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ABSTRACT

Global land use changes that tend to satisfy the food needs of augmenting population is provoking agricultural
soils to act as a carbon (C) source rather than sink. Agricultural management practices are crucial to offset the an-
thropogenic C emission; hence, Carbon sequestration (CS) in agriculture is a viable option for reversing this cycle,
but it is based on hypotheses that must be questioned in order to contribute to the development of new agricul-
tural techniques. This review summarizes a global perspective focusing on 5 developing countries (DC)
(Bangladesh, Brazil, Argentina, Nigeria and Mexico) because of their importance on global C budget and on the
agricultural sector as well as the impact produced by several global practices such as tillage, agroforestry systems,
silvopasture, 4p1000 on CO, sequestration. We also discussed about global policies regarding CS and tools avail-
able to measure CS. We found that among all practices agroforestry deemed to be the most promising approach
and conversion from pasture to agroforestry will be favorable to both farmers and in changing climate,
(e.g., agroforestry systems can generate 725 Euroeq C credit in EU) while some strategies (e.g. no-tillage) sup-
posed to be less promising and over-hyped. In terms of conservative tillage (no-, reduced-, and minimal tillage
systems), global and DC's land use increased. However, the impact of no-tillage is ambiguous since the beneficial
impact is only limited to top soil (0-10 cm) as opposed to conventional mechanisms. Grasses, cereals and cover
crops have higher potential of CS in their soils. While the 4p1000 initiative appears to be successful in certain
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areas, further research is needed to validate this possible mode of CS. Furthermore, for effective policy design and
implementation to obtain more SOC stock, we strongly emphasize to include farmers globally as they are the one
and only sustainable driver, hence, government and associated authorities should take initiatives (e.g., stimulus in-
centives, C credits) to form C market and promote C plantings. Otherwise, policy failure may occur. Moreover, to de-
termine the true effect of these activities or regulations on CS, we must concurrently analyze SOC stock adjustments
using models or direct measurements. Above all, SOC is the founding block of sustainable agriculture and inextricably
linked with food security. Climate-smart managing of agriculture is very crucial for a massive SOC stock globally es-

pecially in DC's.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction agricultural GHGs emissions, adopting best practices is a major task

Greenhouse gases (GHGs) particularly carbon dioxide (CO,), meth-
ane (CH,), and nitrous oxide (N,O) play a direct role in Climate Change
(CC) but, CO, is prevalent among these with the highest contribution
(65%) to global emissions (IPCC, 2014; Rogelj et al., 2018; Rodas-
Zuluaga et al., 2021). CO, is considered as a parameter to calculate the
Global Warming Potential (GWP) for the other gases (EPA, 2021).
Global atmospheric CO, concentration has increased from 280 ppm to
409.09 ppm between the 18th century (pre-Industrial Era) and 2019,
with an estimated annual growth rate of 3.40 ppm year—! as of 2018
(NOAA, 2020). This increase in atmospheric CO, concentration has
raised concerns given its association with global mean temperature
and CC (Olivier and Peters, 2020; Stern, 2007). The emerging trend in
atmospheric CO, concentration points to the first instance of the
human-induced increase in GHGs emissions (Paustian et al., 2016).
Such concerns are highlighted for developing countries (DC) such as
Brazil, Nigeria, Mexico, Bangladesh and Argentina which base their
economies in agricultural commodities export, since agriculture is
deeply affected by CC and these exports represent 12.3% of the global
agricultural commodities (Data, 2019). Under this context, Carbon Se-
questration (CS) in agriculture sector is a valuable alternative to reverse
such trend, but lies over assumptions that must be challenged in order
to lead to develop novel agricultural techniques. Among all anthropo-
genic sources of GHGs emissions, agriculture and related primary activ-
ities play a pivotal role, yet, these practices are crucial for CS.
Agricultural GHGs increased two-folds during the period 1961-2017
(Tubiello et al., 2014), and are projected to increase by about 7% for
the period 2017-2030, bringing the net agricultural GHGs emission to
12.3 Pg (Peta gram) of COeq (FAOSTAT, 2018). This projection is a sig-
nificant hint to cope up with GHGs emissions, since Agriculture, Forestry
and Other Land Use (AFOLU) sector contributes 24% to global emission
(IPCC, 2014). To downscale both the projection and the share of

for agricultural systems. Farming intensification has stressed agricul-
tural soils to act as enhanced emitter of GHGs due to the soil distur-
bances by practices such as tillage, pastoralism, bush burning,
deforestation, uncontrolled/continuous grazing, continuous cropping,
and intensive confined animal feeding operation; (Gerber et al., 2013;
Bellarby et al., 2008).

As can be seen in Fig. 1, agricultural practices are a substantial source
of atmospheric CO, depleting soil organic carbon (SOC) stock. Even
though there is a conceptualization that SOC stock must be restored
and augmented through roots and biomass decomposition resulting of
either cover crops or no till or grasslands whereas cattle manure man-
agement, CS into plant trunks is also a valid alternative for those sys-
tems leading to circular economy such as agroforestry or silvopastoral
systems (Terrer et al., 2021) (Fig. 1). Also, sequestering in either soil
or plant biomass is a trade-off that needs to be addressed. To quench
this thirst of knowledge, taking advantage of previously published
long-term and short- term field researches, meta-analyses published
in peer-reviewed journals we searched literatures in Google scholar
search engine introducing the term “carbon sequestration”, “agricul-
ture”, “agricultural management practices”, “C sequestering policies”
and so on to build a database of 200 literatures.

Soil organic carbon stock depletion can be observed worldwide but
it is especially important for soil health in the 5 DC mentioned above
where the top 100 cm soil layer concentrates 5 to 10 kg C m~2 as a result
of agricultural activities promoting CO, loss (Fig. 2). Therefore, there is a
need to improve agricultural practices to offset soil CO, emissions
through both crop and cattle management practices. This premise be-
comes relevant under the framework of 2030 Agenda for Sustainable
Development Goals (SDGs) as an important factor to be accomplished
(United Nations, 2020). Even though efforts to achieve this goal have
stirred several research studies with many recommendations, most of
them are costly and not workable for low-income countries of Africa,
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Fig. 1. Conceptual schematic representation of different pathways of CO, releases to the environment. Land use changes (deforestation, burning, etc.) alters the SOC stock and emit CO,

while vegetations act as a potential C sink and reduce anthropogenic C emissions.

Asia and South America. Under this context, economically feasible prac-
tices leading to CS have been widely advocated as a potential tool to off-
set CO, emissions (Smith et al., 2008; Lal et al., 2018; Smith et al., 2020;
Mathew et al., 2017; Keel et al., 2019) derived from the practices per-
formed in croplands, forests, orchards, pastures and rangelands. Regard-
ing this aspect, SOC stock expansion is central to the adjustments of
potential damages of CC i.e., abatement of GHGs and anthropogenic
CO,, discharges along with improved soil health. Slight changes in SOC
can trigger substantial variations in atmospheric CO, concentration
(Wiesmeier et al., 2020; Stockmann et al., 2013).

Additionally, empirical findings (Papini et al., 2011; Saha and Kukal,
2015; Gupta and Sharma, 2014; Gupta and Sharma, 2013; Zhong et al.,
2019; Marti-Roura et al., 2019) demonstrated that C can be sequestered
through a combination of several practices under extant policies. This,
importantly, raises questions on the adequacy of the current agricultural
practices to sequester enough CO, and upturn the negative effects of CC
occasioned by enormous agricultural GHGs emissions. The objective of
this review is to collate, synthesize and analyze the current state of ag-
ricultural practices leading to CS, contextualizing the feasibility of

improving agricultural practices globally emphasizing on five Develop-
ing Countries. Here, we also focus on global policies aimed to foster CS
and methods employed in measuring CS. This study is structured as fol-
lows. Section 2 provides an inter-linkage of global warming, CO, se-
questration and agricultural practices; Section 3 gives an in-depth
overview of current practices being practiced globally for CS; Section 4
shows a concise overview of global policies; Section 5 depicts detailed
available methods for measuring CS; Section 6 contains conclusions
and recommendations.

2. Interlinkages of global warming, CO, sequestration and agricul-
tural practices

The dramatic rise in GHGs emissions and concentrations in the at-
mosphere has increased the earth's surface mean temperature because
of radiation balance changes (greenhouse effect): the more GHGs con-
centration in the atmosphere, the less long wave radiation escaping to
outer space; resulting in global warming (Kweku et al., 2018) and
then CC. Substantial environmental havocs emerged including melting

(b)
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Fig. 2. Global SOC stock (a) and mass (b, per 5° latitude) in the top 100 cm of terrestrial soil (Kochy et al., 2015).
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of mountain glaciers, decreased snow cover in the Northern Hemi-
sphere, reduced precipitation in the tropics, increased sea level, rise in
ocean acidification, thinning and reduced Arctic ice and area, and loss
of plants and animals' biodiversity (IPCC, 2013; Wanner et al., 2008;
Tett et al.,, 2007). Also, recent catastrophic events e.g., heat waves, trop-
ical cyclones, floods, and drought provided interesting evidence of
global warming and CC (Kweku et al., 2018). These events CC-related
have been dramatic for the agricultural sector of DC. For example, dur-
ing 2018, Argentina's agricultural sector lost 4.6 billion USD due to a se-
vere drought (Bolsa de Comercio de Rosario, 2018). Furthermore, the
locust outbreak in Southwest Asia and Africa during 2020 produced sig-
nificant economic losses, with regions deeply affected such as the
Northwest of Nigeria (FAO, 2020a, 2020b). Thus, reducing GHGs emis-
sions is a critical aspect to cope with CC. Pooled agricultural emissions
of Brazil, Nigeria, Mexico, Bangladesh and Argentina represent 14.9%
of global agricultural emissions (FAOSTAT, 2018), so those agricultural
practices reducing emissions, enhancing SOC stock, offsetting SOC respi-
ration and improving livestock diets are rather desirable for emissions
mitigation in these DC. The common thread among such practices is
CS, which has been defined as the process of capturing and storing at-
mospheric CO; in soil, vegetation, ocean, and geologic basalt, for a cer-
tain period (Lal, 2004). The process ensures fixation of atmospheric
CO, into the various plant parts via photosynthesis and later incorpo-
rates the C into the soil via the activities of soil microorganisms
(Mandal et al., 2020; Kishwan et al., 2009; Kemmitt et al., 2008).
Carbon sequestration occurs following many age-old agricultural
practices, including mixed crop-livestock farming system, conservation
agriculture, organic agriculture, and agroforestry among others (Hui
et al., 2015; Zuidema et al., 2013; FAO, 2011). Studies showed that CS
through some agricultural practices can offset GHGs emission in terms
of CO, ¢q (metric used to compare emissions from several GHGs on
the basis of their global warming potential).For instance, improved
grazing management practices in grasslands was estimated to sequester
0.41 Pg CO, over a 20-year period (Gerber et al., 2013), while Ussiri and
Lal (2009) observed 48% and 52% less global warming potential and net
CO,, emission for no-till than moldboard till and chisel till, respectively.
This corroborates the findings of de Vries et al. (2009) that CS rates re-
spond to reduced emission/concentration of GHGs. The CS, therefore,
serves as a regulator, controlling the harmful effects of increased emis-
sion/concentration of GHGs on the environment through changing cli-
mate (Zhu, 2010). In spite of CS advantages, CS-related practices are
not widespread yet and CO, emissions produced by agricultural activi-
ties are far to be offset with a minimum level of adoption (Jantke
et al., 2020). The global GHGs emission since the beginning of agricul-
tural practices particularly, forest clearing and burning was estimated
at 133 Pg CO,. and has more than doubled (379 Pg CO,.) in the 20th
century (Sparrevik and Utstgl, 2020; Nayeb et al., 2019; UNEP, 2019;
Zheng et al., 2019; Houghton and Nassikas, 2017; Lal, 2004).
Agricultural practices such as land cultivation/tillage for forage crops
production contribute around 8 to 16 Pg CO,.q and also triggered exten-
sive (50% to 70%) loss of soil C stock (Sanderman et al., 2017; Le Quéré
et al.,, 2016; Teague et al., 2016; Pan et al., 2011; Zomer et al., 2013).
Also, GHGs emissions from production, storage, and distribution of agri-
cultural inputs and their application with mechanized equipment have
significant impacts. For instance, production, storage, and application of
manures and synthetic fertilizers accounted for 1.8 Pg COz¢q and 0.6 Pg
CO,¢q respectively, while on-farm energy use contributed 1.0 Pg CO5eq
(Ahmed et al., 2020; IPCC, 2014). Deforestation and forest degradation
due to land-use change over the period 1990 to 2010 produced about
1.4 Pg C yr—! (IPCC, 2013; Houghton, 2012). Emissions from cattle
(beef and dairy cows) production alone was estimated at 8.3 Pg CO5¢q
and surpassed the total GHGs emission of any country aside from
China (Ahmed et al., 2020). Overall, GHGs emissions from AFOLU activ-
ities accounted for about 13% CO,, 45% CH,4, and 82% N,O of global
human activities during 2007-2016, representing 27% (19.9 Pg CO,) of
total anthropogenic emissions of GHGs (Ahmed et al., 2020). Cusack
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et al. (2021) compiled 292 local comparisons of “improved” versus
“conventional” beef production systems across global regions, assessing
net GHGs emission data from Life Cycle Assessment (LCA) studies. They
found that net beef GHGs emissions could be reduced substantially via
management changes. This study mentioned that overall a 46% reduc-
tion in net GHGs emissions per unit of beef was achieved at sites using
CS management strategies on grazed lands, and an 8% reduction in net
GHGs using growth efficiency strategies (this reduction depending on
the baselines); the net-zero emissions were only achieved in 2% of the
studies. Thus, a combination of CS and efficiency improvements could
be promisors. Then, given the magnitude of these contributions to
global agricultural emissions, feasibility analyses about CS practices im-
plementation are needed, particularly for DCs being vulnerable to CC
but at same time depending on agricultural exports for global trade.

3. Environmental and economic context for agricultural practices
and carbon sequestration in developing countries

Pooled area devoted to agricultural land of Brazil, Nigeria, Mexico,
Bangladesh and Argentina accounts for 571 M ha, contributing with
11.2% to the global agricultural area (FAO, 2019; The World Bank Data,
2019). Then, a contextual and prospective analysis for these DC may
lead to a better comprehension about what CS-linked practice is better
to encourage and recommend depending on environmental and eco-
nomic context at global and local level. Regarding environmental in-
dexes, the global SOC pool is 1550 Pg, which is about 3.3 times higher
than the atmospheric C content and 4.5 folds higher than the C in vege-
tations (Lal, 2004). The SOC is a universal indicator of soil quality, im-
portant for ecological, physical, and biological functions,; fluctuations
in SOC levels can occur due to land-use changes (Stolbovoy et al.,
2007) and can be a causal agent of soil fertility depletions, soil erosions,
and emission of GHGs. Best management practices include conservation
agriculture (CA), sustainable intensification (SI), integration of crops
with trees (agroforestry) and livestock (mixed farming), and restora-
tion of soil health through CS (Lal, 2019). Agricultural practices can act
as both emitters (sources) and C capturing agents (sinks) (Aertsens
et al., 2013, Moreira et al., 2020; Paustian et al., 2016). C sequestering
management practices are largely climate-dependent (Conant et al.,
2001) in both temperate and tropical regions (Ogle et al., 2005). Soil C
content and concentration along with CS rate significantly increase
with improved practices, e.g., improved fertilization, improved
grazing management, water management, etc., but it is highly time-
dependent. For instance, the highest CS rate was observed in the first
40 years on the top 10 cm of soil (Conant et al., 2001).

In economic terms, Gross Domestic Products (GDP) per capita from
Brazil, Argentina and Mexico are close or above the world GDP per
capita (15,299, 23,040 and 20,944 vs. 17,811 USD yr—, respectively)
while those of Nigeria and Bangladesh are below this average (5362
and 4964 USD yr~ 1), whence the building of resilience through CS will
benefit the more to the latter group of countries (World Bank, 2020).
Also, it must be noted that agriculture-based economies have a certain
degree of specialization for exports: for example, Brazil and Argentina
are specialized in export grains and beef meat, Mexico in beer and hor-
ticulture species, while Nigeria and Bangladesh main commodities are
specialized in cocoa beans and jute respectively (FAO, 2019). However,
since the point of view of the domestic market, the five countries are
similar producing sugarcane, maize, soybeans, wheat, rice, cassava,
yams, milk and meat (Table A1). Therefore, alternative food production
systems relying on the concept of CS may allow farmers and stake-
holders to cope with CC, diminish economic vulnerability resulting
from specialization and at the same time improve food security.

3.1. Analysis of tillage systems for developing countries

Tillage is the land preparation technique, i.e. mechanical manipula-
tion of the soils for preparing seedbeds for planting crops. Several tillage
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practices viz. No-tillage (NT), Reduced Tillage (RT), Conservative Tillage
(CT) are advocated globally for CS in cultivated soils. Global land under
these practices went from 111 M ha in 2009 (Derpsch et al., 2010) to
160 M ha in 2013 (Kassam et al., 2015). The reason behind adopting
NT, RT and CT system is that, acute tillage forces SOC to be depleted eas-
ily (Acir et al., 2020). Dimassi et al. (2014) concluded tillage doesn't
have massive impacts on SOC stock after certain periods from top to
deeper soil depth, but agreed NT can improve SOC stock in top 10 cm
soil (Angers and Eriksen-Hamel, 2008; Luo et al., 2010; Acir et al,,
2020), yet follow an inverted “U” shaped curve. In terms of whole soil
profile Impact, longstanding results revealed NT is inferior to CT
(Blanco-Canqui and Lal, 2009). Soils under NT practice exhibit declined
SOC in deeper soil depth, which entails insignificant variances exist be-
tween CT and NT (Corbeels et al., 2020).

Argentina and Brazil account for ca. 70 M ha with crops under those
systems (Rainaudo, 2019; IBGE, 2017), which is the main reason behind
the share of crop residue on emissions, with 0.01 Pg CO,. for Argentin-
ean agriculture, emitting mostly N,O (MCTI, 2020). Regarding the Mex-
ican case, a study showed partial to low level of adoption of RT or CT for
corn crops due mainly to lack of information and lack of equipment
(Van den Broeck et al., 2013). In Bangladesh, the adoption of RT, NT
and CT is increasing, covering up to 26,000 ha in 2012 (Hossain et al.,
2015). Also, Nigerian smallholders are increasingly adopting this farm-
ing technique (Olawuyi, 2019).

Again, contrasting results are also available. Adoption of NT in
agricultural systems improved the SOC, N fractions and soil microbial
activity (Rigon et al., 2020; Pu et al., 2019). NT practices under specific
pedo-climatic conditions can expand SOC stock, decrease the net re-
leases of GHGs but, owing to contradictory results, implementing NT
has solved SOC conservation (Ogle et al., 2019). NT practices are futile
in terms of SOC maintenance and steady aggregate development com-
pared to CT in rainfed Mediterranean olive orchards. NT also promotes
less N,O emission when compared to the CT (plowing) in Brazilian
soils (de Figueiredo et al., 2018).

Less soil disturbance is the actual mechanism of NT which promotes
ultimately greater aggregation of soil particles when compared to CT
with soil plowing. CT eventually yields more exposure of SOM to the mi-
croorganisms, greater mineralization of SOC, and CO, emission (Galdos
et al., 2019; Marafon et al., 2020).

In arid regions where fine and medium-textured soils are com-
mon, Deep Tillage (DT) can induce CS significantly compared to CT.
Although, the whole soil profile is not influenced and surface SOC
stock seems to be low, but SOC stock increases significantly in sub-
surface soil (20-50 cm depth), spatial fluctuations within sites and
appropriate agronomic practices while DT will be prescribed for CS
(Feng et al., 2020). Finally, results are controversial for these prac-
tices in terms of SOC stock conservation and GHGs emissions, but
with adequate management of residues, fertilizers and other agro-
nomic variables may be an alternative to improve soil health and
conserve SOC for drier and sandy environments (Abdalla et al.,
2016), an alternative particularly interesting for countries with
lower income such as Bangladesh or Nigeria (Table 1).

Table 1
Effect of different tillage practices equipped with different parameters on SOC sequestra-
tion at the topsoil of the Mediterranean region (modified from Acir et al., 2020).

C sequestration (Mg C ha™!)

10.922.8 + 0.380
9.946 + 0.251

Tillage practices

CT with residue retention
CT with zero residue

RT with heavy tandem disc harrow 15.007 + 0.308
RT with rotary tiller 17.190 + 0.307
NT 19.121 £ 0.518
ST 16.696 + 0.406

CT = Conventional Tillage, RT = Reduced Tillage, NT = No Tillage, ST = Strategic Tillage.
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3.2. Agroforesty, land use patterns, silvopasture, and pasture management

Clearing of native vegetation by changing land-use patterns to meet
up with the food demand for the augmenting population has become an
obvious phenomenon all over the world. SOC stock in soils is depleting
while influencing largely the soil microflora and fauna. Not only the soil
can substantially sequester C, but also tree biomass, since forests can in-
crease their biomass in ca. 23% with elevated CO, while grasslands only
can increase biomass in ca. 6% (Terrer et al., 2021). In such sense agro-
forestry systems (AFS) are a valid alternative to sequester carbon for
DC. Although information is scarce, the global area under agroforestry
is estimated to be around 1000 M ha (Kumar et al., 2014).

Several studies across the world have agreed and acknowledged the
inherent CS potential (acting as C sink) of agroforestry (Albrecht and
Kandji, 2003; Ramachandran Nair et al., 2010; Aertsens et al., 2013;
Dold et al., 2019; Cardenas et al., 2019; Muchane et al., 2020). However,
despite of the latter statement, tree cover has been ignored or neglected
in most global and regional calculations (Zomer et al., 2016). Trends on
total biomass C, were different among DC between 2000 and 2010, with
Brazil and Bangladesh having increases of 13.8% and 19.8%, and
Argentina and Nigeria having decreases of —20 and —5.8%, respectively
(Zomer et al., 2016). The fires in the Brazilian Amazonia during 2019
have affected that trend since it is estimated 0.63% of the C sequestered
in biomass was lost (Cardil et al., 2020).

AFS tend to improve SOC composition compared to mono-cropping
and have the potential to influence soil macroaggregates formation
through above and below-ground processes (Rodriguez et al., 2021;
Muchane et al,, 2020). However, with grasslands soil CS is higher than
that of trees, while with trees biomass CS is higher than that of grass-
lands (Terrer et al., 2021), having AFS a complementary effect on CS.
Again, stable aggregate (macro & micro) formation and preservation
of SOC within aggregates is a noteworthy mode for SOC sequestration.
Rhizosphere soil contains more SOC than non-rhizosphere soil, showing
the roots effectivity in fixing C in soil (Li et al., 2020). Macroaggregates
are eminent SOC binders; microaggregates are sculptured within
them, SOC remains steady in the smaller pore because of their unwaver-
ing captivating ability (Conrad et al., 2018). A study by Rodriguez et al.
(2021) found that root macroaggregates can store 14.1 g C kg™ in
Colombian deforested Amazonia. Pasture and arable land management
through AFS can offset approximately 0.02 Pg CO,_oqha™! yr~! while en-
suring a net C credit of 725 Euro ha~' over a 19-year timeframe in
Europe (Aertsens et al., 2013). Different AFS stored an average of 91.3 +
4.1 Mg C ha™! in entisols and inceptisols (Rodriguez et al., 2021).

Additionally, trees can contribute to C capturing process both by
their above-below ground biomasses and by woody contents too.
Quantifying CS through above and below ground biomasses has
gained reliability (Narayana et al., 2020). A 17-year comparative
study on silvopastoral systems in the temperate regions of the USA
suggested that plantation of Northern Red Oak (Quercus rubra) and
Pecan (Carya illinoinensis) can contribute to the overall CS via their
woody C content 0.75 Mg ha~! and 0.20 Mg ha™!, respectively
(Dold et al., 2019). Woody plantation is sustainable in C capturing.
Presence of the tree in silvopastoral systems can reduce animal ther-
mal stress, increasing daily weight gain and reducing the slaughter
time, enteric methane emissions, and simultaneously, the emission
intensity of the system (Chara et al., 2017; Domiciano et al., 2020;
Herrero et al., 2016).

AFS significantly rely on land usage patterns in terms of C releasing or
keeping potential (Cardenas et al., 2019). Transformation of natural bi-
omes to croplands pays off with a greater loss of C in tropics (West
et al., 2010), and transition in land usage and cultivation processes influ-
ence C stock (Bennett et al,, 2009). Data revealed that every ton of annual
crop production requires three folds of C emission in terms of newly
cleared vegetations in the tropics. Again, approximately 91.5 Mg C ha™!
is lost from tropical soils with a poor yield of approximately 2.8 Mg
ha=" yr~! compared to temperate zones (West et al., 2010).



S.S. Bhattacharyya, FE.G.D. Leite, M.A. Adeyemi et al.

Practice dependent, but a potential C sink is grasslands (Conant et al.,
2001; Bennett et al., 2009; McSherry and Ritchie, 2013; Mahanta et al.,
2019), however, some results may vary depending on the regions
(Viglizzo et al., 2020; Peri et al., 2017; Villarino et al., 2020; Alvarez
et al,, 2021). They are the major CO, removal agent as they remove
around 20% of the emissions derived from the clearing of vegetation
and land conversion (Follett and Reed, 2010). Globally, grasslands oc-
cupy around 26% of total lands with an assessed storage of 343 Pg C,
and they subsidize to one-fourth CS through soils (Mahanta et al.,
2019). Improved grazing, farming of advanced fodder species etc. can
help to enhance the CS potential of grasslands (Mahanta et al., 2019).
Grass species, e.g., C4 compared to C3 can accumulate more SOC stock
in terms of grazing. However, grazing has a more positive effect at the
deeper soil depth (>40 cm), and the grazing intensity, soil texture,
and climate are interlinked with each other. For example, a dry climate
(Central Asia) with strong grazing in sandy soils can provoke the grass-
lands to act as a C source instead of a C sink but grazing in clay soils hav-
ing the same climatic conditions is sustainable (McSherry and Ritchie,
2013). Legume-based grass pastures can influence CS (e.g., Leucaena),
and they can exhibit the biological nitrogen fixation, reducing the use
of chemical fertilizers (Conrad et al., 2018). Properly managed pastures
have great potential to preserve the aggregate structure, and because of
the extensive root system, soil cover with grass residues increases labile
C, and consequently the soil C stock (Gmach et al., 2018).

The rotation between crop and pastures optimizes the biological cy-
cling of nutrients, promoting greater yield efficiency, greater supply of
organic matter, and better soil fertility conditions in the long term
(Carvalho et al., 2014; Costa et al., 2018). Integrated crop-livestock-for-
estry systems (ICLF) aim to increase agricultural productivity by aggre-
gating different agricultural, livestock, and forestry production,
benefiting all the components (Balbino et al., 2011; De Moraes et al.,
2014). The ICLF system has the potential to reduce GHGs emissions, re-
covery of degraded areas and, reduce the pressure to open new areas
and deforestation (Alves et al., 2017; Cardoso et al., 2016). Unlike con-
ventional agriculture, the management carried out in the AFS and ICLF
promote enhancements in soil quality, by i) crops diversification ii) per-
manent vegetation cover, and iii) the reduction of soil erosion (De
Moraes et al., 2014; Salton et al., 2014). These administrations can pro-
mote the increase of the SOC, and they can offset N,O and CH,4 emissions
from soils considerably along with the enteric fermentation of the ani-
mals (Conceigdo et al., 2017; Ribeiro et al., 2019). The CO,-eq removal
potentiality of agricultural practices are listed in Table 2.

3.3. Crop rotation, cover crops, and crop types

Losses of C along with deteriorated crop produce is a common sce-
nario in different cropping systems. For example, in Argentina, a typical
crop sequence including wheat, soybeans and corn can emit 0.7 to
2.5 Mg CO; oq ha~! yr~', with rotations having more crop diversifica-
tion emitting less carbon (Taboada and Peralta., 2020). Crop diversifica-
tion can balance the losses as it substantially influences soil biodiversity
along with SOC stock expansion e.g., crop rotation with cover crops and
one/more crops instead of monoculture can contribute to the total soil C

Table 2
CO,-eq removal potentiality of different practices along with calculated C credits over 19
years' timeframe (modified from Aertsens et al., 2013).

Measures CO,-eq removal Mean projected value
potential (C credits) from 2012
(Mgha='yr™1) to 2030 (Euro/ha)

Agroforestry on arable land 10.065 725

Pasture renovation by agroforestry 10.065 725

Hedge rows 0.366 27

Cover crops 0.586 43

Low/no tillage 0.366 27

All 21.448 1547
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by 8.5% and 3.6%, respectively (McDaniel et al., 2014; Poeplau &
Don,2015). About 8% of outright agricultural GHGs releases could be al-
tered annually by cover crop cultivations while apparent 0.09-0.15 Pg
SOC Yr~! may be sequestered globally until C saturation occurs
(Poeplau and Don, 2015). C saturation can significantly decline the
SOC stock augmentation (Wang et al.,,2021). McDaniel et al. (2014) pre-
dicted under present climatic decorations an annual increase of SOC of
119.2 £ 18.7 Mg C when there will be a rotation with cover crops,
but, absence of cover crops (Presence of other crops) will lead to yearly
7.8 £+ 25.6 Mg C deposition. The rotation of crops and grasses in the
same area is strategic to increase the SOC stocks, and they get benefitted
mutually, hence, the integrated crop-livestock systems (ICL) emerge as
a workable alternative toward reaching a sustainable agricultural pro-
duction in tropical climate regions (Carvalho et al., 2010) where C loss
is much because of climatic set-up.

Different crop species have significant inter linkages with SOC, con-
tribute to increased stock through shoots and roots. Mathew et al.
(2017) estimated C content in above ground biomasses in natural
grasses, cereals, fibers, legumes, oil crops, summer maize, winter
wheat, and rice as 19.80 £ 1.16,9.44 £ 0.45,7.90 £ 1.00, 3.29 £ 0.63,
3.05 + 1.16,6.3 + 0.34,2.2 + 0.35,9.5 + 0 Mg ha~ ' yr !, respectively,
which shows the greater ability of these crops to captivate atmospheric
C in their shoots. However, grasses are found to be storing three folds
more Cin their roots compared to maize. Thus, the ultimate mechanism
is: atmospheric C capture in shoots > translocation of C in roots >
Soils > SOC stock increase > CS.

3.4. 4 per 1000 initiative (4p1000)

The 4p1000 initiative, adopted at COP 21 under the Lima-Paris Ac-
tion Plan (LPAP) frame focuses on the restitution of the human-
induced CO,; releases by augmenting global SOC stock of the upper
0-40 cm soil at a 4% rate yearly (Wiesmeier et al., 2020; Soussana
etal, 2019). 4p1000 aim can be achievable in continental, humid conti-
nental and humid subtropical climate under CA practices (Valkama
et al., 2020); but highly region-dependent, i.e., projection is valid for
studied regions only (Powlson et al., 2016). The Initiative promotes an
innovative model for helping to mitigate CC, through an increase in
SOC and contributing to CC adaptation and food security, and can con-
tribute to SDG 15.3, by combating desertification and restoring de-
graded lands (Rumpel et al., 2020).

A feasibility study of 4p1000 on the arable lands and grassland soils
at Bavaria, Southeast Germany exposed that management practices
(cover cropping, agroforestry, improved crop rotation, organic farming,
and conversion of cropland to grassland) for achieving the 4p1000 goal
could result around annual 1% increase in the present SOC stock, indicat-
ing the target is not achievable although, 1.5% of total GHGs emissions
can be moderated per year which represents the significant CC adapta-
tion (Wiesmeier et al., 2020). It has been demonstrated that improve-
ments in grazing management, along with levels of fertilization,
sowing of legumes, addition of improved grass species, irrigation, and con-
version from crops benefit SOC stock, with rates ranging from 0.105 to
>1 Mg C-ha—!'yr~! (Conant et al., 2017). There are enormous potential
and challenges in increasing SOC stocks in African and South American
smallholder agriculture by the 4p1000 initiative and the South-South Co-
operation (SSC) (Corbeels et al.,, 2019; Lal, 2019). The low SOC levels in
Sub-Saharan Africa are associated with the limited resources of small-
holder farmers, as CC mitigation is not a priority for them. However, the
4p1000 initiative should be promoted for positive impacts on crop produc-
tivity and for farmers' profitability (Corbeels et al,, 2019).

3.5. Conservation agriculture (CA)
Given the current status of tillage practices for DC above mentioned

(Sections 3.1 and 3.3), it is worthy to mention CA contribution to CS.
Minimum tillage, crop remainder interception, and crop species
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variations are the full sets of CA (Powlson et al., 2016; FAO, 2017;
Gonzalez-Sanchez et al., 2019; Friedrich et al., 2017), also assumed as
a mitigator of CC through CS. CA with these principles focus on higher
crop productivity (inter cropping and/or crop rotations) can increase
SOC and contribute to CC mitigation, but the impact will depend on
the site conditions, type of cropping system, management, and the his-
torical land use (Lal, 2015; Corbeels et al., 2019). Using CA practices to
protect the soil and increase the SOM is vital for maintaining the agricul-
tural and environmental sustainability (Chenu et al., 2019; Lal, 2015).
Residue retention after harvesting can improve the physical, chemical,
and biological properties of soil, and favor CS (de Figueiredo et al.,
2018; Zomer et al., 2017). Soil health must be improved through the
buildup of SOM content, with improvements of soil structure and tilth,
enrichment of soil biotic activity and species diversity, and enhance-
ment of soil's water retention capacity (Lal, 2019). The adoption of
low C agriculture technologies based on CA has the potential to offset
global emissions by 22.3% for 2021 to 2035, 25.2% from 2036 to 2050,
and can mitigate 8.24 Pg C for the period from 2016 to 2050 in South
America (Sa et al., 2017). The estimated potential CS by CA in Africa is
143TgCha~'yr~!and 524 Tg CO, ha~' yr~!, which is 93 times the cur-
rent CS situation of this continent (Gonzalez-Sanchez et al., 2019). How-
ever, several studies proposed for the adoption of CA practices in both
tropical and temperate regions for CS (FAO, 2017; Gonzalez-Sanchez
et al,, 2019; Valkama et al., 2020). There are contrasting claims too,
such as erroneous overestimations, trivial SOC stock increase compared
to traditional practices & an inconsistent high hope on CA practices re-
garding mitigation potential, besides, CA practices were identified as
an unnecessary policy tool (Powlson et al., 2016. Corbeels et al., 2020).
Global reported values of SOC stock owing to agricultural management
practices are listed in Table 3.

4. Global agricultural policies to foster carbon sequestration: an
overview

CC mitigation requires low C in the ecosystem through sustainable
management of ecosystem services. Perhaps, land conversion from
peat lands, mangroves, old forests & marshes will be the largest releaser
of minimum 260 Pg C in the atmosphere which could eventually result
in a devastating CC event (Goldstein et al., 2020). Cropland Reclamation
Policies (CRP) handle 0.48-4.34 Tg C due to the land transformation in
Hubei, China (Tang et al., 2020). Again, including residue retention in
soil as a policy was the key driver of gaining an annual net increase of
0.140 Mg C ha™! in the topsoil (0-20 cm) throughout China from
1980 to 2011 (Zhao et al., 2018). To achieve “soil-based GHGS
mitigation” (Paustian et al, 2016) and “self-restoring soil

Table 3
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ecosystem”(Scholes and Scholes, 2013; Alexander et al., 2015) fruitful
policy plan is mandatory. About 52%-73% C depletion rate can be abated
by saving C abundant lands from conversion (Tang et al., 2020). To save
the irreclaimable C from being lost (Goldstein et al., 2020) and to
acquire cropland CS valuing nearly 62 Tha~! at 1400 M ha land
(Lal, 2016), a policy-driven priority list should be made and monetized
according to the C storage capacity of ecosystem components (Zhao
etal,, 2018; Goldstein et al., 2020; Tang et al., 2020). The CS theme is in-
creasing popularity and getting urgency among policymakers, scientists
and farmers, so we should bring together policy and science in a com-
mon forum to create a win-win situation (Kimble et al,, 2016).

As a part of the process, society remains the supreme authority for
deciding whether it will invest or design effective policies including C
plantings (Bryan et al., 2016), or C credits (Follett and Reed, 2010) or
not. But collocation of multipurpose policies (e.g., incentives and com-
plementary levies) is crucial in achieving the desired C within a system.
In Portugal, LULC (Land Use and Land Cover) for improving forest area is
projected to increase CS by 29.5% and 5% (best and worst-case scenario,
respectively) by 2030 (Cunha et al., 2020). In the USA, land manage-
ment practices (e.g., Cropping intensification, Organic amendments, Pe-
rennial vegetation, Biomass crops) is suggested to include in policies as
they can increase CS (Post et al., 2004). The USA is estimated to increase
CS by 288 Tg C yr~! through the adoption of Recommended Manage-
ment Practices (Lal et al., 2003). In soil and vegetation, LUC can influ-
ence future C stock changes in Europe, calculated values lie between
90and 111 Tg Cyr~! by 2030 (Schulp et al., 2008). It can also be recom-
mended government intervention on the policy to have a positive im-
pact on augmented SOC stock (Fig. 3).

However, contrasting spatial SOC value and it is assessing accuracy and
related costs are the central nexus for designing effective agreements and
determining stimulus incentives between landowners and cultivators for
the formation of a C market (Capon et al., 2013). In efforts to conservation
actions to mitigate CC, assessing C storage and CS is vital. Some study has
developed models and perspectives to assess C storage (Maraseni and
Mitchell, 2016; Barré et al,, 2017). But these methods are more of a scien-
tific approach than customary use for local farmers. Most of them are used
to measure the above-ground SOC storage. Heterogeneity in forest ecology
is a common occurrence. Different regions require different approaches
and action plans to restore SOC, so proper field condition and combination
with LULC policy to foster CS are rare.

For better yield and increasing the scopes for CS by the agricultural
sector, the CSA (Climate Smart Agriculture) has the opportunity for pos-
itive impact. FAO defines CSA as agriculture that sustainably increases
productivity, resilience (adaptation), reduces/removes GHGs (mitiga-
tion), and enhances achievement of national food security and

Reported values of SOC stock changing potential of different agricultural practices in the different countries of the world.

Practices Regions

SOC stock change(s)

Reference(s) Comments (if any)

Conservation Agriculture i) Indo-Gangetic Plains (IGP)
ii) Sub-Saharan Africa (SSA)
Agroforestry Diverse ecosystems

C/ha/yr

i) 0.16-0.49 Mg C/ha/yr
ii) 0.28-0.96 Mg C/ha/yr
i) Aboveground:0.29-15.21 Mg

Powlson et al., 2016 Poor data collection, overestimations and over
hyped promotion of C sequestering potential.
Ramachandran Nair ~ Robust potential of global C sequestration.

et al, 2010

ii) Belowground:30-300 Mg

C/ha/yr
Agroforestry Diverse ecosystems and
biophysical conditions
Recommended Management Mediterranean Climate

practices (RMPs)

8,1 + 4,4 Mg CO5¢q/ha/yr

i) Olive orchards: 1,1 Mg C/ha/yr
ii) Vineyards: 0,34 Mg C/ha/yr

Kim et al., 2016 Robust potential of global C sequestration.

Vicente-Vicente
et al, 2016

Sustainable & operative tools for C capture.

iii) Almond orchards: 2,04 Mg

C/ha/yr
Integrated crop-livestock (ICL)  Brazilian savanna (Cerrado
biome)
No-tillage (rotation Brazilian tropical soils
soybean/maize)
Silvopastoral Systems

Reduced tillage

0.35 Mg C/ha/yr

Colombian Amazon
UK and Northwest Europe

1.6 Mg C/ha/yr

0.82-2.58 Mg C/ha/yr

0.310 + 180 Mg C/ha/yr

Carvalho et al,, 2010  Anecdotal evidence indicates ICL as an

efficient C sink

Potential to turn the 200Mha soils acting as a

significant C sink.

Landholm et al., 2019 Plausible potential to act as C sink

Powlson et al., 2012 The rate is dubious to achieve, also N0 emission
can occur.

Bayer et al., 2006
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implementation, and adoption by farmers, but inclusion of C planting or credits are the part and parcel of fruitful policy designing, thus, CS increases. Abbreviations: LULC = Land Use
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development goals. Though the CSA and CS are different practices, com-
bining these two will upgrade the chances of SOC storage. Burrascano
et al. (2016) doubted the consequences of tree plantation in Europe
aiming for both biodiversity and C storage instead of managing grass-
lands at low intensity while recommended for a harmonized adoption
of policies addressing woodland and meadow ecologies. But the first
issue can be resolved by adopting discriminatory C payments (Bryan
et al,, 2016).

However, there is a dearth of policies and guidelines for farmers
which can incite awareness among farmers to foster CS, thus indicating
the anecdotal importance of involving the farmers in the policy remains
as a crucial part. Clear and accessible information on the relative bene-
fits and costs of adopting reforestation is obligated to landholders. In-
centives and co-benefits must be highlighted to the stakeholder to
practice the policy (Biardeau et al., 2016). The Policy needs to be flexible
enough for spontaneous participation of farmers. C Credit can be intro-
duced as a means of incentive but in that case, initial regulations for the
credit market are the top priority. According to Thamo and Pannell
(2016), we need the policy continuation for optimum level of CS, other-
wise, C emission from soil to the atmosphere is more likely to occur. As a
result, policy failure may occur and pose a drastic impact.

5. Methods available for measuring carbon sequestration

Plant shoot and root C stocks along with CS in agricultural and forest
soils are strategic to mitigate CC and for improving food security (Lal,
2004; Powlson et al., 2016). Improved land use and management prac-
tices for C mitigation need robust quantification and monitoring tech-
nologies that should be reliable and accurate (Paustian et al., 2016). It
is crucial to measure and determine the spatio-temporal fluctuations
of C stock through direct field measurements, remote sensing, and
model-based tools (Petrokofsky et al., 2012). Besides, the obtained in-
formation can contribute to robust Measure Report and Verification
(MRV) platforms to support international and national initiatives to in-
crease SOC, REDD+ programs, support policy efforts on CC mitigation
and C credit trading schemes (Hurtt et al., 2019; Smith et al., 2020;
Ochieng et al., 2016). However, affordability of either methodology
may vary according to science policy of DC.

5.1. Direct measurements

Direct field measurements to assess SOC stock changes are more fre-
quent in plot scale studies (experiments), where deformed samples to
measure C content on the fine earth fraction (<2 mm) and undeformed
samples for bulk density are collected from a determined depth of the

soil profile (FAO, 2019). Spatial and temporal variations should be con-
sidered to obtain reliable C stock changes in long term field experiments
(FAO, 2019), otherwise, erroneous data can be produced. Deeper soil
sampling (100 cm) is recommended for crops with deep (tap) roots,
as they can accumulate C in deeper soil depth, but this is costly & labo-
rious (FAO, 2019; Paustian et al., 2016).

Spectroscopic methods are employed for direct measurements in
both small- scale (field and lab) and large-scale (landscapes) systems
as they are less time-consuming, cost-effective, non-destructive and
don't take in use of chemicals (Smith et al., 2020; Stevens et al., 2006).
These methods are based on the reflectance of light & soil absorbs a spe-
cific wavelength, then, under spectral library and calibrations, they can
predict soil properties (Stevens et al., 2008). SOC can be spectrally mea-
sured with a reasonable accuracy level, but less accurate than the con-
ventional chemical lab analyses. As a larger number of samples can be
processed, it can offset the trivial loss of precision (Stevens et al.,
2006). Different environments and spatial scales require different
VNIR techniques for instance, Laboratory Spectroscopy (LS), Portable
field Spectroscopy (PS) and Remote Spectroscopy (RS). The RS is
based on air or space-borne sensors, while LS and PS are grounded on
point spectrometry (ground-based sensors) (Stevens et al., 2008).

Eddy Covariance (EC) flux systems can measure CO, exchange be-
tween ecosystems and atmosphere for longer lapse of time using
sonic anemometer and infrared gas analyzer (IRGA), which is mostly
used in steady atmosphere, homogeneous vegetations, and flat terrains
(Baldocchi, 2003). The EC can quantify the impacts of agricultural man-
agement practices, agro-climatic conditions, and crop rotation on net
ecosystem exchange (NEE), CO, emitted by agricultural machineries,
and their influences on the flux and CO, concentrations in the atmo-
sphere (Davis et al., 2010; Taylor et al., 2013). Due to low turnover in
the soil compartment, net changes in SOC pools are relatively small in
short periods (<5 years), hence, uncertainties in measurements may
occur (Smith et al., 2020). However, studies with EC coupled with direct
measuring of SOC stock change can improve the understanding of short-
and long-term effects of managements and climate on net ecosystem C
(Ferster et al,, 2015; Leifeld et al,, 2011).

C stored on forests above-ground biomass (AGB) can be estimated by
allometric equations, where field measurements of variables (such as di-
ameter and height) are used to assess attributes that are more difficult
to obtain (biomass). It provides relatively accurate estimates, but facilitates
large-scale estimations (Phillips et al.,, 2002). Yet, direct measurements of
AGB are limited for small zones and more studies are required for country
and region-specific allometric equations (Petrokofsky et al., 2012; Singh
et al,, 2011). Therefore, allometric equations might be applicable in sys-
tems where trees are the major components e.g. agroforestry.
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5.2. Remote sensing

Remote sensing for mapping SOC is equally accurate and economic,
requires different mapping and sampling procedures for different areas
and crop fields, still, it has high-resolution ability for predicting SOC dis-
tribution in specific sites (Chatterjee et al., 2009). It can also predict
changes at large scales, for instance, vegetation patterns and land-use
changes, thus, can identify high potential areas for CS (Jaber et al.,
2011; Rogge et al., 2018). Landsat satellite imagery has continuous cov-
erage, cost-effectiveness, and image accessibility, might be applied suc-
cessfully for the validation and monitoring of grasslands and crop
intensity for CS estimation and C credit trading schemes (Watts et al.,
2009). Combined application of remote and in situ or point data is oblig-
atory to derive high resolution and accurate SOC maps over the world
(Smith et al., 2020).

Optical satellite sensors provide spatial vegetation information that
can be integrated to ground-based measurements to estimate C stocks
on forest areas, and even make projections for potential CS (Ni-
Meister et al., 2010; Hurtt et al,, 2019). Lidar is an active remote sensing
technique that is well acknowledged for providing high-resolution, 3-D
information on vertical and horizontal forest structure, above-ground
biomasses, and underlying topography (Simonson et al., 2016).

5.3. Model-based estimation

We can use modeling approaches at various scales, both on project
scale (individual field) and national scales, evaluate the efficacy of in-
creasing SOC on management practices over an extended time span
and accounting in annual inventory GHGs reports (Oelbermann and
Voroney, 2011; FAO, 2019). Empirical models are the easiest way for
some countries to predict SOC change for their national inventory of
GHGs, and widely known as the Tier 1 method from IPCC guidelines
(default value) (IPCC, 2006). Some regional studies may be needed to
readjust model parameters from the IPCC method. Process-based
models can simulate the C dynamics from environmental variables,
land use and agricultural practices (Paustian et al., 2019). Those soil
and ecosystems models are more complex than the empirical models,
the ecosystems approach are locally calibrated and require more data
resources for modeling which might be a limitation, but facilitates accu-
rate estimation (FAO, 2019).

The FullCAM model developed by Australia's National Carbon Ac-
counting System (NCAS) the Australian Greenhouse Office (AGO), inte-
grates biomass, decomposition, soil C models, and accounting tools to
provide a single model capable of carbon accounting in afforestation, re-
forestation, deforestation and AFS (Richards, 2001). It includes all C
pools and allocations to ensure that there are no significant occasions
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Remote Sensing

Soil
Organic C

Science of the Total Environment 790 (2021) 148169

of double counting or omissions in accounting. The FullCAM model al-
lows a fine spatial resolution (grids) of 1 ha, providing a capacity for na-
tional and project scale modeling, in response to specific activities and
timing (Richards, 2001). The RothCis a sub-model from FullCAM to pre-
dict the turnover of SOC, that uses a monthly time step, it is one of the
widely used in the world and has a simpler structure than other models
(Smith et al., 1997). It needs a few easily obtainable inputs, such as cli-
mate, soil, and the decomposability of the incoming plant material pa-
rameters (Coleman and Jenkinson, 2014).

The Century model can provide long-term trends and help to iden-
tify factors leading to a buildup or cost of SOC because of land manage-
ment practices and land-use changes (Oelbermann and Voroney, 2011).
This model uses soil-plant-climate interactions to describe the soil CN
dynamics, assessment of organic matter addition through agricultural
practices and simulate biomass production above and below-ground
as a function of nutrients and soil characteristics (Parton et al., 1988;
Smith et al.,, 2009).The C-TOOL is a dynamic soil model parameterized
and validated utensil that allows simulations on medium to long-term
changes in SOC under agricultural management in temperate soils,
using fewer parameters and input data (Taghizadeh-Toosi et al.,
2014). The denitrification-decomposition (DNDC) model is a process-
oriented model to assess the soil C and N biogeochemistry dynamics,
with a simulated period from several days to centuries (Li, 1996). The
Daycent model (soil-based approach) can estimate both soil C stock
changes and soil CH4 and N,O emissions (Del Grosso et al., 2001). The
mathematical model ecosys is used to predict transformation and trans-
fer of water, oxygen, C and nutrients under changes on climate and
management (e.g., changes on soil organic matter on tillage and
fallowing) (Grant, 1997). Nevertheless, the use or implementation of
complex models for SOC mainly depends on the available data, their pe-
riodicity in the measurements, which sometimes limits the use of these
approaches. There are methodologies to believe to estimate SOC in a
simple way i.e., [IPCC (2006) guidelines which using changes in carbon
stocks; and other models based on net carbon fluxes in agricultural/live-
stock soils (Vleeshouwers and Verghagen, 2002; Petersen et al., 2013;
Batalla et al., 2015; Ricard and Viglizzo, 2020). As a whole, all the
methods to estimate SOC should be chosen by specific measurement
needs and applications (Fig. 4), so the choice of an instrument or mea-
surement techniques depend on the researchers' need and resources,
such as the project objective and funding (Chatterjee et al., 2009).

6. Concluding remarks and recommendations
We conclude SOC is the founding block of sustainable agriculture.

CO,, reduction as a CC adaptive solution has become a standard aspect
in line with the Paris Agreement objectives and SDGs; but, for

Atmospheric
CO.
I «4—— | Eddy Covariance

+— Ecosystem l
Net Ecosystem
Exchange

Above ground

Soil Organic C '\ Allometric
Equation

Fig. 4. Conceptual diagram showing different methods of measuring SOC. For example, eddy covariance can measure both net ecosystem exchange and atmospheric CO, level, allometric

equations can predict biomass C storage.
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evaluation of its capacity, practical assessment of agricultural practices
that influence C storage in the agroecosystems is essential (Keel et al.,
2019). Management practices for accelerating CS in agroecosystems
are highly climate and time-dependent. Although C credits or payments
are not in vogue, Govt. incentives may promote C planting or encourage
farmers to shift in sustainable low-carbon agricultural practices and
production intensification, thus, it will attract investments which will
eventually lead to the reduction of GHGs for per unit of product and
pressure on the environment (Cardoso et al.,, 2016). However, we rec-
ommend the following things:

i) Grasses and cereals should be added in the cropping systems

with an average 76% C enchanting abilities through shoots.

ii) No-tillage or bare soil approach is an over-promoted method for
CS. It can boost the SOC stock in the topsoil (0-10 cm) for the
short-term in certain pedo-climatic conditions, but long-term ex-
periments showed almost the same SOC stock compared to plow
tilling.
Agroforestry is one of the most promising options for aug-
menting C storage & help in stable aggregate formation in
both arable lands & grasslands of tropical and temperate
zones. In livestock systems, conversion from pastures to agro-
forestry is a promising management strategy in DC, since not
only is an interesting mitigation strategy, but also one of the
adaptation strategies with an important beneficial effect, es-
pecially on heat stress. This last point is important for the
countries participating in this work, where heat stress in ani-
mals is one of the main impacts of CC, generating important
economic losses in this type of production. However, conver-
sion from pasture to agroforestry will be beneficial.

iv) Farmers from DC should be considered as the key driver for ef-
fective policy implementation for SCS. CO, comprises almost
65% of total GHGSs, C plantings can be done to capture it via
farmers if they consider it affordable & relatively cheaper,
get C credits.

v) Crop yield and SOC stocks are significantly allied e.g., a meta-
analysis of 32 field studies showed around 1.4% increase in
grain yield was coupled with 0.4% expansion in SOC stock
(Soussana et al., 2019). So, to obtain better crop production
and ensure sustainable food available for all the regions, we
must have to stretch out climate-smart agricultural manage-

iii

=

Appendix A

Table A1

Production of commodities per country (millions of metric tonnes). NR = Not Ranked by FAO.

Source: (FAO, 2021).
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ment practices for augmenting SOC stocks.

vi) Animal farming can be a major source of GHG emissions. However,
there are still a significant number of strategies and policies to com-
pensate these emissions through C capture and storage, and in
some cases to achieve zero carbon production systems. Currently,
in developing countries, this issue is gaining interest not only
from governments, but also from the private sector. In our coun-
tries, there are still many process technologies to be adopted by
producers, allowing them to improve the efficiency of agricultural
production systems without having a negative impact on emissions
and, in some cases, increasing and/or restoring the SOC.
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Commodity Country production (mill of metric tonnes)

Argentina Bangladesh Brazil Mexico Nigeria
Barley 5.12 NR NR NR NR
Cassava & Yams NR NR 17.50 NR 109.25
Chillies and peppers, green NR NR NR 3.24 NR
Jute NR 1.60 NR NR NR
Maize 56.86 3.57 101.14 27.23 11.00
Meat, cattle 3.14 NR 10.20 NR NR
Milk, whole fresh cow 10.34 NR 35.89 12.28 NR
Potatoes 2.21 9.70 3.70 NR NR
Rice, paddy 1.6 54.60 10.40 NR 8.40
Rice, paddy (rice milled equivalent) NR 36.40 6.91 NR 5.63
Sorghum NR NR NR 6.67 435
Soybeans 55.26 NR 114.27 NR NR
Sugar cane 17.65 3.14 752.90 59.33 NR
Sunflower seed 3.83 NR NR NR NR
Tomato NR NR NR 4.27 NR
Wheat 19.46 NR NR 3.24 NR
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