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Glossary 

Mineral associated organic matter: Organic matter adsorbed to soil minerals and thereby 

protected from further microbial decomposition. 

Particulate organic matter: Organic matter of partly undecomposed or charred plant litter and 

decomposed microbial products that are not adsorbed to soil minerals. 

Rhizodeposition: organic material released from plant roots including exudates, sloughed cells 

and mucilage. It can also include mycorrhizal biomass depending on how it is measured (e.g., it 

is often included in carbon isotope-based methods). 

Rhizosphere: the region of soil that is directly influenced by rhizodeposition, root growth and 

death, and nutrient and water uptake. 

SOC stabilization: any process that makes SOC persist longer and decompose at a much slower 

rate than the unstabilized SOC. 

SOC destabilization: any process that activates stabilized SOC. 
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Abstract 

Poor land and soil management practices are associated with widespread severe degradation in 

global agricultural systems. Urgent attention to judicious land use and prudent soil/crop/water 

management is required to restore degraded soils and improve the environment (Lal 2019a). 

Maintaining or enhancing the SOC stocks is one of the most critical interventions to fight against 

climate change, soil degradation and ensuring the sustainability of agriculture. The global soil 

organic carbon (SOC) contents are 677 Pg to 0.3 m, 993 Pg to 0.5 m and 1,505 Pg to 1 m depth. 

Thus, ~55% of the SOC in the top 1 m soil depth is below 0.3 m depth. However, the average SOC 

stocks are relatively lower in agroecosystems than in natural ecosystems due to lower biomass 

production, biomass removal/harvest, and land management practices such as tillage that increase 

the loss of SOC. The low carbon stocks place croplands as high priority areas for SOC 

sequestration. The strategy of enhancing SOC sequestration for climate and food security was 

adopted at COP21 in Paris in November 2015 under the program “4 per Thousand” 

(https://www.4p1000.org/). The goal is to sequester SOC in soils of the world at the rate of 0.4% 

per year to 0.4 m depth. The AAA (Adapting African Agriculture) (https://www.aaainitiative.org/) 

initiative proposed at COP22 in Marrakech is complementary to the “4 per Thousand” as both 

initiatives aim to enhance SOC stock in agricultural systems. Although the goal of sequestering C 

in croplands appears straightforward, it faces several challenges and tradeoffs that need to be 

considered. This report aims to review and synthesize the current scientific evidence on the 

potential of various crop, soil and nutrient management practices to enhance soil C sequestration 

in different regions. This report highlighted the need for more research to provide policy-makers 

and farmers with the evidence base that will encourage them to adopt SOC-enhancing practices. 

Current evidence is clear that a site-specific nutrient management using a combination of mineral 

and organic fertilizers, combined with other techniques, can deliver optimal results for farmers and 

for food security. 

 

  

The basics of carbon sequestration 

https://www.4p1000.org/
https://www.aaainitiative.org/
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Globally, there is growing need to reduce atmospheric carbon dioxide (CO2) levels by both 

reducing anthropogenic emissions (sources) and removing CO2 from the atmosphere to sequester 

it in terrestrial plants or soils (sinks). The scientific community is generating knowledge on 

managing the cropland area needed to meet food requirements and simultaneously store more 

carbon for extended periods (Teluguntla et al., 2015). In fact, soil organic carbon (SOC) 

sequestration on agricultural lands contributes towards maintaining soil health, preventing soil 

degradation and decreasing the costs of climate change mitigation while promoting increased food 

security. It’s important to note that in croplands, the amount of C sequestered (C stocks) in soil 

depends on the amounts of photosynthetic C annually incorporated in the soil and the rate of its 

decay, mineralization and stabilization as soil organic matter (SOM) and the decomposition rate 

of the resultant SOM (Paustian et al., 1998; Janzen, 2004). 

Since C mineralization represents an energy source for microbes that are responsible for nutrient 

cycling (e.g., nitrogen and phosphorus), there is a need for balance between the C stocks and 

amounts mineralized (C flows) to support crop production (Janzen, 2006). Addressing the balance 

between C stocks and flows requires an in-depth understanding of soil C inputs, stabilization 

mechanisms and loss pathways which largely depend on the quantity and quality of C inputs, 

climatic variables (i.e., temperature and precipitation), soil characteristics (soil type, clay content 

and initial C stocks) and adopted management practices (Zingore et al., 2003; Stockmann et al., 

2013). Whereas SOC formation and decomposition are dependent on biophysical factors (i.e., soil 

texture, climate), the amounts and types of biomass added to the soil each year largely depend on 

land use (types of crops or vegetation) and management (e.g. weed and pest control, irrigation, 

fertilizer use) (Hijbeek et al., 2019). These factors vary enormously over space, time and cropping 

systems, and so do the resultant soil carbon stocks. Corbeels et al. (2019) have also shown that the 

SOM content in sub-Saharan African soils is highly variable and attributed to management 

practices, soil types and landscape (Godde et al., 2016). The critical/threshold level of SOC may 

be about 2% in soils of the temperate zone and ~1% for those of the tropics. Additional research 

is needed to establish critical limits/ranges of SOM content for diverse soils, climates, and 

ecoregions (Lal, 2020). 

In December of 2015, members of COP21 initiated the “4 per mille” Soils for Food Security and 

Climate program (Paustian et al. 2016, Minasny et al. 2017). The basic concept of this initiative is 

to operationalize a plan to sequester carbon in soils around the world at a rate that would offset the 

estimated 8,900 Mt of annual GHG emissions from fossil-fuel based carbon (C). The plan is based 

on the idea that implementing farming practices that maintain or enhance SOC stocks in croplands 
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and protecting C-rich soils globally by even just a small percentage could have a substantial impact 

on net emissions. Given the estimate that 2,400,000 Mt of C is stored in the top 2 metres of soil 

(Batjes, 1996), small changes in this stock can have large impacts on global atmospheric CO2 

concentrations and Africa have a great capacity to contribute on this mitigation effort as Africa’s 

production potential is immense. In fact, 60% of the planet’s unexploited arable lands are in this 

continent. On the other hand, the generally low soil carbon contents in African cropland soils imply 

greater capacity to hold more carbon than they currently do, if farmers adopt improved 

management practices that promote increased carbon input.   

 

Soil C inputs in cropland soil 

In croplands, soil C inputs are mainly derived from organic material released from soil microbes, 

growing roots (i.e., root exudates, lysates, mucilages, sloughed cells), shoot and root residues and 

applied manures (Chirinda et al., 2012). The soil C stocks reflect a balance between C input and 

C loss during decomposition, erosion and leaching (Bationo and Fenning, 2018). In croplands, if 

C loss processes are of similar magnitude, cropping systems with different C inputs give rise to 

different soil C contents. Wang et al. (2015) estimated that an average critical C input of 2.0 Mg 

C ha-1 yr-1 is needed to maintain existing soil C level in global wheat systems and soil, management 

and climatic conditions lead to large spatial variability. However, the actual amount sequestered 

will depend on management strategies (e.g., residue retention and fertilizer application) and 

environmental conditions. For instance, by enhancing primary production, high-input crop 

production systems tend to have higher shoot biomass and thus generate larger quantities of 

belowground and aboveground crop residues, with the former being a more direct carbon input 

and the later resulting in substantial C inputs if returned to the soil (Chirinda et al., 2010a; Zhou et 

al., 2017; Chenu et al., 2019; Guo et al., 2019). 

Organic matter quality 

Factors that regulate the initial decomposition rate of crop residues include the crop residue quality 

mostly linked to chemical composition, such as carbon-to-nitrogen ratio (Ma et al., 2021). 

However, recent findings suggest that we cannot extrapolate the initial stages of litter 



 D r a f t  v e r s i o n  ( c o n f i d e n t i a l )    P a g e  6 | 32 

 

decomposition to explain long-term storage of organic compounds and suggest that other 

mechanisms (i.e., missing compounds required for co-metabolism of organic compounds, 

restricted access of decomposer enzymes to organic compounds) protect organic matter against 

decomposition (Schmidt et al., 2011). In addition, the fraction of recalcitrant constituents, such as 

lignin, can also play a key role in C sequestration due to chemical stabilization. These new insights 

suggest that the long-term decomposition of soil C is regulated by biotic and environmental factors 

more than the inherent molecular structure of the C inputs (Dynarski et al., 2021). 

 

Climatic conditions 

The climatic conditions (i.e., precipitation and temperature) influence the soil moisture and 

temperature experienced in cultivated soils. Soil moisture and temperature are the major factors 

controlling the rate of organic matter decomposition through their influence on microbial activity. 

Soil organic carbon stocks tend to increase in regions that experience extended periods under low 

temperatures, which reduce microbial activity (Chenu et al., 2019; Post et al., 1982). Conversely, 

regions with high temperatures experience high rates of C decomposition due to high microbial 

activity and simultaneously high net primary productivity. At optimum soil water content (near 

field capacity), the diffusion of both air and soluble substrates creates conditions conducive to crop 

growth and microbial activity. Conversely, drier and wetter soils create conditions that may not be 

ideal for crop production and microbial activity, influencing C inputs and microbial activity (Xu 

et al., 2004). Therefore, in response to high temperatures and rainfall, net C changes may be small 

(Kirschbaum, 2000) or large (Sitch et al., 2008) depending on the magnitudes of increase in C 

inputs and microbial activity (Stockmann et al., 2013). 

Deep-Rooting Crops 

Cultivation of deep-rooting crop species and varieties such as alfalfa (Medicago sativa), sunflower 

(Helianthus annuus), or perennial crops such as grass, grass-clover, and legume- and alfalfa-grass 

mixtures can transfer carbon into the subsurface through root exudates (e.g., sugars, amino acids, 

and other organic acids), where a high carbon sequestration potential exists (Sokol et al., 2019), 
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especially if organic substances are protected in organo-mineral aggregates (Paustian et al., 2016). 

For instance, in Sweden, the implementation of grass-clover into the crop rotation increased SOC 

contents by 8% in 20 years (Poeplau et al., 2015). Overall, the cultivation of deep-rooting crops 

can sequester 374 ± 117 kg C ha−1 y−1 (Tiefenbacher et al., 2021). It has become increasingly 

clear that organic matter inputs from roots tend to contribute to SOC stabilization significantly 

more than aboveground plant inputs (Rasse et al., 2005; Jackson et al., 2017). Another advantage 

is that deep-rooting crops can use resources such as water and nutrients from the subsurface 

horizon, preventing N leaching and making plants more resilient to drought. Plant breeding has 

focused on yield increases by partitioning more carbon to harvested yield. However, generating 

this carbon has been driven by both optimized fertilization and genetic selection that resulted in 

crops with a high total plant biomass accumulation compared to unfertilized plants. There is much 

need for understanding the relative importance of the different modes of action by which carbon 

inputs affect the magnitude of SOC stabilization and destabilization that will provide a better 

understanding of soil C sequestration, and new opportunities for understanding the sensitivity of 

SOC pools to climate and land-use changes (Dijkstra et al., 2021). 

Management practices 

Many annual crops have shallow rooting systems as the focus of current breeding programmes has 

been on increasing the harvestable biomass removed from the croplands resulting in limited 

amounts of organic matter being returned to the soil. Several studies show that inadequate nitrogen 

and phosphorus supply limit plant productivity and, consequently, C accumulation and the amount 

of C available to incorporate in the soil (van Groenigen et al., 2006; Wieder et al., 2015). 

Concurrently, the conventional tillage practices used to prepare soils for annual crop production 

are based on deliberate soil disturbances, which increase organic matter decomposition and 

increase CO2 loss to the atmosphere. Previous estimates have suggested that, globally, croplands 

store over 140 Pg C (1 Pg = 1015 g) in the top 30 cm of soil (Zomer et al., 2017). However, the 

tillage of croplands is estimated to have already contributed to soil losing ~78 ± 12 Pg of C to the 

atmosphere (Lal, 2003). It is estimated that pursuing management practices that increase C input 

and its stabilization and reduce its loss can recapitalize up to 70% of the lost C (Lal, 2002).  

Challenges of sequestering soil C 
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Competing use for biomass 

Increasing the amount of biomass that is returned to the soil is complicated by growing competition 

for biomass. For instance, competing uses of crop residues include animal feed and biofuel 

production. Therefore, while C inputs can be enhanced by returning more plant litter directly to 

the soil in the form of manures, there is a need to consider the tradeoffs and exploit the potential 

synergies (i.e., in crop-livestock systems). 

 

Saturation 

Soil C storage potential is finite as soils become saturated with C. Soil C saturation is defined as 

the limits a soil has to stabilize C as a function of C inputs based and the amount of protected and 

non-protected C (Stewart et al., 2007). Therefore, the potential to sequester C increases the further 

a soil is from C saturation (Six et al., 2002). Consequently, to increase C stocks, the focus needs 

to be placed on cropland soils with large SOC deficits , such as African soils, that have a generally 

higher potential to sequester more C compared to natural ecosystems. Texture is a significant 

determinant of SOC storage capacity due to the influence of clay and silt fractions on SOC 

stabilization (Korschens et al., 1998). 

Permanence 

Despite the amount of C sequestered, tremendous uncertainty exists regarding the periods stored 

C remains sequestered in soil. A significant cause of uncertainty is the fact that C sequestration is 

reversible. This implies that stored C is vulnerable to being re-emitted to the atmosphere if farmers 

adopt management practices that increase C oxidation (e.g., ploughing). Improved knowledge on 

drivers for adopting appropriate management practices (i.e., social and economic factors) and the 

longevity of C storage (i.e., chemical and biophysical factors) will inform the policy and regulatory 

framework needed to incentivize needed actions (Baveye et al., 2020). 

  

Methane and nitrous oxide emissions 



 D r a f t  v e r s i o n  ( c o n f i d e n t i a l )    P a g e  9 | 32 

 

Several previous studies have reported that increasing C stocks may increase N2O emission 

(Brettar et al., 2002; Li et al., 2005). However, a recent review concluded that the climate 

mitigation benefits of increased C sequestration would be overestimated if the related N2O 

emissions are not considered, but the benefits are never completely offset (Guenet et al., 2021). 

On the other hand, increasing C input and C storage in flooded soils (i.e., straw return in paddy 

rice systems) increase methane emissions that could offset benefits accrued from C benefits (Lu et 

al., 2010).  

  

Best management practices (BMP) to C sequestration and food security 

According to Horwath and Kuzyakov (2018), consistent (often up to decades) investment in best-

fit soil or crop management practices is required to enhance C sequestration. Specifically, 

management practices that support C sequestration include: reducing or eliminating tillage (Baker 

et al., 2007); use of cover crops (Mazzoncini et al., 2011); application of mineral fertilizers 

(Majumder et al., 2008; Zhao et al., 2017); use of organic amendments including green compost 

or manure; crop residue management (i.e., eliminate open field burning or removal), and crop 

rotation diversity (i.e., including deep root crops (Peixoto et al., 2020). The average lower limit 

and upper limit for agricultural SOC sequestration are 0.14 and 0.38 Mg g C ha-1 y-1, respectively 

(Horwath and Kuzyakov, 2018). This demonstrates the scope for developing appropriate solutions 

toward climate-friendly agricultural systems, but socio-economic determinants constrain their 

practical application at the farm level. Table 1 includes data on representative values for SOC 

sequestration potential in agriculture for various regions. 

Table 1: Representative Agricultural Soil C Sequestration Rates for Different Management 

Practices and Countries (Horwath and Kuzyakov 2018). 

  

Country 

  

Management practice 

C Sequestration Rate 

(t C ha-1 y-1) 

  

Reference 
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Low High 

Australia Reduced tillage   0.34 Sanderman et al. 

(2010) 

Australia Crop rotation 

  

  0.20 Sanderman et al. 

(2010) 

China 

  

Organic amendment   0.62 Wang et al. (2010) 

Canada 

  

Conventional to no-till 0.05 0.16 VandenBygaart et al. 

(2008) 

France 

  

Conservation tillage   0.10 Metay et al. (2009) 

India 

  

Rice + Wheat + NPK 

 + manure 

  0.99 Majumder et al. 

(2008) 

Nigeria Manure + residue return 0.10 0.30 FAO (2004) 

United States 

  

No-till + cover crop   0.77 Mitchell et al. (2016) 

 

According to Lal (2018b), the strategy of best management practices (BMPs) for ecosystems 

implies the choice of context-specific practices that (1) maintain continuous soil cover year-round 

with crop residues, mulch, and cover cropping; (2) replace nutrients harvested in the production 
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through integrated nutrient management; (3) enhance soil structure and rhizospheric processes; 

and (4) improve eco-efficiency by reducing losses (by erosion, volatilization, or leaching). (Lal 

2018a). This indicates the potential of conservation agriculture in effective soil C sequestration. 

However, the basic principles of conservation agriculture have been in practice for over 50 years, 

and researchers should strive for new viable technologies to hasten sequestration and improve soil 

productivity and function. This is a significant challenge for soil scientists and agronomists (Lal 

2018a). Another study by Lal (Lal 2018b) concluded that adopting best management practices 

based on continuous ground cover, complex rotations, integrated nutrient management and no soil 

disturbance can protect the SOC stock and strengthen the ecosystem services. 

  

Links between soil fertility management and C sequestration 

The adoption of fertilizer management practices such as chemical fertilization, manure application 

and straw retention are among the most efficient and effective way to increase SOC accumulation 

or reduce SOC loss rates in arable soils. In areas with nutrient deficiency, mineral fertilizers 

support the dual agronomic and environmental benefits by increasing crop yields and biomass and 

thus the crop residue and root C input to soil (Han et al., 2016). In addition to higher C inputs (e.g., 

crop residues and roots), N fertilizers also create more favourable C:N ratios for the formation of 

SOM (Campbell et al., 2000; Hijbeek et al., 2019). 

Two past meta-analyses based on 64 and 114 field experiments across the world found that the 

mean SOM content was 8.5% and 8% higher in the topsoil of fields with mineral fertilizer 

application compared to unfertilized plots (Ladha et al. 2011; Geisseler and Scow 2014). Similarly, 

Gao et al. (2018) found that long-term increases in soil carbon were associated with improved 

agronomic management, including increased fertilizer use. In Punjab, India, the intensification of 

the rice-wheat cropping system improved SOC by 38% over 25 years (Benbi and Brar, 2009). The 

enhanced C sequestration resulted from the increased productivity of rice and wheat. Mandal et al. 

(2007), while assessing the impact of soil amendments on carbon sequestration in long-term 

experiments in sub-tropical India, reported that balanced fertilization with NPK increased SOC 

stocks (9.3–51.8% over the control), and the selected cropping system influenced the magnitude 
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increase. Long-term addition of farmyard manure or compost (5–10 Mg ha-1 yr-1) hardly increased 

SOC by 10.7%, representing only 18% of the applied C, as the rest was lost through oxidation. 

The impact of fertilizer in SOC sequestration tends to be less pronounced in coarse-textured soils 

in the tropics due to very high rates of C turnover. Under long-term field experiments in the West 

African agroecosystems, the use of mineral fertilizers without recycling of organic materials 

resulted in initially higher yields, but the effects on SOC were insignificant (Bationo et al., 2012). 

Intensification of agriculture in several countries resulted in improved crop yields and saved 

emissions that would have occurred because of obligatory land-use changes for meeting the food 

demands of the growing population (Barney et al., 2010). Contrary to the common belief, 

supplying nutrients through other means than mineral fertilizers does not necessarily result in less 

GHG emissions (Chirinda et al., 2010a). For example, direct N2O emissions from animal manure 

are similar to mineral fertilizer per kg of N applied (De Klein et al., 2006). No-till (NT) systems 

provide opportunities to sequester carbon and reduce loss of SOM. However, on the long-term 

biomass accumulation and soil carbon storage effects are amplified through balanced application 

of organic amendments in combination with mineral fertilizers - NPK (Su et al., 2006; Ortas and 

Bykova, 2020). A 50-year long-term experiment in an Australian Vertisol showed that N fertilizers 

significantly increased SOC stocks in the upper 0.1 m of the soil profile. N fertilizers applied at 90 

kg ha-1 resulted in SOC increases of 18%, while the use of NT resulted in 5% increases. (Jha et al., 

2020). 

Fertilizer management to stimulate crop productivity and enhance carbon inputs through additional 

biomass in highly variable soil-crop-climate systems requires a site-specific approach. Soils 

fertilized with N in wheat and maize cropping systems in the northern region of China had higher 

C storage than unfertilized plots. The most significant increase in C storage occurred in soils 

fertilized with N and P in rice-wheat systems. In addition, the inverse relationship between the N:P 

ratio of added fertilizer and soil C storage highlights the importance of P in determining the 

strength of soil C sinks (Bradford et al. 2008). Where N, P, and K were co-applied, while N and P 

fertilizers explained 49 and 11% of the variability in soil C storage, the contribution of K was 

unclear (Zhao et al., 2017). Pan et al. (2019) observed that soil C stocks were maximized at N rates 

that maximized yields. The optimum N application rate stimulated crop growth, enhanced crop 
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yield, increased crop residue inputs to the soil, and improved SOC and other soil quality 

parameters. The necessity for a field-specific strategy for mineral fertilizer and manure application 

was well highlighted from several studies (Zingore et al., 2007; Tittonell et al., 2005) in Africa 

where high variability in SOM within short ranges was reported, mainly driven by a history of 

mineral fertilizer and manure application within homestead fields. 

The complex variability of soils at various spatial scales brought about by inherent differences and 

management practices has a significant influence on the suitability of nutrient management 

practices, which in turn affects SOC. Data from multi-location nutrient omission trials from a wide 

range of studies has consistently shown N and P to be the most limiting nutrients and reveal a 

highly variable response to the application of macronutrients. Kihara et al. (2016), assessing more 

than 400 fertilizer response trial sites, established that nutrient response patterns can be divided 

into two broad cluster - ‘responsive’ and ‘non-responsive’. The responsive soils showed three 

characteristic macronutrient response patterns: (i) fields that respond strongly to N alone, (ii) fields 

that respond strongly to combined application of N and P; and (iii) fields that show a solid response 

to N, P and K. Across all the responsive clusters, yields were increased by 10-30% by the addition 

of secondary and micronutrients. Tailoring fertilizer application to site-specific soil fertility 

conditions to address complex nutrient deficiencies is a crucial strategy to enhance the productivity 

of smallholder farming systems and maintain high levels of SOC. Currently, more than 40% of 

Africa’s 220 Mha of farmland is experiencing annual losses of at least 30 kg per ha of nutrients 

due to inadequate nutrient application. Hence, fertilizer application is a necessary intervention to 

restore productivity, soil fertility and SOM. 

Large pieces of evidence are now available to support the hypothesis that site-specific and balanced 

fertilization promotes SOC through more considerable biomass inputs in the soil to convert to 

organic matter. Besides increasing C inputs to the soil (Parihar et al., 2017), some of these studies 

also highlight the co-benefit of reduced GHG emission. Parihar et al. (2020) reported that crop 

demand-based nutrient application through SSNM resulted in better utilization and assimilation of 

applied nutrients, which promoted better above and below-ground biomass production in intensive 

cereal systems. Site-specific nutrient application promoted SOC stabilization, thus enhancing SOC 

concentration in surface soil and overall C-sequestration potential. A recent article (Mustafa et al., 
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2021) reiterated that long-term balanced fertilization using mineral fertilizer alone or combined 

with manure is the best choice to improve the SOC sequestration and mineralization, as well as 

the crop yields. Specifically, Mustafa et al (2021), reported that in comparison to the unfertilized 

control treatments that combined pig manure and NPK significantly increased different soil 

organic carbon fractions. For instance, they report that unprotected carbon in the form of coarse 

particulate organic carbon and free particulate organic carbon fractions increased by >57%, and 

>91% respectively. Physically protected carbon in the form of intra-aggregate particulate organic 

carbon fractions increased by >113% while biochemically protected carbon in the on free silt plus 

clay and micro-aggregate derived silt plus clay fractions correspondingly increased by >39 and 

>50%. 

Plant nutrients are exported out of agricultural fields through harvested products or by leaching 

and gaseous emission. Exported nutrients must be reinstated to maintain soil fertility and support 

adequate crop yields. Mineral fertilizers are the most cost-effective and efficient means of 

replacing the exported or lost nutrients considering the limited availability of biomass in most food 

and nutritionally insecure regions of the world. Without mineral fertilizer, there would not be 

sufficient nutrients globally to meet current and growing food demands (Dawson and Hilton 2011). 

Balanced use of mineral fertilizers increases yields, more biomass becomes available to increase 

carbon in soils (Han et al., 2018), and creates a positive feedback loop through increased 

productivity or avoided area expansion. Specifically, besides increasing crop production, 

improved cultivation practices (i.e., fertilization and straw return contributed to SOC stock 

increases in both surface (0-20 cm) and deeper soils (20-40 cm). Average increases were 9.4 Mg 

C ha-1 (0-20 cm) and 5.1 Mg C ha-1 which corresponded to 73 and 56% C stock increases compared 

to the 1980s. Fertilizer use and crop yields generally tend to be lower in developing countries, 

especially in most African countries (FAO 2019). Therefore, as evidenced by previous studies, 

increasing nutrient inputs using both mineral fertilizer and manure can improve crop yields, 

increase nutrient use efficiency and increase the availability of biomass that can be returned to the 

fields to sequester carbon (Hijbeek et al., 2019). Zomer et al. (2017) suggest large potential carbon 

storage rates ranging from 0.15 to 0.31 Pg C/yr in African croplands.  

Case study: management of weathered tropical soils to improve C sequestration  
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In Africa, 83% of rural people depend on agriculture for their livelihood, yet up to 80% of the soils 

suffer from widespread nutrient depletion and erosion (Gro-intelligence, 2016). Despite the low 

fertility of soils, fertilizer use in sub-Saharan Africa is still very low and currently estimated at 18 

kg nutrients/ha/year, which is the leading cause for its low yields and a major issue for Africa’s 

food security. Considering that sub-Saharan Africa will be the region where the most significant 

population growth will occur in the following decades, designing sustainable, productive and 

resilient agricultural systems is crucial for achieving food security and environmental 

sustainability. Sub-Saharan Africa and Latin America have comparable environmental conditions 

with large areas dominated by rainy (Af and Am) and seasonal (Aw) climates and have similar 

vegetation (savannas, grasslands, and broadleaf evergreen forests) and soil moisture regimes 

(Sanchez, 2019). The Brazilian savanna and the African dystrophic savanna show even higher 

similarities regarding soil acidity, low availability of nutrients, low content of soil organic C, and 

high P fixing capacity. 

It is because of these similarities that Dr Borlaug (the father of the Green Revolution) mentioned 

during his speech for the 2006 World Food Prize that he wished “the Cerrado technology, or one 

similar to it, would move into central and southern Africa where similar soil problems are found”. 

This year, two Brazilians and one American were the recipients of the same prize due to their vital 

role in transforming the Cerrado (Brazilian savanna), a vast region of infertile tropical soils, into 

highly productive cropland. With technology, the Cerrado went from having only 200,000 ha of 

arable land in 1955 to over 40 million ha in cultivation by 2005. Dr Borlaug said it was “one of 

the great achievements of agricultural science in the 20th century, which has transformed a 

wasteland into one of the most productive agricultural areas in the world”. This transformation is 

even more impressive if one considers that the Cerrado was considered of little (if any) value for 

agriculture due to many failed attempts to fertilize and produce proportionate crop harvests 

(Wright and Bennema, 1965). A common situation in many sub-Saharan Africa countries has been 

non-responsive soils (Assenga et al., 2016). 

Taking the Brazilian case as an example for the weathered infertile soils in sub-Saharan Africa and 

following Dr Borlaug’s suggestions, agronomic practices are a prerequisite to creating sustainable 

cropping systems in the tropics. Highly weathered tropical soils are known for their natural low 
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soil fertility, associated with other challenges such as acidity, Al toxicity, Ca, and Mg deficiency 

(Lopes & Guilherme, 1994). For plants that do not tolerate acidity (and Al toxicity), liming is 

mandatory in these soils. However, even for those that tolerate acidity and Al (e.g. eucalypt), 

liming increases its productivity (personal data). Liming, besides providing Ca and Mg, also offers 

several synergistic benefits, including increased soil biological activities and root system 

development (Lopes, 1983; Goedert, 1987; Lopes & Guilherme, 1994). 

In conventional systems, lime is usually incorporated to 20 cm depths. As it does not move in the 

soil profile, the effects are limited to where it is applied. Thus, root system development is usually 

limited by a chemical barrier and confined to where lime is applied. Promoting root development 

through the soil profile is an essential component of C input for SOM formation, a prerequisite for 

sustainable and productive agricultural systems in the tropics. Thus, if we want to produce SOM, 

especially in deeper soil layers, we must have a good distribution of Ca in the soil profile. The use 

of phosphogypsum has shown great promise in this regard. Phosphogypsum (CaSO4) has two 

nutrients that are highly depleted in such soils and very important for plant growth, Ca and S. 

Sulphate is essential not only for plant growth but also for microorganisms. 

Furthermore, despite not changing pH, sulfate can complex Al3+, decrease its toxicity to plants, 

and compete for binding sites with P, improving P availability. An outstanding characteristic of 

CaSO4 is that, unlike limestone, it can move in the soil profile. This characteristic is fundamental 

for building highly productive conservationist agricultural systems in the tropics, especially 

because no-till is also promoted. Distributing Ca and S in the soil profile helps boost root system 

growth, which increases nutrients and water absorption by plants, increasing nutrients and water 

use efficiency, and C inputs to the soil.  

To build productive and sustainable agricultural systems in weathered soils like those in Sub-

Saharan Africa, it is imperative to focus on perennial and annual crops. The use of phosphogypsum 

has allowed plants to grow more, have higher yields, improve SOM, and shield them against 

drought events, which is very important under drier climatic conditions where water availability is 

low. Improvement of the soil conditions by using the proper amendments (lime and 

phosphogypsum) is necessary to optimize the response of plants to nutrient application. In a field 
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experiment with sugarcane in highly weathered soils, Araujo (2015) showed that after five years 

of the proper fertilization practices, including phosphogypsum, the C sequestration up to 100 cm 

depth had increased by 5.4 t ha-1. The most exciting part is that phosphogypsum, which allows the 

improvement of deeper layers of the soil profile and the development of the root system, led 80 % 

of this C to be stabilized in the deeper soil layers (40-100 cm). This finding is significant for 

climate change, as C in deeper layers is less influenced by land management and stabilized for 

more extended periods. 

As part of conservation agriculture, no-till practices are essential for building soil structure and 

sequestering C as soil organic matter (SOM) in the tropics. When the soils are disturbed, 

aggregates are broken down and expose SOM to mineralization, leading the soils to become a 

source of C to the atmosphere. Moreover, losing SOM is one of the main drivers of soil degradation 

in the tropics. However, adopting no-till management alone does not solve the SOM issue in the 

tropics. In the same way, adding external sources of C can help increase SOM, but usually, the 

effect is localized in the top layers of the soil, and the application rate should be very high each 

year, in the order of tons per ha of magnitude, to be significant. The practical means to increase C 

sequestration in tropical soils is by increasing C input to the soils through increased plant biomass 

production, especially root biomass. Soil incorporation of crop residues and cover crops is 

mandatory for sustainable and productive tropical agriculture (Valadares et al., 2016). They 

provide an essential range of services, including better water infiltration, better water storage in 

the soil, improving the cycling of all nutrients, increasing soil organic matter, and increasing 

microorganisms biodiversity. Thus, the use of cover crops, also called biological intensification, 

is vital to building sustainable and productive agricultural systems in the tropics. Cover crops can 

play a crucial function for sustainable, productive, resilient and smart agriculture in the tropics. As 

shown above, soil fertilization and correction are major components to increase the productivity 

of the crop of interest and increase the biomass production of the cover crops, improving all their 

environmental services. In addition, a wide range of microorganisms are of great importance for 

tropical agriculture, including those that can fix N, improve nutrients use efficiency, and improve 

plants ability to fight/adapt to biotic and abiotic stresses. 
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Despite showing the high biomass production potential globally, there are limitations for 

sequestering C in tropical soils. Due to soil and climate conditions, soils in the tropics show the 

lowest C content in the world (Figure 1). It means that the natural “steady state” for C content in 

the soil in tropical conditions is kept low. As land-use changes tend to decrease soil C content even 

further, if proper land-use practices are not put in place, the soil organic C may be mineralized and 

lost to the atmosphere, contributing to the CO2 emissions. In order to improve C in tropical soils 

and unlock its vast potential to help sequester CO2 and fight climate change, we must overcome 

the issues listed above, improving soil chemical, physical and biological properties/characteristics 

and promoting the biological intensification of our agricultural/forestry systems. 

 

Figure 1 – Soil organic C content in soils around the world (SoilGrids – ISRIC). 

  

Ecosystem services, policies and the adoption of BMP 

The health of soils is gaining attention in global and national discussions. For instance, it was 

recently included in the SDG goals under Target 15.3 (Land Degradation Neutrality) and other 

targets under the United Nations Convention to Combat Desertification. Under drylands, the 

importance of SOC implies a need to improve soil stewardship and strengthens the underlying 
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message of considering soil as a public good, requiring economic valuation and creative 

institutional mechanisms to protect it for the welfare of the greater society. In the following 

sections, we outline several operational considerations, drawing lessons from practical experiences 

across the globe on development wins that could be gained from sustainable land management. 

 

 Managing soil biodiversity in the drylands 

Management practices are among the most important factors that influence SOC sequestration in 

soils besides soil type, vegetation cover and climate. However, despite awareness of the 

importance of management methods and techniques, the sustainability of proposed methods and 

techniques remains a severe unresolved issue. The sustainability of land ecosystems management 

techniques is twofold: (i) management implemented voluntarily by farmers; (ii) management 

techniques incentivized by public policies encouraging SOC sequestration. 

(i)              Voluntary management strategies to sustain soil fertility and avoid soil 

degradation 

Traditional agricultural production systems are based on soil/land management strategies adopted 

for centuries, allowing farmers to avoid crop productivity losses. Effective management practices 

have been developed voluntarily by farmers, especially in areas exposed to degradation. 

Construction of terraces to protect slopes against water erosion, installing hedges to limit wind 

erosion, and using crop rotation techniques to save soil fertility are some well-known and 

widespread examples. Nevertheless, the cost-effectiveness and the contribution of these practices 

to sustain food availability remain neglected by policymakers and are often not recognized as 

effective. This is because the outcomes of these practices remain, on one side, context-specific, 

and, on the other, the benefits they provide are not evaluated and not used in decision making, 

particularly in developing countries where both soil degradation and food availability are 

problematic. 

Moreover, given the multifunctionality of natural systems, the benefits produced by a given 

management technique are numerous (e.g. carbon sequestration, increasing food productivity, 
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water availability and quality, biodiversity), which raises fundamental questions about cost-

effectiveness and the economic outcomes of the actions implemented. In this sense, the existence 

of these spontaneous and voluntary practices produces invisible benefits that public policies must 

consider in order to compensate farmers and encourage them to maintain these practices (El 

Mokaddem et al., 2014). However, these interventions are costly while the traditional agricultural 

systems have minimal economic incentives, which could lead to the abandonment of these 

management techniques in the long term. 

(ii)          Policies incentivizing soil-water protection and agriculture sustainability 

Most current policies aiming to protect natural resources, including soils/lands, are oriented 

towards water and nutrient management, soil fertility management, stopping desertification and 

erosion control, and groundcover maintenance. These objectives are enveloped under sound policy 

programs such as sustainable ecologically intensive agriculture, conservation agriculture, 

agroforestry, rangeland management and integrated soil-water management policies. The first aim 

of these policies is to enhance the resilience of agricultural production systems and to sustain the 

productive base that soils and water provide as natural capital stocks (El Mokaddem, 2016). 

Subsidies are used to incentivize farmers to adhere to these policies, and in some specific countries, 

a new generation of policies based on payment for ecosystem services schemes have started to 

emerge over the last few decades. The latter is proving popular for protecting and restoring 

degraded land in a growing number of developed and developing countries. However, despite their 

popularity among decision-makers, these policies are, so far, faced with difficult and limited 

acceptance among farmers. They are perceived as less intensive and with low productivity. This 

perception, which is sometimes shared even by public decision-makers, impedes the acceptance 

by farmers. Moreover, farmer production decisions tend to be based on relatively short-term 

analyses and wrong perceptions that fail to capture the long-term impacts of soil management 

practices on soil natural capital and associated regulating and supporting ecosystem services that 

underpin crop yields (Tilman et al., 2002). This suggests that one of the key focal issues remains 

finding ways to enhance the acceptance of soil protection policies through science-based advocacy, 

which remains insufficient. 
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Policy options to conserve soil and soil organic carbon 

For a little more than three decades, public policies have gradually begun to take an interest in 

preserving the natural environment and the resources with which it supports economies. As a 

result, the design of sustainable policies should consider the role the natural environment plays in 

supporting economic activity and the importance of managing natural assets to efficiently and 

sustainably secure long-term food security and economic prosperity. 

Conservation policies suggested since the early 1990s, are based on mechanisms such as Integrated 

Conservation and Development Programs that focus on economic development through the 

engagement of local communities in environmental conservation. However, recently, an increasing 

interest is paid to market-based conservation mechanisms for ecosystem conservation generally 

and for specific ecosystem services like water and soil. In this sense, payment for ecosystem 

services (PES) mechanisms represents an interesting mechanism for its acceptability, popularity, 

and cost-effectiveness (Wegner, 2016). 

This type of market-based mechanism consists of rewarding farmers for increasing soil carbon to 

ensure cost-effective conservation of the whole bundle of ecosystem services depends on reliable 

measurements of changes in soil carbon contents. The payment could also be differentiated 

(Núñez-Regueiro et al., 2019) to reflect potential spatial and temporal variation in the value of soil 

ecosystem services (e.g. nitrogen retention in regions suffering from water pollution). These 

payments could also be considered investment support and could decrease over time since 

increasing soil carbon would also increase farmers’ profits. 

Besides, the increase of productivity and farmers’ profits is then evaluated by combining 

production functions - to quantify the impacts of alternative management practices on agricultural 

productivity and soil ecosystem services – farmers also take advantage of (financial and/or in-

kind). This incentivizes them to adopt sustainable conservation practices and earn revenues 

equivalent to the value of the benefits “sold” on the new “market” where PES allow for evaluating 

changes in soil ecosystem services (fertility, SOC, soil humidity) and thus quantifying physically 

respective farmers’ contributions (Grima et al., 2016). 
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Incentives based policies such as PES schemes influence farmer decision-making, impacting the 

relationships between agriculture, resource use, and the environment. Despite the constraints 

imposed on farmers to conserve soil under PES programs, mechanisms based on PES logic (PES 

& PES-like) are becoming increasingly popular and attractive for several reasons, including the 

conditionality of payments, which requires tangible and measurable ecosystem service outcomes 

to trigger payments, as opposed to subsidy incentives where there is no outcome requirement. The 

types and the characteristics of different PES schemes differ from one political and socio-economic 

context to another. Most of these programs are based on the simultaneous valorization of bundles 

of ecosystem services. The multifunctionality of natural ecosystems and the objective of 

maximizing the impact of investments in environmental conservation lead to a context where 

targeting the conservation of SOC facilitates the conservation of a series of services (e.g., soil 

biodiversity, soil moisture, water) that synergistically contribute to increased agricultural 

productivity (Deluz et al., 2020). Table 2 presents three examples of PES schemes where soil 

carbon is considered through different perspectives. 

 

Table 2: Three examples of PES schemes 

Policy Objective Area Investment Principle Institutions 

USDA 

voluntary 

incentive 

conservation 

programs 

providing 

financial and 

technical 

assistance to 

support the 

adoption of 

conservation 

practices on US 

farms. 

No specific 

limit 

Nearly $6 billion 

annually  

Provide financial assistance 

to farmers adopting 

conservation practices on 

land in agricultural 

production. The top five 

crop management practices 

(in terms of expenditures) 

awarded support have been 

conservation crop rotation, 

cover crops, nutrient 

management, terraces, and 

conservation tillage (residue 

management). 

The USDA and 

voluntary farmers lead 

the program. 
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Sustainable 

rangeland 

investments in 

Jordan 

Create local and 

societal 

ecosystem 

benefits, and 

contribute 

globally to 

biodiversity 

conservation, 

climate change 

mitigation and 

other goals 

30% of 

Jordan’s 

rangelands 

20 million 

USD/year 

Proposals have been 

developed for a PES 

services scheme comprising 

two service payments: (1)  

green pasture credit as a 

subsidy to herder 

cooperatives responsible for 

sustainable rangeland 

management and (2) green 

water credit for enhancing 

groundwater recharge. 

Both PES modalities could 

provide the financing flows 

needed to invest in 

increased biomass 

production and biodiversity, 

soil conservation, improved 

water flows, carbon 

sequestration, and required 

local governance structures. 

Jordan’s government 

leads the program. 

Rangeland protection 

and associated local 

governance 

mechanisms can make 

the program successful 

and sustainable. 

Sustainable 

rangeland 

investments in 

Portugal 

Soil C offset 

scheme that is  

based on 

dryland pasture 

improvement 

Improve 

around 

42,000 ha of 

grasslands to 

sequester 

0.91 million 

tonnes of 

carbon 

dioxide 

equivalent 

8.5 million € to 

pay an estimated 

400 participating 

farmers (farmers 

would earn about 

from 150 € to 

200€ per hectare 

of planted 

pastures 

The farmers use legume-

rich and biodiverse 

permanent pastures to 

increase C in degraded soils.  

A PES could justify 

international financial 

flows from external 

beneficiaries to those 

implementers of  

sustainable land 

management practices 

that maintain and/or 

increase SOC 

 

Conclusion 

While there is a fundamental understanding of SOC dynamics and the driving factors, political and 

socio-economic considerations make increasing soil C stocks a complex problem. These 

complexities may be discouraging as they may make the task seem impossible. However, a more 

site- and systems-specific focus is needed to choose best-fit and cost-effective solutions for 

increasing SOC stocks. The key is to seek practices that creatively balance investments, 

livelihoods, profits and carbon stock increases or maintenance.  
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The literature is conclusive on the fact that there is substantial spare capacity in cropland soil to 

increase SOC. This capacity is generally more in croplands than in natural ecosystems and higher 

is some regions (i.e., Africa) than others (i.e., Europe). It is unambiguous that enhancing or 

maintaining SOC stocks is a win-win strategy that delivers multiple benefits at different scales 

including combatting climate change, preventing soil degradation, ensuring the sustainability of 

agriculture, enhancing biodiversity, and increasing farm productivity and profits.  

Relatively straightforward and site-specific practices that can significantly enhance SOC include 

optimal nutrient management (mineral + organic fertilization), no tillage, cover crops, rotation 

with deep-rooting crops. However, within different contexts these practices inevitably have trade-

offs. For example, in mixed crop-livestock smallholder systems in developing countries returning 

crop residues to the soil can compete with other uses such as using crop residue as animal feed or 

biofuel, but there is scope for synergies where the resulting manure can be applied as a soil 

amendment.  

While the African continent is a special case, with a rapidly growing population, degraded soils, 

low crop productivity, the example of the Brazilian Cerrado illustrates what is possible through 

changes in agronomic practices e.g., liming and ferilization using phosphogypsum can increase 

SOC stocks in both surface and deeper soils. The needed agronomic changes can be accelerated 

through government policies that incentivize practices such as balanced fertilization. However, the 

enactment of the policies is impeded by a perception – fueled by a lack of scientific evidence – 

that balanced fertilization practices result in low productivity. In fact, the opposite is the case. 

What is needed is more research to provide policy-makers and farmers with the evidence base that 

will encourage them to adopt SOC-enhancing practices and to improve understanding of which 

practices are most effective. Current evidence is clear that, contrary to some assumptions that such 

practices should involve only organic or inorganic inputs, in fact site-specific nutrient management 

using a combination of mineral and organic fertilizers, combined with other techniques, can deliver 

optimal results for farmers and for food security. 
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