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Abstract: Carbon farming has become increasingly popular as it integrates agriculture, forestry,
and diverse land use practices, all crucial for implementing European strategies aimed at capturing
310 million tons of carbon dioxide from the atmosphere. These farming methods were proven to
reliably increase the amount of carbon stored in the soil. However, there is a lack of discussion and
consensus regarding the standards used to report these values and their implications. This article
analyzes carbon sequestration rates, calculation methodologies, and communication procedures, as
well as potential co-benefits and best practices. The average carbon sequestration rates in major staple
crops range from very low values (0-0.5 Mg/ha/yr) to medium values (1-5 Mg/ha/yr). Scientific
agricultural experiments in key global staple crops demonstrate positive rates of 4.96 Mg C ha~! yr—!
in wheat-maize rotations and 0.52-0.69 Mg C ha~! yr—! in rice-wheat rotations. In agriculture, carbon
sequestration rates are reported using different terms that are not consistent and pose communication
challenges. This assessment involves a systematic review of the scientific literature, including articles,
reviews, book chapters, and conference papers indexed in Scopus from 2001 to 2022. Specifically, this
review focuses on long-term experiments, meta-analyses, and reviews that report an increase in soil
carbon stock. The research trends observed, through a VOSviewer 1.6.18 analysis, show a steadily
increasing interest in the field of carbon sequestration.
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1. Introduction

Attaining net-zero CO, emissions is essential to keep global warming within 1.5 °C
or 2 °C limits [1]. In recent years, atmospheric CO; levels have reached a record high
of 421 parts per million (ppm), representing a 50% increase since the beginning of the
industrial revolution [2]. It is estimated that for every 1000 Gt of CO, emitted by human
activity, the global surface temperature rises by approximately 0.45 °C [3]. Mitigation
strategies proposed in CO, reduction scenarios aim to decrease emissions and enhance
carbon dioxide removal (CDR) strategies [4].

In agriculture, CDR strategies aim to increase carbon storage in long-lasting reserves,
such as the soil, through the use of plant residues or the accumulation of organic materi-
als [5]. Soils are one of the two main carbon reservoirs on Earth, holding more carbon than
the atmosphere and terrestrial vegetation combined [6]. Soils represent intricate ecosys-
tems where the equilibrium of soil organic matter (SOM) and living organisms is crucial
for decomposing organic substances, recycling minerals, assimilating plant debris, and
facilitating plant development [7]. Nevertheless, SOM loss in agricultural land has resulted
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in a 50 to 66% reduction in soil fertility compared to past levels, with a decline of 42 to
78 gigatons of carbon, according to historical data [8].

Protecting SOM in agricultural soils is necessary to increase soil carbon stocks and
decrease climate change effects in croplands [9]. The Global Assessment of Soil Degradation
(GLASOD) evaluated thirteen types of degradation, emphasizing wind erosion, water
erosion, and physical compaction, as the most impacting in agricultural soils [10]. These
events are worsened by intensive agriculture practices, such as overuse of fertilizers, or
the use of intensive tillage [11]. Rattan Lal [12] highlighted the connection between climate
change, agriculture, and soil health and proposed carbon farming as a solution to these
critical issues, promoting carbon sequestration (CS), crop resiliency, and soil fertility [13].

CS in the Agriculture, Forestry, and Other Land Use (AFOLU) sector can play a
significant role in reaching net-zero emissions sooner across multiple global socio-economic
trajectories while enhancing existing systems. To achieve this goal, it is crucial to speed up
the adoption of carbon sequestration practices in major crops, especially in staple cereals
like maize, wheat, and rice—which cover 714 million hectares and represent 32% of the
world’s primary crop production, according to FAO [14]. Increasing CS in these cereal
crops can bring multiple co-benefits, in particular for the Sustainable Development Goals
(SDGs) [15]. Lal [8] states that increasing one ton of soil carbon stock in degraded cropland
soils may increase crop yield by 20 to 40 kg per hectare (kg/ha) for wheat and 10 to 20 kg/ha
for maize.

The carbon content of agricultural lands is usually determined by taking soil samples
at a specific depth (e.g., 0-30 cm depth). The samples are then typically analyzed using
a dry combustion method, which provides the soil carbon stock for the precise sample
location. SOM holds between 55 and 60% of carbon by mass [16]. FAO [17] proposes a
method (Equation 1) to find the soil organic carbon (SOC) stock of a sample based on
physical measured properties:

SOC; stock (Mg Cha™!) = (OC;) x (BDfine;) x (1—vG;) x () x (0.1) (1)

where

e SOC; = soil organic carbon stock (in Mg C ha™!) of the depth increment i.

e  OC; = organic carbon content (mg C g soil ™) of the fine soil fraction (<2 mm) in the
depth increment i.

e  BDfine; = the mass of the fine earth per volume of fine earth of the depth increment
i, (g fine earth cm 3 fine earth = dry soil mass [g] — coarse mineral fragment mass
[g])/ (soil sample volume [em 3] — coarse mineral fragment volume [em~3]).
vG; = the volumetric coarse fragment content of the depth increment i.

t; = thickness (depth, in cm) of the depth increment i.

e 0.1 = conversion factor for Mg C cm~2 to Mg C ha™".

In recent years, advancements in elemental analyzers paired with statistical methods
brought a decrease to uncertainties associated with SOC sampling, streamlining the process
for scientists and farmers by reducing the time and costs of lab work, which is documented
across various crop models [18].

However, knowing the carbon content of a field is fundamental for assessing CS
rates. CS practices include improving crop varieties, improving irrigation strategies, con-
serving soil moisture, diversifying farming practices, and promoting agroforestry and
sustainably sourced agricultural inputs, in contrast with more greenhouse gas-intensive
alternatives [19,20]. But comprehending and forecasting the potential for carbon sequestra-
tion associated with different practices remains a work in progress due to the complexities
found within agricultural systems. SOC content shows high spatial and temporal variability.
The decomposition process of labile-C and resistant-C converts a fraction of the carbon into
the light-C pool, and later, a fraction of the decomposed light-C turns into the heavy-C pool.
Eventually, the decomposition of the heavy-C pool produces CO,, reducing sequestration
and increasing by several years the time to process it [21,22].
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The objective of this systematic review is to provide readers with an updated overview
of CS rates for carbon farming practices in maize, wheat, and rice. For this aim, the authors
propose a comprehensive analysis of the existing scientific literature and description of
the methods, gaps, and trends in practices employed to declare and quantify CS rates.
The goal is to encourage further research in the field and promote standardized reporting
to ease comparison and data sharing for future experiments, enabling more informed
decision-making.

2. Materials and Methods

In the first step, a systematic review was conducted based on the PRISMA methodol-
ogy (Figure 1), using a collection of scientific documents on carbon farming studies in the
aforementioned cereal staple crops (maize, wheat, and rice) [23]. The documents considered
in the analysis (including articles, reviews, book chapters, and conference papers) were
published in the Scopus database from 2001 to 2022.

( Identification of studies via databases and registers )

s ™
Records identified from SCOPUS: Records removed before screening:
Identification Databases (n = 4) Duplicate records removed (n = 540)
Registers (n = 2778) Records removed for other reasons (n = 230)

i

Records screened. Records excluded because where lowest cited
(n =2008) and not considered in the (15% sample)

v

-

O\

) \ Reports not retrieved because do not declare
Reports sought for retrieval. ) . )
(n=301) I carbon stocks in terms of an increment in the
Screening / carbon stock (n = 97) /
Reports excluded:
S Do not consider the initial values of SOC stock
Reports assessed for eligibility. (n =98)
(n=204) Do not declare the duration of the experiment.
(n=50)
- /) \ J
\ 4 y
s ™
ey Studies incluiied in review.
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Figure 1. Database process of selection based on PRISMA methodology [23].

In the document analysis, a four-criteria database search was performed, using the
conditions listed below in the queries:

In all queries, the keywords “agriculture” or “carbon sequestration” or “carbon stor-
age” or “C sequestration” or “C storage” were included.

For the first query, the keywords added were “crops” and “soil”.

For the second query, the keyword added was “maize”.

For the third query, the keyword added was “wheat”.

For the fourth query, the keyword added was “rice”.
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A total of 1660 documents were found for the keywords “crops and soil”, 412 for
maize, 399 for wheat, and 307 for rice. The selection process is summarized in the PRISMA
flow diagram (Figure 1).

Once the documents included were identified, they were divided into two categories:

Documents reporting field experiments are commonly based on long-term experi-
ments where CS rates are found through laboratory methods. These methods require
soil or biomass samples collected from the field at specific intervals. Variables are shown
using analytical machinery or chemical reactions, and samples are taken throughout the
experiment [24].

Documents reporting modelling experiments typically involve mathematical—statistical
models applied using software simulating physical relationships. These models can sim-
ulate various variables, such as weather conditions or soil carbon stock flows before the
cultivation stage. Data on carbon fluxes and informatics tools are required to conduct these
experiments [25].

This review describes the carbon sequestration rates, and the methodologies used
for estimation. Additionally, for the selected studies, it provides a brief overview of crop
management, the soil profile, the duration of the experiment, and its objectives.

In the next step, to clarify and evaluate the potential impact of these results, the values
were classified using the classification proposed by Toensmeier (Table 1).

Table 1. Proposal of ranges to evaluate CS rates in crops by Toensmeier [26].

Classification Range
Very low is 0-0.5 Mg/ha/yr.
Low is 0.5-1 Mg/ha/yr.
Medium is 1-5Mg/ha/yr.
High is 5-10 Mg/ha/yr.
Very high is 10-20 Mg/ha/yr.
Extremely high is 20 Mg/ha/yr. or more

At the end, to provide an overview of the practices’ trends and co-effects linked
to CS practices in the main staple crops listed, a bibliometric analysis was performed
using the same databases from Scopus. The co-occurrence bibliometric analysis on all
databases listed was conducted using VOSviewer (version 1.6.18). VOSviewer is free
software (https://www.vosviewer.com/ (accessed on 15 November 2023)) developed
by Van Eck and Waltman, which is useful for analyzing bibliometric networks among
published papers. VOSviewer was employed to construct bibliometric maps displaying
the research trends of CS in the main staple crops [27].

3. Results
3.1. Carbon Sequestration Rate Analysis

The systematic review of the documents showed that the term “carbon” is used
together with other terms and units to report CS rates (Table 2), which are not consistent.
This inconsistency poses a challenge when attempting to compare studies and increases
uncertainty about the measurement methods used. For instance, in the study by Kumara
et al. [28], the reported carbon values lacked specification in terms of SOC stock. Similarly,
in the report by Aller et al. [29], the increase in SOC stock was not stated in terms of time,
making it difficult to understand the temporal aspects of the increase or the relationship
between soil, weather, and crop management. To enable a meaningful comparison of
documented rates, only the terms that effectively capture changes in carbon stocks over
time were selected as functional units for presenting carbon stock changes (Table 2).
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Table 2. Definitions of the main terms used in the documents reviewed for CS in the case of its
feasibility.

. . L. Suitable
Terms Units Definition Functional Unit? References
The rate at which soil organic carbon (SOC)
2::3:;325 Mg C ha~! yrfl) is stored in the soil over the long term is Yes [30]

typically expressed in terms of years.

The average carbon content present in

—1 1
Average C Input MgCha=" yr™") biomass residues. Yes [31]
Carbon The rate at which carbon is stored in a
Sequestration (Mg Chalyr 1) reservoir, such as soil or biomass, over a Yes [32,33]
Rate (CSR) specified period.
The difference between the amount of
Net Ecosystem carbon absorbed and released by an
Carbon Budget (g Cm~2 month™1) ecosystem over a specified period, Yes [34,35]
(NECB) considering both biotic and
abiotic processes.
Soil Organic The difference between the rates at which
Carbon 1.1 organic carbon is stored in the soil over the
Sequestration (Mg Cha™" yr™) long term, often due to specific agricultural Yes [36,57]
Rates (SOCSRs) or forestry practices.
Soil Total 1 The total carbon present in soil, including
Carbon (STC) (gCkg™) both organic and inorganic matter. No [32,38]
Total C Stock (TCs) (Mg Cha~1) The total carbon stocks in a system, such as No [36,39]
an ecosystem or a watershed.
The total carbon present in an ecosystem
-1 p Y ,
Total Carbon (g Ckg™) comprising both biota and soil processes. No [32,401
Total Organic The total amount of organic carbon present
Carbon Pool (MgCha™") in a system, such as an ecosystem or No [32,41]

a watershed.

The outcomes presented in Table 2 reveal that, in certain instances, the units employed
fail to account for the quantity of carbon sequestered through changes in land management
options. For example, the use of the term “carbon pool” may stand for the overall carbon
content within a pool, leading to discrepancies. Additionally, variations in the selected time
periods result in differences in the measured carbon. Terms such as “equivalent soil mass
method”, “soil organic carbon”, “STC”, “TCs”, “total carbon”, or “total organic carbon”
contribute to these discrepancies. Lastly, the NECB incorporates emissions from soil
mineralization, which falls outside the scope of comparison and data collection parameters
in this study.

After considering these results, the following statements were formulated to en-
hance understanding:

The reviewed documents that do not declare the first C stock, final C stock, and
evaluation period were not listed in Appendix A, Tables A1l and A3.

For an improved comparison, the units used to express CS rates were standardized to
Megagrams of carbon per hectare of soil per year (Mg C ha~! yr~1), with all mathematical
conversions performed accordingly [17].

The analysis performed in documents reporting field experiments (Appendix A,
Table A1) revealed that CS rates were measured by analytical methods, such as SOC
sampling in the top layer of soil, followed by processing the samples with dry combustion
in automated analyzers or the Walkley-Black method (a wet chemical oxidation method)
between two time periods. Analytical methods were predominant, with only a few in-
stances where biomass was considered as an SOC input. The widely used Walkley—Black
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method consists in heating SOC and potassium dichromate for the reaction [42]. In the
Walkley—Black method, the main disadvantage is incomplete oxidation. In the average
oxidation, SOC ranges from 27 to 100% depending on the soil characterization, SOM, and
heating method [43]. In comparison with elemental analyzers, the sum of SOC and soil
inorganic carbon could reduce the uncertainty of the measurement [44].

Measuring and monitoring stored carbon over time are challenging also due to errors
in SOC stock assessment caused by depth measurements over time [45]. SOC deposited in
topsoil is considered light-C, the youngest and biologically most reactive, with turnover
times between a few months and a few years. However, CS requires storing it in long-term
secure pools to prevent immediate remission. Nevertheless, light-C must undergo several
processes to be transformed into heavy-C forms, which are the most resistant to further
degradation and can remain in the soil for hundreds or even thousands of years [22].
For instance, wind erosion can carry away the light-C layers, while rainfall erosion can
wash away biological organic matter, which is necessary to accelerate biomass decomposi-
tion [46]. Additionally, carbon undergoes aerobic processes that release a percentage of the
sequestered carbon in the mineralization of soil [47].

The observation period is another parameter in the estimation of CS rates. Most
of the analyzed documents were experiments conducted for periods ranging from 3 to
7 years or even over 15 years. The relevance of time was explained in different soil layers
by Yu et al. [22]. Changes in land use and/or land management can significantly affect
soil carbon stocks. SOC measurements show high spatial and temporal variability in the
decomposition process of labile-C, and resistant-C converts a fraction of the carbon into
the light-C pool, and later, a fraction of the decomposed light-C turns into the heavy-C
pool. Detecting an increase in soil carbon content can take several years, and different
approaches are used to quantify carbon removal in current frameworks for carbon farming
certificates, as acknowledged by the European Commission [48].

In contrast, the analysis performed in documents reporting modelling (Appendix A,
Table A2) shows that experiments employ a variety of methods, such as a statistical analysis,
Duncan’s Multiple Range Test, and agricultural crop models like CENTURY, Daycent,
DSSAT-CERES, SALUS, Roth-C, and APSIM, among others [18]. These methods rely
on statistical techniques that use climate data, soil properties, and crop data based on
their phenology from earlier field experiments to simulate longer periods under different
management conditions [49].

The implementation of crop models and laboratory methodologies remains limited
due to their intricate nature and challenges in simulating weather conditions and diverse
cropping systems, like cover cropping or crop rotation strategies [50,51]. Despite these com-
plexities; long-term experiments have demonstrated the potential of carbon sequestration
in staple crops and its advantageous impact [52].

In Table 3, the main differences between field experiments and modelling experiments
are listed as a result of the comparison between Tables A2 and A4 of Appendix A.

Table 3. Main differences between analytical and statistical and data modeling methods.

Analytical Methods Modeling Methods

. . Mostly based in earlier field experiments, and

Mostly based in long-term experiments. - - .
the simulation of long-term periods.

Require .land for the experiment and laboratory Require high-performance computing,

or machinery equipment.

Mostly based on statistical methods and

mathematical models.

Require a substantial amount of data of

previous field experiments.

Mostly based on laboratory carbon work.

Mostly require destructive samples of soil.

Table 4 summarizes the average rate of CS of the documents analyzed in Appendix A,
Tables A1 and A3. It is important to note that some studies in Appendix A, Tables A1 and A3,
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did not account for soil mineralization, the effects of soil erosion, and the environmen-
tal impacts generated by the management. The tables solely declare the potential for
sequestration in the measured pool through stock increments.

Table 4. Average of CS rates on main staple crops.

Classification Crop System CS Potential
Wheat-Maize (2) * and Maize 1.1
Very low Monocropping (11) * 0.184-0.454 Mg Cha™" yr
Low Rice-Wheat (6, 7, 8, 13) * 0.52-0.69 Mg C ha=! yr—!
Medium Wheat-Maize (5, 9) * 4.96 Mg C ha~! yr_1

* The number of the experiment in Appendix A, Tables A1 and A3.

3.2. Research Trends in the Field of Carbon Sequestration through VOSviewer

The database used for the co-occurrence through VOSviewer software was the one
resulting from the first query and resulted in 1660 documents. A minimum threshold of 65
was set for the 8526 keywords, and only 100 met the threshold. To cut unrelated words, the
repetitive words were merged during a cleaning step before visualizing the map. Figure 2
depicts the obtained map from VOSviewer showing the co-occurrence keywords (depicted
as circles), which often appeared in the publications related to CS, while the lines stand for
the connection among them. The circle size indicates keyword frequency, and line thickness
stands for the strength of connections between keywords, highlighting the number of times
they appeared together in the same document.
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Figure 2. Co-occurrence keyword map of CS publications from 2001 to 2022.

Figure 2 displays four distinct clusters of keywords. The first cluster, depicted in red,
includes keywords related to co-effects of carbon farming practices. Keywords such as “soil
organic matter”, “soil organic carbon”, “soil fertility”, and “soil erosion” are prominent

a7



Sustainability 2024, 16, 7907

8 of 19

variables for assessing optimal carbon farming practices [53]. Changes in CS practices
are related to keywords such as “agroforestry” and “tillage”, or changes in “agricultural
machinery”. These keywords are one of the two remarkable results of the additional
analysis performed in Appendix A, Tables A2 and A4.

The first remarkable result in Appendix A, Tables A2 and A4, is tillage reduction,
which reduces soil erosion and increases soil microbial activity, which plays a crucial role
in converting biomass into SOM [54]. The change from plowing to no tillage is remarkable,
as it avoids breaking SOM and exposing topsoil SOC to wind or water erosion [55]. This
practice, combined with leaving biomass residues on the soil surface after harvesting,
proved to be efficient in reducing the need for irrigation, preserving soil moisture, and
increasing the amount of organic matter [56]. Consequently, soil with more organic matter
can process more carbon effectively [57].

In the second cluster, in green, Figure 2 shows the main impacts of intensive agri-
culture such as air and soil emissions, as indicated by keywords like “greenhouse gases”,
“methane”, “carbon dioxide”, “global warming”, and “nitrogen oxides” [58].

The third cluster in Figure 2, represented in blue, holds main carbon pools in ALOFU,
“soil”, “biomass”, and “forestry” and then its relationship with “land use change”, and
“agriculture”, involving the “carbon” and “soil analysis”.

The fourth cluster in Figure 2 shows in yellow the key staple crops of this study, “maize
(Zea mays)”, “wheat (Triticum aestivum)”, and “rice”, related to the “cropping system”, as
intercropping o crop rotations, between them or with other crops such as “Soybean (glycine
max)”. Intercropping o crop rotations included in the cluster conclude another of the two
remarkable results of the additional analysis performed in Appendix A, Tables A2 and A4.

Crop rotation or intercropping are typically planned with a focus on efficiency and
economic returns, aiming to increase the yield and reduce the inputs [59]. Crop rota-
tion combinations, such as maize-wheat and wheat-rice, proved their effectiveness in
increasing SOC stock, as described in detail by Clay et al. [60]. These rotation systems
present a promising approach to enhance CS while keeping agricultural productivity [61].
Intercropping and crop rotation, where two or more crops are grown in the same field
area, are typically designed to complement each other in terms of their growth habits and
nutrient requirements [62]. Intercropping helps reduce the external inputs of fertilizer
and pesticides and promotes the growth of deep-rooted crops, and, as a consequence, the
biomass belowground [63].

Other words in the cluster such as “manure”, “fertilizer application”, or “farming
system” are also found in the extra analysis performed in Appendix A, Tables A2 and A4.

Figure 3 was created using VOSviewer and highlights the global attention on CS and
storage in these main staple crops. The highest link strength is represented in yellow and is
based on the same co-occurrence analysis mentioned earlier, considering the occurrences
and total link strength of the most frequent keywords.

Figure 3 clearly emphasizes the significance of “carbon sequestration” (1033 occur-
rences and total link strength of 11,190), “crops” (384 occurrences and total link strength of
5276), “agriculture” (770 occurrences and total link strength of 1821), and “soil” (497 oc-
currences and total link strength of 6754), to increase “soil carbon” (411 occurrences and
total link strength of 3339) stock, and then addressing key environmental issues such as
“climate change” (352 occurrences and total link strength of 3920), and “global warming”
(139 occurrences and total link strength of 1309).

It also highlights the importance of CS, in social strategies like “agricultural wastes”
(100 occurrences and total link strength of 1459), “food security” (82 occurrences and total
link strength of 798), and “Emissions Control” (77 occurrences and total link strength of
999). Additionally, the figure highlights the significance of the main staple crops in CS, as
they are the top three crops found in the figure: maize with 192 occurrences and total link
strength of 2897, wheat with 162 occurrences and total link strength of 2486, and rice with
86 occurrences and total link strength of 1384.
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Figure 3. Average of citation of bibliometric analysis map of CS publications from 2001-2022.

4. Discussion

The results presented earlier demonstrate the potential to achieve a positive carbon
balance, despite the rates being categorized as low to medium. This study provides
managers with a threshold for selecting best management practices to reduce emissions and
offers policymakers valuable insights for regulation. It underscores the challenges growers
face in determining carbon sequestration rates through analytical and modeling methods,
highlighting the significant role of economic factors. Additionally, it emphasizes the need
to increase the application of data-sharing standards or other cost-effective alternatives.

This study stresses the importance of including co-benefits in sequestration rates to
maximize the impact of each tonne of carbon sequestered. Ignoring the values achieved by
major staple crops, economic factors, and regulatory policies may escalate the radicality and
complexity of its application. This concern aligns with current issues such as soil fertility
loss, increased global emissions, reduced sequestration rates, heightened inputs, and the
persistent demand for land to sustain the global population. The lack of standardized
methods complicates the comparison between practices and hinders progress in the field.

The research needs outlined by this review in this field are as follows:

Developing mechanisms to predict CS potential, it is crucial for growers to make
informed decisions. This can be achieved by simplifying the complexity of the process using
soil dynamics and software, and applying models aligned with international standards for
measuring or calculating CS. Doing so can help to reduce uncertainty, ease verification, and
allow for the evolution of the models.

Establishing standards for declaring the CS potential using standardized functional
units, soil factors, and boundaries for SOCSR declarations would help the comparison be-
tween studies and the evaluation of CS potential among different carbon farming practices.

Perform systemic studies, necessary for better understanding of the importance of
carbon farming in main staple crops for achieving food security, and soil health benefits, as
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well as for reaching the SDGs and other social strategies associated with soil health. Con-
sider economic incentives and potential negative consequences, such as the accumulation
of land by companies or the conversion of food crops to lumber crops, to avoid widening
the gap in interpretations.

Create a data quality database to calibrate the actual models in the market, to reduce
the time of acceptance and the prices of implementation.

In this systematic review, articles, reviews, book chapters, and conference papers
indexed in Scopus from 2001 to 2022 were considered. Specifically, the analysis was
limited to long-term experiments, meta-analyses, and reviews reporting an increment in
soil carbon stock. The research primarily focused on the CS rates in main staple crops
without questioning the methodology used for the estimation but was limited to reporting
the estimated values. Also, different practices were analyzed and discussed but without
giving a general recommendation of the most effective practice to be chosen but rather
giving references for a more informed choice.

5. Conclusions

CS rates in main staple food crops range from very low values to medium values but
still show potential to achieve positive carbon balances. This review, performed through an
analysis made in VOSviewer, shows that research trends in the field of carbon sequestration
are steadily increasing attention and interest. This is mainly due to the topic of climate
mitigation potential. CS practices in staple food crops offer significant benefits, including
reducing emissions, improving agricultural resilience, and enhancing soil health and food
security. However, challenges such as the complexity of CS calculations, the need for
standardized methodologies, and the importance of considering cultural and economic
factors in crop choices must be addressed. Comprehensive efforts to mitigate and adapt to
global warming are essential but must balance practical and cultural agricultural realities
to maximize benefits and minimize drawbacks.
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Appendix A

Table Al. CSrates of maize, wheat, and rice, reported in experimental studies based on analytical methods.

Main Crop Methodology Used to Declare the Tlm.e of Method Used to CS Rates, Mini and
No. Experiment  Calculate the Carbon . References
of Study Carbon Stock - Maximum Values
(Years) Sequestration
Soil samples were taken in April
2012 (before sowing) and 2015 SOCSR = (Cgtock1 — .
(after harvest) and processed Cstock2)/Obs. period min: —0.61 + 0.38
1 Maize using an elemental analyzer. 4 [64]
(Zea mays L.) Soil sample depth (m): 0.2 max: 1.02 & 0.44
SOC initial = 9.0 g kg~ socslllaa ‘iﬁ“;sr:l()Mg ¢
SOC stock initial = in Mg ha—?!
Soil samples were taken before
sowing in 2003 and July 2010, then _
Maize processed using an elemental (S:OCSI;E){)(;“‘"ekrli(;l min: not declared
(Zea mays L.) analyzer and isotope stock2 P
2 and wheat ratio spectrometer. 7 [65]
(Triticum Soil sample depth (m): SOCSR units = (Mg C .
aestivum) 0.2 in 2003 and 1 in 2010. ha=lyr=1) max: 0.184 + 86
SOC initial = 11.4 g kg~!
SOC stock initial = in Mg ha—!
Soil samples were taken every
year after crops were harvested
Rice and before soi.l plowing,‘then CSR = (Csock1 - min: 0.12
. processed using potassium Cstock2)/Obs. period
(Oryza sativa L.), dich te and ¢ 1
3 wheat ic r(})lma te and an externa 33 [66]
S eating method.
(Triticum CSR units = (Mg C
aestivum L.) Soil sample depth (m): 0.2 ha-1 yr1) 8 max: 0.2
SOC initial = 15.9 g kg !
SOC stock initial = 38 Mg ha—?!
Soil samples were taken in June sénfll:satlefecc)lc—
2009 and processed by ! B min: 0.05
Walkley-Black method (Cstockl —
’ Cstock2)/Obs. period
Soil sample depth (m): 0-0.5,
Wheat 0.5-0.10, 0.10-0.20, 0.20-0.30, max: 0.3
4 (Triticum 0.30-0.40, 40-50, and 50-60. 17 [30]
aestivum L.) Annual SOC
SOC initial = in g kg ™! sequestered units:
Mg Cha=lyr 1)
SOC stock initial:
CT =45.1Mgha?,
NT =454 Mg ha—!
SOC sequestration =
Soil samples were taken in June (aboveground straw
2021 and processed by residues + min: 2.583
Maize (Zea mays Walkley-Black method. belowground straw
5 L.) and wheat 6 residues) [67]
(Triticum Soil sample depth (m): 0.2 max: 3.801
aestivum) SOC sequestration
SOC initial = 9.52 g kg ™! units:
(Mg Cha=lyr 1)
SOC stock initial = in Mg ha—1!
Soil samples were taken every
year after rice harvest and
processed using vitriol min: —0.25
. acid—potassium
6 Rice and wheat dichromapte oxidation. 10 [68]
Soil sample depth (m): 0.2 max: 0.52

SOC initial = 9.05 g kg~!
SOC stock initial = in Mg ha—1!
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Table Al. Cont.

Main Crop Methodology Used to Declare the Tlm.e of Method Used to CS Rates, Mini and
No. Experiment Calculate the Carbon . References
of Study Carbon Stock . Maximum Values
(Years) Sequestration
Soil samples were taken every
year after the rice harvest and Annual SOC
processed afterward by vitriol sequestered = Cgiocx1 min: 0.04
acid—potassium — Cstocka / Obs. period
7 Rice and wheat dichromate oxidation. 34 [68]
Soil sample depth (m): 0.2 max: 0.64
o Unit of measure:
- -1
SOC initial = 9.52 g kg (Mg C ha=1 yr—1)
SOC stock initial = in Mg ha=!
Soil samples were taken after the Annual SOC
harvesting of wheat in 2008 and sequestered = .
min: 0.33
Rice (Oryza processed by Csiock1 —Cstocka /
tiva L )y d Walkley-Black method. Obs. period
8 sﬁ mf (T' .ta‘n Soil sample depth (m): 0-0.15, 9 max: 0.69 [69]
wheat (Iricunt—— o 150,30, 0.30-0.45, and 0.45-0.60. e
aestioum L.) SOC initial = 2.1 & ke—1 Unit of measure:
initial = 2.1 g kg (Mg C ha—" yr—1)
SOC stock initial = 5.9 Mg ha—!
Soil samples were taken after the
harvesting of wheat in 1997 gnd Annual SOC
2009 and processed by potassium .
. . sequestered = Cgiocx1 min: —7.18
dichromate and external heating _c /Obs. period
method followed by titration with stock2 P
ferrous ammonium sulfate.
9 Wheat and maize Soil sample depth (m): 0-0.2, 25 . [70]
0.2-0.4, 0.4-0.6, and 0.66-1. max: 4.96
SOC initial = for min values, Unit of measure:
13.94 g kg~; for max, 15.6 (Mg Cha=lyr 1)
SOC stock initial = for min values,
39.3; for max values,
44.5Mgha™!
Table A2. CS reported conditions in experimental studies based on analytical methods.
Carbon Farming !’ractlces Soil Profile at the Carbon Losses,
. . to Evaluate (Tillage .. Carbon
Main Crop Cropping System . Beginning and o
No. 0 ) Reduction, Cover . . Emissions, or References
of Study and Irrigation . . Pedoclimatic .
Cropping, Alternative oy Other Emissions
frian Conditions .
Fertilizing) Considered
L Type of soil: Luvisol
Crop rotation: No Reduce the inorganic (FAO classification)
Maize fertilizer: Evaluate the Mean annual
1 (Zea mays L) Tillage: Conventional combination of animal temperature N,O emissions [64]
ys L manure (AM) with (MAT):7.5°
. inorganic fertilizer. Annual precipitation
Irrigation: No (AP): 680 mm
Crop rotation:
Wheat-maize, Type of soil:
. wheat-fava bean (Vicia Sandy loam
Maize (Zea . .
mays L) and faba), maize-favabean  Enhancing the crop system:
2 zfvhéat Intercropping: A comparison between Not reported [65]
(Triticum WhMeiitZ_Z:Vah;:Zn intercropping and crop MAT: 8.9 °C or considered .
aestivum) , rotation.

maize-fava bean
Tillage: Conventional
Irrigation: Yes

AP: 168 & 8 mm
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Table A2. Cont.
Carbon Farming !’ractlces Soil Profile at the Carbon Losses,
. . to Evaluate (Tillage P Carbon
Main Crop Cropping System . Beginning and N
No. o=, Reduction, Cover . . Emissions, or References
of Study and Irrigation . . Pedoclimatic .
Cropping, Alternative oy Other Emissions
e Conditions .
Fertilizing) Considered
Crop rotation: Rgc!uce the inorganic Type of soil: Albic Estimated carbon
. fertilizer: Comparison of . loss of 0.46 Mg C
. Rice-wheat . Luvisol 1.1
Rice (Oryza long-term organic manure ha=" yr
3 sativa L), wheat Tlllage: or manure co.rr}blned with MAT: 13 °C [66]
(Triticum Conventional inorganic fertilizers versus
aestivum L.) Irrigation: No lon'g—term z'ipplic.a'tion of AP: 1300 mm
inorganic fertilizer.
Type of soil: Silt loam
Crop rotation: No Reduce tillage: under the USDA
Wheat . .
. Conventional tillage (CT) texture class
4 (Triticum Tillage: Conventional and  versus no tillage (NT) with Not reported 301
aestivum L.) & . . a8 3 MAT: 10.7 °C
no tillage crop residue incorporation.
Irrigation: No AP: 555 mm
C o gas Reduce tillage: Reduced
rop rotation: Maize- - . - . Qs
tillage with crop residue Type of soil: Silt loam
wheat-soybean-wheat, . -
. incorporation (CT) versus under the USDA Loss pool from
Maize (Zea soybean-wheat, and . : . o
. no tillage (NT) with crop texture class mineralization
mays L.) and maize-wheat . . . o/
residue incorporation. (47.2-51.5%) in
5 W.h.eat Tillage: Reduce tillage comparison with 671
(Triticum . MAT: 13.1 °C X
aestioum) and no tillage annual biomass
Enhancing the crop system: input reported
Irrigation: Yes Comparison of different AP: 555 mm
crop rotations.
Crop rotation: Reduce the inorganic Type of soil: Acid
Rice-wheat-rice-rape fertilizer: Comparison of purple soil soC
long-term organic manure -
6  Rice and wheat Tillage: Reduce tillage or manure combined with MAT: 17.5 °C decomposition
. : e rates of 0.20 Mg
inorganic fertilizers versus Cha=1 yr!
Irrigation: Yes long-term application of AP: 1290 mm y
inorganic fertilizer.
- . 1. [68]
Crop rotation: P Ru?;l'uce' té‘le norganic : ?ﬁi;fe(sf:;.
Rice—wheat | ertilizer: Comparison o reous sOC
. ong-term organic manure purple soi accumulation
7 Rice and wheat or manure combined with
- . . - . ° rates of 0.0055
Tlllage: Reduce tlllage 1n0rgan1c fertlhzers versus MAT 17.4 C Mg C ha_l yr_l
long-term application of
Irrigation: Yes inorganic fertilizer. AP: 930 mm
Crop rotation: Reduce the inorganic Type of soil: Loamy
Rice (Oryza Rice-wheat fertilizer: Comparison of sand soil
8 sativa L.) and twelve combinations of Losses not [69]
wheat (Triticum Tillage: Not specified organic and inorganic MAT: Not specified reported
aestioum L.) fertilizers, as well as
Irrigation: Yes residue integration. AP: Not specified
Crop rotation: For the
min values, maize-wheat; T £ soil: Cl.
for the max values, sugar  Enhancing the crop system: §lrpe ° tSOIt' ;y SOC content
beet-winter wheat- Assess the changes in SOC oam-texture depletion rate of
Wheat and maize-spring barley stock in relation to the 0.245 Mg Cha—! 0
? maize Tillage: For the min carbon input from nine yr~1. This was [70]

values, conventional
tillage; for the max values,
no tillage
Irrigation: Yes

wheat-based cropping
systems and
untilled grassland.

MAT: 12.3 °C

AP: 625 mm

compared with
annual biomass
input reported
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Table A3. CS rates of maize, wheat, and rice, reported in experimental studies based on modeling

methods.
. Time of Method Used to CS Rates, Mini
No. Malg tCEOP of MOde&gzee(li{l;fyszé)ft]s)g;ﬁuﬂs:d for Experiment Calculate the Carbon and Maximum  References
udy 8 (Years) Sequestration Values
. SOCSR = (Csgock1 — ine —
Model: ARMOSA ’” Cutoata)/Obs. period min: —0.317
Maize (Zea Data required: SOC, daily maximum SOCSR units =
10 mays L.) and minimum temperature, (Ms C ha—1 r:l) max: 0.027 [71]
' precipitation, and global solar radiation 8 y
Source of data: Previous
collected experiments
. 8SOCSR/ 6t = (SOC x .
Model: Not named Ksoq + (NHC X Knhe) min: 0.069
; Data required: SOC, bulk densit OSOCSR units =
M Z q ’ 3 .
1 rzz/es i )ea and yield 6 (Mg C ha~1 yr1) max: 0.454 [60]
’ Source of data: NASS, STATSGO2
database, long-term studies conducted
in Iowa, and other scientific studies
Model: MetaWin 2.1 software ADS(()S,: (DS"%,_ 10))7‘;“0) min: 0.003
- soct — soc
Data required: SOC, bulk density, 8SOCSR units = .
12 Whle{iaéeand and management data More than 3 Mgha=lyr ) max: 0.53 [72]
Source of data: twenty-six scientific
articles listed in the document.
Non-linear equations for bulk density
Model: Monte Carlo approach ACéO:))(/(ZCOI)t; I(,:;\(lt - min: 0.182
Rice and Data required: SOC, and ACi units = .
13 Wheat management data 20 Mg ha=1yr1) max: 0.433 ]
Source of data: World Soils Reference
database scientific experiment
Table A4. CS reported conditions in experimental studies based on modeling methods.
Carbon Farming Practices Carbon Losses,
Main Cro Cropping System to Evaluate (Tillage Soil Profile at the Carbon
No. of Stud P angiplrr% ai’ion Reduction, Cover Beginning and Emissions, or References
y & Cropping, Alternative Pedoclimatic Conditions = Other Emissions
Fertilizing) Considered
Crop rotation: Maize
mo;ggg?&ﬁ%;nd Reduce tillage: Type of soil: Sandy loam
wheat—sovbean Conventional tillage (CT) Soil
10 Maize (Zea Tillage: N ytill versus no tillage (NT). . cl)l . (71]
mays L.) lage-h_ ° a(gie, Enhancing the crop system: Mean annual temperature mineralization
B i ane Comparison of different (MAT): 12.9 °C coefficient
8 crop rotations A 1 initation (AP):
Irrigation: Yes nnual precipitation (AP):
From 185.2 mm
Crop rotation: Maize Type of soil: Brandt silty
monocropping . . clay loam
1 Maize (Zea Tillage: No tillage, and Convgiggizﬂtlt]ii; gee' CT) Mean annual temperature Soil [60]
mays L.) conventional tillage X 8 (MAT): Not declared mineralization
Y 8 versus no tillage (NT)
Irrieation: Yes & Annual precipitation (AP):
& ’ From 772 mm
Crop rotation: Residue incorporation: Type of soil: Paddy soil,
Wheat-rice-rice or Crop residue recycling fluvo-aquic soil, and
wheat-rice Reduce tillage: coastal solonchaks
Wheat and Conventional tillage (CT) .
12 Rice Tillage: No tillage, and versus no tillage (NT) Mean annual temperature Not considered [72]
conventional tillage Reduce the inorganic (MAT): 15 °C
Irrieation: No fertilizer: Animal manure Annual precipitation (AP):
& ) applications From 1250 mm
Crop rotation: . . Type of soil: Sandy loams
Rice-Wheat ConvIe{r‘i;iig;thili%f‘ageé CT) to silty clay loam
13 Rice and Tillage: No tillage, and . o till. g(NT) Mean annual temperature Global warming 9]
Wheat conventional tillage Versus no t/age ’ (MAT): Variable potential

Irrigation: Yes

Reduce the inorganic
fertilizer: Input reduction

Annual precipitation
(AP): Variable
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Appendix B

Appendix B, Figure A1, displays the trend of crop-related publications by year, with a
steady increase from thirteen publications in 2001 to 200 publications in 2022. There was
a notable increase from 86 to 145 documents published (more than 40% more) between
2014 and 2015. Then, every year between 2015 and 2018 showed significant increases, with
121 documents in 2016, 141 documents in 2017, and 211 documents in 2018. Notable events
may have influenced the incremental tendency such as the Paris Agreement signatures and
the formal adoption of the SDGs. Notably, since the Paris Agreement was signed and the
SDGs were adopted in 2015, the number of publications for sequestration and storage has
increased by 230%, maize by 260%, wheat by 156%, and rice by 219%.

220 —o—Corn Rice —o—Wheat

200 +
180 A
160 -
140 -
120 -
100 -
80 -
60 -
40 A
20 A

0"_—l—w‘l—'—r__l‘l T T T T T T T T T T T T T T T T 1

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021
YEAR

200

NUMBER OF PUBLICATIONS

Figure A1. Number of publications about carbon sequestration in 2001-2022 period.

Appendix B, Figure A2, displays the top ten subject areas, where environmental
science and agricultural /biological areas account for ~66% of all documents published in
carbon farming. Business management and accounting also rank among the top ten areas
of interest in the database of individual crops of interest, because CS by main staple crops
is viewed not only as an environmental solution, but also as a business opportunity in the
broader economics, econometrics, and finance areas [73].

0 500 1000 1500
ENVIRONMENTAL SCIENCE 957
AGRICULTURAL AND BIOLOGICAL SCIENCES 935

EARTH AND PLANETARY SCIENCES

ENGINEERING

ENERGY

SOCIAL SCIENCES

BIOCHEMISTRY, GENETICS AND MOLECULAR BIOLOGY
MULTIDISCIPLINARY

IMMUNOLOGY AND MICROBIOLOGY

COMPUTER SCIENCE

Figure A2. Top ten subject interest areas for carbon sequestration publications (2001-2022).
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The USA, Brazil, Canada, and India are among the top ten countries in scientific
production, accounting for 33.1% of the total documents published, Appendix B, Figure A2,
but also being among the top three main staple crop exporters in Appendix B, Table A5.
China and Japan are among the top three staple crop importers but are also included in the
list of the top ten in scientific document production, Appendix B, Figure A3. China, as one
of the main importers of rice, is the main contributor to documents published on carbon
farming related to rice, accounting for 28.4%. Contrarily, Japan, as one of the primary
importers of maize, contributes with only 1% of documents published on carbon farming.

Table A5. World main traders of cereal staple crops [74].

Maize Wheat Rice
. Brazil, United States of Russian Federation, United . . .
Main exporters America, and Argentina States of America, Canada India, Thailand, and Vietnam
Main importers Japan, Mexico, and Vietham  Indonesia, Egypt, and Turkey  Philippines, China, and Benin

Figure A3. Top ten countries with carbon sequestration publications from 2001 to 2022.
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