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Soil represents Earth's largest terrestrial reservoir of carbon (C) and is an important
sink of C from the atmosphere. However, the potential of adopting best management
practices (BMPs) to increase soil C sequestration and offset greenhouse gas (GHG)
emissions in agroecosystems remains unclear. Synthesizing available information
on soil C sink capacity is important for identifying priority areas and systems to
be monitored, an essential step to properly estimate large-scale C sequestration
potential. This study brings an overview of thousands of research articles conducted
in the Americas and presents the current state-of-the-art on soil C research.
Additionally, it estimates the large-scale BMPs adoption impact over soil C dynamics
in the region. Results indicated that soil C-related terms are widely cited in the
literature. Despite that, from a total of ~13 thousand research articles recovered
in the systematic literature review, only 9.2% evaluated soil C (at any depth), and
only 4.6% measured soil C for the 0—30 cm soil layer, mostly conducted in North
and South America regions. Literature review showed a low occurrence of terms
related to BMPs (e.g., cover cropping), suggesting a research gap on the subject.
Estimates revealed that upscaling of BMPs over 30% of agricultural land area (334
Mha) of the Americas can lead to soil C sequestration of 13.1 (+7.1) Pg CO,eq over
20years, offsetting ~39% of agricultural GHG emissions over the same period.
Results suggest that efforts should be made to monitor the impact of cropping
system on soil C dynamics on the continents, especially in regions where data
availability is low (e.g., Central, Caribbean, and Andean regions). Estimating the
available degraded area for the continent and the soil C sequestration rates under
BMPs adoption for Central, Andean, and Caribbean regions were major shortcomings
encountered in our analysis. Thus, it is expected that some degree of uncertainty
may be associated with the obtained results. Despite these limitations, upscaling
of BMPs across the Americas suggests having great potential for C removal from
the atmosphere and represents a global positive impact in terms of climate change
mitigation and adaptation.
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1 Introduction

Soil is the basic resource for maintenance of the life-supporting
processes in the Earth's Critical Zone (Brantley et al., 2007; Kraamwinkel
etal., 2021). Soil's multifunctionality is critical to strengthening essential
ecosystem services for human well-being through the provisioning of
food, feed, fiber, and energy; storage and purification of water;
neutralization, filtering, and buffering of pollutants; and regulation of
climate (Pereira et al., 2018). Being the planets largest reservoir of
terrestrial carbon (C), soil can be both a source and a sink of CO, (Lal,
2004). In natural ecosystems, the direction of C transfer between the
pedosphere and atmosphere is regulated by natural factors such as
temperature and rainfall, vegetation changes, fire events, and mineral
weathering (Berner, 2003; Doetterl et al., 2015; Lal, 2005; Li et al.,, 2021).
In managed ecosystems, anthropogenic factors are also important
drivers, especially in increasing greenhouse gas (GHG) emissions by
the retrieval and burning of fossil fuels, land-use change, increased
livestock populations and overgrazing, and large-scale soil mobilization
(conventional tillage and mining) (Le Quéré et al., 2009; Smith, 2008;
Smith et al, 2014; Herrero et al,, 2013). Thus, one priority is to find
alternatives to reverse the direction of excess C flow by using plants to
capture atmospheric CO, and the soils to sequester it for the long term
(Bossio et al., 2020; Lal et al., 2021; Sa et al., 2017).

The agricultural sector accounts for 21-35% of total anthropogenic
GHG emissions (Crippa et al., 2021; Hong et al., 2021; Smith et al,
2014). Land use change, fertilizer application, enteric fermentation of
ruminants, and soil tillage are major sources of nitrous oxide (N,0),
methane (CH,), and carbon dioxide (CO,) emissions worldwide
(Karakurt et al., 2012; Snyder et al., 2009). Rapidly rising demand for
agricultural products due to the increase in human and livestock
population and that of the purchasing power pressures the sector to
increase production and making the task of reducing net
anthropogenic emissions more urgent and dauntingly difficult (Stavi
and Lal, 2013). However, unlike other sectors (i.e., energy,
transportation, and industry) which must reduce emissions and offset
GHGs (Amelung et al,, 2020; Wollenberg et al., 2016), the agricultural
sector can both reduce GHG emissions and capture and sequester C
in the soil through the intensification and adoption of BMPs (e.g.,
no-till, pasture reclamation, and integrated agricultural systems).

The adoption of BMPs can increase land productivity, facilitate
land-sparing and ecosystem restoration, reduce emissions, preserve
natural ecosystems, and sequester C in soil concomitantly (Lal, 2015).
In addition, BMPs improve soil health and reverse ecosystem
degradation (IPBES, 2019; IPCC, 2022; Yang et al., 2024). Because
soils have a finite capacity to stabilize C, decision-making must rely
on real-world data of the potential for C sequestration in agricultural
soils by adopting these practices (Stewart et al., 2007). In addition,
establishing evidence-based soil C references tied to the adoption of
BMPs could catalyze the availability of resources to farm systems
adopt sustainable land management practices and generate, as a

Abbreviations: Best management practices, BMPs; Greenhouse gas, GHG; Soil
organic matter, SOM; Conservation agriculture, CA; Integrated agroforestry systems,
IAS; Improved pasture, IP; Soil organic carbon, SOC; Intergovernmental Panel on
Climate Change, IPCC; Nutrient use efficiency, NUE; Dicyandiamide, DCD;
Integrated crop-livestock, ICL; Integrated crop-forestry, ICF; integrated crop-

livestock-forestry, ICLF.
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consequence, basis for the establishment of references for the C credit
markets as by quantifying the C sequestration potential of soils. This,
in turn, would benefit farmers and landowners who adopts BMPs, as
they could monetize their efforts through the sale of carbon credits in
these emerging markets as a co-product generated by the adoption of
BMP?s in agrifood systems. Ultimately, this approach would not only
drive the adoption of climate-resilient agricultural practices but also
support global climate goals, aligning with the objectives of the Paris
Agreement by reducing GHG emissions and enhancing C sinks.

The availability of field information on soil C data under cropping
systems strategies is essential towards establishing public policies and
large-scale initiatives for soil C sequestration. The Americas region, with
an agricultural area of about 1.11 billion hectares (World Bank, 2023),
is foreseen to present a great potential for contributing to climate change
mitigation actions through BMPs expansion in agroecosystems. Despite
that, little is known about the current state-of-the-art on the subject in
the region, which represents a challenge for decision-making processes
and the implementation of field initiatives. Therefore, the present study
involves the Americas region as a case study for identifying the current
available literature data on soil C and for estimating the potential of C
sequestration in agricultural systems. Specifically, this article presents
the current knowledge on C sequestration by BMPs produced in the
Americas and highlight the existing gaps and the significant
opportunities for further in-depth research in the topic. Additionally, it
presents the estimates of the potential for C sequestration in the soil by
the widespread use of BMPs in the agricultural sector, as well as the area
required to mitigate agricultural GHG emissions.

2 Materials and methods
2.1 Bibliometric review

In the first part of the study, publications were searched on the
Web of Science® platform. The query string was defined considering
terms related to SOM dynamics in different agroecosystems, such as
annual cropping systems, pasture, and integrated agricultural systems,
as well as diverse management practices (e.g., tillage) that may occur
within these systems. The search considered terms mentioned in each
record’s “title, abstract, and keywords” (Topic Field), and it was limited
to peer-reviewed articles, as they represent most high-quality

published documents. The query string used was as follows:

“TS="soil carbon stock* OR soil carbon OR soil organic* AND
“agroforestry” OR “integrated systems™ OR “integrated crop-
livestock™  OR
silvopastoral* OR agropastoral* OR agrosilvopastoral* OR ICL*
OR ICF* OR ICLF OR Past* OR grass OR rangeland OR “pasture
management” OR “well-managed pasture” OR “nominal pasture”

“integrated  crop-livestock-forestry” OR

OR “improved pasture” OR “degraded pasture” OR “recovery
pasture” OR “pasture restoration” OR “management system”* OR
no-till* OR “conventional tillage” OR “zero-till*” OR “strip-till*”
OR “reduced till*” OR “mulch based” OR “straw mulch based” OR
“subsoiling” OR “plow” OR “disk” OR “chisel plow” OR “Ridge
Tillage” AND CU = (34 member countries).”

The search was restricted to the American region (countries from
Canada to Argentina, including the Caribbean) using the “countries/
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TABLE 1 Mean soil organic carbon accumulation rates by adoption of best management practices obtained from literature data for the Americas.

Region Mean SOC Accumulation References
Rate (Mg ha!year)
North 0.25 Conant et al. (2017)?
Central 0.25 Dondini et al. (2023)
Improved
Caribbean 0.25% Dondini et al. (2023)
pastures
South 0.48 Dube et al. (2011), Oliveira et al. (2022)®, Salazar et al. (2011), Viglizzo et al. (2019)
Andes 1.03 Landholm et al. (2019), Mosquera et al. (2012), Silva-Parra et al. (2021)
North 0.42 Nicoloso and Rice (2021)¢
Central 0.35 Pretty and Ball (2001)
Conservation
Caribbean 0.35% Pretty and Ball (2001)
agriculture
South 0.67 Maia et al. (2022)¢, Steinbach and Alvarez (2006)
Andes 0.42 Silva-Parra et al. (2021)
North 0.87 Abohassan (2004), Oelbermann et al. (2006), Sharrow and Ismail (2004), Thevathasan
(1998), Calculated from Peichl et al. (2006)
Integrated Central 1.16 Chatterjee et al. (2020)
agricultural Caribbean 1.16% Chatterjee et al. (2020)
systems South 0.79 Dube et al. (2011), Frazdo et al. (2023)f, Picasso et al. (2014)
Andes 1.08 Espinoza-Dominguez et al. (2012), Mena-Mosquera and Andrade (2021), Olaya-Montes
et al. (2021), Silva-Parra et al. (2021)

*Due to the lack of available rates for the Caribbean region, the values adopted for Central America were used, considering the criteria of the same latitude and climatic classes
(Supplementary Figure 52). Systematic literature reviews performed by * Conant et al. (2017) assessed 126 studies; ® Oliveira et al. (2022) assessed 41 studies; © Viglizzo et al. (2019) assessed 12
studies; ¢ Nicoloso and Rice (2021) assessed 142 studies; ¢ Maia et al. (2022) assessed 39 studies; { Frazio et al. (2023) assessed 40 studies; totaling 418 studies (meta-analyses plus individual
studies). Note that Central, Andean, and Caribbean regions were based on individual studies (not meta-analysis) due to limited data availability. Further consideration must be given to these
regions due to expected higher uncertainty. The Supplementary Figure 54 illustrates the geographic location of the 418 studies considered to derive the soil C sequestration rates presented in

the table.

region” filtering tool available on the platform. The obtained
documents were manually analyzed to quantify (i) how many were
conducted in the region and (ii) how many assessed soil C stocks.
Studies meeting both selection criteria that covered the first 30 cm soil
profile depth were identified. This information was used to build up a
spreadsheet accounting for the number of studies that measured C
stocks in the continent.

2.2 Mitigation scenarios

2.2.1 Prediction of soil C sequestration capacity
in the Americas and Caribbean regions

The agricultural land area of each country was delineated for
estimating the soil C sequestration capacity through the
implementation of BMPs in agriculture. The data on land area was
obtained from World Bank (2023). Then, the proportion of this
area that could be converted into BMPs was estimated by assuming
areas under some level of degradation or underuse. In this study,
we used the definition of land degradation based on a temporary
or permanent reduction in the productive capacity of the land
resulting from erosion, salinization, compaction, acidification,
and chemical pollution of soils (FAO, 2015; UNEP, 1992). Based
on the state of agricultural soils worldwide (FAO, 2015);
information presented in the Soil Atlas of Latin America and the
Caribbean (Gardi et al., 2013); and an assessment presented by the
United Nations Convention to Combat Desertification in Latin
America and the Carribean (UNCCD, 2019), we found that the
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proportion of degraded land varies from 26 to 33%. Therefore, it
was assumed that around 30% of the total agricultural area of each
country could be potentially improved, being the area adopted for
further calculations (FAO, 2015; Gardi et al., 2013; UNCCD,
2019). The adoption of three potential strategies were identified:
improved pasture (IP), conservation agriculture (CA), and
integrated agricultural systems (IAS). For these three systems,
different rates of C sequestration potential were attributed
according to the country/region based on published data,
including both literature reviews and results of field studies
(Table 1). For the regions with no available information, the rates
of the closest region were assumed (in terms of geography, climate,
and agricultural practices; Supplementary Figure S3). The
Supplementary Figure 54 illustrates the geographic location of the
studies considered to extract the soil C sequestration rates.

The soil C sequestration potential was estimated as the product
of the available area and the annual C sequestration rates obtained
in the literature. Two scenarios were projected, considering a
timespan of eight (short-term scenario) and 20years (maximum
time of response up to steady state, by [PCC, 2019a), and a linear
response for soil C accumulation for the 0-30 cm layer (plow layer).
The short-term scenario (8 years) was projected to provide an
estimate about soil C sequestration until 2030 (2022-2030), as many
countries from the region presented GHG emissions reduction
2030 (ClimateWatch  database;  https://www.
climatewatchdata.org/). The 20-year scenario is referred to as 2050,

targets  for

assuming the 2030-2050 period. Since there is no standardization
for the potential of BMPs implementation in the Americas, the
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proportions adopted in the Brazilian Sector Plan for Mitigation and
Adaptation to Climate Change for the Consolidation of a
Low-Carbon Economy in Agriculture (ABC Plan) were used. The
ABC plan was released in 2010 (currently called RenovAgro) and
was responsible for the mitigation of 131-169 MtCO,eq from 2010
t0 2020 (Manzatto et al., 2020); and has a goal to mitigate other 1,076
MtCO,eq by 2030 Brazil (Frazao et al.,, 2023). The estimates were
based on the implementation of 55% under IP, 25% under CA, and
20% under IAS over the available agricultural area of each country
(i-e., 30% of the total agricultural area). The ABC Plan defined these
proportions according to the required technical and monetary
resources needed (i.e., low-demanding to high-demanding
practices). The soil C sequestration potential was calculated following

Equation 1:

CSP=Ax ACSRxT (1)

where CSP is carbon sequestration potential, A is the area, ACSR
is the annual C sequestration rates, and T is the timespan considered
for the calculations, i.e., 8 and 20years, which is the maximum
response rate until steady state (IPCC, 2019a).

2.2.2 The need to expand BMPs to mitigate GHG
emissions

The GHG emission datasets for the target countries were
divided into economic sectors available in the ClimateWatch
database. Total annual emissions were calculated by the
agricultural sector of the most recent five-year period available
(2015-2019) and calculated the mean annual emissions for each
country individually. These datasets created two simulated
scenarios for GHG emissions mitigation by adoption of BMPs,
with 2030 and 2050 temporal targets, which would give short-and
long-term overviews necessary to decision making. The soil C
sequestration rates were then used under BMPs previously
calculated to estimate the area needed to offset GHG emissions in
both scenarios. The target area was calculated by dividing the
mean annual GHG emissions by the mean annual SOC
sequestration potential of the BMPs. For the 2030 scenario, the
target was the reduction by 50% of the GHG emissions associated
with the agricultural sector in each country to accelerate the
mitigation process by the end of the decade (which would
continue until 20 years by 2042). For the 2050 scenario, the target
set was neutrality (offsetting 100% of emissions). The areas for
each region of the continent were calculated as the sum of the area
of each country in the region. The calculations were performed
following Equation 2:

e GHG(2015-2019)

2
SOCyeq @

where A is the target area of BMP implementation necessary to
offset agricultural emissions, GHG15 2019y is the mean annual
greenhouse gas emissions from agricultural sector calculated for the
2015-2019 period, and SOC,.q is the mean annual soil organic carbon
sequestration potential of the BMPs.

The Supplementary Figure S1 summarizes the steps taken to
perform the estimates presented in the study.
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3 Results

3.1 Soil carbon stock available data and
bibliometric analysis

The literature review suggests that, despite many documents
retrieved, only a little information is available on C sequestration in
agroecosystems of the Americas. From more than 13 thousand papers
considered initially for this study, only around 1,189 documents (<9.2%)
presented data on C stocks in the soil for the three evaluated systems
(Figure 1); and the number was even lower for those reporting the data
to 30cm depth, i.e., 598 documents or 4.6% (Table 2). The bibliometric
analysis extracted from the literature review revealed a set of 100 most
used keywords, distributed in 5 groups, as shown in the keyword
network co-occurrence diagram (Supplementary Tables S1, 52). When
describing the studies, the authors used the terms and topics including
soil organic matter, soil organic carbon, soil carbon, carbon sequestration,
land use change, climate change, no-tillage, carbon dioxide, nitrogen,
and phosphorus with greater frequency and intensity. Therefore, these
terms are crucial and central to the topic addressed.

3.1.1 North America

The North America region (i.e., Canada, USA, and Mexico) had the
greatest number of studies, i.e., 718; 60.4% of total, presenting soil C data
(Table 2). Considering the 0-30 cm soil layer, the region had 64% of the
total number of studies (598) that measured soil C. The USA, specifically,
presented 83.4 and 84.5% of the total amount of studies recovered in the
North region considering overall soil layers and the complete first 30 cm
soil layer, respectively (Table 2). The network co-occurrence diagram of
the most cited keywords (not shown) was like the one observed for the
whole dataset, with SOM-related keywords being dominant; besides
other terms related to nutrient cycling (e.g., phosphorus, nitrogen,
nutrients), GHG emissions, and soil biology. Best management practices-
related keywords were restricted to “no-till;” which had a significant size
contribution; and other keywords such as “agroforestry;” “conservation
agriculture,” and “soil health/quality,” which showed a low contribution
to the diagram (data not shown). Relevant studies identified in the search
were the ones published by Conant et al. (2017) and Nicoloso and Rice
(2021), which are extensive meta-analyses that focused soil C
sequestration on pasture and no-tillage systems, respectively.

3.1.2 Central, Caribbean, and Andean regions

The Central and Caribbean regions showed the lowest number of
studies that measured C stocks in the Americas, representing only 1.8%
(both regions) of the total (Table 2). A total of 16 studies measured soil C
stocks in the Central region, with most of them (i.e., 12) being conducted
in Costa Rica. When considering the top 30 cm soil layer, however, only
nine studies were identified, where eight were reported in Costa Rica and
one study was conducted in Nicaragua (Table 2). In the Caribbean region,
only six studies presented C stocks at any layer, and three studies were
recovered presenting soil C stocks for the complete top 30cm layer
(Table 2), with most of them conducted in Guadaloupe. Due to the
reduced number of studies, the network co-occurrence diagrams (not
shown) revealed little information about the research published in these
regions. Some of the few keywords highlighted were “agroforestry;”
“coffee;” “carbon sequestration,” and “ecosystem services.” Relevant studies
identified were the ones published by Chatterjee et al. (2020), Pretty and
Ball (2001), and Dondini et al. (2023).
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FIGURE 1
Location of C stock collection points of the 1,189 studies carried out in the Americas.

In the Andean region, the number of studies recovered in the
search was higher than the observed for the Caribbean and Central
areas, but still was reduced compared to the other regions assessed in
the search. On total, 83 studies were recovered (7% of total) when
considering any depths, and 38 studies were identified when the full
top 30 cm layer was considered (Table 2). Colombia was the country
that presented the greatest number of studies, 40.9 and 36.8% of the
total number observed in the region for any depths and the full 30 cm
layer, respectively. The co-occurrence diagram (not shown) suggested
that research topics are mostly focused on “agroforestry, “land
conversion,” “carbon sequestration,” and “pasture” Important studies
identified in our research were the ones published by Landholm et al.
(2019), Mosquera et al. (2012), and Silva-Parra et al. (2021).

3.1.3 South region

The southern region ranks second in the number of studies in the
Americas, totaling 366 (Table 2). This total, which corresponds to 31%
of studies carried out in the Americas, is distributed between Brazil,
which holds 74% of studies (271), Argentina (56), Chile (20), Uruguay
(14) and Paraguay (5). Around 46% of studies in the region (167)
measured carbon in the 0-30 cm layer, while for Brazil and Chile, this
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percentage was 50%, with 134 and 10 studies, respectively (Table 2).
The keyword co-occurrence diagram for the southern region (not
shown) was like those obtained for the entire database (Figure 1) and
the northern region, observing the predominance of keywords
pertinent to SOM. Similarly, the word “no-till” was the only one that
demonstrated a significant size among the terms related to best
management practices, while for nutrient cycling, the most notable
contribution was from “nitrogen” Comprehensive studies involving
meta-analysis were identified for the southern region, such as that of
Viglizzo et al. (2019), which addressed the potential for carbon
sequestration in pastures in Argentina, Brazil, Paraguay, and Uruguay.
Maia et al. (2022) and Oliveira et al. (2022), conducted research in
Brazil on the potential for C sequestration in no-till and pasture,
respectively.

3.2 Soil organic carbon accumulation rates

Due to limited data availability for conducting a meta-analysis,
specific studies were identified within our database that provided the
C sequestration rates needed to perform further estimates for the
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TABLE 2 The total number of studies returned by the search filtered C stock data for all depths, and 0—30 cm for the Americas and Caribbean.

Region/country Number of studies presenting soil C Number of studies presenting soil C stock data
stock data up to 30 cm depth
Northern
Canada 87 37
USA 603 324
Mexico 28 22
Central
Belize 0 0
Costa Rica 12 8
El Salvador 0 0
Guatemala 1 0
Honduras 0 0
Nicaragua 1 1
Panama 2 0
Andean
Bolivia 3 2
Colombia 34 14
Ecuador 21 10
Peru 19 9
Venezuela 6 3
Caribbean
Antigua e Barbuda 0 0
Bahamas 0 0
Barbados 0 0
Dominica 0 0
Grenada 0 0
Guyana 0 0
Haiti 1 0
Jamaica 0 0
Dominican Republic 1 0
Saint Kitts and Nevis 0 0
Saint Vincent and the Grenadines 0 0
Saint Lucia 0 0
Suriname 0 0
Trinidad and Tobago 1 0
Guadeloupe 3 3
Southern
Argentina 56 14
Brazil 271 134
Chile 20 10
Paraguay 5 4
Uruguay 14 5
Total 1,189 598

studied region. More specifically, for regions where meta-analysisare et al., 2017; Frazio et al., 2023; Nicoloso and Rice, 20215 Viglizzo et al.,
available in the literature (e.g., North and South America), C  2019; Maia et al,, 2022). For regions where meta-analysis were not
sequestration rates obtained in these studies were prioritized (Conant  available, and the identified studies were not sufficient to proceed with
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our originally chosen approach, C sequestration rates reported in
specific (individual) studies were adopted (Table 1). It was found that
the highest rates of soil C sequestration are obtained in integrated
agricultural systems (IAS), especially in the Central and Andean
regions (Table 1). Accumulation rates (Mgha™ year™) for IAS ranged
from 0.79 to 1.16 for the five regions, 0.25 to 1.03 for improved
pastures (IP), and 0.42 to 0.67 for conservation agriculture (CA). The
average rates of SOC accumulation (Mgha™ year™) for the three
selected BMPs were 0.50 (IP), 0.46 (CA), and 0.97 (IAS). Given the
lack of data for the Caribbean region, rates for this region were
assumed to be the same as those for the Central region, considering
the criteria of the same geographic position (latitude) and climate
classes (Supplementary Figure 52). Furthermore, the values of the C
sequestration rates were extracted from the documents which either
contained these data, or provided the necessary information (e.g.,
rates. The
Supplementary Figure 54 illustrates the geographic location of the

timespan of management) to calculate the

studies used to derive the soil C sequestration rates.

3.3 Soil carbon sequestration potential in
the Americas and Caribbean regions

Upscaling BMPs over 334 Mha in the Americas (30% of the land
dedicated to agriculture and livestock, presumed degraded for the
region) would sequester up to 5.2 (+2.9) Pg CO,eq by 2030 (8-year
period from 2022 to 2030) and would present an overall potential of
13.1 (27.1) Pg CO,eq over 20years (Figure 2). The northern and
southern regions had the greatest potential for soil C sequestration,
contributing to 38.9 and 38.6% of the total C sink capacity, respectively.
The highest potential of soil C sequestration in the southern region
was observed in Brazil, comprising 3.07 Pg CO,eq over 20years
(60.4% of the total
Supplementary Table 52). In the northern region, the USA has the

potential for the southern region;
greatest C sink capacity, with a potential of 3.7 Pg CO,eq (72.3% of the
total capacity of the region). Together, Brazil and USA represent 51.5%
(13.1 Pg COseq;
Supplementary Table S2). The Andean region has the third largest
potential (20.6%), followed by the central (1.4%) and the Caribbean

regions (0.5%; Figure 2).

of the total capacity of the Americas

3.4 Neutrality of GHG emissions from the
agricultural sector in the Americas and the
Caribbean region

There is little information regarding the status of soil degradation
in the Americas. However, the few information available indicates that
around 30% of the land is degraded in the region, which could
be restored and increase soil C sequestration over time (FAO, 2015;
Gardietal, 2013; UNCCD, 2019). In such case, the adoption of BMP
in those 30% of the land dedicated with agricultural practices (crops
and livestock, i.e., 334 Mha) would offset 39.2% (i.e., 0.66 Pg CO,eq
year™") of the annual agricultural GHG emissions (i.e., 1.68 Pg CO,eq
year™') over 20years (Figure 3). For a complete offset of annual
emissions, however, it would be necessary to produce with the selected
BMPs in 915 Mha (Figure 3), corresponding to 82.4% of the total
agricultural area (i.e., 1.11 B ha, per the World Bank, 2023). The south
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and north regions have the greatest need for expansion of the BMP to
achieve neutrality of total GHG emissions from agriculture, i.e., 323
and 507 Mha, respectively (Figure 4). On the other hand, although the
Caribbean and the Central regions require a smaller area (11 and 23
Mha, respectively) to mitigate the sector’s emissions, these exceed the
agricultural area available in these regions by 30 and 74%, respectively.
Among all regions, the Andean region requires the least area to
completely offset emissions from agriculture, needing about 36% of
the available agricultural area (50.5 Mha; Supplementary Table 52),
exceeding by only 6% of the baseline value adopted in this study (30%
of the total agricultural area) as an available area for upscaling of
BMPs. In contrast, the northern and southern regions need
approximately 90 and 83%, respectively. For a short-term mitigation
scenario, with 50% GHG reductions by 2030, the Andean region is the
only one that could reach the target without exceeding the reference
area (Figure 3; Supplementary Table 52). It is worth noting that the
higher the level of adoption of BMPs in the region, the shorter would
be the time needed to achieve net-zero emissions targets, as the need
to scale up the selected technologies depends on the current level in
the region.

4 Discussion

4.1 Data availability on soil C dynamics in
the Americas

The systematic literature review showed that despite the large
number of studies retrieved in the search, only a small fraction
performed field measurements for soil C data evaluation, mostly
conducted in the north and south regions (Table 2). This discrepancy
suggests that despite SOM-related terms being systematically
mentioned in scientific research articles, the fraction of studies that
measure it in the field is limited and does not present a good coverage
of the whole continent. Indeed, the agricultural area in the Americas
is largely represented by the South and North regions (952 Mha;
World Bank, 2023), which helps to justify the high concentration of
studies in these areas. Nevertheless, despite the lowest individual
contribution, Central, Caribbean, and Andean regions sum together
161 Mha of agricultural land (World Bank, 2023), therefore accounting
for a significant land proportion. Furthermore, the variability for soil,
climate, and agroecosystems management encountered in these
regions are considerable high (Alavi-Murillo et al., 2022; Owens et al.,
2020), which requires an appropriate sampling density for properly
identifying the impact of different management/climate conditions on
soil C dynamics.

In addition to the reduced number of studies identified, lack of
sampling standardization was also a major limitation observed in the
dataset, since only 4.6% (out of the 13 thousand studies retrieved in
the search) of the studies measured soil C up to 30 cm soil deep. The
IPCC recommendations for soil C evaluation suggests a minimum
sampling depth considering the first 30 cm of the soil (IPCC, 2006),
since this layer is frequently the most affected one under cropping
systems areas and is predicted to account for ~45% of total soil C
stocks found in the first 1m of soil (1,505 Pg of C; Lal, 2018).
Moreover, new studies have recently suggested more detailed
approaches, emphasizing the need for sampling deeper soil layers
(Button et al., 2022; Olson and Al-Kaisi, 2015). The need for more
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Estimated soil C sequestration capacity (Mt) for the 0—-30 cm depth up to 2030 (2030 scenario) and 2050 (2050 scenario). The 2030 scenario was
calculated considering a timespan of 8 years (2022-2030), while the 2050 scenario was calculated considering a timespan of 20 years, which is the
maximum time of response for soil C under the application of a determined management practice (IPCC, 2019a,b). The estimated potential for soil C
sequestration was based on a combination of pasture reclamation, no-tillage, and integrated systems (e.g., agroforestry, silvopastoral, integrated crop-
livestock forest systems) expansion. The estimates were calculated according to the agricultural area of each country, assuming the availability of 30%
of the total area to be recovered through the implementation of BMPs. Obs.: Following the Table 1, calculated estimates for Central, Andean, and
Caribbean regions were performed using individual studies due to lack of meta-analysis data. For this reason, these regions may present a higher level

detailed sampling protocols relies on the fact that studies showed that
cropping management can affect soil C in deeper layers (Olson and
Al-Kaisi, 2015). In the same line, C sequestration in the sub-soil layers
have been advocated as a promising strategy for long-term soil C
stabilization (Button et al., 2022); since deeper soil layer have a
reduced microbial activity and a higher C saturation deficit, therefore
favoring C binding onto mineral structures and protection against
microbial oxidation (Chenu et al., 2019; Sokol and Bradford, 2019).
The search also suggested that a reduced number of studies
focused on BMPs, as indicated by the co-occurrence map of the
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keywords. The most cited terms were related to SOM and overall
processes such as “land use change,” suggesting that this is a largely
studied subject. Apart from that, only “no-tillage;” which is a BMP, had
a significant contribution/interaction in the map. Other important
keywords such as “agroforestry” and “cover crops” appeared but
indicated to have a small contribution. This highlights that despite the
wide recognition that these practices are great strategies for promoting
soil C accrual and restore soil health (Jian et al., 2020; Lange et al.,
2015; Nwaogu and Cherubin, 2024; Steinfeld et al., 2023; Yang et al.,
2024), the number of research in these topics is still limited. Unlocking
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the potential of the Americas for improving the sustainability of its
agricultural areas depends on obtaining high-quality field data for soil
C sequestration strategies. Best management practices (e.g., cover
cropping, crop diversification) are suggested to be a key-tool for
achieving these goals, and the literature review suggests that this is a
path that still needs to be paved.

4.2 Carbon sequestration capacity and the
need for expanding best management
practices to mitigate agricultural GHG
emissions

The calculations exercises present a first attempt to estimate both
the capacity of agricultural land from the Americas to sequester C and
the necessary area needed to completely offset GHG emissions using
only three nature-based solutions or technologies: IP, CA, and
IAS. The estimated soil C sequestration potential (13.1+7.1 Pg CO,eq)
supports the previous studies (Lal, 2004, 2003; Minasny et al., 2017;
Paustian et al., 2016; Smith, 2008), which showed that BMPs are
efficient strategies of promoting soil C sequestration and are a
potential tool to mitigate the anthropogenic climate change. Adoption
of BMPs could sequester up to 8 Pg CO,eq year™ globally (Paustian
et al,, 2016) and have a large positive impact on GHG mitigation
(IPCC, 2022). Other researchers have estimated a mitigation capacity
of 1.5 to 5.3 Pg CO,eq year™" (Smith, 2008). The estimate presented
herein suggests that up to 1.02 (0.66+£0.36) Pg CO,eq year™' would
be mitigated in the Americas considering only one-third of the
available agricultural area, which represents roughly 12 to 44% of the
global estimated capacity according to Smith et al. (2008), and ~ 8%
according to Paustian et al. (2016). The given scenario places the agri-
food systems of the Americas as a major component to mitigate
climate change as well as farmers as a key actor to enhance global
food security.
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The greatest potential of soil C sequestration observed in southern
and northern regions depends on the available agricultural area in the
countries of these regions. For the Andean region, however, despite
the lower contributions compared to southern and northern regions,
the reviewed rates for soil C sequestration are considerably high,
especially for the practice of IAS, which also presented high values for
this modality (1.16 Mgha™ year™) in the central region. This
highlights the potential for soil C sequestration for this region when
considering each area unit. In practical terms, these higher rates for
soil C sequestration may be explained by two main reasons: (i) the
Andean region is comprised of high-altitude area which contribute to
promoting soil C accrual (Alavi-Murillo et al., 2022; Segnini et al.,
2011); (ii) the studies recovered in the present search for the Andean
region assessed mostly agroforestry systems for the IAS modality.
Agroforestry systems are generally more complex when compared to
other IAS studies that were considered in the search for other regions
(e.g., integrated crop-livestock systems). The high complexity of these
systems may contribute to increasing soil C sequestration potential, as
stated by Steinfeld et al. (2023) and Lange et al. (2015). Once it
promotes a greater capacity for C accrual in the soil, this feature is
highly interesting in the context of C market initiatives. In general
terms, the high rates for soil C sequestration increase the region’s
capacity for mitigation of GHG emissions. Despite the smaller
contribution of each country when compared to the other regions,
Andean, Caribbean, and the Central American countries together
contribute up to 23.6% of the total potential, representing 3.1
Pg CO,eq.

The predicted potential was based on C sequestration rates
reported in the literature (Table 1), where three different strategies
were adopted in proportions that are more feasible to be implemented
in the field, i.e., 56% of IP, 24% of CA, and 20% IAS. Due to this
conservative scenario, a significant proportion of the agricultural area
in the continents (i.e., 915 Mha - 82.4% of the total) would be needed
to completely offset agricultural GHG emissions. Prioritizing
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50% reduction target for short-term results by the end of the decade (average CO,eq emissions between 2015 and 2019 were used as the baseline and
a timespan of 8years (2022-2030)). The 2050 scenario was calculated considering the neutrality target and a period of 20 years. The required
estimated area to compensate for emissions was based on a combination of pasture reclamation, no-tillage, and integrated systems (e.g., agroforestry,
silvopastoral, integrated crop-livestock forest systems) expansion. Values in parentheses on the y-axis represent the CO,eq emissions (MtCO,eq year™)
to be compensated and estimated for each scenario. Dashed lines represent the available estimated agricultural area that could be restored through
BMPs in each country/region, which was assumed to be 30% of the total agricultural area (FAO, 2015; Gardi et al., 2013; UNCCD, 2019).

strategies that are more efficient in promoting soil C sequestration,
like IAS (Table 1), could be beneficial for reducing the required area
to achieve C neutrality since it could increase the capacity for
promoting CO, removal from the atmosphere. In the same line,
combining other approaches not considered in the calculations
presented here, such as biochar, could also be beneficial. Biochar has
been reported to greatly contribute to soil C sequestration, besides
reducing N,O emissions and improving soil health (Beillouin et al,,
2023; Kaur et al., 2023; Mukherjee and Lal, 2013). Available meta-
analyses indicated increases on soil C levels ranging from 39 to 64%
under biochar application (Bai et al., 2019; Beillouin et al., 2023;
Chagas et al,, 2022). Alongside, other conservation strategies such as
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reduced tillage (or minimum tillage) also can potentially contribute
as a BMP strategy (Jordon et al., 2022; Krauss et al., 2017). The soil C
sequestration potential calculations performed here were based on NT
practice due to the great data availability (i.e., soil C sequestration
rates) in the literature. Nevertheless, adopting other intermediate
strategies such as minimum tillage could also be positive, especially in
field conditions where management or technical restrictions prevent
the application of more robust approaches such as NT.

Furthermore, due to limited data availability, these estimates
considered only the potential for soil C sequestration in the soil, and
do not include the aboveground C sequestration (e.g., in the trees of
IASs) and the potential reduction of GHG emissions from the
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agricultural sector. The present study also did not include the potential
positive impacts on agronomic productivity, soil health, and other
benefits (Kopittke et al., 2022). The actions taken for climate change
mitigation must involve multiple efforts, which would comprise
strategies specifically focused on reducing GHG emissions in the
productive chain of the agricultural sector, therefore enhancing the
mitigation capacity (Lal, 2022). This could lead to a carbon-positive
scenario, where the agri-food systems could mitigate more GHG than
they generate. For example, the Global Methane Pledge, launched at
COP26, in Glasgow and ratified by 30 countries of the Americas, seeks
to establish volunteer actions to reduce 30% of CH, emissions from
2020 levels until 2030. This target could be achieved using different
tools with the potential to reduce GHG emissions allied to soil C
sequestration technologies (Johnson et al., 2007; Lal, 2022; Nayak
etal, 2015). For example, using additives in ruminants’ diets could
reduce enteric CH, production by ~34% (+15) (MAPA, 2020; Roque
etal, 2019; van Wesemael et al., 2019). This management practice can
significantly impact the mitigation of GHG emissions from the
livestock sector in the Americas, where five (i.e., Brazil, USA,
Argentina, Mexico, Uruguay) of the ten largest cattle herds in the
world are present (i.e., ~366 million head, per Souza Filho et al., 2019).

Improved grazing management practices could also be beneficial
to reducing enteric CH, production (Souza Filho et al., 2019), besides
being an effective strategy for increasing nutrient use efficiency (NUE)
(Low et al., 2020). A greater NUE can be beneficial: (i) to increase
forage/crop yield and consequently C accrual, and (ii) to reduce the
surplus of nutrients in the soil solution that could be leached or
converted into GHG like N,O in the case of N (Venterea et al., 2016).
Specifically, for N fertilization, inhibitors can also reduce the
production of N,O (e.g., nitrification inhibitors like dicyandiamide -
DCD; Liu et al., 2013). Similarly, crop diversification strategies like crop
rotation could improve nutrient cycling, consequently leading to better
nutrient usage and reducing the demand for external inputs (Lehman
et al,, 2017). In more biodiverse cropping systems, the inclusion of
cover crops associated with no-till can significantly improve soil
physical and biological quality (Blanco-Canqui and Ruis, 2020; Lange
etal, 2015; Williams et al., 2020). Soil with better physical conditions
can increase air and water diffusion, thus reducing the occurrence of
anaerobic sites that are prone to denitrification or methanogenesis
processes (Blanco-Canqui and Ruis, 2020). Biologically, a more diverse
microbial community can prevent the dominance of specific groups
that can be more efficient in producing N,O and CH, (Cezar et al.,
2021). Lastly, maintaining healthy soil could increase CO, capture in
living biomass and, therefore, enhance C sequestration.

4.3 Study limitations

The systematic literature review indicated that despite BMPs-
related terms are frequently mentioned in the literature, the number
of studies that assess soil C under these strategies is reduced. The
review also indicated the urgency for standardization of the sampling
depth, which should minimally include the top 30cm layer and
preferentially reach 100cm depth (at least). Evidence suggest that
assessing soil C considering only the utmost soil layer may not
represent soil C dynamics properly, as the impact of cropping systems
can affect deeper layers (Smith et al., 2020). A significant gap on soil
C data was observed specifically for Central, Caribbean, and Andean
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regions. The low availability of data for these regions, combined with
the lack of technical criteria, prevented the extraction of C
accumulation rates via meta-analysis (Bown and Sutton, 2010; Hansen
etal., 2022). Therefore, the scenarios were generated from an extensive
literature review focused on identifying C sequestration rates in
regions with data availability (Table | and Supplementary Figure 54).
Most of the extracted rates were obtained from meta-analysis studies
per se, as for North (Conant et al., 2017; Nicoloso and Rice, 2021) and
South (Viglizzo et al., 2019; Maia et al., 2022; Frazao et al., 2023)
America. But for other regions (Central, Caribbean, and Andean),
isolated studies were adopted. The use of individual studies for
Central, Caribbean, and Andean regions is a shortcoming encountered
in the analysis, which unfortunately, represents a bias in the reported
data (Lin and Chu, 2018; Rothstein et al., 2005).

Another challenge was identifying the real extension and the most
promising location (within each landscape/region) of degraded
agricultural areas where implementation of BMPs would be more
technical and socio-economically feasible for increasing soil C
sequestration. Due to a lack of data, these estimates are restricted to the
extension of 30% of the available agricultural area, an average estimate
of the degraded land proportion (see Materials and Methods, section
2.2.1). It is uncertain whether this value is below or above the true extent.
Further limitations associated with this study are related to the poor
availability of soil C data across the region, which would be necessary to
account for soil C saturation status. As expected, the reported soil C
sequestration rates (Table 1) may not be fully achieved depending on the
current soil C levels. The absence of these data prevents obtaining precise
estimates of the C sequestration potential, which is an essential step
towards establishing public policies aimed at mitigating GHG emissions
through agriculture for addressing anthropogenic climate change.
Despite this, we consider the results presented here valuable and timely
because it provides an order of magnitude of the mitigation potential
with the expansion of BMPs in the Americas based on evidence. Such
approach can be improved at the pace that more information is
generated for the region, enhancing the quality of the analysis.

5 Conclusion

This study provides a first assessment of the current knowledge
regarding the research on SOC-related subjects in the Americas.
Overall, the results demonstrate an urgent need for experimental
standardization in soil C research, with the establishment of a minimal
sampling depth; and a significant territorial blind spot in the continent.
Our current estimate of soil C sequestration potential may be refined in
the future as more C data become available in these regions and as the
accuracy of land use and soil degradation in the agroecosystems
improves. Despite that, these estimates reveal that a considerable
amount of C (i.e, 13.1 Pg CO,eq over a 20-year period) would
be sequestered under the expansion of pasture reclamation strategies,
no-tillage system, and integrated agricultural systems across 30% of the
agricultural area (334 Mha). The effectiveness of these technologies
would offset roughly 39% of the GHG emissions originating from the
agricultural sector. An additional area of 581 Mha would be needed to
be managed under those BMP’s to compensate the total emissions
originating from the sector to achieve net zero targets (mainly adopted
by countries for 2050). The need to upscale the adoption of such
technologies depends on the current level of existent across the region.
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The data presented in Table 1 could be used as a reference for
establishing national policies aimed at improving soil C sequestration
by using BMPs, such as the ABC+ Plan/RenovAgro in Brazil (Brazil,
2023). Also, these data provides reference numbers for soil C
sequestration based on published information, making the Americas’
region a Tier 2 level considering the IPCC methodology for national
GHG inventories (IPCC, 2006). Moreover, according to the [IPCC
Special Report on climate change, desertification, land degradation,
sustainable land management, food security, and greenhouse gas fluxes
in terrestrial ecosystems (IPCC, 2019b), the agriculture sector of the
region is a global player in positive terms of GHG mitigation, adaptation,
food security and combat to desertification and land degradation. This
is an outstanding achievement for the region, and for the climate change
and food security agenda. Finally, it also represents a major step in
supporting countries to advance with the adoption of climate-smart
agriculture technologies towards the net-zero agenda by the middle of
the century, a relevant accomplishment to turn down the climate crisis.
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