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Abstract Grasslands support the majority of global livestock production systems while providing vital
ecosystem services. Expansion of the livestock sector over recent decades has however placed enormous
pressure on grasslands, with increasing greenhouse gas emissions that challenge the aspirations of climate
mitigation. Here, we reviewed (a) climate policies pertaining to livestock and grasslands underpinning the
Nationally Determined Contributions (NDCs) of 16 countries or regions, and (b) representation of grassland and
livestock sectors in five contemporary integrated assessment models (IAMs). We find that mitigation policies
reported in NDCs and Biennial Update/Transparency Reports (BURs/BTRs) remain limited in their
specification of clearly defined forward-looking quantitative mitigation targets for ruminant livestock and
grassland systems, despite their substantial contribution to agricultural emissions. At the same time, many
reported policies are articulated in ways that support inventory-compatible, retrospective accounting.
Contemporary IAMs, however, employ a highly simplified and aggregated representation of grassland—
livestock interactions, with limited consideration of management intensity, degradation, restoration, and
management-induced carbon dynamics. Taken together, these features reveal an information imbalance at the
interface between policy articulation and model-based quantitative assessment, which may limit the
transparency and cross-country comparability of evaluations of mitigation pathways in grassland and ruminant
livestock systems.

Plain Language Summary Grasslands support most of the world's livestock production systems and
play an important role in climate change mitigation. Many countries include livestock and grasslands in their
climate pledges under the Paris Agreement, while integrated assessment models (IAMs) are used to explore
future mitigation pathways. In this study, we reviewed climate policies related to livestock and grasslands in the
Nationally Determined Contributions and Biennial Transparency/Update Reports of 16 major countries and
regions, and examined how these systems are represented in widely used IAMs. We find that policies often
focus on tracking emissions after actions are taken, but rarely specify in advance how much mitigation is
expected from livestock or grassland management. At the same time, current models represent grassland-
livestock systems in a highly simplified way and have limited ability to reflect management practices. These
gaps make it difficult to assess future mitigation pathways consistently across countries. Improving both policy
descriptions and model representations would support more transparent and robust climate assessments.

1. Introduction

Grasslands, characterized by prevalent grass species and a scarcity of trees or shrubs (Dengler et al., 2014; Suttie
et al., 2005; Wilsey, 2018), encompass diverse ecosystems, including open grasslands, open shrublands and
savannas (Figure 1). From the perspective of human appropriation, they comprise natural grasslands, semi-natural
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Figure 1. Global grassland distribution (a) and utilization (b) in 2020. Gridded grassland fraction by 2020 (a) obtained by the
natural and managed grassland area by 2020 from the plant-functional-type maps consistent with the ESA CCI/C3S Land
Cover map (Harper et al., 2023) minus the cropland area by 2020 from HYDE 3.3 (Klein Goldewijk, 2024). Gridded
grassland utilization map (pasture with higher utilization intensity, rangeland with lower utilization intensity and converted
rangeland from other land types) by 2020 is derived from HYDE 3.3. Proportion of area within each 0.08333° x 0.08333°
land grid is shown.

rangelands, and intensively managed grasslands/pastures, constituting approximately 40% of the global ice-free
land surface and 69% of agricultural areas (Bardgett et al., 2021). Grasslands, especially those that are extensively
managed, are home to a huge amount of biodiversity (Habel et al., 2013; Murphy et al., 2016), harbor many
unique species not found in forests (Bond, 2016; Feurdean et al., 2018), and provide numerous ecosystem
functions and services (Bengtsson et al., 2019; Yahdjian et al., 2015) including water conservation, flood control,
soil erosion regulation, potentially for climate mitigation, and both a habitat and feed for livestock husbandry.

Grasslands play an important role in terrestrial carbon cycling (Chang et al., 2021; Sdndor et al., 2020) and comprise
a large carbon pool with the majority of grassland carbon stored underground in the form of root biomass and soil
organic carbon (White et al., 2000). Recent global syntheses indicate that grassland soils contain approximately
20% of the world's soil organic carbon stocks, underscoring the central role of grassland belowground carbon pools
in the global carbon cycle (Dondini et al., 2023). While the direction and magnitude of global net carbon fluxes
across all grasslands are uncertain Yang et al. (2022), it has been suggested that some natural and sparsely grazed
grassland can serve as a carbon sink (Chang et al., 2021), and substantial carbon sequestration potential can be
achieved by restoring biodiversity, improving grazing management and legume sowing (Bai & Cotrufo, 2022).

As the cornerstone for livestock production, grasslands provide livestock feed and husbandry and thus the
livelihoods of pastoralists (Matthew T. Harrison et al., 2014, 2021). Ruminants are efficient at converting human
inedible fiber and forage (such as grasses) to edible food, and provide milk and meat as critical sources of energy,
protein and micronutrient for sustaining food security (Herrero et al., 2023). Global meat production from cattle,
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buffalo, sheep, and goats reached 93.8 million tonnes, accounting for about 25.8% of total meat production by
2024 (FAOSTAT, 2026) while milk provided twice the energy supply from ruminant meat (O’Mara, 2011). In
terms of protein supply, ruminant meat and milk account for 15.6% of the world's total protein supply and 37.1%
of animal production by 2023 (FAOSTAT, 2026). Despite the increasing use of concentrate feeds, grasslands
remain a major source of feed for ruminant livestock, particularly in extensive and mixed production systems
(Herrero et al., 2023; Jiang & Wang, 2022; Wrébel et al., 2025).

The escalating demand for livestock products positions the livestock industry for further expansion, intensifying
environmental concerns (Clark et al., 2020; Van Dijk et al., 2021). Livestock husbandry is a key source of
anthropogenic greenhouse gas (GHG) emissions, accounting for 14%—18% of global total emissions (Gerber
et al., 2013; Steinfeld, 2006), where grassland livestock husbandry is one of the major contributors (Herrero
et al., 2013). Considering the entire process of food system production and consumption, food system emissions
represent 34% of total anthropogenic GHG emissions (Crippa et al., 2021), while GHG emissions from ruminant
products account for 73.2% of animal-based food emissions and 41.4% of total food emissions (Xu et al., 2021).
Increasing production of livestock farming on grassland has not only increased CH, and N,O emissions from
livestock, and CO, emissions from land conversion (Chang et al., 2021), but also caused grassland degradation in
many regions (Fetzel et al., 2018; Hilker et al., 2014). On the other hand, improving livestock management,
manure spreading and sowing legumes in pasture can reduce and partially offset carbon emissions (Bai &
Cotrufo, 2022). Restoration of degraded grasslands has therefore been widely discussed as a potential pathway for
enhancing terrestrial carbon sinks and moderating emissions from grassland-livestock systems (Bai &
Cotrufo, 2022; Matthew Tom Harrison et al., 2021).

Assessing the future role of grassland-livestock systems in climate mitigation requires analytical frameworks
capable of capturing interactions between food demand, land use, and management practices at large spatial scales
(Matthew Tom Harrison & Liu, 2024). Process-based grassland models or ecosystem models are often used for
simulating the response of grassland productivity to climate change and management practices (Chang et al., 2021;
Forster et al., 2022; Rolinski et al., 2018). Land-use components of IAMs are often applied for exploring future
pathways in animal-based food demand and livestock development (including feed, forage production, and rele-
vant livestock system and land-use changes) under various scenarios of socio-economic development, climate
action, technological change, and policy intervention (Gambhir et al., 2019; Popp et al., 2017). However, the extent
to which current [AMs provide sufficiently detailed and policy-relevant representations of grassland management
and ruminant livestock systems, especially for assessing climate mitigation measures, remains unclear.

At the international level, Nationally Determined Contributions (NDCs) serve as the primary instruments through
which countries communicate their mitigation commitments under the Paris Agreement (Calvin et al., 2023;
UNFCCC, 2025). Beyond economy-wide emission targets, NDCs often include sector-specific policies, measures,
and strategic directions reflecting national priorities, technological contexts, and development pathways. While
some studies have examined the role of agriculture or livestock in NDCs (e.g., Luo et al., 2024; Vyas et al., 2022),
systematic assessments focusing specifically on ruminant livestock and grassland ecosystems remain scarce,
particularly with regard to the specificity of policy instruments and the potential for cross-country comparison.

The aims of this paper are to (a) summarize existing mitigation measures associated with ruminant livestock
farming and grassland systems in the NDCs of 16 predominant agricultural and livestock-producing countries/
regions, with particular attention to how these measures are framed and their relevance for quantitative assess-
ment; (b) review the representation of livestock, grassland, and their interactions in a few IAMs or land-use
components of the IAMs; and (c) identify structural gaps and opportunities at the interface between policy
articulation in NDCs and model-based quantitative assessment in IAMs, with implications for improving the
transparency and interpretability of grassland—livestock mitigation pathways.

2. Representation of Mitigation Policies Relating to Livestock and Grassland Systems
in the Nationally Determined Contributions (NDCs)

2.1. Selection of Countries/Regions

Following the Paris Agreement, 195 countries have submitted their NDCs outlining their goals and action plans
for climate change mitigation. We collected the 2024 National GHG Inventory Reports (NIRs), latest NDCs and
2024 Biennial Transparency/Update Reports (BTRs/BURs) for as selected set of countries and regions.
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Figure 2. Global coverage of the investigated countries/regions and sectoral articulation of mitigation-related policies in NDCs and BURs/BTRs. Panel (a) global
coverage of the 16 countries/regions investigated in this study. Countries and regions included in the analysis are highlighted in dark blue, while all other countries are
shown in light blue. The accompanying pie charts illustrate the share of global total greenhouse gas (GHG) emissions, global agricultural emissions, global meat*
production, and global milk* production represented by the investigated countries/regions. Shares of global total GHG emissions and global agricultural emissions are
derived from the GHG emissions of all world countries—JRC/IEA 2025 Report (Crippa et al., 2025), based on the most recent nationally reported and harmonized
inventory data available. Meat and milk production shares (marked with an asterisk) refer exclusively to ruminant production, including cattle, buffalo, sheep, and goats,
consistent with the scope of this study. Meat and milk production shares are based on FAOSTAT (2026), using the most recent production statistics available for 2024.
Panel (b) sectoral aggregation of mitigation-related policies reported in NDCs and BURs/BTRs for the agriculture sector, ruminant livestock sub-sector, and grassland-
related policies. Bars indicate the percentage of assessed policies that specify quantitative mitigation targets, implementation safeguards, and implementation pathways
and/or the in-principle feasibility of retrospective accounting, respectively. Percentages are calculated based on the total number of policies assessed for each sector
(Table 1), following the analytical framework and level-specific criteria described in Section 2.2 and Text S1 of Supporting Information S1.

Country selection was guided by three complementary criteria. First, global system relevance was considered by
including major agricultural and livestock-producing countries/regions accounting for a substantial share of
global agricultural output, livestock production, and associated GHG emissions. Second, diversity of livestock
production systems and grassland dependence was ensured by incorporating countries representing contrasting
livestock systems, ranging from industrialized and mixed crop-livestock systems to grassland-dependent pastoral
systems. Third, geographical coverage and developmental representation were taken into account to capture
variation across world regions and income levels.

Based on these criteria, the final sample comprises 16 countries/regions: Australia, Argentina, Brazil, Canada,
China, Ethiopia, India, Japan, Kazakhstan, Mongolia, New Zealand, Nigeria, Uruguay, the European Union, the
United Kingdom, and the United States (Figure 2; Table 1; Table S1). Collectively, these countries/regions
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account for approximately 66% of total global GHG emissions and 60% of global agricultural GHG emissions
(Figure 2a). For livestock, they account for 67% of global ruminant meat production and 69% of global milk
production, with both aggregates comprising cattle, buffalo, sheep, and goats.

2.2. Analytical Framework for Policy Assessment

Climate policies and measures reported in NDCs and BURs/BTRs for the agricultural sector, ruminant livestock
sub-sector, and grassland system are examined with a focus on how they are articulated to support traceable and
cross-country comparable analysis, rather than evaluating overall national climate ambition.

Policies are classified as either action-level or rule-/framework-level, reflecting their proximity to implementa-
tion. All policies are characterized across three common dimensions: (a) forward-looking quantitative mitigation
objectives, referring to explicitly stated emission reduction or sequestration targets, intensity benchmarks, or
activity-based goals, (b) implementation safeguards, including funding, legal authority, or governance arrange-
ments and (c) implementation pathways and/or in-principle feasibility of accounting outcomes. These dimensions
are assessed using differentiated evidentiary thresholds for action-level and rule-/framework-level policies, in
recognition of their distinct roles and levels of abstraction within national mitigation architectures (see Text S1 in
Supporting Information S1).

To summarize these assessments consistently, we apply a bracket notation that records policy level, the presence
of the three-dimensions, and the dominant policy instrument type, where identifiable. Detailed coding rules,
thresholds, and classification criteria are described in Text S1 of Supporting Information S1. This framework
allows a structured interpretation of policy signals and their potential to inform quantitative analyses and model-
based evaluation of climate mitigation pathways.

Recent studies highlight the diversity of mitigation objectives in the AFOLU sector, including absolute emission
targets, intensity targets, activity-based targets, and qualitative commitments (e.g., Luo et al., 2024). In this study,
we focus on whether these commitments are articulated with sufficient clarity and specificity to support cross-
country comparable assessment, complementing ambition-focused analyses by examining the structural fea-
tures of policy articulation.

2.3. Agricultural Sector in the NDCs and BTRs (BURSs)

Within the 16 countries/regions investigated, agricultural GHG emissions comprise 3%~83% of their total
economy-wide emissions (Figure S1 in Supporting Information S1; Table S1). The share reaches 49% in Brazil,
52% in Mongolia, 53% in New Zealand, 83% in Ethiopia, and 73% in Uruguay, highlighting the relevance of the
agricultural sector in national mitigation contexts. The corresponding absolute agricultural emissions for these
countries are presented in Table S1.

Despite the importance of agriculture in national mitigation contexts, explicitly articulated quantitative mitigation
targets at the agricultural sector level remain uncommon in NDCs (Table 1). Among the countries and regions
reviewed, only a small number provide sector-specific quantitative commitments. For instance, Nigeria reports an
indicative agricultural sector contribution of 2.1 Mt CO,e, and Uruguay commits to reducing CH, and N,O
emission intensities from beef production by at least 35% and 36%, respectively. In most other cases, any
quantified agricultural mitigation objectives are embedded within broader economy-wide or cross-sectoral
frameworks rather than articulated as stand-alone sectoral targets (Table 1).

Using the analytical framework presented in Section 2.2 and detailed in Text S1 of Supporting Information S1,
and based on the coding of policies summarized in Table 1, we further computed simple statistics across the three
evaluation dimensions to generate the bar charts shown in Figure 2b. Agricultural policies reported in NDCs and
BURSs/BTRs exhibit substantial heterogeneity across these dimensions. First, although many action-level policies
specify concrete practices or interventions, clearly defined forward-looking quantitative mitigation targets are
relatively rare: only 32.6% of the assessed agricultural policies include explicit quantitative objectives
(Figure 2b). Notable examples include Japan, where action-level measures specify expected emission reductions
from methane mitigation in paddy fields and nitrous oxide reductions associated with fertilization. In addition,
selected action-level programs in Canada, the United States, Kazakhstan, and Nigeria report anticipated miti-
gation outcomes for specific interventions.
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Second, implementation safeguards, such as clearly identified funding sources or institutional and governance
arrangements, are considerably more prevalent than other dimensions. This is evidenced by their specification in
89.1% of the assessed agricultural policies (Table 1; Figure 2b), particularly in countries with long-standing
agricultural support systems (e.g., Canada, the United States, and the European Union). Third, a large share of
assessed policies (87%) are coded as having either explicitly articulated implementation pathways or the in-
principle feasibility of retrospective accounting based on inventory-consistent methods (Figure 2b). Impor-
tantly, this indicator reflects a composite criterion and does not distinguish between policies with clearly specified
implementation pathways and those whose mitigation effects are considered quantifiable only retrospectively at
an aggregate level. As such, a positive coding in this dimension should not be interpreted as evidence that
implementation pathways are uniformly or explicitly articulated across policy types, nor as a normative
assessment of retrospective accounting itself.

2.4. Ruminant Livestock and Grassland Systems in the NDCs and BTRs (BURs)

Across the 16 countries and regions investigated, emissions from the livestock sub-sector, estimated from enteric
fermentation and manure management, account for a substantial share of total agricultural GHG emissions,
ranging from 34% to 83% (Figure S1 in Supporting Information S1), highlighting the importance of this sub-
sector for national mitigation efforts. Despite this significant contribution, mitigation-related policies explicitly
targeting the ruminant livestock sub-sector and grassland ecosystems are less frequently and less consistently
articulated than those addressing crop-based agricultural activities (Figure 2b; Table 1). In most cases, livestock-
and grassland-related measures are embedded within broader agricultural or land-use frameworks rather than
formulated as stand-alone, sector-specific mitigation policies.

With respect to the ruminant livestock sub-sector, policies specifying forward-looking quantitative mitigation
objectives remain relatively uncommon. Across the policies assessed, only 18.9% include explicit quantitative
targets, reflecting a limited degree of advance commitment at the sub-sectoral level (Figure 2b). Action-level
measures with quantified mitigation expectations are observed in a small subset of cases, most notably in Can-
ada and the United States, where selected programs report expected emission reductions associated with methane
mitigation or feed-related interventions.

Implementation safeguards are more frequently articulated for livestock-related policies, with 83.8% specifying at
least one form of institutional, financial, or governance support (Figure 2b). A similarly large share of policies
(83.8%) are coded as having either explicitly articulated implementation pathways or the in-principle feasibility of
retrospective accounting based on inventory-consistent methods. This coding reflects the fact that many
livestock-related measures correspond to mitigation actions whose effects can, in principle, be quantified
retrospectively at an aggregate level. However, the presence of such accounting feasibility should not be inter-
preted as evidence that mitigation intentions are consistently translated into clearly specified implementation
pathways or forward-looking operational constraints suitable for quantitative modeling.

Policies addressing grassland systems are articulated even more unevenly. Among the assessed grassland-related
policies, only 14.8% specify forward-looking quantitative mitigation targets, the lowest proportion across the
three sectors examined (Table 1; Figure 2b). Several countries, including China, Brazil, Canada, and the United
States, report grassland-related measures primarily in the context of ecosystem protection, restoration, or land-
based carbon sinks. These policies are predominantly framed at the rule- or framework-level and frequently
specify institutional mandates, regulatory arrangements, or funding mechanisms, but rarely define quantitative
mitigation objectives directly attributable to grassland carbon sequestration or avoided emissions.

Implementation safeguards are widespread in grassland-related policies, being identified in 92.6% of cases
(Figure 2b), reflecting the strong institutional anchoring of grassland management within conservation, land-use,
or ecological restoration programs. By contrast, the share of policies associated with either explicitly articulated
implementation pathways or the in-principle feasibility of retrospective accounting is lower (74.1%; Figure 2b)
than in the livestock and agricultural sectors. This indicates that grassland-related mitigation is more often ar-
ticulated through broader land-use or ecosystem restoration objectives, with mitigation outcomes primarily
becoming visible at an aggregate level through inventory-based accounting, while sector-specific mitigation
pathways are less frequently specified in a forward-looking manner.
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Overall, the NDCs and BURs/BTRs reviewed reveal a structurally uneven articulation of mitigation-related
policy signals for ruminant livestock and grassland systems across the three evaluation dimensions.

Forward-looking quantitative mitigation targets remain limited, particularly beyond the agricultural sector, while
implementation safeguards are comparatively well specified across most policy domains. In parallel, a sub-
stantially larger share of reported policies is associated with either articulated implementation pathways or the in-
principle feasibility of retrospective accounting, although coverage varies across sectors and is notably lower for
grassland-related policies than for agriculture and livestock. Taken together, these patterns point to uneven levels
of traceability and cross-country comparability across sectors, highlighting the challenges of systematically
assessing mitigation pathways for ruminant livestock and grassland systems based on current NDC and trans-
parency reporting.

3. Representation of Grassland and Livestock Systems in Integrated Assessment
Models

Contemporary IAMs are widely used to explore the scenarios and global and/or regional pathways of various
economic activities, including AFOLU sector, and their socio-economic, environmental and climate change
impacts (Frank et al., 2019; Havlik et al., 2014; Popp et al., 2017). Through analyzing interactions between human
and the Earth system (climate and environmental changes) under different scenarios, IAMs are frequently applied
to assess the implications of Nationally Determined Contributions (NDCs) and long-term mitigation strategies.
Previous studies have used IAMs to examine land-based mitigation options, including bioenergy deployment,
afforestation, and agricultural mitigation measures (Frank et al., 2019).

3.1. Models Reviewed and General Structure

Here, we examined five land-use components of widely used IAMs: AIM/CGE7.0, GCAM6, GLOBIOM (as the
land-use component of the IIASA TAM MESSAGEix-GLOBIOM), IMAGE3.0, and MAgPIE4 (as the land-use
component of the PIK IAM REMIND-MAGgPIE). Key characteristics of these models, together with primary
documentation sources, are summarized in Table 2. The base years of the models reviewed range from 1990 to
2007. While these base years are relatively distant from the present, they do not directly determine model error or
predictive performance. The base year primarily serves to initialize production structures and ensure consistency
across historical data sets, whereas model parameters, behavioral responses, and equilibrium dynamics are
calibrated and evaluated using observed trends in subsequent periods.

GLOBIOM and MAgPIE are commonly used as partial equilibrium models focusing specifically on AFOLU
sectors without modeling the entire economy. When coupled with energy-economic models such as MESSAGE
(forming MESSAGE-GLOBIOM) or REMIND (forming REMIND-MAGgPIE), they become IAMs that cover all
economic sectors. AIM/CGE7.0 and GCAM6 are IAMs with representations of all major economic sectors,
although their land-use components may still function as partial equilibrium modules. IMAGE3.0 is a broader
modeling framework that integrates various models, including the CGE-based MAGNET model for economic
analysis.

In general, the demand for commodities in these IAMs or their land-use components is initially driven by
exogenous drivers such as population, GDP growth and diet preference affected by income and price, while
agricultural and forestry production are endogenously adjusted to reach market equilibrium and constrained by
resources such as land and water (Figure 3). The production system within the model is initialized using historical
data from various sources, primarily FAOSTAT. The commodity prices are then adjusted based on the supply and
demand situation, which in turn affects production and consumption, ultimately achieving supply demand balance
plus maximizing profits or minimizing cost.

3.2. Land-Use Representation

All five models account for major land cover types such as forest, cropland, grassland, other natural vegetation,
and build-up/urban land. Some models also include wetland, peatland or bare land (Table 2). Forest representation
varies across models: GLOBIOM, MAgPIE4, and GCAM6 distinguish managed and natural forests; AIM/
CGE?7.0 differentiates primary and secondary forests; IMAGE3.0 represents forest as natural vegetation.
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Figure 3. Illustration of the sectors and modules relevant to grasslands and livestock production systems in IAMs. Text in yellow highlights the components and the

modules focused in this study.

All five models consider bioenergy plantations. The implementation for BECCS scenarios differs across the land-
use components of these models. IMAGE3.0, GCAM6 and AIM/CGE?7.0 simulate the entire BECCS chain, while
GLOBIOM and MAgPIE4 only provides supply side simulations and needs to be coupled with MESSAGE and
REMIND, respectively, for energy pathways.

3.3. Cropland and Crop Productivity

Cropland is represented using between five and 18 crop types across models. In most models except GCAMS6,
crop productivity and associated resource requirements like irrigation water and fertilizer were derived from
gridded simulations of process-based crop models (18 crop types by EPIC-IIASA for GLOBIOM, and 18 crops
by LPJmL for IMAGE3.0, 6 grain crops by LPJmL for MAgPIE4). Climate impacts can therefore be explicitly
assessed in the process-based model simulations, while yield growth from technological progress were imple-
mented exogenously.

GCAMG6 uses GAEZ data (Fischer et al., 2021) to initialize regional crop yields for 15 crops and considers
exogenous technological progress, but its approach to climate impacts on agricultural production is less detailed
compared to process-based models.

None of the reviewed models explicitly includes crop classification of managed forages such as silage corn,
alfalfa, oats, and ryegrass, which poses difficulties in simulating the intensification of livestock production with
non-grain forage production.

3.4. Livestock Systems and Feed Representation

All models represent major livestock categories (ruminants and monogastric) and their associated animal
products (milk and meat) that are broadly consistent with FAOSTAT's classification, including beef cattle, dairy
cows, small ruminants (sheep and goats), pigs and poultry, but with different level of complexity.
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AIM/CGE7.0 and MAgPIE4 only include livestock numbers and production without differentiating production
systems. IMAGE3.0 differentiate pastoral, mixed and industrial systems, and GCAMG6 directly adopts the same
classification. GLOBIOM is more detailed and adopted the Serre and Steinfeld production system (Robinson
et al., 2011) with two production systems for poultry and pigs, and eight production systems for ruminants.

Accordingly, regional specific feed baskets are used in AIM/CGE7.0 and MAgPIE4, while feed structures are
specified for each region and production system in IMAGE3.0 and GLOBIOM. Crop for feed and grass biomass
were accounted by all models in their feed basket, while some models include more feed categories such as crop
residues (GLOBIOM, MAgPIE4 and IMAGES3.0), byproducts (GLOBIOM, MAgPIE4 and IMAGE3.0), fodder
crops (e.g., MAgPIE4).

In particular, region- and system-specific feed structure for ruminant in GLOBIOM was derived from a mech-
anistic model of digestion in ruminants called RUMINANT (Herrero et al., 2013), and included four major
categories of grains, crop residues, grass biomass, and occasional feed.

3.5. Grassland Representation and Management

In all models, grass feed demand and supply at regional level are matched with balance. Only three models
(GLOBIOM, IMAGE3.0 and MAgPIE4) account for grass biomass productivity at grid cell level derived from
process-based models (CENTURY and EPIC-IIASA for GLOBIOM and LPJmL for IMAGE3.0 and MAgPIE4),
while the type of management and changes in grazing intensity are typically not represented.

Across models, grassland management practices, ranging from intensification measures such as fertilization,
irrigation, reseeding, and forage cultivation, to extensification measures such as reduced grazing intensity,
grazing exclusion, and the restoration of degraded grasslands, are generally not represented explicitly.

In the five land-use components of IAMs, forage used for feed is treated as a natural output of pasture, rather than
results of human agricultural activities, or is only considered when grown on cropland (e.g., cultivated forage
crops or supplementary feeds). An exception is IMAGE3.0, which incorporates policies to improve grassland
productivity by planting alfalfa and applying fertilizers (Stehfest et al., 2014).

3.6. Emissions/Removals Accounting

All five models explicitly estimate the GHG emissions from the AFOLU sector following the IPCC guidelines
(IPCC, 2006). Tier 1 methods in the IPCC guidelines are widely used by the [AMs with regional emission factor
applied to the specified activity level, while Tier 2 or Tier 3 methods are used for some activities and emissions by
the models. For example, enteric fermentation CH, emissions from ruminants in GLOBIOM is estimated with a
mechanistic model of digestion (Tier 3), while other models usually apply regional emission factors for different
livestock categories (Tier 1 or Tier 2).

Carbon emissions and sinks in LULUCEF only focus on carbon stock changes resulting from conversions between
forests, cropland, grassland, and other land types, while carbon stock changes without land-use conversion are not
considered. For example, emissions from grassland remaining as grassland are not accounted for, as all models
neither distinguish between extensive and intensive grazing nor consider management practices or pasture
degradation. Grassland fires are represented only in IMAGE3.0.

While these accounting approaches ensure consistency with national greenhouse gas inventories, they do not
necessarily translate management-specific mitigation actions into decision-relevant variables within IAM opti-
mization frameworks.

4. Discussion
4.1. Agriculture, Livestock, and Grasslands in National Mitigation Contexts

Across the 16 countries and regions investigated, agricultural greenhouse gas (GHG) emissions constitute a
substantial share of economy-wide emissions, highlighting the importance of agriculture, and particularly live-
stock and grassland-based systems, for achieving national climate targets. At the global level, food system
emissions contribute approximately 34% of total anthropogenic GHG emissions (Crippa et al., 2021), indicating
substantial mitigation potential within agricultural systems. Despite this relevance, our review of the latest NDCs
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and BURs/BTRs indicates that mitigation policies targeting the agricultural sector are frequently articulated
without clearly defined quantitative objectives. While all investigated countries have adopted economy-wide
emission reduction targets, explicit sector-specific mitigation targets for agriculture remain uncommon.

This pattern was particularly evident in earlier NDC submissions around the second NDC cycle (around 2020),
when agriculture-related mitigation measures were sparse, fragmented, and often articulated only in general or
aspirational terms (Table S2). A comparison with more recent submissions indicates incremental progress in the
coverage and specificity of agricultural mitigation policies across the sample, as reflected in the latest NDC
updates and 2024 BURs/BTRs (Table 1; UNFCCC, 2025). These developments, however, are uneven across
countries and have not been accompanied by a commensurate increase in clearly articulated, sector-wide
quantitative mitigation targets or enforceable implementation strategies.

Moreover, at least half of the policies recorded in Table 1 are not primarily designed as climate mitigation in-
struments, but instead take the form of environmental management, land-use, or adaptation-oriented policies,
whose stated objectives can be expected, with high confidence, to deliver directionally consistent mitigation co-
benefits. While such policies may contribute meaningfully to mitigation outcomes at an aggregate level, their
mitigation relevance is often indirect and secondary to broader ecological or resilience objectives. As a result,
agriculture's contribution to national mitigation pathways remains predominantly framed qualitatively or
embedded within broader economy-wide or cross-sectoral objectives, limiting the transparency and cross-country
comparability of sector-specific mitigation ambition.

4.2. Livestock and Grassland Mitigation: Articulation Gaps Relative to Emission Profiles

The divergence between emission profiles and policy articulation becomes more pronounced when focusing on
livestock and grassland systems. Emissions from animal-based foods are approximately twice those from plant-
based foods (Xu et al., 2021), and national GHG inventories show that emissions from enteric fermentation and
manure management account for more than half of agricultural emissions in most countries examined. In
Australia and New Zealand, livestock-related emissions exceed 80% of agricultural emissions; in Brazil, the
United Kingdom, Uruguay, and Argentina they exceed 70%; and China, Canada, the European Union, India,
Kazakhstan, Nigeria, and Mongolia they exceed 50% (Figure S1 in Supporting Information S1; Table S1).

Despite this central role, almost none of the countries reviewed explicitly specify in their NDCs the expected
contribution of livestock emission reductions or grassland carbon sequestration toward achieving overall miti-
gation targets, with Uruguay representing a notable exception. Only a small subset of countries, including
Australia, Canada, the United States, Kazakhstan, Brazil and New Zealand, report mitigation measures with
indicative emission reduction estimates (Table 1). In several cases, livestock- or grassland-related measures are
absent altogether or articulated at a level of generality that limits their traceability and cross-country
comparability.

Where mitigation policies are articulated, a clear thematic asymmetry emerges. Livestock-related measures
predominantly focus on methane reduction, often through feed management, productivity improvements, or
manure-related interventions, whereas grassland-related measures are more frequently framed in terms of
ecological protection and restoration embedded within broader land-use, biodiversity, or ecosystem conservation
strategies. While such grassland policies may deliver mitigation co-benefits, their mitigation relevance is often
implicit and becomes visible primarily through retrospective inventory-based accounting, rather than being
explicitly quantified or linked to forward-looking national emission targets.

Across both the livestock and grassland domains, implementation safeguards are consistently more prevalent than
forward-looking quantitative mitigation targets, while a large share of policies is associated with the in-principle
feasibility of retrospective accounting (Figure 2). This configuration should not be interpreted as indicating that
countries explicitly prioritize retrospective accounting as a policy objective. Rather, it reflects a reporting
structure in which mitigation relevance is more often established through inventory-compatible, aggregate ac-
counting than through the articulation in advance of sector-specific mitigation targets grounded in estimated
technical mitigation potential, a pattern that is particularly pronounced for rule- or framework-level policies. Such
an orientation limits the transparency of sectoral mitigation strategies and constrains cross-country comparability,
particularly for ruminant livestock and grassland systems where mitigation outcomes depend strongly on man-
agement intensity, spatial heterogeneity, and system-specific dynamics.
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These findings align with broader global assessments. According to the CGIAR 2024 synthesis (Dittmer
et al., 2024), among the 176 countries that submitted new or updated NDCs since 2020, only 14% explicitly
referenced grassland soil carbon, 56% mentioned livestock-related mitigation policies, and only 14 countries
allocated dedicated financial budgets to support such policies. This suggests that the patterns observed in our
sample reflect a more general structural feature of NDC reporting rather than country-specific anomalies.

4.3. Structural and Institutional Constraints Shaping Livestock and Grassland Mitigation

Importantly, the patterns identified above do not imply an absence of mitigation-relevant actions in livestock and
grassland systems. Rather, they reflect a set of structural constraints that shape how mitigation is conceptualized
and articulated within national climate reporting frameworks. These constraints operate across institutional,
economic, and technical dimensions, and collectively limit the extent to which mitigation in ruminant livestock
and grassland systems can be translated into clearly specified, forward-looking policy commitments.

A first source of constraint arises from the interaction with broader land-use, land-use change, and forestry
(LULUCEF) frameworks. Across countries, pasture expansion remains a major driver of deforestation and asso-
ciated emissions, while grasslands are simultaneously treated as potential land reserves for afforestation or
bioenergy crop deployment. Consequently, LULUCEF strategies predominantly prioritize forest conservation and
afforestation, as reflected in initiatives such as REDD+, the EU LULUCF Regulation, the UK Environmental
Land Management scheme, and various international forest pledges. Within these frameworks, however,
grassland management on land remaining as grassland—including grazing intensity, degradation, and restoration
—is rarely articulated in detail. As a result, mitigation impacts associated with changes in grassland management
are weakly represented and difficult to trace within both policy reporting and accounting systems.

A second set of constraints relates to the economic and technical characteristics of livestock mitigation options.
Many mitigation technologies for livestock, such as feed additives, improved feed efficiency, and advanced
manure management, face high costs, adoption barriers, and uncertainties regarding long-term effectiveness. As a
result, their economically feasible mitigation potential is substantially lower than their technical potential, with
estimates ranging from less than 10% (Herrero et al., 2016) to approximately 26% (US Environmental Protection
Agency, 2022). These challenges are particularly pronounced in low- and middle-income countries, which
collectively account for around 66% of global livestock-related emissions and are projected to contribute the
majority of future growth in the sector (Herrero et al., 2013; Matthew Tom Harrison, 2021). Such conditions
complicate the formulation of credible, forward-looking mitigation targets at the sectoral level.

Together, these constraints explain why mitigation in livestock and grassland systems is often articulated through
fragmented or indirect policy instruments. While many policies specify implementation arrangements or enable
mitigation-relevant actions, very few explicitly integrate emission reduction and carbon sequestration objectives
within grassland-livestock systems, despite growing evidence that such integrated approaches are critical for
achieving economically viable net-zero pathways (Bilotto et al., 2023, 2024; Pham-Kieu et al., 2025). Instead,
mitigation outcomes are frequently recognized only retrospectively through inventory-based accounting, rather
than being incorporated in advance into coherent, management-sensitive mitigation strategies.

4.4. Structural Limitations in Current IAM Representations of Grassland-Livestock Systems

Our review of the land-use components of widely used Integrated Assessment Models reveals that grassland—
livestock systems are systematically simplified relative to their importance for both emissions and land-use
dynamics. While all models examined recognize grasslands as a major land cover type and include livestock
production as a core component of the AFOLU sector, the representation of managed grasslands is largely
reduced to an aggregated feed supply constraint operating at regional scale. Grass biomass is typically treated as a
quasi-natural output of pasture, with limited or no explicit linkage to management intensity, degradation status, or
restoration practices. As a result, [AMs remain unable to assess whether grasslands are undergoing ecological
functional damage, such as overgrazing or degradation, or to simulate management-driven shifts in productivity
under changing food demand and policy signals.

This limitation is reinforced by a pronounced imbalance between the detailed treatment of croplands and the
coarse representation of grasslands. Crop productivity, irrigation, and fertilizer use are commonly derived from
gridded simulations of process-based models and supported by increasingly rich spatial data sets (e.g., Kebede
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et al., 2025; Nguyen et al., 2024; Potapov et al., 2022; Tian et al., 2025; Yu et al., 2020). However, comparable
information on managed grasslands, covering their distribution, management practices, and use intensity, is
largely absent at the global scale. Although some IAMs incorporate grass biomass productivity at the grid level,
changes in grazing intensity, reseeding, fertilization, mowing, or restoration are typically not represented.
Consequently, IAMs cannot capture management-driven changes in soil carbon stocks or distinguish between
intensive, extensive, and degraded grassland systems. This limitation persists even though these distinctions are
central to both mitigation potential and ecosystem integrity.

Carbon accounting practices within IAMs reinforce these limitations. While AFOLU emissions are generally
estimated following IPCC guidelines, emissions and removals from grasslands remaining as grasslands are
usually excluded from carbon stock change calculations. Management-induced carbon gains or losses, arising
from altered grazing pressure, fertilization, reseeding, or degradation, are therefore omitted, despite growing
evidence that such practices can substantially influence soil carbon dynamics. This omission constrains IAMs'
ability to assess mitigation strategies that rely on improved grassland management rather than land-use con-
version alone.

Taken together, these features indicate that current IAM representations treat grasslands primarily as a passive
land pool or feed source, rather than as actively managed socio-ecological systems. This structural simplification
limits the capacity of IAMs to capture the diversity of grassland-livestock management pathways and their
associated mitigation outcomes.

4.5. Implications for Land-Use Trajectories and Opportunities to Strengthen Policy~-Model Coherence

The simplified representation of grassland-livestock systems in IAMs has important implications for scenario
outcomes and their interpretation. In IAM-based analyses, variations in how grassland is allocated to livestock
feed can lead to fundamentally different land-use trajectories, particularly with respect to forest dynamics and
bioenergy deployment. Under baseline or weak mitigation scenarios, pasture expansion has been identified as a
major driver of deforestation, whereas under mitigation-oriented pathways, reductions in pasture area may create
apparent opportunities for afforestation or bioenergy crop cultivation (Bayer et al., 2021; Popp et al., 2017).
However, the credibility of these projections critically depends on assumptions about grassland productivity and
management that are currently weakly constrained.

Estimates of grassland productivity and use intensity remain highly uncertain Fetzel et al. (2018); Stanimirova
etal. (2019), and these uncertainties propagate through IAMs to undermine confidence in assessments of land-use
competition, mitigation potential, and food-security trade-offs (Forster et al., 2022; Kriegler et al., 2017). By
treating grasslands primarily as a passive land pool or feed source, models risk overstating the availability of
grassland for afforestation or bioenergy expansion, while understating the mitigation potential achievable through
sustainable intensification, restoration, or improved grazing management. Conversely, they may also underes-
timate the risks of overgrazing, degradation, and uncontrolled pasture expansion under rising demand for animal-
based foods.

Recent advances in grassland science highlight that these limitations are not inevitable. Empirical studies and
dynamic models have demonstrated the sensitivity of grassland productivity and carbon dynamics to climate
variability, biodiversity, and management practices (Gang et al., 2015; Gao et al., 2016; Zarei et al., 2021). New
data sets and modeling tools, including remote-sensing-based yield estimates (Reinermann et al., 2025), grazing-
intensity data sets (Wang et al., 2024), and grassland-specific dynamic models such as BASGRA_N, LPJmL,
ORCHIDEE-GM, and G-Range, provide increasingly robust, spatially explicit, and management-sensitive in-
formation. Integrating such developments into IAM frameworks would substantially reduce uncertainty in as-
sumptions on grassland productivity and management, and improve the capacity of models to evaluate whether
overgrazing and disordered pasture expansion can be avoided under different socio-economic and policy
scenarios.

More broadly, strengthening the representation of grassland condition, management intensity, and livestock—feed
interactions would enable IAMs to move beyond binary land-use trade-offs and toward a more realistic
assessment of mitigation pathways that combine emissions reduction with ecosystem stewardship. This includes
evaluating extensification options for degraded grasslands, management-driven soil carbon restoration, and the
integration of emerging technologies such as optimized feed structures, improved manure management, and
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cultivated forage systems. Without such advances, both I[AM-based scenario analyses and the policy signals
derived from them will remain poorly aligned with the biophysical and socio-economic realities of grassland—
livestock systems.

4.6. Feedbacks Between NDC Articulation and IAM Representation

Beyond their individual limitations, the NDCs and IAMs reviewed in this study appear to reinforce each other
through a mutually constraining feedback. On the policy side, the articulation of mitigation measures for agri-
culture, ruminant livestock, and grassland systems is characterized by a pronounced imbalance between imple-
mentation readiness and advance commitment. As shown in Figure 2b, implementation safeguards are specified
for more than 80%-90% of assessed policies across all three sectors, and a large share of policies are associated
with either explicitly articulated implementation pathways or the in-principle feasibility of retrospective ac-
counting. By contrast, clearly articulated forward-looking quantitative mitigation targets are specified for only
32.6% of agricultural policies, 18.9% of ruminant livestock policies, and 14.8% of grassland-related policies.

This configuration reflects a policy orientation in which inventory-compatible, retrospective accounting plays a
more prominent role than the forward-looking specification of sector-specific mitigation targets grounded in
estimated technical mitigation potential. However, in the absence of clearly defined sectoral targets or
management-sensitive policy signals, IAMs are left with limited information that can be operationalized as model
constraints or levers. As a result, mitigation is often represented through land-use conversion options, such as
afforestation or bioenergy expansion, that are more readily quantifiable within existing modeling architectures.

On the modeling side, the simplified representation of grassland management and livestock—feed interactions
further constrains the evidence base available to policymakers. When IAMs cannot simulate management-driven
changes in grassland productivity, degradation, or soil carbon stocks, the mitigation potential of sustainable
grazing, restoration, and grassland intensification remains largely invisible in scenario analyses. This limits the
confidence with which such measures can be translated into quantified commitments or prioritized within national
climate strategies.

This bidirectional disconnect contributes to a self-reinforcing cycle in which grassland-livestock mitigation
options remain underrepresented in both policy articulation and model-based assessments. Policies tend to focus
on measures that are feasible in retrospect but difficult to parameterize in advance, whereas models favor miti-
gation pathways that are easy to represent but often misaligned with management-intensive realities. As a result,
IAM scenarios may systematically overstate the availability of grassland for land-use conversion while under-
stating the mitigation potential achievable through improved management of existing grassland systems.
Breaking this cycle requires coordinated advances in both domains: clearer and more traceable articulation of
grassland-livestock mitigation measures in NDCs, and enhanced IAM representations capable of capturing
management-sensitive grassland dynamics and their emissions and removal implications.

5. Perspectives

Recent advances in policies addressing grassland and livestock systems, as well as in associated mitigation
technologies, indicate growing recognition of their relevance for climate mitigation (Matthew Tom Harrison &
Liu, 2024). Nevertheless, global assessments suggest that current policy trajectories remain insufficient to meet
temperature goals, even under full implementation of conditional NDCs (AR6; Calvin et al., 2023; UNEP, 2024).
This gap highlights not only challenges related to ambition, but also the importance of how mitigation strategies
are articulated, operationalized, and assessed in agriculture, ruminant livestock, and grassland systems.

Within this context, NDCs and IAMs serve complementary but distinct roles: NDCs articulate national mitigation
intentions, while IAMs explore the feasibility and system-wide implications of alternative pathways. Consistent
with this division of roles, the mitigation information reported for ruminant livestock and grassland systems in
NDCs is predominantly oriented toward inventory-compatible, retrospective accounting, while explicitly artic-
ulated forward-looking quantitative parameters remain relatively limited. This articulation pattern, while well
aligned with transparency and accountability requirements, provides only a partial basis for forward-looking,
model-based analysis, which can affect the transparency and cross-country comparability of mitigation pathway
evaluations for management-intensive systems such as livestock and grasslands.
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From a policy articulation perspective, strengthening livestock and grassland mitigation within NDCs would
benefit from clearer specification of sector-relevant mitigation objectives, implementation arrangements, and
accounting interfaces. Improved articulation does not necessarily require harmonized mitigation targets or pol-
icies across countries, but clearer and more transparent links between stated measures, anticipated mitigation
outcomes, and accounting approaches. In particular, degraded and ecologically fragile grasslands represent
important opportunities for mitigation through restoration and conservation-oriented interventions (e.g., prohib-
iting grazing and enclosure, grass resowing, fertilization, pest and disease control), which are already widely
implemented in practice but remain weakly translated into forward-looking policy commitments (Matthew Tom
Harrison et al., 2021).

From a modeling perspective, addressing the simplified and aggregated representation of grassland-livestock
systems in contemporary IAMs requires coordinated advances across data inputs, process representation, and
the interface between scenarios and policy signals. At the data and parameter level, this includes improving
empirical information on the spatial extent and management of grasslands, grazing intensity, and feed compo-
sition, including the role of cultivated forages and region-specific feed structures. At the level of process rep-
resentation, models need to better capture management-sensitive dynamics, such as responses of grassland
productivity, livestock feed allocation, and associated emissions and removals to changes in grazing pressure,
restoration, and feeding practices, moving beyond static formulations and Tier 1/2-type carbon accounting ap-
proaches. At the scenario and policy interface, IAMs would benefit from representing grassland restoration,
grazing constraints, and feed intensification as explicit policy levers or scenario constraints, rather than treating
them as indirect or residual outcomes of land-use change.

Finally, we call upon IAM developers to leverage these scientific advances to improve the representation of
grassland systems in models, particularly in terms of their coupling with livestock systems and land-use change.
We also call for funding to support global grassland monitoring and modeling, similar to existing crop mapping
programs, to establish a solid empirical foundation for enhancing the role of IAMs in advancing the UN's Sus-
tainable Development Goals.

6. Conclusion

This study examined how mitigation-related policies for grassland and ruminant livestock systems are articulated
in NDCs and BURs/BTRs, and how these systems are represented in the land-use components of widely used
integrated assessment models. Rather than evaluating national ambition levels, our analysis focused on the
structure and clarity of policy articulation, specifically the specification of forward-looking quantitative objec-
tives, implementation safeguards, and accounting feasibility, and on the extent to which these policy signals can
be interpreted within model-based quantitative assessment frameworks.

Taken together, our findings point to structural gaps at the interface between policy articulation and model-based
quantitative assessment. Ruminant livestock and grassland systems account for a substantial share of agricultural
emissions and land-use dynamics, yet the mitigation-related information reported in NDCs for these systems is
predominantly designed to support inventory-compatible, retrospective accounting, with relatively limited
specification of forward-looking quantitative parameters relevant for ex ante modeling. At the same time,
contemporary IAMs represent grassland—livestock interactions in a highly simplified and aggregated represen-
tation, with limited sensitivity to management intensity, degradation, restoration, and management-induced
carbon dynamics. These parallel simplifications limit the transparency and cross-country comparability of
evaluations of mitigation pathways for ruminant livestock and grassland systems.

More broadly, this analysis highlights the importance of improving the interface between policy articulation in
NDCs and quantitative representation in IAMs. Clearer specification of sector-relevant mitigation objectives and
management pathways in policy documents, together with enhanced model representations that are responsive to
grassland and livestock management, could improve the interpretability of mitigation assessments and support
more robust cross-country and scenario-based analyses. Strengthening this interface may help better contextu-
alize the role of grasslands in addressing land-use change, climate mitigation, food security, and biodiversity
conservation, as conceptually illustrated in Figure 4.
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Figure 4. Conceptual framework linking the Nationally Determined Contributions (NDCs) and integrated assessment models (IAMs) in supporting a future sustainable
grassland system. [1] Deriveds from FAQ's 2007 estimates (Conant, 2010). [2] Derived from Herrero et al. (2013) [3] Derived FAO 2022 (FAOSTAT, 2026) [4]
Derived from IUCN Red List of Threatened Species (International Union for Conservation of Nature, 2024) [5] Derived from EPA non-CO, GHG projections and
mitigation assessments (US Environmental Protection Agency, 2022).
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