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Abstract

The agricultural sector must mitigate losses in greenhouse gas (GHG) emissions, nutri-
ents, and inputs within the context of climate change and ecosystem degradation. Inte-
grated crop-livestock production systems can enhance carbon and nutrient circularity. A
holistic methodology is proposed to guide producers in developing strategies that reduce
environmental impacts while improving system resilience through circular and ecosystem-
based practices.

Developed as part of the Integrity project (EraNet), this methodology presents a graduat-
ed approach organized into four stages. These stages correspond to different levels of the
production system, starting from production processes (animal and plant) and culminating
at the agroecosystem level.

The first stage focuses on maximizing efficiency in both animal and crop management by
identifying key leverage points to enhance production and quality. The second stage de-
velops strategies to reduce nutrient losses and emissions, including effluent management
and enteric emissions. The third stage promotes the integration of animals and crops
within the production system, optimizing spatial arrangements, internal nutrient circularity,
and minimizing external inputs. The fourth stage involves developing carbon sequestra-
tion strategies to achieve carbon neutrality and promote ecosystem services.

By guiding producers through these stages, the methodology helps identify high-impact
actions that can be implemented immediately or that require longer-term structural chang-
es, serving as a valuable tool for initiating transitions toward more resilient agricultural
systems.
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Metodologia gradual para mitigar las emisiones de GEl y las pérdidas de
nutrientes en los sistemas integrados agricola-ganadera

Resumen

El sector agricola debe reducir las pérdidas de emisiones de gases de efecto invernadero (GEI), nutrientes e insumos
debido al cambio climatico y la degradacion de ecosistemas. Los sistemas de produccion integrados de agricultura y
ganaderia pueden mejorar la circularidad del carbono y los nutrientes. Se propone una metodologia holistica para ayu-
dar a los productores a desarrollar estrategias que reduzcan el impacto ambiental y aumenten la resiliencia del sistema
mediante practicas circulares y basadas en ecosistemas.

Esta metodologia, parte del proyecto Integrity (EraNet), se organiza en cuatro etapas. La primera se centra en maximi-
zar la eficiencia en la gestion de cultivos y animales, buscando mejorar la produccion y la calidad. La segunda etapa
desarrolla estrategias para reducir pérdidas de nutrientes y emisiones, incluyendo la gestion de efluentes y emisiones
entéricas. La tercera promueve la integracién entre animales y cultivos, optimizando la circularidad de nutrientes e in-
sumos. Finalmente, la cuarta etapa se enfoca en estrategias de secuestro de carbono para alcanzar la neutralidad de
carbono y fomentar soluciones basadas en servicios ecosistémicos.

Al guiar a los productores a través de estas etapas, la metodologia identifica acciones de alto impacto que pueden im-
plementarse rapidamente o que requieren cambios estructurales a largo plazo, proporcionando una herramienta valiosa
para iniciar la transicion hacia sistemas agricolas mas resilientes.

Palabras clave: agroecosistemas, sistemas integrados agricola-ganadera, emisiones de GEI, pérdidas de nutrientes,
transicion

Metodologia graduada para mitigar as emissdes de GEE e as perdas de
nutrientes em sistemas integrados de produgao agropecuaria

Resumo

O setor agricola precisa mitigar as perdas de emissdes de gases de efeito estufa (GEE), nutrientes e insumos devido a
mudanca climatica e a degradagéo dos ecossistemas. Sistemas de produgao integrados de culturas e pecuaria podem
aumentar a circularidade do carbono e dos nutrientes. Uma metodologia holistica foi proposta para orientar produtores
na reducdo dos impactos ambientais e melhorar a resiliéncia do sistema por meio de préaticas circulares e baseadas em
ecossistemas.

Desenvolvida no projeto Integrity (EraNet), a metodologia é organizada em quatro etapas que abrangem diferentes
niveis do sistema de producao, desde os processos produtivos até o agroecossistema. O primeiro estagio foca na ma-
ximizagdo da eficiéncia na gestdo de animais e culturas, buscando melhorar a producdo e a qualidade. O segundo
estagio desenvolve estratégias para reduzir perdas de nutrientes e emissdes, incluindo a gestdo de efluentes e emis-
sOes entéricas. O terceiro estagio promove a integragao entre animais e culturas, otimizando arranjos espaciais e a
circularidade de nutrientes. Por fim, o quarto estagio envolve o desenvolvimento de estratégias de sequestro de carbo-
no para alcangar a neutralidade de carbono e promover solugdes baseadas em servigos ecossistémicos.

Ao acompanhar os produtores em cada etapa, a metodologia ajuda a identificar agdes de alto impacto que podem ser
rapidamente implementadas ou que exigem mudancas estruturais a longo prazo, facilitando a transi¢éo para sistemas
agricolas mais resilientes.

Palavras-chave: agroecossistemas, sistemas integrados de produgdo agropecuaria, emissdes de gases com efeito de estufa,
perdas de nutrientes, transi¢éo
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1. Introduction

The agricultural production sector is confronted with important interlinked challenges. Limiting global warming
to 1.5 °C requires large and rapid reductions in greenhouse gas (GHG) emissions, increasing carbon seques-
tration and reaching carbon neutrality by 2050(). Agricultural activities are also associated with local environ-
mental impacts such as biodiversity degradation and ecosystem pollution, at a level beyond safe planet
boundaries?). At the same time, the agricultural production system must adapt its activity to climate variability
and resource availability®. Furthermore, agriculture must reduce its dependence on non-renewable resources
and fossil energy, by developing circular strategies at farm and regional scale that promote nutrient reuse,
carbon storage, and boosting ecosystem services. In the case of Uruguay, these challenges are crucial,
given the major economic and social roles played by the beef and dairy production and considering that these
sectors are responsible for 53% of the country's emissions(®).

Globally, livestock represents an important source of GHG emissions® and nutrient loss(@. One possible
way of reducing emissions could be developing integrated crop-livestock production system which can pro-
mote on-farm nutrient circularity and soil carbon storage through the valorization of by-products internally or
regionally)®)(19), There are calls for transition of the sector, increasing production to respond to the population
growth and, at the same time, reducing its environmental impacts. International institutions (e.g., UN’s Sus-
tainable Development Goals, specifically Goal 13) and national governments (i.e., Paris Agreement and the
Nationally Determined Contribution) are engaged to reduce the carbon footprint of the sectors. Markets are
also changing, with international agrobusiness groups making commitments to reduce their carbon footprints
and other environmental impacts (e.g., Nestlé, Unilever), responding to consumers new demands and gener-
ating new requirement for the agricultural production systems. Yet, it is hard for the producer to initiate its tran-
sition for many reasons: lack of financial incentives, perceived limited agency, cultural changes, regime re-
sistance, unclear vision and ambition, etc.(")12. We believe that the lack of clear vision in the transition pro-
cess and tools for projecting feasible scenarios is an important barrier.

The objective of the present work is to develop a methodology to guide producers in developing medium-term
strategies to reduce GHG emissions and nutrient losses in a context of climate change. This work was carried
out as part of the project Integrity (https./integrity-agrisystems.com). A generic methodology is proposed, illus-
trated using a dairy farm system as the starting point of the transition, but which could be applied to any agri-
cultural production system. Section 2 describes the process of elaboration of the methodology and its theoreti-
cal construction. Section 3 presents guidelines to elaborate a transition plan to a more sustainable production
system for producers and advisors. Finally, the limits of the methodology, the trade-off between strategies, and
the implications in other levels of the sector are discussed in section 4.

2. Materials and Methods
2.1 Integrity Project

Integrity aims to conceive and evaluate alternative management of mixed crop-ruminant livestock systems to
increase Carbon and Nutrient Circularity in different agro-climatic regions. Nine countries from three continents
(America, Europe, and Oceania) are involved in this proposal. Organized in five Work Packages, WP3 analyz-
es carbon and nutrients flows in the mixed crop-ruminant livestock systems in a framework integrating meth-
ods such as Life Cycle Assessment (LCA) and the Material Circularity Indicator (MCI) for measuring the circu-
larity of a system. More specifically, WP3.4 aims to develop and evaluate strategies and scenarios for in-
creased circularity, climate change mitigation, and adaptation in integrated mixed crop-livestock production

Agrociencia Uruguay 2025;29(NE2):e1330 3
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systems. In this context, the team in Uruguay, in collaboration with New Zealand, developed the present
methodology to project different scenarios, and tested it in different case studies.

2.2 Stakeholders participation

To reach this objective, participation of the stakeholders is essential to increase the relevance and adoptability
of the tool. For that purpose, two workshops were organized with different stakeholders of the dairy sector
(producers, advisors, scientists, government, and consumers). For the first session, after presenting the differ-
ent concepts mobilized in our research (integration, circularity, life cycle assessment, climate change, sustain-
ability), the level of knowledge and interest was evaluated and discussed through a short on-site survey. In the
second session, possible scenarios and alternatives for our case study (forthcoming paper) were introduced
and discussed. This enabled us to organize practices and strategies and to place the producer’s interest and
logic at the center of the approach.

2.3 Distinguishing trade-offs between product-based CO2eq, absolute emissions, and nutrient losses

GHG emissions can be expressed per unit of product (product-based emission), also called emission intensi-
ty®, or in absolute terms. The latter indicates the total amount of greenhouse gases (GHGs) emitted into the
atmosphere over a specific period for a system. To make it comparable with other systems, absolute emis-
sions could be reported per unit of land. Some practices may decrease product-based emissions, while in-
creasing absolute emissions if total production also increases. Indeed, this is known as the rebound effect,
where the increase productivity and efficiency brought about by an innovation encourages more than propor-
tional increases in total production. Therefore, both types of indicators are complementary and needed when
assessing GHG emission mitigation options.

The reduction of GHGs and nutrient loss are addressed in parallel, as practices of mitigation employed gener-
ally impact on both. For example, more intensive systems may have lower GHG product-based emissions than
extensive ones, but may be subject to higher risks of nutrient losses.

2.4 From the production processes to the agroecosystem

In the case of integrated crop-livestock systems, a systemic approach is particularly relevant (Figure 1). We
considered the agricultural production system through four sub-systems: i) animal production process, ii) plant
production process, iii) technical capital, and iv) natural capital. The main function of the two first sub-systems
is to provide products, while the other two provide services(3). Some strategies are directly related to specific
production processes (e.g., improving efficiency, reducing direct emission), and others act at larger system
scales, and in our case, at the agroecosystem scale (e.g., system integration, ecosystem services).

3. Results

The proposed methodology is organized in four modular stages (Figure 2), with the objective of supporting
producers in selecting practices and system arrangements that can reduce GHG emissions and nutrient loss-
es, appropriate for their current system and aligned with the producer's objectives. It is applicable to different
production systems, and in combinations of natural, technical, and economic resources. Some practices can
be implemented with low modification of the system, while others may require structural changes in the medi-
um and long term. Different types of practices, changes, and interventions are grouped into bundles. These
are presented below.

4 Agrociencia Uruguay 2025;29(NE2):e1330
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Figure 1. System boundaries at the farm agroecosystem scale(?)

The diagram representation is based on emergy schema convention from Odum(*4),

Stage 1
|/\/ Ensure optimal productivity of

production processes

* Animal management: animal health, reproduction and animal welfare
* Animal diet: availability of DM for the animal, digestibility
® Plant production: productivity, quality & stability

" i (1
Focus on the Focus on gk
Agro-Ecosystem natural processes

’ Stage 4 ’q Stage 2

Carbon sequestration and Reduce emissions from production
promotion of ecosystem services processes

* Increase soil organic matter

* Enteric emissions management through with
* Valorize productive areas additives and diet.
* Promote multi-functionality

* Effluent management (storage)
* Adjust fertilization (legumes, cover management)

Focus on processes
organization Focus on technical
ﬁ processes ﬂ
o%
~ Stage 3
~ Integrate production processes

* Space optimization (technical, production and circulation area)
* Valorization of internal nutrient flows (maximize effluent collection)
* Integration of external flows (animal feed and energy)

Figure 2. Summary of the four stages for carbon footprint and nutrient loss mitigation approaches
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3.1 Stage 1: Optimize production processes

Before considering a GHG emission reduction, it is important to ensure that the system is adequately man-
aged and achieves production levels in line with good practices. At this stage, focusing on the production pro-
cesses, the farmer should have already identified strengths and weaknesses in the system. The level of
productivity is the first factor influencing emission intensity; depending on the productivity level of the system,
the margin of maneuver can be higher or lower.

Regarding animal management, health and welfare aspects have a direct influence on the level of productivity.
In the context of climate change, heat stress is an increasing issue requiring shade in grazing systems and
good ventilation in indoor ones. Greater concentration of animals increases the risk of disease transmission,
which implies more frequent attention and sanitary control. Animal diet, with specific attention to the animal
requirements, improves animal health, reproduction performance, and may extend the longevity of dairy cows,
reducing replacement rates and decreasing absolute emissions at the herd scale. Increasing feed digestibility
improves milk production, but could increase absolute emissions if total dry matter intake also increases. This
first step also presents the main risks of trade-off if overall production is boosted (Table 1).

Concerning plant production, stage 1 looks at optimizing Net Primary Production (NPP). This requires ensuring
adequate nutrient availability and soil conditions. Feed quality and stability are other key elements. The choice
of species will be determined by pedoclimatic conditions and the availability of irrigation water. Guaranteeing a
high-quality forage supply will be crucial for livestock systems in a context of climate change. A risk associated
with optimizing plant production is the increase of nutrient losses by leaching or nitrous oxide (N20) field emis-
sions, loss of soil, and depletion of water resources. Best management practices (BMP) are required to avoid
those trade-offs by mobilizing precision agriculture and soil conservation practices.

Table 1. Mobilized practices and associated mitigation, trade-offs, and levers for stage 1

- . Mechanism of A .
Mobilized Practices mitigation Expected Mitigation Trade-off to avoid Levers
. i . . Increase of emissions
Animal management : . Reduction on emissions
. increasing . K . in other sectors .
- animal health intensity, depending on the Technical knowledge,
. productivity & ; . (veterinary), . ;
- Reproduction potential of production . ) investment capacity
. efficiency . increase risk of nutrient
- well being improvement
loss
Diet management : increasin Reduction on emissions Increase in absolute
- Increase digestibility roduct‘wilg& intensity, depending on the emissions, Purchased feed price
- Dry matter intake P eﬁiciency potencial of production increase of emissions and access
- Specific diet ¥ improvment in other sectors
Plant production :
§ - Pasture and crops . Reduction on emissions . Technical knowledge,
W ¥ S . increasing . . ’ Increase of emissions in . .
Y - stabilizing production productivity & intensity, depending on the the field. water resource investment capacity,
N AR with irrigation - potential of production L access to water
[ 1] ~ efficiency . use impact
Best management improvement resource
practices

3.2 Stage 2: Mitigate direct loss and emissions of production processes

The second stage focuses on reducing nutrient losses and direct emissions from production processes. To this
end, it is important to analyze and identify the practices and processes where the main emissions are generat-
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ed. At the animal level, enteric emission is the largest source of GHG emissions (i.e., methane)(*9). This can be
reduced by modifying diets('®) by decreasing the forage to concentrate ratio. This practice is more oriented to
confined systems, contradicting the potential of introducing grasslands in rotation with crops. However, con-
sidering the periods when the animal is in confinement (in case of beef finishing or during wet weather), mini-
mizing fiber intake reduces emissions. Also, the use of by-products can limit consumption of animal feed that
competes with human food. Another practice for reducing enteric emissions is rumen manipulation with addi-
tives. Some additives have the potential of reducing enteric emissions by up to 25%17(18), but require regular
feed intake, a situation unsuited to pasture-based systems (Table 2). With a lower potential, tannin-containing
pastures are another option for reducing enteric emissions, but they may also reduce fiber digestibility.

Table 2. Mobilized practices and associated mitigation, trade-offs, and levers for stage 2

Mechanism of

Mobilized Practices

mitigation

Expected Mitigation

Trade-off to avoid

Levers

At the animal level :
- Integration of additives
- Reduction of fiber content
- Tannin pasture

Direct reduction of
animal enteric
emissions

Reduction on absolute
emissions

Technology fail,
increase emissions
from external inputs

Accessibility,
technical
development

At the effluent level :

Direct reduction on
animal dejection

Emissions from
collected effluent

Increase emissions from
new infrastructure and

-Optimizing collection eriissiona storaga:arid Grder Coritrol Access to technology,
ﬂ -Optimizing storage ) age . : equipment (building and Investment capacity
Ot on field application avoid nutrient :
-Optimizing distribution running engine)
losses
¥ At the plant level :
Yvy - Precision fertilize Direct reduction on

T - Less volatile fertilizer
- Enhancement of

soil emissions and on
fertilizer production

Reduce the use of
fertilizers

Reduction on
production

Technical knowledge

leguminous plant

The other source of emissions at the technical process level (Figure 2) concerns manure management, and
more specifically the collected manure(®) (as it can be managed by human action). Depending on the collec-
tion and storage management, reductions can be obtained. In general, liquid manure management systems
lead to anaerobic conditions and increased methane production. Switching to practices that manage manure in
drier and aerobic conditions reduces methane emissions. Lower temperature also reduces microbial activity.
When spreading manure and slurry in the field, proper incorporation into the soil limits GHG emissions. But the
main concern about manure management would be the loss of nutrients through leaching and the resulting
water eutrophication. To limit this environmental local impact, keeping animal confinement areas away from
watercourses and eventually covering these areas would limit nutrient leaching and runoff during rainfall
events, which is highly recommended.

At plant production level, significant emissions come from the denitrification of nitrogen fertilizers. These emis-
sions can be reduced by applying the right dose according to soil conditions and at the right time (i.e., at the
height of the growth cycle, avoiding hot weather, and mobilizing precision farming tools). In addition, the use of
other slow-release fertilizer formulas reduces atmospheric losses. At the same time, introducing plants with the
ability to fix atmospheric nitrogen (i.e., legumes) into the crop rotation helps reducing fertilizer inputs.

Agrociencia Uruguay 2025;29(NE2):e1330 7
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3.3 Stage 3: Integrate production processes

The third stage seeks to reduce emissions and nutrient losses through integration strategies, looking for syn-
ergies between the different sub-systems of the agroecosystem(20). There are different dimensions behind the
concept of integration. Here, we refer to: i) the spatial integration (between the processes but also at the plot
scale), i) the nutrient integration and the valorization of the internal flows, iii) the functional integration and the
multi-functionality of components, and iv) the economic integration and the diversification of the farm output
and the development of circular economy strategies.

Spatial integration of the production system concerns infrastructure as well as crop and livestock production. In
dairy farming, feed distribution can be a major factor in diesel consumption. By centralizing feed storage and
feeding areas, tractor traffic can be reduced and eventually distribution can be automated. Optimizing tech-
nical areas also frees up land for agricultural production and contributes to overall system efficiency. A good
understanding of the topography of the farming system also helps to define the different land uses. For exam-
ple, avoiding confinement zones or troughs in lowland areas can limit direct nutrient losses to watercourses
due to animal dejection. Similarly, protected areas and buffer zones can be favored in these same lowland
zones to conserve soil and reduce nutrient losses.

The integration of nutrient flows and the development of circularity strategies imply taking into account not only
flow dynamics but also their valorization within the system. A better collection of animal manure reduces the
need to purchase external fertilizers. Another element that increases nutrient surpluses in the system is the
purchase of feed. The integration of crops for animal feed would not only minimize these surpluses, but also
reduce feed costs. This is closely linked to the production system's ability to valorize the various by-products
internally within its different components. For example, biodigesters enable better control of emissions from
animal dejection and the production of energy and fertilizer. The valorization of by-products can also be seen
at other scales, such as the sectoral level (Table 3).

Another important aspect of the integration strategy is to increase the functionality of a production process,
thus enhancing synergies between the components of the farm. This multifunctionality is at the center of circu-
larity concepts, with well-known examples all over the world, such as the milpa system in Mesoamerica(?!) or
rice production and aquaculture(?), Livestock can be seen as suppliers of products (e.g., milk, meat, leather)
but also of services (pasture maintenance, traction, and fertilization). Similarly, a crop can have several func-
tions. For example, we could imagine the production of biomass for animal bedding in lowland areas, with
another function being the capture of nutrients, which would then be recycled with the manure as compost for
soil fertility.

All these elements contribute to increasing system resilience, as do economic integration and diversification.
Indeed, in a context of climate change and high variability, not depending on the sale of a single product
means less exposure to price variations.

8 Agrociencia Uruguay 2025;29(NE2):e1330
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Table 3. Mobilized practices and associated mitigation, trade-offs, and levers for stage 3

Mobilized Practices

Mechanism of
mitigation

Expected Mitigation

Trade-off to avoid

Levers

- Direct reduction

Spatial integration : : .
¢ : o Funsas on Vehicles _— Technical
e - Circulation optimization S Reduce emissions due
- -+ 18 2 R emissions knowledge, cultural
(0,) - Technical area optimization to transport
—pe - Considerina topoaraph - Increase system changes
g:topograpity carbon stock
Internal flow integration : : - Reduction of Ecqnomlc 2
. . Reduction on total . : opportunity, Technical
- Animal feed /cash crop Reduction of e g milk production
d 2 o ias S emissions, depending 2 knowledge,
Y - Biomass valorization emissions vector - On-farm production

(biogas, process food, sub-
products)

(animal process)

on the stocking rate
reduction

less efficient than off-

farm production

Inter-sectorial
collaboration,
Cultural changes

Integration of external flows :

Reduction on external

ﬁ - Upstream: inputs from sub- inputs emissions
= : . Market knowledge
products Circular economy reduction of transport and opportunit
h - Downstream: diversification emissions of the final PP Y

and local market

product

3.4 Stage 4: Promote carbon fixation and ecosystem-based solutions

The fourth stage involves developing carbon sequestration strategies to eventually reach carbon neutrality and
promote ecosystem-based solutions (Table 4). In the case of animal production systems, carbon neutrality
implies ongoing and permanent carbon fixation, since animals in the system constantly emit gases. Carbon
fixation through tree planting is limited to the period of growth of these trees, and its permanence to be consid-
ered as carbon stock will depend on the use given to the wood if harvested (e.g., as building material, energy,
paper production, etc.). The soil is the main provider of ecosystem services in agriculture and a potential place
of carbon storage depending on the initial soil organic matter (SOM)23)24) and the plant cover management.
Avoiding ploughing and managing plant cover transitions can be key elements in this process. However, the
capacity of soils for carbon storage is also limited. Promoting agroforestry and planting productive trees within
plots could allow dual use of the land, help limit soil erosion, and provide shade and shelter to livestock. Also,
boosting biomass in non-productive areas and buffer zones with perennial plants would increase the Net Pri-
mary Production (NPP) of the system and potentially enhance the biomass reinvested into the agroecosystem
to maintain its functionality.

Targeting ecosystem-based practices, limiting the use of pesticides only to exceptional events, and eliminating
herbicides implies integrating service plants that will occupy land, reducing the crop and pasture area dedicat-
ed to animals. Service plants are grown with the aim to provide ecosystem services to the farm agroecosystem
with no aim of providing market products(2%). For example, to control weeds, a plant can be grown and then
crushed to generate mulch during the intercropping period. To do this, new tools will be needed (e.g., roller),
and the soil may have to be worked as superficially as possible. This also could imply the introduction of new
cash crops to increase temporal diversification in the crop rotation to reduce pest incidence(2)27), Indeed, to
increase pest resistance, a temporal diversification (i.e., crop rotation) and a spatial diversification (i.e., multi-
species and multi-variety at plot and system scale) are required(28),

Agrociencia Uruguay 2025;29(NE2):e1330 9
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Table 4. Mobilized practices and associated mitigation, trade-offs, and levers for stage 4

Mobilized Practices

Mechanism of
mitigation

Expected Mitigation

Trade-off to avoid

Levers

Agroforestry :
- Planted trees on field
producing eventually an
output (fruits and nuts)

Carbon
sequestration
New outputs with
low emissions
Soil maintenance

Carbon stock,
nutrients cycling

Reduction on pasture
and crop productivity

Costs,
technical knowledge,
cultural changes

Soil care :
- Soil Organic Matter
- Increase biomass residue
- Erosion mitigation strategy

Carbon sequestration,

Soil maintenance

Carbon stock, soil
nutrient cycling

Land use availability

Natural area :
- Natives land in buffer zone
- Valorization of non-
productive land with
planted trees

Carbon sequestration,

Soil maintenance

Carbon stock, Net
Primary Production
improvement

Reduction on pasture and
crop productivity

Land use availability

4. Discussion

The present methodology proposes a staged approach to GHG emissions mitigation and nutrient losses, align-
ing with the practical realities faced by producers. Understanding the economic and cultural motivations behind
farmer decision-making is a crucial first step in projecting practice changes. To enable producers to initiate
their transition to more ecosystem-based and circular production systems, it is important to proceed in cumula-
tive steps. For that, the methodology presents a graduated approach organized into four steps. These steps
are related to the different levels of the production system, starting at the level of production processes (animal
and plant) and ending at the agroecosystem level. It is gradual in terms of producer priority and in terms of
complexity. For example, ensuring good performance and efficient production processes before developing
carbon capture strategies. Indeed, the sustainability of a farm depends to a large extent on its economic viabil-
ity, enabling farmers to project their activity in the medium and long term. In addition, the application of best
practices allows reducing emissions and nutrient losses. In effect, the main factor influencing the intensity of
emissions per unit of product is productivity. In this sense, access to information, decision-making tools, and
support from consultants and government are important levers to facilitate the adoption of best practices.
However, the emphasis on performance may tend to maintain production systems in the same “conventional”
production model, based on high input mobilization, specialized production, and technologies that are in part at
the origin of the problems of biodiversity losses and environmental pollution.

Different options would be presented to farmers depending on their initial situation. Highly productive systems
will have a low margin in stage 1 and will have to focus on the other strategies. Intensive animal production
systems are often specialized, mobilizing high levels of external input (e.g., animal feed, fertilization, medica-
tion) and would be more dependent on technological solutions to reduce their emissions. Main practices on
stage 1 mitigate product-based emissions, but with a main risk of increasing absolute emissions (i.e., better
digestibility increases feed intake, increasing enteric emissions and dejection). However, good management of
animal replacement and increasing the longevity of milk cows can reduce animal stocking rate and thus abso-
lute emissions. Also, a high concentration of animals increases the risk of nutrient losses(?), and this is where
the development of stage 2 comes into play.
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In ruminant systems, global warming comes mainly from enteric emissions and urine depositions, which are
and will remain part of the natural process. There are limited alternatives to reduce these sources. In the case
of grazing systems, it is not possible to fully capture and manage manure. The period and season when ani-
mals are confined are important moments for manure management optimization. Moreover, in a context of
climate change with more contrasted seasons, the periods when animals are unable to graze will increase,
either due to lack of pasture or excess water, making confined areas an important zone for system efficiency.
This is an essential consideration, particularly in terms of economic viability for biodigesters in grazing sys-
tems, in addition to other factors limiting their development, such as technological advances and the possibility
of a direct use of biogas on-farm (e.g., tractors running on biogas).

Methane-reducing additives are well adapted to indoor systems, as they require being supplied constantly with
the feed. But those systems mostly rely on food that can be consumed by humans, such as maize and soy,
which they convert with low efficiency into animal products. This is a major global driver of land-use change
and deforestation(®0)., Additives must be adapted to the grazing system to be in line with the idea of pasture-
crop rotation and not just technology suitable only for intensive animal production systems.

In the context of resource constraints and upward trends in input costs, production systems are called to mobi-
lize more ecosystem-based solutions in their production processes. To achieve this, diversification is a main
lever to generate synergy between biomass production and animals (stage 3) and promote ecosystem ser-
vices. Improving self-sufficiency reduces costs and improves the resilience of the system in the face of exter-
nal uncertainty. Agroforestry seems to be a promising practice, providing multi-functionality to integrated crop-
livestock systems. Perennial plants support soil conservation®1), offer animal shelter, and could be a source of
forage biomass in dry seasons (e.g., white mulberry) or become a new source of income. Indeed, some recent
studies show that diversification could increase profitability®233), However, the increasing complexity may
impact system management and labor requirements. New forms of organization between farmers, sharing
information, land use, and work force, could be key elements in complex agroecosystem production sys-
tems(34). In addition, the level of investment and its economic return will be important factors in the decision-
making process. This reality is a source of constraint in the implementation of stage 3 and 4, which require
longer periods to accrue the benefits. New mechanisms need to be found by governments and financial organ-
izations to facilitate the implementation of these practices.

Moreover, land use optimization is required to promote protected areas in non-productive and buffer zones,
ensuring they serve multiple functions (e.g., biodiversity reservoir, reducing nutrient losses, soil conservation,
NPP promotion). A major function of these areas could be carbon sequestration (stage 4). Soil is another ma-
jor carbon stock, where pastures are key elements in maintaining SOM within crop rotations and where rumi-
nants allow valorizing grass into high nutritional human edible products. For this, regulation could help, such
as the land use law proposed by the Uruguayan government (ref). However, regulations are unlikely to be
enough; new forms of support for farmers would be needed to facilitate the application of a methodology like
this, and initiate the transition to more environmentally sustainable production systems.

There is a multitude of indicators to measure production systems performance. For stage 1 and 2, productivity
indicators (individual animal productivity, productivity per hectare) and efficiency indicators (nitrogen balance,
nitrogen use efficiency) will be used to a greater extent. For stage 3, new types of indicators will be required,
such as circularity, system autonomy, or the percentage of biomass reinvested internally. As for stage 4, in
addition to carbon emissions, it will be of interest to consider the quantity of carbon fixed by the system. Re-
garding the consideration of ecosystem-based practices, the quantities of agrochemicals used and the share
of service crops mobilized in total biomass production could be relevant, not only for the producer, but also for
the implementation of regulations and/or certification systems.
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5. Conclusions

This methodology presents a pragmatic approach to find realistic pathways to reduce GHG emissions and
nutrient losses. To enable the production system to initiate the transition to more integrated models, less de-
pendent on external inputs, resilient and sustainable, the transition must be staged so that most production
typologies can assimilate these changes.

Stage 1 and 2 are strongly linked to the conventional approach of incremental improvements on current sys-
tems. Even though they remain necessary steps to guarantee the economic viability of farms, they offer a lim-
ited response to environmental sustainability issues. On the contrary, stage 3 and 4 respond more directly to
environmental challenges, but require more complex system changes, with longer payback periods and requir-
ing market and institutional conditions to support them. While technical support is necessary for all the pro-
posed stages, more and longer-term incentives are needed for the adoption of integrated, circular, and eco-
system-based practices.

The implementation of all the practices presented does not only depend on the goodwill of farmers, but also on
market conditions, conditions of supply, technological access, sectoral regulations, and education and political
incentives. In this sense, the sector and government authorities have an important role to play in facilitating
these changes. At the same time, societal changes and consumer behavior are also expected to condition
transition processes. To what extent and in what forms these societal changes and incentive policies should
be implemented are active lines of research(3%).

One of the difficulties for producers is the ability to organize and perceive clear paths in their transition to more
sustainable practices, with gradual increase in circular and ecosystem-based practices. The methodology pre-
sented here can be a useful tool for helping producers to project and organize these changes of practices and
productive objectives considering current challenges and changes to come.
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