forage growth dynamics and the productive
performance of agricultural systems.

Brazil holds the world's largest commercial cattle herd, totaling 238.6 million
animals (IBGE, 2024). In recent years, the country has established itself as the world's
leading beef exporter. In 2024, for instance, exports reached 2.5 million tons, generating
a revenue of 11.6 billion dollars (Brazil, 2025). Additionally, Brazil ranks as the second-
largest beef producer, behind only the United States (USDA, 2024). As a result, pasture-
based cattle production plays a strategic role in social, economic, and environmental
aspects, reaffirming its significance in the global agribusiness sector.

Due to its vast territorial extension and the diversity of climatic and geographic
conditions, Brazil has beef cattle production systems that vary considerably between
regions, states, and even municipalities, reflecting local specificities (Telles et al., 2024).
In recent years, in response to the growing global and national demand for beef, as well
as growing environmental concerns associated with the need for greater productivity, a
transition from traditional extensive systems to intensive production systems has been
observed (Cardoso ef al., 2020). These intensive systems are characterized by the use of
practices such as the application of high doses of nitrogen fertilizers (Delevatti et al.,
2019; Lima et al., 2023), integration of pastures with agricultural and tree crops (Lemaire
etal., 2014; Luz et al., 2019; Macedo, 2009), intercropping with nitrogen-fixing legumes
(Homem et al., 2024; Pereira Neto et al., 2024), inclusion of high levels of energy
concentrates in the diets and, more recently, the adoption of feedlot finishing systems

(Pinto and Millen, 2019).
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1.2 Beef cattle production systems on pastures
1.2.1 Nominal pasture

The concept of nominal pastures, as defined by the IPCC (2006), refers to
pasturelands that do not exhibit degradation and are managed using simple practices
without the implementation of intensive improvement strategies, such as liming, organic
fertilization, the application of high doses of fertilizers, irrigation, or intercropping with
legumes. Despite the updates to the guidelines in 2019, the original definition of nominal
pastures remained unchanged (IPCC, 2019). Mazzetto et al. (2015), in a life cycle
assessment study, analyzed five productive scenarios, including one representing a
nominal pasture. In this context, a stocking rate of one Animal Unit (AU) per hectare was
adopted, without interventions such as liming or irrigation, utilizing basic management
practices and the application of 50 kg of nitrogen per hectare per year. More recently,
nominal pastures have been widely employed as a baseline in studies assessing soil carbon
stocks under different management strategies (Oliveira et al., 2022; Maia et al., 2009a;

Sousa et al., 2024).

1.2.2  Consortium of Urochloa spp. with Arachis pintoi

Grasslands composed of forage species from the Urochloa genus exhibit a rapid
response to nitrogen fertilization, promoting enhanced growth and productivity in these
forage systems (Delevatti et al., 2019; Lima et al., 2023; Nilsson ef al., 2023). Urea is the
main nitrogen source used globally, accounting for approximately 73.4% of all nitrogen
fertilizers applied in agriculture (Motasim ef al., 2024). However, its use is associated
with several limitations, including high volatilization losses, low nitrogen use efficiency
(Delevatti et al., 2019; Motasim ef al., 2024) and a significant contribution to greenhouse
gas (GHG) emissions (Cardoso et al., 2019; Corréa et al., 2021). Specifically, urea is an
important source of N2O emissions, a gas with a global warming potential 273 times
greater than that of CO2 (IPCC, 2021). Given the increasing global interest in mitigating
climate change and its environmental impacts, the integration of grasses with legumes
emerges as a sustainable alternative to reduce dependence on synthetic fertilizers and
minimize GHG emissions (Ledgard and Steele, 1992).

One of the main combinations of grasses and legumes for forage systems consists
of the consortium between Urochloa spp. and Arachis pintoi, commonly known as forage

peanut. Since 2006, Embrapa Acre has maintained a forage peanut germplasm bank,
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composed of approximately 110 genotypes, the majority of which belong to the species
Arachis pintoi (Azevedo et al., 2014). Under ideal climate and management conditions,
this consortium has demonstrated productive performance equivalent to or superior to
that of pastures formed exclusively by Urochloa spp., and fertilized with up to 120 kg of
N ha™ year™' (Pereira et al., 2020). On the other hand, studies available in the literature
present divergent results in relation to animal productivity in intercropped systems
(Homem et al., 2024, 2021a).

From an environmental perspective, although the study by Cardoso et al. (2016)
did not specifically evaluate forage peanut, a life cycle assessment (LCA) of an
intercropped grass-legume system demonstrated one of the lowest carbon footprints per
kilogram of carcass. In addition, the non-use of nitrogen fertilizers significantly reduces
direct and indirect N-O emissions (Monteiro et al., 2024). While consortium systems may
exhibit lower animal productivity, their carbon footprint tends to be lower, as CO:
emissions associated with the manufacturing and transportation of nitrogen fertilizers

represent a major contributor to the system's overall emissions (Homem et al., 2024).

1.2.3 Integrated cattle production systems

The production of annual crops (agricultural component) in rotation,
intercropping, or succession with cattle production is referred to as iCL, also known as
an agropastoral system. A more complex approach, in which Brazil stands out in research,
1s 1CLF, or the agrosilvopastoral system. This system differs from iCL by incorporating
a tree component, with Eucalyptus being one of the most commonly used species
(Balbino et al., 2012; Bungenstab et al., 2019).

Integrated systems can be structured in different arrangements (Magalhaes et al.,
2019), allowing their adaptation to various regions worldwide through the use of local
crops. Additionally, these systems play a fundamental role in promoting social, economic,
and environmental sustainability (Sekaran ef al., 2021). Table 1 presents some of the main
arrangements and crops adopted in different regions of Brazil, highlighting the diversity
and adaptability of these systems to local conditions.

The benefits derived from integrated systems encompass all components of the
soil-plant-animal system, aiming to optimize biological cycles and resource utilization
(Macedo, 2009). Although the impacts of these systems on soil physical properties remain

inconclusive (Oliveira et al., 2024), evidence suggests positive effects on biological
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attributes, such as increased enzymatic activity (Sarto et al., 2020) and microbial biomass
(Sousa et al., 2020). Moreover, integrating forage species with annual crops enables the
utilization of residual fertilization effects, reducing pasture establishment costs and
maximizing nutrient use efficiency (Alves et al., 2017). In integrated systems, the annual
rate of soil carbon accumulation may be positively influenced (Oliveira et al., 2024), and
the bioavailability of certain nutrients, such as phosphorus, may be enhanced (Deiss et
al., 2016). Additionally, soil macrofauna exhibits greater diversity and activity in
integrated systems compared to conventional agricultural monocultures or traditional

pastures (Marchao et al., 2009).

Table 1 - Different crops, animals, and trees used in experimental arrangements of iCL
and iCLF systems, in different regions under different conditions in Brazil.

Climate zone,

Institution, System Crops Livestock Trees Reference
Local
iCLF Soybean, Beef Cattle  Eucalyptus Moreira et al.,
Aw, Embrapa, Corn 2018
Mato Grosso, Soybean, Ferrei )
Brazil iCLF Corn, Beef Cattle  Eucalyptus erretra ef al.,
2020
beans
Aw, APTA, Sao  iCL, Soybean,
Paulo, Brasil ‘CLF Corn Beef Cattle  Eucalyptus Luzetal., 2019
Aw, Minas . Eucalyptus, Oliveira et al.,
Gerais, Brazil iCLF  Sorghum i Acacia 2015
Baru,
. iCL, Leucaena,
Cerrado, Brazil CLF Corn Cattle Albizia, Gama et al., 2014
Cratylia
Cfa, Rio Grande . Soybean, Schuster et al.,
do Sul, Brazil iCL Corn Sheep ) 2018
Bsh, Parg iba, iCL Coconut Sheep - Lins et al., 2021
Brazil
Cfb, Parana, . Andreolla et al.,
Brazil iCL Corn Sheep - (2014)
Embrapa, iCLF - Dairy Cattle Eucalyptus Reis et al., (2021)

Brasilia, Brazil

Aw, Cfa, Cfb, and Bsh are classifications according to the K&ppen classification; iCL — Crop-livestock
integration; iCLF — Crop-livestock-forest integration (Source: Prepared by the author (2025).

Magalhaes et al. (2019), evaluated different arrangements of integrated systems

in comparison to various monocultures. The authors reported that the best animal

22



performance, considering the ADG and productivity in kg per ha, was observed in an
iCLF system. This outcome was directly attributed to the higher forage production, which
enabled an increase in stocking rate, reaching 2.7 animal units (AU) per ha. Furthermore,
in iCLF systems, the introduction of tree species plays a strategic role by providing
thermal comfort and improving animal welfare, which positively impacts productivity
(Romanello et al., 2023).

The main agricultural crops used in integrated systems in Central Brazil include
soybeans, which are cultivated as the first crop, followed by corn intercropped with a
forage species. In general, the adoption of integrated systems has a neutral effect on grain
productivity, indicating that it does not compromise production, although it does not lead
to significant increases either. However, several studies report economic benefits,

improvements in soil quality, and greater efficiency in water conservation (Peterson et

al., 2020).

1.3 Life Cycle Assessment (LCA)

With the growing interest in climate change and its negative impacts on life
quality on Earth, the quantification of environmental impacts and the search for
alternative products and systems have been widely studied in various regions worldwide
(Finnveden et al., 2009). Life Cycle Assessment (LCA) is one of the most commonly
used tools to quantify the environmental impacts of products and systems, serving as a
basis for decision-making in both private and governmental institutions.

The literature suggests that a study conducted by Coca-Cola in 1969 was likely the
first documented model of LCA, although its records are not publicly available (Hunt et
al., 1996). However, during the 1970s and 1980s, LCA had not yet become a widely used
tool in scientific research (Liu et al., 2024). It was only in 1990 that the first formal
concept of LCA was proposed, and in 1993, this methodology was incorporated into the
ISO 14000 series of standards, which focus on environmental management (Liu ef al.,
2024).

Currently, LCA is governed by ISO 14040 and ISO 14044 standards, which define
it as the "compilation and evaluation of the inputs, outputs, and potential environmental
impacts of a product system throughout its life cycle" (ISO, 2006). These standards

establish standardized guidelines for conducting robust and comparable environmental
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assessments, ensuring methodological rigor and enabling consistent results for policy
formulation and decision-making across various sectors.

A simple search conducted in the Web of Science and Scopus databases, using the
keywords “(Life Cycle Assessment) AND (LCA)” and applying a country-based filter,
identified 850 records in Web of Science and 1,072 in Scopus. The results from both
databases reveal a growing academic interest in LCA, as evidenced by the increasing
number of publications over time. However, Brazil's scientific output in this field remains
comparatively low relative to developed nations. For example, the United States
registered 3,229 publications in Web of Science and 4,628 in Scopus for the same search
criteria, highlighting a substantially greater engagement with LCA research in countries

with higher economic and technological development.

1.3.1 Allocation of GHG emissions

Recently, LCAs assessing the environmental impact of beef cattle production have
been conducted across different strategies and regions of Brazil (Table 2). Most of these
studies focus on systems based exclusively on pasture-based cattle production (Table 2).
One of the advantages of integrated systems is the production of multiple outputs within
the same area (Table 1). However, evaluating such systems presents significant
challenges due to the complex interactions among system components and the need for
an appropriate allocation of environmental impacts to each product generated (Goglio et
al., 2024). In this context, the concept of emissions allocation emerges.

Allocation is defined as the "partitioning of input or output flows of a process or
product system between the studied product system and another product system" (ISO,
2006). ISO 14044 recommends avoiding allocation whenever possible through the
subdivision of elementary processes or system expansion. In process subdivision, a
process generating multiple products is divided into smaller processes, allowing the
separate assessment of each product’s impact. Conversely, system expansion is
recommended for the analysis of co-products (Weidema, 2000). In this approach, rather
than applying direct subdivisions or allocations, it is assumed that the co-product can
replace, in a more sustainable manner, other products available on the market. As a result,
applying system expansion reduces the environmental impact attributed to the primary
product due to the benefits provided by the co-product in other production contexts

(Weidema, 2000).
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However, in certain situations, system expansion or the subdivision of elementary
processes may not be the most suitable approach, making allocation necessary. ISO 14044
recommends that whenever allocation cannot be avoided, it should be performed in a way
that reflects the physical relationships between products. Additionally, if physical
allocation cannot be established, the standard suggests that allocation should be based on
other relevant relationships between inputs and/or outputs, such as the economic

relationship between the products.

Table 2 - Carbon footprint of 1 kg of beef carcass (kg CO»-eq kg carcass-1) estimated
through life cycle analysis (LCA) of different production systems in different regions of
Brazil.

Evaluated

Numbe.r of Region integrated ke COz—_elq ke Reference
scenarios systems? carc
5 Central No 294 -58.3 Cardoso et al., 2016
7 South No 40.0 - 85.2 Ruviaro et al., 2015
7 Central No 25.4-41.6 Guimaraes (2022)
3 Central Yes 18.8-37.0 Figueiredo et al2016
4 Central No 34.58 - 62.42 Florindo et al2017
4 North Yes 10.75 -11.52 Monteiro et., 2023
2 South No 18.32 -45.05 Dick et al., 2015
22 Central No 9.56-16.4 Cerri et al., 2016
Midwest,
4 South, No 24.2 - 42.37 Dick et al., 2021
North,

11 South No 11.34 - 38.1 Dick et al., 2015b
2 North East No 15.5 Willers et al., 2017
5 North No 21.0-49.0 Mazzetto et al., 2015

Source: Prepared by the author (2025).

Studies estimating the carbon footprint of beef through LCA in integrated systems
are scarce in the literature. Among the available publications, the authors do not report
whether emissions allocation, system expansion, or subprocess division was applied
(Figueiredo et al., 2017; Monteiro et al., 2024). This highlights a clear gap in the LCA of

integrated systems and the application of emission allocation strategies.
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1.4 OBJECTIVES

1.4.1 General objectives

The main objective of this study was to assess the environmental impact (climate

change) of integrated systems using a life cycle assessment (LCA).

1.4.2 Specific objectives

e To develop a complete inventory for a Nominal system, Consortium system,
iCL system and iCLF system;

e To estimate the emissions of COz, CH4, and N>O of the four systems and
compare them between them,;

e To estimate the carbon footprint per kg of carcass and per crude protein of
each system;

e To assess the use of emission allocation in integrated systems with the aim of

reducing distortions.
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CHAPTER 2 - CARBON FOOTPRINT ANALYSIS OF INTEGRATED SYSTEMS
WITH LIFE CYCLE ASSESSMENT FOR SUSTAINABLE BEEF CATTLE
PRODUCTION

2. INTRODUCTION

Brazil emitted approximately 2.29 GtCO:-eq of greenhouse gases (GHGs) in
2023. Of this total, 27.49% originated from the agricultural sector (SEEG, 2025). Within
this sector, enteric methane emissions accounted for 64.18%, a consequence of Brazil
having the second-largest cattle herd in the world (USDA, 2025). Meanwhile, agricultural
soil management was responsible for 29.75% of emissions, with emphasis on soybean
and corn crops, which are of great economic and territorial importance in the country.

As a signatory to the Paris Agreement and having voluntarily committed
to reducing its greenhouse gas emissions, Brazil, recently presented its Nationally
Determined Contribution (NDC) during COP29. Among the main strategies announced
to achieve this goal, the conversion of degraded areas into integrated systems, such as
Integrated Crop-Livestock (iCL) and Integrated Crop-Livestock-Forest (iICLF) stands
out. Currently, the country has around 164 million hectares designated for pasture
activity, of which it is estimated that approximately 28 million are in a degraded state, but
with agricultural potential for recovery and more efficient use (Bolfe et al., 2024).
Currently, Brazil has approximately 17 million hectares allocated to integrated systems.
The national target is to expand this area by an additional 10 million hectares by the year
2030 (Reis et al., 2025).

Integrated production systems in Brazil encompass a variety of
arrangements and models tailored to regional conditions. Among the most established
configurations are the soybean—corn—pasture—cattle system within iCL and the
eucalyptus—soybean—corn—pasture—cattle system in iCLF (Balbino et al, 2011;
Magalhaes et al., 2019). These systems are characterized by the simultaneous or
sequential production of multiple goods within the same area, which increases the
complexity of GHG emission allocation, in other words, the process of determining the

proportion of emissions attributable to each product, given their interdependent
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production dynamics. The soybean, corn, and beef produced in these systems are key
sources of energy and protein for human nutrition. In this context, integrated systems
have demonstrated higher efficiency in producing crude protein for human consumption
per hectare when compared to monoculture systems (A. Monteiro ef al., 2024).

Nevertheless, there is a growing need to quantify emissions associated with each
product generated within integrated systems. This demand stems primarily from how
markets and certification mechanisms recognize and reward emission neutrality on a
product-specific basis. In the case of beef, for instance, certification schemes already exist
that require a precise understanding of the climate impact exclusively attributed to beef
production (Lucchese-Cheung et al., 2021). Life Cycle Assessment (LCA) emerges as a
robust tool to address this challenge, particularly through the application of emission
allocation strategies. Allocation is a methodologically complex process, often avoided
due to the uncertainties and subjective choices it entails.

Agricultural practices, mainly fertilization, account for a significant impact on
emissions in iCL and iCLF systems, contributing to the increased total emitted. In
integrated systems, fertilizers are applied to high-demand crops, and pastures benefit from
residual nutrients, enhancing productivity and animal performance (Bernardon et al.,
2021). This efficiency complicates emission accounting, as improper allocation may
distort carbon footprint results by either overestimating cattle production impact or
neglecting its role in overall emissions. However, allocation, in this case, is essential to
more accurately reflect the reality of the distribution of impacts within integrated systems.

The LCA methodology was applied to evaluate the environmental sustainability
of four distinct agricultural systems — Nominal, Grass-Legume Consortium, iCL, and
iICLF — by estimating their carbon footprint. Three of these systems are strategic
components of Brazil's governmental efforts to meet climate targets established under
international agreements. The analysis was conducted in alignment with the guidelines of

the IPCC.

3. MATERIAL AND METHODS

3.1 General Characterizations and Boundaries of the Systems

The life cycle analysis was performed in accordance with ISO 14040 and 14044
standards and guidelines, using the cradle-to-farm-gate approach (Figure 1). All four
systems evaluated were based on the Central Brazil Tropical Climate macroregion (IBGE,
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2002). The predominant climate classification, according to the K&ppen classification, is
Aw, characterized by dry winters and rainy summers. The predominant soils in the region

are Ferralsols and Acrisols (FAO, 2004).

Life Cycle Assessment (LCA) Boundaries

Emissions Emissions
Carbon
r&\ 1 ha Footprint
Nominal Consortium iCL iCLF Outputs
Fertilizes
Pesticides Pasture Management Functional Unit
- i U)
g;e se.l llTuel Crop Management &
lHera Kg Carcass
]SEUP plement Kg Crude Protein
nergy ‘ Machinery |
1
Facilities
[
k_J Systems ' Trees
Cradle-to-farm-gate
Scope2 & 3 Scope 1

Figure 1 - Framework of system boundaries for the life cycle assessment. Diagram
illustrating the framework of inputs, processes (pasture management, crops, animals,
machines, facilities, and trees), emissions (Scopes 1, 2 and 3), and outputs (carcass and
crude protein) across four systems, analyzed within the cradle-to-gate scope.

The four evaluated systems were Nominal, Grass-Legume Consortium, iCL, and
1CLF. Common characteristics across all systems include the Nellore cattle breed and
pastures of Urochloa brizantha cv. Marandu, Piatd, or Xaraes, a rearing-fattening system,
entry age and weight, slaughter weight, mineral supplementation level, and carcass yield
(CY). The time horizon considered for all systems was 10 years. The input parameters
are detailed in Table 1. For the iCL and iCLF systems, the agricultural crops are
commercially focused and intended for human consumption.

Enteric methane emissions, methane from manure, and nitrous oxide from dung
and urine were estimated using the Tier 2 methodology (IPCC, 2019a). Emissions from
the manufacturing processes of fertilizers and pesticides were estimated based on
emission factors available in the literature. Emissions resulting from the application of
nitrogen-based fertilizers were calculated using national emission factors. Fossil fuel
combustion and electricity-related emissions were also accounted for. The IPCC
recommends the use of national factors whenever possible to achieve a more accurate

characterization of emissions (IPCC, 2019a).
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The emissions were converted and presented as CO» equivalent (COz-eq). The
conversion utilized the GWP factors over a 100-year horizon. The GWP values applied
were 1 (CO»), 27 (CH4), and 273 (N20O) (IPCC, 2023) Two functional units (FUs) were
used: 1 kg of carcass and 1 kg of CP. The carbon footprint was expressed in kg CO»-eq
per kg of FU. All variables were expressed per hectare. Additionally, the land occupation
footprint (m? kg FU™") was estimated (Table 1).

Table 3 - Components and annual average values for the four systems'.

Variables Unit Nominal Consortium iCL  iCLF
Liming/fertilization
Lime kg/ha/year 0.0 500.0 720.0 720.0
Nitrogen kg/ha/year 50.0 0.0 151.0 1504
Phosphorus kg/ha/year 0.0 42.0 112.0 58.0
Potassium kg/ha/year 0.0 50.0 112.0 69.4
Herd/Performance
Initial Body Weight™ kg 190 190 190 190
Final Body Weight kg 510 510 510 510
Average daily gain kg 0.35 0.636 0.733  0.522
AU?%ha AU/ha 1 2.3 3.1 2.3
Slaughter time months 30 17 15 20
Carcass Yield % 52% 52% 52% 52%
k
Total Carcass cfrcass/ha/year 104.42 569.25 874.76 327.05
Land Occupation M? kg Carc’! 124 27 19 31
Agriculture
Soybean bags/ha/harvest 0 0 724 69*
Corn bags/ha/harvest 0 0 6233 60*
Trees trees/ha/10 years 0 0 0 332
Operational
Diesel Fuel Liters/ha/year 3.9 11.6  103.1 83.6
Electricity Kwh/ha/year 0.0319 0.0319 0.0331 0.0331
Pesticides’ kg/ha/year 0.0 0.0 6.4 2.6

! Values calculated for a 10-year horizon; 2 AU — animal unit, 1 AU = 450 kg; 3 Spreadsheet S6 (Table 1 —
corn, Table 2 — soybean); 4 Spreadsheet S6 (Table 3 — corn, Table 4 — soybean); > Spreadsheet S7; iCL —
integrated crop-livestock; iCLF — integrated crop-livestock-forest; “Weight at which the animals were
acquired. Detailed information on references and calculations is available in Appendix 1 and 2 (Spreadsheet
S1 — systems).

The values used were sourced from studies available in the literature. Detailed

information is provided in the supplementary material appendix 1 (Spreadsheet S1 -
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Systems) and 2. The data and calculations performed are also available in the

supplementary material.

3.2 Description of systems

3.2.1 Nominal system

The nominal system used as a reference in this study refers to a production system
formed exclusively by pasture. This system is characterized as a non-degraded pasture,
without significant improvements such as high fertilizer doses, irrigation, or consortia.
The management employed is considered simple, with little or no input from external
resources. The grazing method and stocking rate are maintained according to the
standards recommended for the species used. The expected animal performance in this
system is sufficient to prevent weight loss and ensure animal health (Maia et al., 2009b;
Mazzetto et al., 2015; Oliveira et al., 2022). For this system, nitrogen fertilization of 50
kg of N per hectare per year in the form of urea was considered (Mazzetto ef al., 2015).
The average daily weight gain of Nelore cattle produced in Central Brazil with similar
fertilization levels is around 0.350 kg per day, and as a result, the animals in this system
are expected to be slaughtered at 39 months of age (Braga ef al., 2020; Cardoso ef al.,
2016; Mazzetto et al., 2015).

3.2.2 Consortium system

The consortium of Urochloa spp. with legumes has been widely studied under the
conditions of Central Brazil. Embrapa Acre has maintained a forage peanut germplasm
bank since 2006, consisting of approximately 110 genotypes, primarily represented by
Arachis pintoi (Azevedo et al., 2014). For the system, a forage peanut (Arachis pintoi)
was chosen, as it has shown good performance when intercropped with plants from the
Urochloa genus (Homem et al., 2021b, 2021a; Pereira et al., 2020). Liming was
performed with the application of 2,500 kg of dolomitic limestone every 5 years (Homem
et al., 2021b). During establishment, the following applications of phosphorus (P) and
potassium (K) were considered: 60 kg P ha™! year ' and 50 kg K ha™! year™'. In subsequent
years, annual applications of 40 kg of P and 60 kg of K were considered (Longhini et al.,
2021). Nitrogen fertilization was not required, as forage peanuts, through biological

nitrogen fixation, can fix amounts exceeding 100 kg N ha™ (Carvalho et al., 2019;
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Miranda et al., 2003). Pastures fertilized with doses above 90 kg N ha™', when well-
managed, exhibit high production with quality (Delevatti et al., 2019).

3.2.3 iCL system

For the evaluated system, soybean was sown in November and harvested in
February, followed by the sowing of corn intercropped with forage in March, with the
corn harvest occurring in June (Sekiya et al., 2021). The application of herbicides and
insecticides required for crop management, as well as those used for desiccation, was
estimated based on data from the literature (Fritsch et al., 2012; Luz et al., 2019; Pariz et
al., 2017, 2011). Liming was performed triennially (2,400 kg ha™" year™") throughout the
10-year evaluation period. The lime application rate was calculated to increase base
saturation (BS) from 45% to 70%, adhering to the recommendations outlined in the
Boletim 100 for soybean cultivation (Cantarella et al., 2022). Detailed information on the
fertilizer application rates for soybean and corn crops is provided in the supplementary

material (Appendix 1 — Spreadsheet S1 Systems).

3.2.4 iCLF system

The iCLF system combines agricultural, livestock, and forestry components in
either a consortium or succession arrangement. The eucalyptus hybrid selected for this
system was Eucalyptus urograndis (Eucalyptus grandis x Eucalyptus urophylla). The
trees configuration consisted of 166 trees/ha, with a spacing of 20 meters between rows
and 2.5 meters between trees (Freitas et al., 2023). To estimate the area occupied per
eucalyptus tree, a width of 1 meter and the 2.5-meter spacing between trees were
considered, resulting in an occupancy of 2.5 m? per tree. Overall, the trees occupied 4.1%
of the total area. The harvested trees were utilized for furniture production, fencing, and
livestock enclosures. Two cycles of five years were considered, aiming for optimal
economic performance (Pacheco ef al., 2013). During the first 18 months, no animals
were introduced into the integration areas, allowing for the establishment of soybean,
corn, and Urochloa spp. to form ground cover. This initial animal-free phase was
implemented to prevent damage to the trees. Livestock were introduced into the system
at the end of corn harvesting in the second year, transitioning the area to a silvopastoral

system until the tree harvest in the fifth year. The productivity of corn and soybean crops,
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as well as livestock performance, was based on averages reported in the literature and can
be accessed in the supplementary material (Spreadsheet S1 Systems — Appendix 1).
Between the first and fifth years, the areas received 150 kg N ha™' annually. Over the 10-

year evaluation period, the system received a cumulative total of 1,504 kg N ha™'.

3.3 CHsemissions

3.3.1 Enteric fermentation

The calculation of enteric methane emissions followed the Tier 2 approach
outlined in the IPCC guidelines (IPCC, 2019a). This method was selected due to the
detailed herd characterization, the identification of enteric fermentation as a key category,
and the significant contribution of cattle production to greenhouse gas emissions, making
Tier 2 the most accurate approach, as recommended by the IPCC (IPCC, 2019a). The
enteric methane emission factor was calculated using Equation 10.21 (1) from Chapter
10 of the IPCC (2019) guidelines. Equation (1) considers the gross energy (GE)

requirements and is presented as follows:

GE (%) + 365

Efcna = 55.65

ey

Where:

EFcn4 = Methane emission factor (kg CH4 head™ year™),

GE = Gross energy intake (MJ head! day™!); (GE was estimated with IPCC
(2019) equation 10.16)

Ym = Methane conversion factor (percentage of gross energy intake
converted to methane),

55.65: Energy content of methane (MJ kg™' CHa),

365: Number of days in a year.

According to the IPCC, the estimation of GE requires the live weight of the
animals, diet digestibility (DE), mature weight, and ADG. Thus, a Ym of 7% was used,
as indicated by the IPCC for beef cattle fed with more than 72% forage and digestibility
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> 62% (IPCC, 2019a). For the total enteric methane production over the 10 years, the

value of animals produced during the period was multiplied by the emission factor.

3.3.2 Manure CH4

Methane emissions from manure were calculated using the IPCC Tier 2 approach.
To estimate the CH4 emission factor from manure, it is necessary to calculate the total
volatile solids (VS) produced. VS refers to the organic material excreted by animals,
consisting of both biodegradable and non-biodegradable fractions (IPCC, 2019a). VS was
calculated using equation 10.24 (2) (Chapter 10, IPCC, 2019). The calculation requires
the DE, GEI, and mineral matter (MM) of the diet. The emission factor was determined
using equation 10.23 (3) (Chapter 10, IPCC, 2019).

VS—[GE (1 DE)+ UE GE] [I_ASH 2
- 100 ( ) 18.45 )
MCF(S‘k)

EFry = (VSry - 365) [Bocry - 0.67 - T (

Where:

G0 AWMS(rs510)] )

VS = volatile solid excretion per day on a dry-organic matter basis,
kg VS day!

GE = gross energy intake, MJ day!

DE = digestibility of the feed in percent (e.g., 60%)

UE « GE = urinary energy expressed as fraction of GE (typically 0.04 GE for
most ruminants; 0.02 GE for high-grain diets or swine)

ASH = ash content of feed, fraction of dry matter intake (e.g., 0.06 for sows;
country-specific values preferred)

18.45 = conversion factor for dietary GE per kg of dry matter (MJ kg™),
constant across most forage and grain-based livestock feeds.

EF ()= annual CHa4 emission factor for livestock category 7, kg CHa animal ™
yr

VS(r) = daily volatile solid excreted for livestock category 7, kg dry matter
animal ™' day™

365 = basis for calculating annual VS production, days yr
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BO(t)y = maximum methane producing capacity for manure produced by
livestock category 7, m* CHas kg™' of VS excreted

0.67 = conversion factor of m* CHa to kilograms CHa

MCF s ) = methane conversion factors for each manure management system
S by climate region k, percent

AWMStsx = fraction of livestock category 7's manure handled using

animal waste management system S in climate region &, dimensionless

3.4 N20 emissions

3.4.1 Manure N,O

Direct and indirect N2O emissions from manure were considered. Additionally,
emissions were calculated using national emission factors, as recommended by the [PCC
(2019a). Nitrogen intake rates were calculated using equation 10.32 (4) (Chapter 10,
IPCC, 2019). Nitrogen excretion rates in urine and dung were calculated separately using
equations 5 and 6, respectively (Laura Franco et al., 2023), Subsequently, the sum of
nitrogen excretions was used to determine nitrogen retention by the animal. Nitrogen
retention was obtained as the difference between total nitrogen intake and total nitrogen
excretion. The equations used to estimate nitrogen excretion through urine and dung are

described below:
GE Sl
Nintake(r) = 7505 * (el.gos ) )
Nexc urine (g day™') = 3,26 + (3,68 « DMI) + (0,18 * NI)  (5)

Nexc dung(y qay-1) = 2,55+ (0,048 * BW) — (3,47 * 4,40) + (0,30 * NI) (6)

Where:
Nintake(r) = nitrogen intake rate for livestock category 7' (kg N animal ' day ')

GE = gross energy intake, MJ day™!
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CP% = crude protein content of the feed as a percentage of dry matter
18.45 = conversion factor for dietary gross energy per kg of dry matter
(MJkg™)

6.25 = conversion factor to estimate nitrogen from crude protein (since 1 g
of N~ 6.25 g of CP).

DMI = Dry matter intake (kg head™! day™),

NI = Nitrogen intake (g head™! day™),

BW = Body weight (kg head™).

Direct N2O emissions were calculated using the following emission factors for
dung and urine, respectively: 0.725% and 0.405%. These values represent the average of
two years of assessment (Cardoso et al., 2019). The volatilization rates of nitrogen
excreted as ammonia (NH3) were 10.2% for urine and 6% for dung. These rates were
calculated as the average between the rainy and dry seasons (Cardoso et al., 2019).
Additionally, 24% of the excreted nitrogen was considered leached (IPCC, 2019a).
Indirect N2O emissions included those derived from leaching and volatilization, with 1%
of NH3 being converted to N2O and 1.1% of leached nitrogen emitted as N>O (IPCC,
2019a). Direct and indirect emissions were calculated for both dung and urine. The total

N20 emissions from excreta were obtained by summing the direct and indirect emissions.

3.4.2 N0 from nitrogen fertilization and crop residues

Emissions from urea application were calculated similarly to those from excreta.
For direct N,O emissions, an emission factor of 0.85% was used (Cardoso et al., 2019).
To estimate indirect emissions, 17% of the applied nitrogen was volatilized as NHj3
(Cardoso et al., 2019) and 24% was leached (IPCC, 2019b). The N>O emission factors
for volatilized and leached nitrogen were the same as those used for excreta. N,O
emissions associated with nitrogen released into the soil through the processes of
mineralization and biological nitrogen fixation were calculated for the residues of
soybean, corn, forage peanut, and Urochloa spp., considering both aboveground and
belowground residues. The amount of nitrogen that returned to the soil through residues
and biological fixation was calculated using equation 11.6 (7) (IPCC, 2019b). One
percent of the returned nitrogen was emitted as N2O (IPCC, 2019b). It was assumed that

41



all residues deposited in the soil were decomposed within one year (A. Monteiro et al.,

2024).

Feg = ZT{[AGR(T) “Nagr (1 — Fracgemove(r) — (FraCBurnt(T) ) Cf))] + [BGR(T) ) NBG(T)]}

AGR(T) = AGDM(T) . Aream

BGR(T) = (CFOp(T) + AGDM(T)) . RS(T) . Area(T) . FracRenew(T) (7)

AGpy(ry = Croper) * Rag(r)

Where:

Fcr = annual amount of N in crop residues (above and below ground),
including N-fixing crops, and from forage/pasture renewal, returned to soils
annually, kg N yr™

AGR(T) = annual total amount of above-ground crop residue for crop 7, kg
d.m. yr!

Naag(r) = N content of above-ground residues for crop 7, kg N (kg d.m.)™!
Fracremove(t) = fraction of above-ground residues of crop 7 removed annually
for purposes such as feed, bedding and construction, dimensionless.
FracpumyT)= fraction of annual harvested area of crop 7 burnt, dimensionless
Ct= combustion factor (dimensionless)

BGR(T) = annual total amount of below-ground crop residue for crop 7, kg
d.m. yr!

NBag(r)= N content of below-ground residues for crop 7, kg N (kg d.m.)™*
AGpm(t) = Above-ground residue dry matter for crop 7, kg d.m. ha™!
Crop(t) = harvested annual dry matter yield for crop 7, kg d.m. ha™
Rag(m)=ratio of above-ground residue dry matter to harvested yield for crop
T,kgd.m. ha' (kg d.m. ha™')!

Area(r) = total annual area harvested of crop 7, ha yr!

Fracrenew(r) = fraction of total area under crop T that is renewed annually,
dimensionless.

RS(t) = ratio of below-ground root biomass to above-ground shoot biomass
for crop 7, kg d.m. ha™ (kg d.m. ha™*)!

T = crop or forage type
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3.5 CO:emissions

The CO; emission sources considered were: the manufacturing of fertilizers and
herbicides; limestone reaction; fossil fuel combustion (diesel); and electricity production
and consumption. The emission factors (kg COz kg product™) for the manufacturing of
urea, triple superphosphate, and KCl were 0.97, 0.38, and 0.45, respectively (Ledgard and
Falconer, 2019). The emission factor for limestone production was 0.45 kg CO, (IPCC,
2006). The emission factors for herbicides and pesticides were 26.63 kg CO2 and 18.9 kg
COa,, respectively (Audsley et al., 2009). The emission factor for diesel production and
combustion was 3.2 kg CO> per liter (Carvalho, 2011), and 340 kg CO2 per MWh for
electricity production and consumption (BRASIL, 2024). Emissions resulting from the
limestone reaction in the soil were calculated with an emission factor of 0.13 kg CO; per
kg of limestone (IPCC, 2006). It was considered that 0.164 kg of CO: is emitted per kg

of mineral supplement produced (Cardoso et al., 2016).

3.6 Cumulative Production of Human-Edible Crude Protein

The production of beef carcasses and grains of soybean and corn was converted
to human-edible CP (Table 2). For each system, the CP production was expressed in kg
of CP per hectare (ha). For the calculations, the following average protein content values
were considered for each product: 250 g per kg of carcass (Costa e Silva et al., 2014),
119.6 g per kg of corn (Mittelmann et al., 2011) and 400 g per kg of soybean (Silva et al.,
2006). Subsequently, the CP values were adjusted using the Digestible Indispensable
Amino Acid Score (DIAAS), with values for beef, soybean, and corn being 121%, 98%,
and 48%, respectively (Adhikari ef al., 2022).
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Table 4 - Cumulative production of kilograms of animal, vegetable and total Crude
Protein produced per ha in 10 years by the different evaluated systems.

Crude protein Nominal  Consortium iCL % iCLF %
kg CP vegetal' 0 0 18990.1 87.8% 5697.04 85.2%
kg CP animal® 315.88 1721.99 2646.2 12.2% 98933 14.8%
CP total/system 315.88 1721.99  21636.29 0686.37

! Percentage of CP in Soybean= 40% (Silva et al., 2006), Corn = 10,96% (Mittelmann et al.,2011); 2
Percentage of CP in Nellore beef carcass =25% (Costa e Silva et al., 2014); CP values were corrected using
the Digestible Indispensable Amino Acid Score (DIABS) = Beef — 121%; Soybean — 98% and Corn — 48%
(Adhikari et al., 2022); iCL — integrated crop-livestock; iCLF — integrated crop-livestock-forest; Detailed
information of the calculations is available in Appendix 1 (Spreadsheet S6 — Table 8).

3.7 Emissions allocation

Mass allocation was used for the integrated crop-livestock (iCL) and integrated
crop-livestock-forestry (iCLF) systems. The total mass output of the agricultural crops
and the beef carcass was estimated. The fraction of the total mass output corresponding
to the beef carcass was used as the emission allocation factor. This was done by dividing
the amount of carcass mass produced by the total mass produced in the system, as
described by (Michiels et al., 2021). The emissions from the following agricultural
processes were allocated to the beef carcass: fertilizer manufacturing, pesticide
manufacturing, fertilization emissions, crop residue emissions, and diesel emissions.

Formula (4) below exemplifies the calculation used:

kg beef
kg total scb

Emc = Egrains * ( ) *100 (4)

where:

Emc = Emissions from soybean and corn allocated to beef (kg CO»-eq),
Egrains = Total emissions resulting from the production of soybean and corn
crops (Emissions result from the manufacturing of fertilizers and
pesticides, fertilization, crop residues, fuel combustion, and electricity
consumption),

Kgpeer= Production (kg of carcass) produced per hectare,

kg totalsch = Total mass production (soybean, corn and beef - scb).
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4. RESULTS AND DISCUSSION

4.1.1 Productive performance of the systems

Among the evaluated systems, a considerable disparity was observed when
considering the systems, which enhances the comparative discussion. The differences in
animal performance were attributed to the specificities of each system, including
management practices, system composition, and the integration strategies adopted.
Consequently, productivity was directly influenced by these factors.

The system that produced the most kilograms of carcass during the 10 years was
the iCL system, in contrast, the one that produced the least was the nominal system (Table
1). The differences regarding total carcass production are directly linked to the ADG and
the stocking rate (AU ha™!) of each system. In iCL systems, the integration of annual crops
with different cultivars of Urochloa brizantha has shown a synergistic effect in several
aspects (Dias et al., 2022). Forage in the iCL system uses the residual effects of
fertilization for more demanding crops. In addition, forage is planted annually and is
desiccated to become cover for annual crops. Such processes promote greater vigor and
quality of pastures, thus resulting in better animal performance (Dias et al, 2022;
Magalhaes et al., 2019). The lower productive values of the nominal system are directly
linked to the lower stocking rate and lower ADG. Nominal pastures receive little or no
fertilization, management is simple and there are no intense improvements.

The iCLF system was the second system with the lowest carcass production (Table
1). During the period of tree establishment, the animals did not enter the system, so they
remained there for only seven years. In addition, a lower ADG reduced the number of
production cycles within the system. The interrelationships among the different
components of the iCLF system make it inherently complex. The presence of trees, for
instance, increases the shaded area over the pastures. However, C4 forages, such as those
of the Urochloa genus used in this study, require high levels of solar radiation; otherwise,
biomass production is reduced, limiting forage availability, which results in a lower
stocking rate and reduced ADG (Oliveira et al., 2014). The winter in Central Brazil,
where the systems are located, is characterized by dry conditions and a shorter
photoperiod, which also poses challenges to forage and animal production, as observed

by Magalhaes ef al., (2019).
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Unlike the other systems, the consortium system is the only one that did not
receive nitrogen fertilizer application (Table 1). Alongside the nominal system, it is also
one of the only systems with restricted cattle production. The consortium system
produced 464.83 kg of carcass ha' more than the Nominal system and 305.51 kg of
carcass ha™' less than the iCL system, making it the second-highest system in terms of
carcass yield per hectare. Although Arachis pintoi can fix considerable amounts of
nitrogen, nitrogen fertilization with synthetic fertilizers remains the most common
practice (Homem et al., 2021b, 2021a). However, animals grazing on pastures fertilized
with nitrogen fertilizers excrete higher amounts of nitrogen, leading to increased N.O
emissions (Homem ef al., 2021a), as discussed further below. Due to the practicality of
using urea, large quantities can be applied per hectare, which intensifies N-O emissions
(Amaral et al., 2016; Delevatti et al., 2019).

There was a slight variation in grain productivity between the iCL and iCLF
systems (Table 1). This difference is attributed to a 4.1% reduction in productivity due to
the area occupied by trees, totaling 412 m?. Over 10 years, the iCL system produced a
higher quantity of grains per hectare, totaling 43,425 kg of soybean and 37,400 kg of
corn, while the iCLF system produced, over 4 years, 16,675 kg of soybean and 14,361 kg
of corn. In integrated systems with tree components, success depends on the proper
management of trees, as they exert both positive and negative effects on other components
(Sarto et al., 2020). The shade generated by trees, along with competition for water and
nutrients, can hinder the development of other crops and reduce productivity (Camargo
et al., 2023; Magalhaes et al., 2019; Pezzopane et al., 2020). However, in the present
study, it was unnecessary to account for a reduction in grain productivity in the iCLF
system, as soybean and corn were grown during the first two years of each cycle when
shading had not yet become a challenge for the plants. Franchini ef al., (2014), when
evaluating the effects of eucalyptus trees on soybean productivity, observed a reduction
only starting in the third year (-2.9%), reaching a 27% reduction in the fourth year.
Similarly, Magalhaes ef al., (2019) assessed the impact of different systems on soybean
and corn productivity. They reported a decrease in soybean productivity in the iCLF
system, which only started in the fourth year (18.2%). On the other hand, corn in the same
system showed a 19% reduction in the third year, reaching a 37% reduction in the fourth

year.
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4.2 CHas, N2O and CO2 emissions

42.1 CH4emissions

The CHa« emissions from the four systems result from livestock production,
specifically from enteric fermentation and emissions derived from dung (Table 3). The
1CL system presented the highest cumulative CHa emissions, directly associated with its
higher stocking rate. On the other hand, the iCL system also produced the highest amount
of carcass weight over the 10 years evaluated. The iCLF system was the second-lowest
in CH4 emissions compared to the consortium and iCL systems. This lower emission
volume is explained by the shorter grazing period of animals in the system (7 years) and
the lower ADG. Another important factor is the emission factor per animal estimated
using the Tier 2 method, where the lowest emission factor was observed in the iCLF
system (83.9 kg CHa4 animal™ year'). Monteiro ef al., (2024) evaluated different enteric
methane prediction models and concluded that all models overestimate emissions,
including the one used in this study. Overestimating emissions increases the perceived
impact of cattle production in the context of climate change but ensures that actual
emissions are accounted for without underestimation. Nevertheless, more data is needed
to improve the precision and accuracy of these estimates. Additional information on
enteric methane emissions from the systems is available in the supplementary material
(Appendix 1 — Spreadsheet S3).

Table 5 - Cumulative CH4 emissions (kg ' ha ") over 10 years

CH4 Nominal Consortium iCL iCLF
Enteric! 419.00 1974.76 3264.28 1035.26
Dung? 27.72 108.46 179.29 56.86
Total 446.72 2083.23 3443.57 1092.12

! Spreadsheet S3 — Estimated by equation 10.21 (Chapter 10 - IPCC, 2019a); Calculation of Gross Energy
required to estimate enteric CH4 emissions = Spreadsheet S2; 2 Spreadsheet S4 — Total solids excreted =
equation 10.24 (Chapter 10 - IPCC, 2019a), CH4 Emission Factor from dung = equation 10.23 (Chapter 10
-IPCC, 2019a) (Table 1); iCL — integrated crop-livestock; iCLF — integrated crop-livestock-forest; Detailed
information on all factors and variables required for the respective estimates is detailed in the Spreadsheets
mentioned above in Appendix 1.

LCA studies evaluating the environmental impact of beef production in Brazil
have demonstrated that CHa is the gas that contributes the most to the carbon footprint
within these systems (Cardoso et al., 2016; Costa et al., 2018; Figueiredo et al., 2017;
Mazzetto et al., 2015; A. Monteiro et al., 2024). In the present study, CHa accounted for

more than 65% of total CO2-eq emissions in the Nominal, Consortium, and iCL systems.
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However, in the iCLF system, CHa contributed only 51.95% of total emissions (Table 4).
Overall, there is a greater balance among the three gases evaluated, when converted to
CO:-eq, in the ICLF system. Unlike the iCL system, in the iCLF system, the temporal
distribution of crops does not follow a continuous flow where all years are the same. In
this arrangement, the first year and a half are dedicated exclusively to soybean and corn
cultivation, as well as tree growth; therefore, there are no CHa emissions resulting from
livestock production during this period. The contribution (%) of CHa4 to total emissions
in the iCLF system contrasts with the results reported by Monteiro et al., (2024), where
68.6% of the system's total emissions were attributed to CHa. Part of this discrepancy can
be explained by variations in productive variables and conversion factors for CHs and
N20 to CO2-eq. In the study by Monteiro et al., (2024), the iCLF system had the highest
stocking rate among the four systems evaluated. Additionally, the ADG reported by the
authors was 0.700 g, which is significantly higher than the value used in the present study.
The conversion factors for CO2-eq adopted here were CHa (27) and N20O (273). On the
other hand, Monteiro ef al., (2024) used 28 for CHa4 and 265 for N-O.
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Table 6 - CH4, N20, and CO2 emissions expressed in tons (t) of CO2-eq per ha in 10
years for the four evaluated. The intensity scale (Low, Moderate, High, and Very high) is
the weight of each gas emitted in relation to the different systems. The percentage shown
is the ratio of each gas within each system.

System CHsemission  N>O emission  CO» emission Observations
ILOVZ (tl 21), the Maintains low
OWESLAMONg —y o (4.51) Low (1.5¢t) emissions per
) the systems
Nominal (65.39% of the (26.23% of the (8.38% of the hectare due to
o0 total) total) lower productive
system's total . ;
. intensity.
emissions)
High (56.2t), ;gﬁ tWIth a Higher CH4 and
appro?(lmately reduction CO; emissions
four times (5.80) Moderate compared to
Consortium  higher than | (6.2t) (9.13% of Nominal while
g
. compared to .
Nominal Nominal the total) keeping N>O
(82.34% of the lower than iCL
(8.53% of the !
total)) total) and iCLF.
High (17.9¢),
Very high a}most ﬁve The greatest
(92.91), the times higher Very high impact per
iCL highest among - than Nominal (18.3t) (14.20% hectare is due to
all systems and of the total) the system's
(71.92% of the Consortium hi th ntensit
total) (13.88% of the & Y
total)
Moderate
(29.41), lower Moderate Shows a better
(13.71)
than re d. ceéi High (13.4t) balance among
iCLF Consortium cor:ll ared to (23.78% of the  the emissions of
and ICL P o total) the three gases
(51.95% of the ICL (24.27% analyzed
to ta.I) of the total) )

CH,4 emissions — Spreadsheets S3 e S4; N>O emissions — Spreadsheet S5 (Table 2); Spreadsheet S8 (Tables
2 e 3); CO; emissions — Spreadsheet S8 (Table 2); Spreadsheet S9 (Tables 2 e 3); Spreadsheet S10 (Tables
1 e 2). iCL — integrated crop-livestock; iCLF — integrated crop-livestock-forest; Detailed information on
emission factors and references is available in the respective Spreadsheets mentioned above located in
Appendix 1.

The annual enteric methane emissions per animal were as follows: Nominal
(106.41 kg CHa), Consortium (92.00 kg CH4), iCL (98.96 kg CH.), and iCLF (83.95 kg
CHa4). The result for the ICLF system closely aligns with that reported by Monteiro et al.,
(2024), at 80.9 kg CH4. However, for the iCL system, a more pronounced discrepancy
was observed, with Monteiro et al. (2024) reporting 81.4 kg CHs. When evaluating
different metrics for enteric methane emissions, it is essential to consider their inverse

relationships (Beauchemin et al., 2022). For instance, while the iCL system exhibits
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higher absolute emissions compared to the Consortium and iCLF systems, it demonstrates
superior performance when analyzed using the emission intensity metric (kg CHas kg

product™).

4.2.2 N;O emissions

N:20 accounts for 69% of the net global anthropogenic GHG emissions from the
Agriculture, Forestry, and Other Land Use (AFOLU) sector. Agricultural soils are
identified as the primary contributors due to the use of nitrogen fertilizers, the application
of manure to crops, and the deposition of excreta on pastures, which represent the main
pathways (Nabuurs et al., 2023). In livestock systems, N>O emissions are associated with
the processes of nitrification and denitrification, which are complexly influenced by
biological and environmental variables (Barnard et al., 2005).

Over the 10 years evaluated, the iCL system exhibited the highest N-O emissions
per hectare, followed by the iCLF system (Table 5). An average of 151.0 and 150.4 kg N
ha™ year' was assumed for the iCL and iCLF systems, respectively (Table 1).
Consequently, nitrogen fertilization contributed 40.67% and 52.75% of the N.O
emissions in the iCL and iCLF systems, respectively. Data reported in the literature show
variability regarding this metric of the relationship between nitrogen fertilization and N-O
emissions. For instance, in the iCLF system evaluated by de Figueiredo et al. (2017), N.O
emissions from nitrogen fertilization accounted for 44% of the total emissions of this gas.
Conversely, Monteiro et al., (2024), reported significantly lower values: 35% in the iCL
system and 34% in the iCLF system. It is important to note that the systems evaluated
exhibit distinct characteristics that contribute to data variability. However, in the
Consortium system, emissions attributed to nitrogen fertilization were null since no urea
was applied in this system. In contrast, in the Nominal system, due to the lower volume
of excreta resulting from the reduced number of animals, the application of 50 kg urea
ha™' year was sufficient to account for 67.01% of the total N-O emissions.

Total N2O emissions from excreta (dung + urine) accounted for 4.0%, 5.4%, 4.2%,
and 3.2% of the total GHG emissions in the Nominal, Consortium, iCL, and iCLF
systems, respectively. The lower values observed in the integrated systems may be
associated with the greater diversity of emission sources and the proportional contribution
of each. Similar findings were reported by Monteiro et al., (2024), where excreta

emissions represented 3.4% and 2.9% of the total GHG emissions in the respective
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systems. Conversely, excreta emissions in the iCLF system evaluated by de Figueiredo et
al., (2017), represented 7%, a higher value than those reported previously. This difference
can be attributed to the use of a fixed value of 40 kg N excreted per animal per year.
However, nitrogen excretion is highly complex and depends on numerous variables
(Laura Franco et al., 2023).

Table 7 - Cumulative N20 emissions (kg ! ha ") over 10 years.

N>,O Nominal Consortium 1CL iCLF
Dung1 0.99 3.19 5.41 1.62
Urine! 1.71 8.98 14.25 4.96
Ureia® 8.85 0.0 26.72 26.62
Residues® 6.18 9.12 19.33 17.26
Total 17.73 21.36 65.71 50.46

! Spreadsheet S5 - N excreted in urine and dung (Table 1); Direct and indirect emissions from excreta (Table
2); Emission factors, ammonia volatilization and N leaching (Table 3); ? Spreadsheet S8 — Emission factors
of N20O resulting from urea application, ammonia volatilization, and leaching (Table 1); Emission
calculations (Table 2); * Spreadsheet S8 — Annual quantity of crop residues returning to the soil (above and
below ground) and annual quantity of N returning to the soil were calculated using equation 11.6 (Chapter
11 — IPCC, 2019b); iCL — integrated crop-livestock; iCLF — integrated crop-livestock-forest; Detailed
calculations are available in Table 4.

Figueiredo et al., (2017) did not specify whether indirect emissions from NHs
volatilization were included in their analysis, and they also did not account for nitrogen
leaching. In the present study, a volatilization rate of 10.25% and 6% of the nitrogen
applied via urine and dung, respectively, was assumed, with 1% of these amounts emitted
as N20. According to IPCC (2019b), approximately 11% of the applied nitrogen is
leached, of which 1.1% is emitted as N2O. Detailed information on the N>O calculation
methods is available in the supplementary material (Appendix 1 — Spreadsheet S5).
Finally, it is recommended to use distinct emission factors for dung and urine, as there
are significant differences in both emission factors and the amount of nitrogen excreted,
as demonstrated in the present study (Lessa et al., 2014).

N20 emissions from crop residues were calculated for corn, soybean, Urochloa
spp., and forage peanut crops. Specific data were used to estimate the production of
residue and N that returned to the soil from soybean and corn crops. The genus Urochloa
spp. was considered a non-nitrogen-fixing species, while for forage peanuts, data from
nitrogen-fixing forages were used (IPCC, 2019b). Information regarding the calculations
and data is available in the supplementary material (Appendix 1 — Spreadsheet S8). In
this context, N2O emissions resulting from the decomposition of crop residues had a
significant impact in all systems, especially in the integrated system systems, iCL and

1CLF (Table 5). The productivity of each crop was used as a basis to estimate the amount
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of nitrogen returned to the soil via residues, which explains the greater differences
observed in the integrated systems. Additionally, emissions associated with the residues
of pastures in the animal-based production systems (Nominal and Consortium) were also
estimated, unlike other studies that chose not to calculate these emissions or limited the
analysis to crops (Beauchemin et al., 2010; Cardoso et al., 2016; Costa et al., 2018;
Figueiredo et al., 2017; A. Monteiro et al., 2024). While crop residues provide numerous
benefits to the soil, such as maintaining fertility and structure, they also represent a
significant source of N>O emissions. Strategies to mitigate N>O emissions from crop
residues may have negative effects on other important soil attributes, such as reduced soil
organic carbon (SOC), decreased productivity, and increased nutrient leaching, among

others (Abalos et al., 2022).

423 CO;emissions

Cattle production systems based exclusively on pastures exhibit lower CO:
emissions. However, as these systems experience intensification processes, either through
pasture improvement, increased supplementation levels, or integration with other crops,
a higher CO: emission is observed (Beauchemin et al., 2010; Cardoso et al., 2016; Dick
et al., 2015; Figueiredo ef al., 2017; Mazzetto et al., 2015; A. Monteiro et al., 2024).

The iCL and iCLF systems emitted higher amounts of CO: per hectare, associated
with the increased need for input usage (Table 6). Fertilizer manufacturing was the
primary source of CO: emissions across all evaluated systems (Table 6).

Soils in the Central Brazil region are characterized as acidic and with low
availability of nutrients such as nitrogen (N), phosphorus (P), potassium (K), and calcium
(Ca) (Lopes and Guimardes Guilherme, 2016), which is why they require more frequent
acidity correction and fertilization.

In the iCL and 1CLF systems, fossil fuel combustion was the second-largest source
of CO: emissions, contributing 17.98% and 19.82%, respectively. This is due to the higher
number of machine hours required for fertilization, planting, pesticide application,
harvesting, and tree cutting, which have a significant impact on both grain and tree
production systems. Cerri et al. (2024) reported that CO: accounted for 99% of
greenhouse gas (GHG) emissions in three farms producing soy and corn, while CH4 and
N:20 represented the smallest fraction of emissions. The authors identified that the main

contributing sources were the use of synthetic fertilizers (26%) and fossil fuel combustion
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(18%). Moreover, Scope 1, which includes emissions generated within the farm, was the
largest source of GHG emissions, followed by Scope 3, which considers emissions from
the manufacturing sector of inputs. According to Giusti ef al., (2023), the high demand
for larger volumes of pesticides for corn and soybean crops can also represent a
significant portion of CO: emissions. In the Nominal and Consortium systems, no
pesticides were used; however, pesticide manufacturing in the iCL and iCLF systems

accounted for 9.1% and 4.9% of CO: emissions, respectively (Table 6).

Table 8 - CO2 emissions (kg ha *! year ') resulting from the manufacture of fertilizers,
pesticides, and mineral supplements; liming, fossil fuel combustion, and electricity
consumption estimated for 10 years.

CO, Nominal Consortium iCL iCLF
Fertilizers' 1077.78 3819.00 10359.42 8658.99
Pesticides! 0.0 0.0 1675.17 670.03
Suplement? 235.70 1284.89 1974.48 442 .93
Limig’ 0.0 650.00 936.00 936.00
Diesel Fuel? 123.68 371.04 3299.78 2675.01
Energy’ 108.46 108.46 112.54 112.54
Total 1545.62 6233.39 18357.40 13495.49

! Spreadsheet S9 — Limestone, N, P, and K manufacturing (Table 2); Pesticides (Table 3);2 Spreadsheet S10
— Mineral supplement manufacturing (Table 2); Emissions from diesel and electricity (Table 1); 3
Spreadsheet S8 - Emissions associated with limestone reaction after application (Table 2). iCL — integrated
crop-livestock; iCLF — integrated crop-livestock-forest; Detailed information about calculations and
emission factors is in Appendix 1 in the respective Spreadsheets cited above.

The reduction of CO: emissions in the agricultural chain can be achieved through
strategies such as optimizing the manufacturing processes of fertilizers and pesticides,
using electric machinery and equipment, applying low concentrations of fertilizers, and
proper management of agricultural residues. These measures can have a significant
impact on the sustainability of different production systems (Cerri et al., 2024; Northrup
et al., 2021; Scala Junior et al., 2012). Additionally, the adoption of integrated cropping,
crop rotation, and system diversification (Northrup et al., 2021) stand out as promising
alternatives to mitigate the environmental impacts of these systems. Figure 2 summarizes

the emissions from the four systems and the main emitting sources.
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Figure 2 - Total Greenhouse Gases (GHG) emissions in kg of CO2-eq. by the four systems
evaluated over 10 years, as well as the flow of emissions by emitting sources.l
Manufacturing emissions. Abbreviations: iCL — integrated crop-livestock; iCLF —
integrated crop-livestock; iCLF — integrated crop-livestock-forest.

4.3 Carbon Footprint of Beef Carcass and Crude Protein

The Consortium and iCLF systems exhibited the lowest carbon footprints per kg
of carcass produced when allocation was used (Table 7). Both systems are approximately
40% more efficient when compared to the Nominal system. Without the use of allocation,
the iCLF system becomes less efficient than the Nominal system. The difference between
the values with and without allocation in the integrated systems, especially in the iCLF
(10.43 vs. 17.35), indicates that the allocation of emissions among products plays a
relevant role and must be carefully considered, particularly in analyses intended to inform
public policies or management practices. For example, Monteiro ef al. (2024) evaluated
the carbon footprint of the bovine carcass in integrated systems (iCL and CLF), however,
without using allocation. The results reported by these authors are similar to those found
in the present study without the use of allocation. On the other hand, Figueiredo et al.
(2017), when assessing the carcass carbon footprint in an iCLF system, reported a result

well above that found in our study. These authors also did not allocate the emissions.
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Table 9 - Carbon Footprint per kg of Beef Carcass, per kg of Plant and Animal Crude
Protein, and Emissions per Hectare in four Cattle Production Systems.

Carcass Crude Protein Footprint Total emissions
(t COx-eq ha™ 10 years
System * x 1

With®  Without Vegetal Animal )

kg CO»-eq kg carcass™ kg COz-eq kg CP!
Nominal 17.66 17.66 - 54.49 17.2
Consortium 10.73 10.73 - 34.37 59.1
iCL 11.79 14.78 1.34 39.25 129.2
iCLF 10.43 17.35 3.94 36.00 46.1

* With and without allocation; iCL — integrated crop-livestock; iCLF — integrated crop-livestock-forest;
Detailed information on all factors and variables required for the respective estimates is detailed in the
Spreadsheets mentioned above in Appendix 1. An allocation procedure was also employed to calculate the
carbon footprint per kg of animal and plant crude protein. A detailed description of this methodology is
provided in Appendix 2.

The carbon footprint values (CO2eq kg carcass™) estimated for different beef
cattle production systems employing diverse strategies have shown substantial variability
(Cardoso et al., 2016; Dick et al., 2015; Figueiredo et al., 2017; Mazzetto et al., 2015; A.
Monteiro ef al., 2024). Generally, more intensive systems tend to exhibit lower carbon
footprints (Cardoso et al., 2016; Mazzetto et al., 2015), as can be seen in Table 7, where
the most intensive systems had a smaller carbon footprint. However, the carbon footprint
of the Nominal scenario, considered the least intensive system, was lower than that of
more productive scenarios reported by various authors (Cardoso et al., 2016; Dick et al.,
2015; Figueiredo et al., 2017; Mazzetto et al., 2015). These discrepancies can be
attributed to the use of older data reported by the IPCC, as well as differences in emission
factors and global warming potential metrics employed in the analysis.

The Consortium System had the lowest carbon footprint per kg of animal protein,
followed by the iCL and iCLF systems. These values are lower than those found by
Monteiro et al. (2024) when evaluating the carbon footprint in bovine production systems.
Regarding the carbon footprint per kg of plant protein produced by the iCL and iCLF
systems, the values are significantly lower than those for animal protein. Overall, when
assessing the intensity of total crude protein (plant + animal) production, the carbon
footprint per kg of CP was 5.97 and 8.49 for iCL and iCLF, respectively. Despite the
higher carbon footprint of protein produced in systems based exclusively on pastures, it

is important to highlight the crucial role these systems play in non-arable areas. In these
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regions, they allow the conversion of forage with no direct nutritional value for humans
into high-biological-value protein (Fernandes et al., 2022).

Moreover, it is important to diversify protein production per hectare. The output
of multiple products provides greater productive and economic security for the producer
in the event of a pest outbreak or intense climatic variation. Along with that, Concerns
about global food security have increased as the worldwide population elevates its
demand for energy and protein. Simultaneously, discussions about the sustainability of
plant- and animal-based protein production have gained prominence, especially
considering the continuous changes in protein consumption patterns (Flachowsky et al.,
2017; Torres et al., 2024). In this context, the FAO projects steady growth in plant- and
animal-protein production by 2050 (FAO, 2018). Therefore, Brazil, with its diverse
integrated systems, can contribute to ensuring global food security in an era of climate

change.

5. CONCLUSIONS

LCA is a crucial tool in the pursuit of more sustainable systems and products. This
study provided a detailed analysis considering three functional units (FU: kg of beef
carcass, crude protein). Among the systems evaluated, the consortium system stood out
with one of the lowest carbon footprints per FU of carcass produced, due to its lower N2O
emissions. The integrated systems (iCL and iCLF) showed the lowest carbon footprint
based on the FU of crude protein produced. The use of national factors integrated with
the IPCC guidelines for emission prediction and carbon footprint calculation underscores
the relevance of the reported analyses. The study also highlights the importance of
allocation methods in the analysis of more complex systems, as they may bias the data.
Encouraging the adoption of sustainable systems is already part of Brazil's goals to reduce
GHG emissions, although the complexity of managing such systems remains a challenge.
However, further investigation into the interrelationships between various organisms—
such as nutrient absorption, nitrogen fixation, and utilization, as well as symbiotic and
allelopathic effects, is necessary. Such clarifications can be used as inputs for future

LCAs, facilitating allocation calculations and carbon footprint estimations.
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