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Sustainable pasture 
management in the Pantanal 
biome for climate mitigation and 
adaptation in livestock systems
Abstract – The objective of this review paper was to describe management 
practices for natural grasslands and cultivated pastures in the Pantanal 
that contribute to carbon sequestration and methane emission reduction, 
in order to support the application of the Fazenda Pantaneira Sustentável 
(FPS) - sustainable Pantanal ranch - tool, used to assess pasture conservation 
and guide climate-smart management in ranches, used to assess pasture 
conservation and guide climate-smart management in cattle ranches. The used 
framework aligns management practices with key ecophysiological elements 
of pasture functions and with mitigation and resilience pathways. Carbon 
sequestration is enhanced by maintaining a moderate grazing pressure and 
through management strategies that directly conserve the existing stocks and 
the increase of carbon fixation. The mitigation of methane emission depends 
largely on the floristic composition and nutritional quality of the diet in the 
livestock system. This is proactively managed by using the forage value 
indicator to guide practices such as strategic supplementation. By aligning 
these target practices with the indicators and ecological thresholds of FPS, 
this approach enables spatially differentiated interventions that optimize 
nutritional balance, reduce enteric fermentation, and strengthen the resilience 
of the Pantanal livestock systems against climatic variability.

Index terms: carbon sequestration, Fazenda Pantaneira Sustentável tool, 
methane emission, native pasture.

Manejo sustentável de pastagens no bioma 
Pantanal para mitigação e adaptação 
climática em sistemas de produção
Resumo – O objetivo desta revisão foi descrever as práticas de manejo para 
pastagens nativas e cultivadas no Pantanal que contribuem para o sequestro 
de carbono e a redução da emissão de metano, para apoiar e detalhar a 
aplicação da ferramenta Fazenda Pantaneira Sustentável (FPS), usada para 
avaliar o estado de conservação da pastagem e guiar o manejo climaticamente 
inteligente. A estrutura utilizada alinha as práticas de manejo com os principais 
elementos ecofisiológicos da função da pastagem e as vias de mitigação e 
resiliência. O sequestro de carbono é aumentado pela manutenção da pressão 
de pastejo moderada e por meio de estratégias de manejo que conservam 
diretamente os estoques existentes e aumentam a fixação de carbono. A 
mitigação das emissões de metano depende da composição florística e da 
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qualidade nutricional da dieta no sistema de produção. Isso 
é gerenciado de forma proativa ao se utilizar o indicador 
valor forrageiro para guiar práticas como suplementação 
estratégica. Ao alinhar essas práticas direcionadas com os 
indicadores e os limiares ecológicos da FPS, essa abordagem 
permite intervenções espacialmente diferenciadas que 
otimizam o balanço nutricional, reduzem a fermentação 
entérica e fortalecem a resiliência dos sistemas de produção 
do Pantanal frente às mudanças climáticas.

Termos para indexação: sequestro de carbono, ferramenta 
Fazenda Pantaneira Sustentável, emissão de metano, 
pastagem nativa.

Introduction

Brazil is the second-largest beef producer worldwide 
(Agethen et al., 2024), with approximately 215 million 
cattle heads raised on 170 million hectares of pastures, 
holding the world’s largest commercially exploited 
herd (Cherubin et  al., 2023). Despite ruminants 
playing a key role in converting grass and agricultural 
by-products not consumed by humans into high-
quality animal protein, their production is pasture-
based, requiring vast areas of land, while their overall 
efficiency is considered low compared with that of 
monogastric systems (Leiber, 2022), particularly under 
extensive conditions.

In recent years, Brazilian pasture-based livestock 
systems have faced growing international criticism 
due to their association with deforestation and 
environmental liabilities, as nearly 60% of the 
country’s pastures exhibit some degree of degradation 
(Bolfe et  al., 2024). In response, governmental 
programs have sought to improve land use efficiency 
by promoting sustainable management practices 
(Arias et al., 2017). Studies on land-use change indicate 
that the expansion of pasture areas peaked around 
2005, followed by a stabilization period marked by 
the conversion of consolidated pastures to cropland 
(Caballero et al., 2023).

Currently, pastures are mainly located in areas 
less suitable for agriculture (Parente et  al., 2019), 
such as the Pantanal biome, where there are legal 
and environmental restrictions for large-scale crops, 
coupled with a high diversity of native pastures and 
savannas rich in forages (Santos et al., 2017).

The region, composed of native grassland 
ecosystems (Santos et al., 2021b), is naturally suitable 
for extensive beef cattle production, particularly cow-

calf systems. However, a major challenge is to enhance 
the productivity of cattle systems while maintaining 
critical ecosystem services, especially since the 
Pantanal presents about 50% of native grassland 
formations and floodable grasslands according to the 
mapping done by MapBiomas (2023b).

The biome, with 16% cultivated pastures, covers 
approximately 15 million hectares, whose total area 
expanded over 1.8 million hectares from 1985 to 
2023, mainly (55%) in the last 23 years (MapBiomas, 
2023a). The effective size of the Pantanal cattle herd 
was estimated at approximately 4.1 million animals, 
with 66.84% located in the plains of the state of Mato 
Grosso do Sul (Santos et  al., 2023a), resulting in an 
annual production of about 1.0 million calves.

Despite a cattle-raising history spanning over two 
centuries, the productive capacity of Pantanal ranches 
remains constrained by the availability and resilience 
of natural resources. Stocking rates average around 
0.3 animal unit per hectare across all landscape types, 
and zootechnical indicators remain low, underscoring 
the need for a sustainable intensification using 
environmentally friendly technologies (Abreu et  al., 
2019). Despite this, conventional Pantanal systems are 
still among the most renewable worldwide due to their 
low dependence on external inputs, mostly synthetic 
fertilizers, reinforcing the natural suitability of the 
region for a low-impact beef production (Takahashi 
et al., 2011).

In extensive grazing systems, a bottleneck is a high 
methane emission intensity (CH4 per unit of product), 
largely due to a low animal productivity (Machado 
et  al., 2022). However, the low stocking density in 
these systems typically results in a lower CH4 emission 
per unit of land area (ha), complicating the scenario. 
In flood-prone biomes like the Pantanal, emissions 
per animal are highly dynamic and variable, often 
being lower in certain periods due to the availability 
of higher-quality pastures in seasonally flooded areas 
(Oliveira et  al., 2016). Regardless of this trade-off 
and regional variability, emissions per unit of product 
and per unit of land area can be mitigated through 
a sustainable intensification, mainly by improving 
pasture quality through a better management 
(Machado et al., 2022).

The Fazenda Pantaneira Sustentável (FPS) 
program for sustainable ranching in the Pantanal was 
implemented in collaboration with various institutions 
to provide a support tool for pasture management 
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decision (Santos et al., 2017). According to the same 
authors, the FPS program allows a comprehensive 
diagnosis of farm sustainability using a set of social, 
economic, and environmental indicators analyzed 
through fuzzy logic. One of its core modules focuses 
on pasture conservation and productivity, guiding 
producers toward optimal management practices. 
As a tool, FPS is central to greenhouse gas (GHG) 
mitigation efforts in the Pantanal, as it provides a 
diagnosis of pasture quality to inform the selection 
of appropriate management practices. By enabling 
producers to implement target management, such 
as optimizing stocking rates and adopting adequate 
grazing systems (Santos et  al., 2021a) as deferred 
grazing, the FPS program directly improves forage 
quality and use. However, to refine the accuracy of the 
results for GHG emission within the FPS, mainly those 
related to CH4 emissions from native pastures, there is 
a need for updated and site-specific data.

The need for a better pasture management in the 
Pantanal transcends the scope of mitigation alone. 
As an ecosystem, highly dependent on a predictable 
hydrological regime, cattle ranching in this biome 
is acutely vulnerable to climate change impacts, 
particularly to the increasing frequency and intensity 
of extreme drought and flood events (Santos et  al., 
2021b). In this context, the adoption of sustainable 
practices, such as optimizing stocking rate and 
improving forage quality, can reduce CH4 emission, 
while simultaneously enhancing the resilience and 
adaptive capacity of the production system against 
climatic variability (Santos et al., 2021a).

This review provides a primary characterization of 
the relationship between environmental dynamics and 
beef production in the Pantanal. For this, management 
practices are evaluated as integrated sustainability 
strategies essential for the region, aiming both 
to reduce emissions (mitigation) and to enhance 
resilience and adaptive capacity (adaptation) to 
climate change challenges. In addition, a conceptual 
framework is used, aligning management practices 
with key ecophysiological elements of the pasture 
function and with the established mitigation and 
resilience pathways proposed by Stanley et al. (2024). 
The objective is to directly support the scientific 
basis for the FPS tool, as well as its implementation 
throughout the Pantanal.

Materials and Methods

The study was conducted as a comprehensive review 
of the literature on sustainable pasture management 
within the Pantanal biome, aiming to synthesize the 
available scientific evidence on the subject. Given the 
limited number of studies specifically quantifying 
environmental outcomes related to dynamic natural 
pastures in this extensive livestock system, this review 
prioritized the identification of management practices 
with a high potential for two key climate outcomes, 
i.e., an enhanced carbon sequestration and reduced 
CH4 emissions.

The bibliographic search was conducted using a 
structured combination of keywords. The two cores 
for all searches were “Pantanal” AND/OR “extensive 
system pastures”. These were combined using the 
AND operator with terms grouped according to the 
following themes: livestock, native pasture, climate 
adaptation, stocking rate, methane emissions, and 
vegetation dynamic. Where applicable, the terms 
within each thematic group (such as “methane 
emissions” OR “CH4 mitigation”) were combined 
using the OR operator to maximize the retrieval of 
relevant literature.

Subsequently, publications were selected based on 
their explicit focus on extensive livestock systems 
and pasture management practices, ensuring the 
relevance of the retrieved literature to the scope of 
this work. This resulted in the selection of 23 papers. 
The findings from these studies were synthesized 
to identify the main pasture management strategies 
related to soil carbon sequestration and enteric 
methane mitigation. The limited, yet relevant works 
were crucial in defining a set of best management 
practices suitable for the Pantanal. These practices 
were chosen based on their proven potential to 
directly reduce CH4 emission intensity by improving 
pasture quality, increasing soil carbon sequestration 
through enhanced pasture conditions, and serving as 
an effective adaptation measure to increase system 
resilience to climatic events.

The systematization of these practices served a 
dual purpose: first, to support the implementation of 
the FPS tool (Santos et  al., 2017), by providing the 
scientific basis for its pasture management module 
and guiding producers toward effective and verifiable 
sustainability measures; second, to provide a robust 
conceptual framework, by aligning practices with the 
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key ecophysiological elements of the pasture function 
and with the established mitigation and resilience 
pathways proposed by Stanley et  al. (2024). This 
alignment ensures that the recommended actions 
directly contribute to measurable climate outcomes 
and system resilience.

Pantanal biome: climate, 
pastures, and soil characteristics

The Pantanal is the world’s largest continuous 
flooded plain, covering an area of over 160.000 km2 

in Brazil, precisely in the states of Mato Grosso do 
Sul and Mato Grosso, with smaller extensions in 
Paraguay and Bolivia (Figure  1). The region’s low 
average altitude of 80 to 150 m contributes to a slow 
drainage, resulting in long periods of inundation 
(Bergier et al., 2019).

Wetland dynamic in the Pantanal are controlled 
by different drivers, including climate, topography, 
vegetation, soil type, and flood intensity and 
propagation. This complex interplay ensures the 
high biodiversity of the biome, where the seasonal 

Figure 1. Location of the Pantanal region.
Source: adapted from Silva & Abdon (1998).
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flood pulse is the main factor affecting vegetation, 
especially the availability of seasonal open 
grasslands (Caballero et al., 2025). In this rich biome, 
subtle changes in relief and hydrological conditions 
transform soil properties and affect the distribution 
of the highly diverse flora and fauna.

The wetland soils are closely related to the nature 
of sediments, varying with changes in erosion 
and deposition/sedimentation rates (Couto et  al., 
2023). According to Köppen, the region has an Aw 
climate, predominantly tropical seasonal, with a 
rainy summer season from October to March and 
a dry winter. Average annual rainfall ranges from 
1,000 to 1,400 mm (Alvares et  al., 2013). Notably, 
the conditions observed in the recent period from 
2001–2021 are similar to those experienced during 
the previous dry period from 1965–1975 (Caballero 
et al., 2025), suggesting a multidecadal variability in 
the climate and wetland extent of the Pantanal. This 
historic pattern of dry and wet cycles is vital, but 
climate change is expected to magnify the impacts 
of the most recent dry period, implying an alteration 
in the climate and biogeochemistry of the region, 
with significant implications for wetlands and their 
ecosystems (Caballero et al., 2025).

In the Pantanal, the use efficiency of native 
pasture depends on an adaptive management that 
considers pasture dynamics, landscape configuration 
(proportion of forest, savanna, grassland, ponds, 
and floodplains), and the dominant forage species. 
To facilitate management under the influence of the 
flood pulse, Santos et al. (2020a) classified Pantanal 
pastures according to substrate moisture, identifying 
three key topographic gradients: generally dry areas, 
generally seasonal wet areas, and generally wet areas, 
with varying soil characteristics and carbon content. 
Freitas et  al. (2024) observed that the variation in 
carbon stocks down to a 40 cm depth across these 
gradients was strongly correlated with clay content, 
whose physicochemical properties protect soil 
organic matter.

In general, wet areas dominated by grasses are 
characterized by C3 species such as Hymenachne 
amplexicaulis (Rudge) Nees, Luziola subintegra 
Swallen, Leersia hexandra Sw., Oryza spp., and 
Steinchisma laxum (Sw.) Zuloaga, which exhibit 
high carbon stocks, especially in areas with long 
periods without grazing (Santos et  al., 2020a). This 

is an indicative that grazing has reduced soil carbon 
in these areas, possibly due to periodic flooding and 
the removal of biomass by cattle that would otherwise 
contribute to soil organic matter. In contrast, in 
ungrazed pastures, vegetation can be accumulated 
as wildfire fuel, showing the importance of 
continuous grazing under a proper management to 
efficiently maintain or increase soil carbon, despite 
the commonly observed increase in soil density (Liu 
et  al., 2023). Differently, seasonal and dry areas 
dominated by grasses are characterized by C4 species 
as Axonopus purpusii Chase, Hemarthria altissima 
(Poir.) Stapf & C.E.Hubb, Mesosetum chaseae Luces, 
Paspalum oteroi Swallen, Paspalum plicatulum 
Pers., Paspalum wrightii Hitchc. & Chase, Paspalum 
fasciculatum Willd. ex Flüggé, and Reimarochloa 
spp. (Santos et al., 2021b).

These pasture categories are usually not managed 
in isolation, but form a functional mosaic used by 
cattle in a complementary manner. Therefore, the 
adopted grazing strategy is fundamentally adaptive 
and driven by the seasonal variability of the Pantanal. 
The cattle actively select across the mosaic to meet 
their nutritional needs, feeding on different pasture 
types based on the seasonal and annual variation in 
forage availability and quality (Santos et  al., 2022). 
As to soils, those of the wet areas are typically more 
clayey and prone to waterlogging, whereas those 
of non-flooded areas are sandy, with a low nutrient 
content (Santos et al., 2020a). In such conditions, soil 
organic matter is crucial for system sustainability, 
especially since these areas require special attention 
due to the lack of fertilization, particularly  in soils 
flooded only by rain (Freitas et al., 2024).

A native species adapted to these environments is 
M. chaseae, which maintains a stable productivity 
and quality year round even during extreme dry 
years (Santos et al., 2002), contributing significantly 
to herd food security. Freitas et al. (2024) concluded 
that M. chaseae accounted for the highest carbon 
sequestration in grazed areas, highlighting its role 
in a sustainable land use. These findings show the 
importance of on-farm management of key native 
forages for each pasture type, considering these 
species are adapted to different disturbances and 
enhance ecosystem resilience (Indu et al., 2022).

https://www.ipni.org/a/24945-1
https://www.ipni.org/a/27136-1
https://www.ipni.org/a/4192-1
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The FPS tool for sustainable cattle ranching 
in the Pantanal and management practices 

that enhance carbon sequestration 
and reduce methane emissions

The challenges faced by the extensive beef cattle 
system, particularly its vulnerability to climate 
extremes and the need for GHG mitigation, require 
a transition toward verifiable and integrated 
sustainability strategies. To address this need, the 
FPS is a decision support tool designed to provide a 
multidimensional and holistic assessment of ranch 
sustainability, integrating environmental, economic, 
and social indicators through a fuzzy logic-based 
system (Santos et al., 2017). Thus, the program helps 
producers to diagnose the status of their operations, 
guiding the adoption of the best management practices 
and validating their efforts towards sustainability, 
paving the way to better markets and to the integration 
into public policies.

One of the central modules of the FPS tool focuses 
on pasture conservation and productivity. However, 
despite its holistic approach, the FPS currently faces 
a key knowledge gap: the lack of site-specific and 
scientifically validated emission factors for different 
native pasture management practices within the biome. 
The absence of these factors hinders the program’s 
ability to accurately quantify the specific GHG 
mitigation benefits of the recommended practices.

The establishment of grazing systems that contribute 
to enhancing carbon sequestration has become an 
essential strategy in pasture management (Stanley 
et  al., 2024), being pivotal to achieve the resilience 
goals for the Pantanal. The same authors highlighted 
that well-managed native pastures are crucial in this 
scenario, contributing to key aspects of ecosystem 
resilience such as capturing atmospheric carbon, 
conserving biodiversity, and providing system stability 
against climate change impacts. As to grazing, the 
long-term impact on carbon sequestration depends on 
the five following ecophysiological elements: ground 
and sward cover, productivity, input allocation, forage 
quality, and diversity. These elements support three 
key pathways for soil carbon enhancement, as follows: 
increased carbon fixation, reduced carbon loss by 
a slower decomposition and reduced fire use, and 
improved efficiency of belowground transformations 
(Table 1).

The effective implementation of the FPS tool 
depends on the use of indicators that are scientifically 
supported. The FPS’s environmental module assesses 
pasture systems based on four key indicators: forage 
plant cover (%), forage value (%), colonization 
by undesirable species (%), and grazing intensity 
(cm). These indicators directly align with the 
ecophysiological elements and carbon pathways 
necessary for enhancing carbon sequestration (Stanley 
et al., 2024).

The percentage of forage plant cover is directly 
related to ground and sward cover, supporting an 
increased carbon fixation and a reduced carbon loss, 
as confirmed by Santos et al. (2020c), who found that 
a high forage cover favors primary productivity. This 
is an indicative that forage value is related to forage 
quality, which is essential for an improved efficiency 
of belowground transformation due to a higher litter 
and efficient nutrient cycling. In this line, Indu et al. 
(2022) concluded that functional diversity is key for an 
improved efficiency of belowground transformations 
and overall ecosystem resilience. According to a 
systematic literature review, since grazing intensity 
acts as a proxy for productivity, a moderate intensity 
is vital to maintain both ground and sward cover and 
productivity, directly supporting an increased carbon 
fixation (Teague et  al., 2011). Specifically for the 
Pantanal, moderate grazing is defined by a forage 
offer of approximately 8.0 kg of dry matter per animal 
unit per day (Santos et al., 2020b), at an intensity that 
should maintain pasture sward height at around 50% 
of the potential forage height (Santos et al., 2021a).

Based on the synthesis of the literature, the practices 
described below are recommended to increase soil 
carbon stocks in the Pantanal, in alignment with the 
ecological elements established by Stanley et al. (2024) 
and the related FPS indicators (Table 1).

In pasture management, the stocking rate should 
be defined by an appropriate grazing pressure (Santos 
et  al., 2020b), which accounts for more dry matter 
availability (ground and sward cover and productivity), 
increasing carbon sequestration. Moderate grazing 
has been shown to enhance carbon sequestration and 
to increase productivity and water retention capacity 
(Teague et al., 2011), in addition to increasing floristic 
diversity in pastures (Santos et al., 2020c). It may also 
improve climate regulation and resilience to extreme 
events (Whitehead, 2020).
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Soil carbon sequestration can be promoted by the 
functional diversity of forage species, which allows 
a variety of ecological niches as root depth, nutrient 
acquisition strategies, and phenology. This diversity 
also results in richer litter, supporting soil biota that 
contributes to nutrient cycling (Liu et  al., 2023). 
According to Santos et  al. (2016), native forages 
sequester more carbon at the onset of intense rainfall 
periods. Therefore, strategically fencing pastures based 
on rainfall distribution during the early rainy season 
(October to November) may enhance carbon flow within 
the system and promote a greater forage accumulation.

Introducing exotic forage species, following legal 
and technical guidelines, can enhance organic matter in 
soils with a naturally low fertility (Santos et al., 2022), 
helping to increase carbon sequestration. In this line, 
Santos et al. (2021a) found that management practices 

using intercropping with legumes can capture and 
fix atmospheric nitrogen in the soil. In the Pantanal, 
cattle ranchers usually maintain pasture heterogeneity 
through practices such as the introduction of exotic 
forages to replace coarse grasses and coexist with 
grazed native ones, silvopastoral systems, and, mainly, 
prescribed burning (Santos et al., 2023a).

Recent trends indicate an increase in the frequency 
and severity of wildfires in the Pantanal, a phenomenon 
highly correlated with prolonged droughts driven by 
climate change (Correa et  al., 2022). In this context, 
the management practices adopted in cattle ranching 
are intrinsically linked to fire dynamics, such as 
prescribed burning that reduces wildfires is the 
dominant land use in the biome (Santos et al., 2023b). 
Grazing, particularly in extensive continuous systems, 
plays a vital role in reducing the accumulation of fine 

Table 1. Management practices for soil carbon sequestration in Pantanal native pastures, aligning the indicators of the 
Fazenda Pantaneira Sustentável (FPS) tool for maintaining sustainable ranching in the region with key ecophysiological 
elements(1) of the pasture function and with the established mitigation and resilience pathways(2).

Management practice FPS indicator(3) Scientific support/primary carbon pathway (V)
Adaptive grazing pressure Grazing intensity Replacing a fixed stocking rate with an adaptive pressure ensures an adequate 

regrowth, maximizes forage use, and minimizes degradation (Santos et  al., 
2021a). This is essential to maintain productivity (E2) and cover (E1) for an 
increased fixation (V1) and reduced loss (V2) of carbon.

Seasonal fencing/deferment Forage plant cover Strategically resting pastures (e.g. during the early rainy season) promotes 
biomass accumulation and root growth during the peak carbon absorption 
period (Santos et al., 2016). This directly increases cover (E1) for an increased 
carbon fixation (V1) and an improved feed efficiency (V3).

Pasture diversity management Undesirable species & forage 
value

Management focused on promoting functional diversity enhances system 
resilience (Whitehead, 2020). Diverse root structures improve soil organic 
matter distribution (Liu et  al., 2023), increasing forage quality (E4) and 
supporting efficient belowground transformations (V3).

Integrated management Grazing intensity & forage  
value

Practices such as the strategic introduction of cultivated forages when legally 
compliant (Santos et al., 2022) and silvopastoral systems (Santos et al., 2023a) 
enhance forage quality and nutrient cycling (Liu et al., 2023). This increases 
the total organic matter input to the soil, supporting sustained carbon stocks, 
increased carbon fixation (V1), reduced carbon loss (V2), and improved 
efficiency of below ground transformations (V3).

Restoration and biodiversity 
promotion

Undesirable species & forage 
plant cover

Promoting biodiversity means managing land use to allow the full expression 
of native flora. This favors species intrinsically more resilient to the climate 
(especially to aridity) and ensures a high-quality and high-quantity input of 
carbon (litter and roots) to the soil, maximizing the system’s long-term fixation 
capacity and resilience (Liu et al., 2023), while increasing carbon fixation (V1) 
and improving feed efficiency (V3).

Biomass management  
(fire control)

Grazing intensity & forage  
plant cover

Using grazing intensity to strategically reduce fine fuel loads prevents the 
massive instantaneous release of stored carbon via wildfire (Santos et  al., 
2023b). This practice is crucial for conserving existing carbon stocks, avoiding 
major pulse emissions of greenhouse gases, while reducing carbon loss (V2).

(1)The key ecophysiological elements (E) are: E1, ground and sward cover; E2, productivity; E4, forage quality; and E5, diversity. (2)The pathways (V) 
for greenhouse gas mitigation and resilience, adapted from Stanley et al. (2024), are: V1, increased carbon fixation (dilution of emissions per product); 
V2, reduced carbon loss by a slower decomposition and reduced fire use; and V3, improved efficiency of belowground transformations (via diet quality). 
(3)The FPS indicators are adapted from Santos et al. (2017).
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fuel loads (Ratcliff et al., 2022; Pereira et al., 2026), 
lowering the risk of large and high-intensity wildfires 
that cause a massive and instantaneous release of 
stored carbon back into the atmosphere (Xu et  al., 
2026). However, since the effect of grazing intensity 
on carbon sequestration is influenced by water 
availability, arid areas are less tolerant to this type of 
disturbance (Liu et al., 2023).

In grazed and wetter pastures, a high grazing 
intensity can act as a natural firebreak during 
moderately dry years; however, when more flood-
prone areas dry out, biomass accumulation increases 
the risk of underground fires in organic soils (floating 
meadows), leading to the severe loss of long-term 
carbon stocks (Santos et  al., 2023b). Therefore, in 
addition to direct carbon sequestration, management 
practices that control aboveground biomass are 
strategic to protect existing soil carbon stocks. The 
FPS tool, by utilizing indicators as percentage of 
forage plant cover and grazing intensity, provides 
the foundation for an effective fuel management and, 
consequently, carbon stock conservation, showing the 
tool’s relevance to climate resilience and adaptation.

CH4 from enteric fermentation is the single largest 
source of GHG emissions in cattle ranching. Therefore, 
in extensive systems like the Pantanal, management 
strategies must also focus on enhancing forage 
nutritional quality and efficiency to reduce CH4 output 
per unit of animal product. Santos (2023) compared key 
forages in the Pantanal, observing significantly lower 
CH4 emissions from C3 grasses, dominant in wet 
areas. The authors concluded that species such as 
H. amplexicaulis and L. subintegra showed a higher 
digestibility and energy use efficiency, resulting in 
significantly lower CH4 emissions of 3.29 kg CH4 per 
year per ewe when compared with those of 8.0 kg CH4 

per year per sheep obtained by Intergovernmental 
Panel on Climate Change (IPCC, 2006). However, the 
emission level of the native C4 grass M. chaseae was 
low, reinforcing its value as a resilient low-emission 
forage species. These results are an indicative that the 
core principle for CH4 reduction in grazing systems is 
improving the digestibility and energy-to-protein ratio 
of the animal diet.

The quality of native pastures is highly seasonal, 
directly affecting CH4 emissions. Oliveira et al. (2016) 
observed that CH4 emissions from cattle varied across 
seasons, being higher in native pastures during the 

rainy season and lower during the dry season. This 
variation is linked to the phenology of the Pantanal 
landscape, taking into account that, after floodwater 
recedes in the dry season, the highest quality pastures 
(located in lowlands and around water bodies) become 
accessible (Santos et al., 2021a). This improved quality 
in the animal diet during the dry season results in a 
faster and more efficient digestion (Santos et al., 2002), 
as well as in a lower CH4 production per unit of feed 
(Santos, 2023). Therefore, the configuration of the 
landscape (a mosaic of forest, savanna, grasslands, 
and seasonal floodplains) allows the combination of 
high, medium-, and low-quality pastures that can meet 
the nutritional needs of breeding cows (Bergier et al., 
2019; Santos et al., 2021a).

To mitigate forage seasonality, the strategic 
introduction of cultivated pastures is essential, mainly 
in non-flooded areas. Although these pastures may 
present a low crude protein content – ranging, for 
example, from 4.9 to 6.1% in Urochloa humidicola 
(Rendle) Morrone & Zuloaga (Crispim & Branco, 
2002) –, their main benefits lie in increasing animal 
productivity and stabilizing forage supply. However, to 
be sustainable and contribute to GHG mitigation, this 
introduction must follow both the current legislation 
(pastures cultivated in up to 40% of the property) and 
technical criteria (Santos et al., 2022).

The protein:energy ratio in pastures is a limiting 
factor for an efficient ruminal microbial activity and, 
consequently, for an efficient protein supplementation. 
When dietary protein levels fall below maintenance 
thresholds of ~6%, ruminal microbial activity 
decreases, hindering feed efficiency (Histrov et  al., 
2019). Conversely, an excessive protein concentration 
leads to its inefficient use, meaning that excess nitrogen 
is excreted in feces and urine (Waldrip et  al., 2015), 
representing a loss of nutritional resources. Crucially, 
this poor protein-energy synchrony causes an overall 
decrease in feed digestion efficiency, which increases 
the intensity of CH4 emissions. The FPS can leverage 
systems that favor native pastures (Santos et al., 2020b) 
by using floristic composition indicators to estimate 
nutritional values, assisting producers in identifying 
nutritional gaps and optimizing supplementation to 
ensure an efficient energy use and a reduced CH4 
intensity.

One of the most effective strategies to reduce CH4 
output is managing key forage species (Table 2), such 
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as Arachis spp., Aeschynomene spp., and Discolobium 
spp.. Despite its modest biomass production, the 
species, naturally occurring in several areas, are 
rich in protein and capable of atmospheric nitrogen 
fixation, enriching the soil and supporting associated 
grasses (Santos et al., 2020a). This strategic inclusion 
of legumes improves the quality of cattle and wildlife 
diets (Santos et al., 2018), which is the main driver for 
reducing CH4 intensity.

The FPS tool is vital for translating the theoretical 
knowledge on CH4 mitigation into practical management 
decisions within the heterogeneous environment of the 
Pantanal. The tool’s effectiveness lies in its capacity to 
diagnose the primary driver of enteric CH4 emissions, 
mainly through the forage value indicator. The main 
management practices for CH4 mitigation and the 
related FPS indicators are directly supported by the 
diagnostic capacity of the tool, allowing to target the 
primary nutritional bottlenecks (Table 2).

Concluding Remarks

The Pantanal’s complexity as a dynamic ecosystem, 
composed of a mosaic of native and cultivated 
pastures, requires adaptive and context-specific 
management strategies. Consequently, an effective 
decision-making must be flexible, responding 
to vegetation formations, seasonal flooding, and 
climatic shifts, in order to ensure both ecological 
integrity and economic viability. The FPS tool proves 
to be a valuable instrument for achieving this balance, 
serving as an integrative framework that unifies two 
core climatic goals: enhancing carbon sequestration 
and mitigating CH4 emissions.

A successful pasture management in the Pantanal, 
guided by the indicators of the FPS tool, establishes a 
direct synergy between production sustainability and 
climate goals. Carbon sequestration and conservation 
are ensured by maintaining a high forage cover and 
moderate grazing pressure. These variables are 
monitored via FPS indicators to prevent pasture 

Table 2. Management practices for methane mitigation in pasture systems in the Pantanal, aligning the indicators of the 
Fazenda Pantaneira Sustentável (FPS) tool for maintaining sustainable ranching in the region with key ecophysiological 
elements(1) of the pasture function and with the established mitigation and resilience pathways(2).

Management practice FPS indicator(3) Scientific support/primary carbon pathway (V)

Optimizing forage value and  
intake

Forage value Ensuring the diet meets the minimum protein threshold of ~6% is critical for 
an efficient microbial activity (Histrov et  al., 2019). A higher feed quality 
(E4) leads to a faster passage and a lower CH4 production per unit of energy 
used, as evidenced by C3 grasses (Santos, 2023), also reducing carbon loss in 
pastures (V2).

Management and conservation of 
low-emission species

Undesirable species & forage 
value

Prioritizing native species (E5) with a low CH4 potential emission (E4), such 
as C3 grasses and some C4 grasses as Mesosetum chaseae (Santos, 2023; 
Santos et al., 2020a), enhances system resilience and diet quality (V3).

Seasonal access to high-quality 
pastures

Grazing intensity & forage  
value

Using seasonal high-quality forage ensures a consistent diet (Santos et  al., 
2021a). Managing grazing intensity (Liu et al., 2023) controls the sustainable 
use of this temporary high-quality resource (E4), also enhancing system 
resilience and feed efficiency (V3)

Monitoring of protein-energy 
balance 

Forage value Using diagnostic systems favoring native pastures in FPS to guide precise 
supplementation prevents microbial inefficiency caused by poor protein-
energy synchrony (Santos et al., 2020b). This enhanced efficiency maximizes 
feed use (E4), reducing CH4 intensity and minimizing wasteful nitrogen 
excretion (V2).

Strategic use of cultivated  
pastures

Forage value & grazing  
intensity

The use of cultivated pastures following current legislation and technical 
criteria (Santos et al., 2022) increases carrying capacity and productivity (E2) 
per area (Crispim & Branco, 2002). This is essential for the dilution of CH4 
emissions per product (V1).

(1)The key ecophysiological elements (E) are: E1, ground and sward cover; E2, productivity; E4, forage quality; and E5, diversity. (2)The pathways (V) for 
greenhouse gas mitigation and resilience, adapted from Stanley et al. (2024), are: V1, increased carbon fixation (dilution of emissions per product); V2, 
reduced carbon loss by a slower decomposition and minimized erosion; and V3, improved efficiency of belowground transformations (via diet quality). 
(3)The FPS indicators are adapted from Santos et al. (2017).



Pesq. agropec. bras., Brasília, v.61, e04299, 2026 
DOI: 10.1590/S1678-3921.pab2026.v61.04299

10 of 12 S.A. Santos et al.

degradation and protect the existing carbon stock. 
Concurrently, CH4 mitigation is achieved by managing 
the composition of the animal diet. For this, the FPS 
leverages the forage value indicator to guide nutritional 
interventions that maximize ruminal efficiency, 
consequently reducing CH4 emission intensity per 
product.

Despite the clear benefits of this FPS-guided 
framework, the Pantanal region still requires further 
site-specific studies to develop and refine management 
strategies that fully meet climate goals. Future research 
should focus on using the FPS tool to translate these 
on-farm management practices into verifiable climate 
outcomes, enabling the entry of the region in carbon 
markets and in frameworks for the payment of 
ecosystem services.
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