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1. PROJECT BACKGROUND 

Increasingly the environmental impact of agricultural supply chains is being scrutinized by consumers, 

NGO’s and governments.  South Africa made a commitment to the international community to reduce its 

carbon footprint, hence the recent focus on carbon emissions, policy and the introduction of a carbon tax. 

Improved cropland management has been highlighted as a very practical and viable carbon emission 

mitigation option and for that reason (and others) Conservation Agriculture (CA) is currently promoted by 

many role players in the agricultural industry, including Grain SA. During Phase 1 and 2 of this project 

the carbon emissions and carbon sequestration potential was assessed of different CA systems.   

The results obtained in Phase 1 and 2 can now be integrated in Phase 3 to determine the impact of various 

management options on the net carbon budget and show how this can lead to improved farming 

efficiency, reduced emissions and alignment with the future carbon market opportunities. The proposed 

carbon tax legislation, for example, also contains mechanisms for selling agricultural carbon credits to 

other South African organisations to reduce their carbon tax exposure. This project will take the first steps 

towards realising the potential of this farm-based carbon credit income stream. 

A further outcome of Phase 3 is to communicate and raise awareness amongst farmers with regards to the 

benefits of CA systems in relation to the reduction of carbon emissions as well as the potential carbon 

sequestration. 

 

2. PROJECT GOAL AND OBJECTIVES 

The aim of Phase 3 is to communicate the results and tools developed in determining the carbon footprint 

of selected maize-based farming systems to key stakeholders in a number of key agro-ecological regions 

of the summer rainfall crop production area of South Africa. 

 

The project’s short-term objectives of Phase 3 (2020-2021) are: 

 

1. To improve the demonstration and learning impact of C-footprint data, materials and tools. 

2. To interact with key stakeholders in C-footprint (greenhouse gas emissions and C-sequestration) data, 

materials and tools during workshops. 

 

 

3. PROJECT APPROACH  

Phase 3 aims to integrate the findings of Phase 1 and 2 in a farmer friendly infographic format with the 

addition of workshops, and/or videos (if Covid regulations restrict physical interaction), throughout the 

Maize growing regions to raise awareness of CA practices that reduces carbon emissions and have the 

potential to sequester carbon.  An adaptive approach to the in-person workshops will be followed should 

COVID 19 pose restrictions.  Phase 3 is the final Phase that forms part of a longer-term project where the 

carbon footprint methodology and results can be used within the grain industry as an adaptive 

management tool (Figure 1). 
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Figure 1: Carbon footprint project phases implemented over three phases. 

 

4. PROJECT SCOPE – PHASE 3 

4.1 Objective 1: To improve the demonstration and learning impact of C-footprint data, 

materials and tools. 

Using the IPCC carbon sequestration tool (Blue North) 

• Model carbon emissions data in Phase 1 tool. 

• Model carbon sequestration data in Phase 2 tool. 

• Prepare carbon emission case-study to be combined as one infographic with the carbon sequestration 

component. Prepare Powerpoint presentation and hand-out. 

• Preparation of carbon sequestration case-study to be combined as one infographic with the carbon 

emissions component. Prepare Powerpoint presentation and hand-out. 
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The development of a carbon sequestration application (TerraSim) 

The prediction of C-sequestration potential and subsequent development of an app to demonstrate the 

effects of farming systems involved a two-phase approach, which is shown in Figure 2. The phases 

include: 

• Detailed numerical modelling to predict the effects of cultivation- and crop rotation systems on the 

potential to sequester soil carbon based on readily available data. The numerical modelling was 

conducted in Phase 2 of the project. 

• Development of user-friendly app to demonstrate the effects of cultivation- and crop rotation systems 

on the potential to sequester soil carbon, based on the results from the numerical modelling.  

The development of the app is the focus of this component of the Phase 3 of the project. 

  

 

 

 

 

 

 

 

 

 

Phase 2: 

Detailed numerical modelling of soil carbon sequestration 

- Resource, time and data intensive 
- Not user-friendly for broader user group such as farmers and extension officers 

Phase 3: 

Develop application to demonstrate effects of crop rotation- and  

cultivation systems on soil carbon sequestration potential 

- User-friendly for broader user group 
- No data required from user – based on selection of drop-down menus 

 

Figure 2: Approach to develop user-friendly application on C-sequestration potential. 

 

4.2 Objective 2: To interact with key stakeholders in C-footprint (greenhouse gas emissions and 

C-sequestration) data, materials and tools during workshops. 

• The C-footprint results, materials and tools will be demonstrated during interactive workshops and/or 

videos conducted for the summer grain regions to create awareness of various soil greenhouse gas 

emission reduction and C-sequestration potential options and the effect of conservation agriculture. 

• The awareness will be conducted for specific key maize production regions and where possible in 

participation with existing CA FIP project platforms, such as Ottosdal no-till club (Ottosdal, North 

West), Maluti study group (Clocolan, eastern Free State), Riemland study group (Reitz, eastern Free 

State), Ascent study group (Vrede, north-eastern Free State), Mpumalanga Highveld CA network 

(Ermelo). 

• A wide group of stakeholders will be targeted. 
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5. PROJECT EXPECTED IMPACTS 

This project (C-footprint Phase 3) will provide the farmers with tools to measure and manage carbon 

emissions and sinks on their farms. It will create awareness in the agricultural value chain (from farmers 

to markets) on their C-budget, C-footprint and C-sequestration potential of farming systems (tillage and 

crop rotations) to minimise carbon emissions, optimise C-sequestration and reduce impact on climate 

change. It will also provide the farmer with a management tool to improve resource efficiency and reduce 

overhead costs which may improve economic sustainability of the farm. The benchmark C-footprint for 

the regions can enable the farmers to compare themselves to other farms in similar areas and create the 

opportunity to learn and implement practices from each other.  

Complementing the above, the numerical soil carbon sequestration modelling provides the industry with 

the advantage that the carbon sequestration potential was predicted for typical combinations of crop 

rotation- and cultivation systems of the summer grain regions’ farming systems for the soil type and 

climate of the summer grain production regions as input to the soil carbon sequestration app. 

The user-friendly C-sequestration app is intended for comparison purposes of crop rotation and 

cultivation systems scenarios to be used by a wider user group, including farmers and extension officers. 

The purpose of the app will serve to be informative and to create awareness of various C-sequestration 

options. The app will have the advantage that data need not to be provided by the user as the user will 

interact by selecting various options on soil type, crop rotation- and cultivation systems from drop-down 

menus.  

The information from the Phase 3 project and rigorous monitoring and implementation process can be 

used in the future if carbon market opportunities emerge. Determining the impact of various farming 

systems on C-budgets also has long term policy implications as the information can be used to assist 

government in focussing their mitigation strategies for the agriculture sector.  

It is important to recognise that the assessment will not be representative of all farms in a specific region 

but rather to provide a “snapshot” view of a particular farming system in a particular region. From 9 years 

of experience in the agricultural carbon footprinting, Blue North can confirm that farmers who measure 

their carbon footprint improve their farm management systems. This process often challenges current 

farm management systems and highlights areas where farm management systems can be improved. 

Combined with data on soil health and sequestration under different practices in the regions identified, the 

net C footprint or C budget can further stimulate thinking and awareness on more sustainable and climate-

smart agricultural options.   
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6. PROJECT COLLABORATION 

ASSET Research will collaborate with the following institutions: 

Blue North Sustainability (Pty) Ltd manages the Confronting Climate Cahnge (CCC) Initiative on 

behalf of the South African Fruit and Wine Industry Bodies.  CCC was established in 2008.  The 

initiative focuses on the Life Cycle Assessment (LCA) of greenhouse gas emissions at farm-level and 

across agricultural value chains, as well as a climate change knowledge resources for the industry.  The 

initiative currently focusses on perennial tree orchards, but CCC has already developed a carbon footprint 

protocol, the data collection tools, database and reporting tools for grain farming in South Africa. 

The CCC initiative is project managed by Blue North Sustainability, a Stellenbosch-based sustainability 

practice that is focused on the development and implementation of robust and credible sustainability 

programs in agricultural businesses and value chains.  Blue North was founded in 2011. Blue North 

Sustainability completed the C-sequestration assessment of the WCT funded C-footprint project in the 

Western Cape. 

 

TerraSim CC is an environmental consulting company specialising in the earth science component of 

sustainable land use, rehabilitation of mine- and degraded land, and remediation of contaminated land. 

Terrasim was founded in 2011. Terrasim has a registered professional soil scientist with 24 years of 

experience in soil science and environmental field. Terrasim specialises in the application of numerical 

modelling of the climate-plant-soil-water- and waste-soil-water continuum aspects.    

 

7. PROGRESS AND RESULTS USING THE IPCC CARBON SEQUESTRATION TOOL 

(BLUE NORTH) 

To understand the terms used in the following paragraphs a brief overview and definitions are provided. 

• CA: Conservation Agriculture  

• CCA: Current Conservation Agriculture  

• FCA: Future Conservation Agriculture  

• Carbon Footprint: The total greenhouse gas emissions caused by an individual, event, 

organization, service, or product, expressed as carbon dioxide equivalent.  

• Carbon Stock: The quantity of carbon contained in a “pool”, meaning a reservoir or system which 

has the capacity to accumulate or release carbon.  

• Carbon Sequestration: Long-term storage (>100 years) of carbon dioxide or other forms of 

carbon to either mitigate or defer global warming and avoid dangerous climate change.  

• Intercropping: A multiple cropping practise that involves growing two or more crops in the same 

field.  

• Relay intercropping: Two or more crops are grown at the same time as part of the life cycle of 

each i.e. a second crop is sown after the first crop has been well established but before it reaches 

its harvesting stage. 
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7.1 Carbon emission, stocks and relationships using the IPCC carbon sequestration tool 

The following maize production regions were included in the assessment: 

• North West Province 

• North West Free State 

• Eastern Free State  

• Northern Free State  

• Eastern Highveld (Mpumalanga) & KwaZulu-Natal 

• Smallholders (KZN) 

 

Three different farming systems were assessed as listed below: 

 

1. Conventional agriculture (CT); with full tillage, low organic matter inputs 

2. Current Conservation agriculture (CCA); with reduced tillage, medium organic matter inputs 

3. Future CA (FCA): with no tillage, an ideal but realistic CA system (based on assumptions), High 

organic matter inputs without manure 

4. FCA for Smallholders:  

• FCA 1: Intercropping 

• FCA 2: Intercropping with 50% residues remaining 

• FCA 3: Relayed intercropping 

 

7.1.1 Progress and results achieved. 

Carbon stocks (tC/ha) per farming system for each region 

The average tonne Carbon per hectare for each farming system in each of the different regions is shown in 

the figure 3 below.  The FCA system holds the most carbon stocks compared to the other systems with 

the carbon stocks being the lowest in the North Western Free State and the North Western Province. 

Figure 3: Carbon stocks (tC/ha) per farming system for each region. 
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Soil organic carbon stocks (tC/ha) per farming system for each region 

 

The Soil Organic Carbon Stock is shown in figure 4 below.  The organic carbon stock is much higher in 

the Natural veld than in the production areas.  Once again, the soil organic carbon stock is highest for the 

Future CA system. 

 

 

Figure 4: Soil organic carbon stocks (tC/ha) per farming system for each region. 

 

CO2 sequestration potential of the transition to CCA and FCA systems respectively for each region 

 

The CO2 sequestration potential was modelled in a stepwise manner to show the potential increase when a 

farmer progresses from a Conventional system (CT) to a CA system (CCA) followed by the transition 

from a CCA system to a Future CA system (FCA) and finally the sequestration potential from a CT 

system directly to the Future CA (FCA) system (see figure 5). 

 

As expected, the biggest “wins” is to move directly from the CT system to the FCA system, however for 

those producers that would like to follow a stepwise transition there will be continued increases in the 

potential carbon sequestration. 
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Figure 5: CO2 sequestration potential of the transition to CCA and FCA systems respectively for each 

region. 

 

Current CO2 emissions for each system vs. the sequestration potential of transitioning to CA and 

FCA farming systems for Maize per region 

 

To understand the relationship between the current CO2 emissions to produce Maize in the different 

provinces compared to the potential carbon sequestration when a grower transitions from the CT system 

to the FCA system, the values were presented in Figure 6 below. 

 

Figure 6 shows a particularly important element when considering the journey of a farmer to reduce 

carbon emissions and increase the carbon sequestration potential of their soil and that is that the very 

important step of understanding your emissions and the inputs that contribute most to your overall carbon 

emissions should not be neglected.  It is here where you can significantly reduce emissions which is 

normally directly linked to inputs costs.  Future CA systems do increase the carbon sequestration 

potential but only in the case of the smallholders did the sequestration exceed the emissions.  In all other 

cases the priority should be to reduce emissions. 
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Figure 6: Current CO2 emissions for each system vs. the sequestration potential of transitioning to CA 

and FCA farming systems for Maize per region. 

 

The next step is to prepare the information presented above in an easily digestible format as a handout and 

PowerPoint presentation for use in workshops with farmers. 
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8. CARBON SEQUESTRATION MODELLING USING WinEPIC (TERRASIM) 

8.1 Modelling approach 

A field-scale modelling approach was followed, which is based on the concept of a spatial unit with 

relative homogeneous climate, soil and farming system practices that are representative of a production 

region. This approach has the advantage that the effects of crop rotation-, agronomic- and tillage practices 

and the biophysical (climate, soil and crop) properties on C-sequestration potential could be accounted for 

and simulated in greater detail. This modelling approach was applied for the study rather than following a 

GIS-modelling approach which could require large spatially distributed data sets for which data may not 

be readily available. 

8.2 Model review and selection 

Fourteen (14) numerical models that can predict soil C-sequestration were evaluated in a previous study 

to identify suitable model(s) for the grain production regions of South Africa (De Kock, Van Zyl and 

Smith, 2019). The Windows interface (WinEPIC) of the EPIC (Environmental Policy Integrated Climate) 

model was selected as a suitable model for this study for the following reasons: 

• It is a freeware, and model code is easily downloadable from a dedicated home page. 

• It is well documented with tutorials to learn the model. 

• Ability to predict the effect of crop rotation, cultivation- and agronomic practices of the 

conventional- and conservation agriculture farming systems of the SG-regions. 

• It is user friendly for setting up model input files and simulating various farming systems. 

• It has an extensive database on crop growth and development, tillage implements, agronomic- and 

cultivation systems that could be used as guidance on appropriate values in setting up model input 

files for the SG-regions. This provided the additional advantage that the minimum data required 

by EPIC to simulate C-sequestration are readily available or could be determined / calculated 

from readily available data in the SG-regions. 

• The model includes a capability for up-scaling from field-scale to regions with inter alia the use 

of GIS in potential future studies. 

8.3 Model description 

The C-sequestration module of WinEPIC is based on the CENTURY C-sequestration model of  

Parton et al. (1992). The CENTURY model simulates the soil organic matter processes and dynamics to 

predict the extent of C-sequestration. The CENTURY model produced consistently low errors for all 

datasets in a comprehensive study in a comparison of the performance of soil organic matter models using 

data from long-term experiments (Smith et al., 1997). 

The important processes and components simulated in the CENTURY model, which the WinEPIC  

C-sequestration component is based on, is shown in Figure 7. Application of the WinEPIC model in this 

project is summarised in Table 1. 
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Figure 7: Summary of WinEPIC C-sequestration modelling components. 

Table 1: Summary of the application of WinEPIC model in the project 

Aspect Description 

Model type Continuous process-based 

Spatial scale Field-scale, can simulate field, farm or small/agricultural catchment 

Spatial unit 
Units with homogeneous climate, soil, topography, land use and crop 

management system 

Temporal scale Daily time step predicting over decades (long-term) 

Evaluate impact of conservation 

agriculture 

Simulate impact of crop, land management practices and tillage 

systems in considerable detail 
 

 

8.4 Model data 

8.4.1  Summer grain production regions 

Seven production regions have been identified in the previous phases of the project, which include: 

• KwaZulu Natal 

• Mpumalanga Highveld 

• Eastern Free State 

• Northern Free State 

• North western Free State 

• North West Province 

• Smallholder farmers. 

 

The North West Province region was split in eastern- and western subregions for the purposes of the C-

sequestration modelling to better represent the large range in precipitation and climate across the region 

(Figure 8).  



  

 

13 
 

 

 

Figure 8: Summer grain production regions. 

The regions represent the range in climatic, soils and land management practices, such as crop rotation 

systems, cultivation, and fertilisation of farming systems of the summer rainfall grain production areas of 

South Africa. C-sequestration was predicted based on the concept of a spatial unit with homogeneous 

climate, soil and farming system practices that are representative of a production region. This report 

focuses on the east- and north Free State production regions.  

 

8.4.2  Climate 

The regions are characterised by warm summers and cool winters with frost. Most of the rain occurs 

during late spring and summer as thunderstorms late in the afternoon. The regions have a semi-arid 

climate (Table 2). A mean annual precipitation (MAP) of 715 and 680 mm/yr was used for the east- and 

north Free State for the C-sequestration modelling. The onset of the summer rain season characteristically 

occurs in October.  

Table 2: Climate 

Region 

Mean daily 

temperature 

(⁰C) 

Mean annual 

precipitation 

(mm/yr) 

Aridity index 

East Free State 14.5 715 0.37 
Semi-arid climate 

North Free State 15.7 680 0.31 

 

Climate datasets with daily rainfall, minimum- and maximum temperature, relative humidity, solar 

radiation, and wind speed were prepared for a region. Daily values were adjusted to represent monthly 

mean distribution of maps included in the South African Atlas of Agrohydrology and Climatology by 

Schulze et al. (1997) for east- and north Free State regions for modelling purposes. 
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8.4.3  Soil 

Information on selected soil properties included in the ARC-ISCW Digital National Soil Profile Database 

(Soil Survey Staff, 1972-2010) was obtained. The database includes descriptions and analyses of a 

considerable number of soil profiles for the east- and north Free State regions. Soil profiles consisting of 

apedal B soil horizons were identified from the comprehensive list of soil types to represent suitable soils 

for crop production for the purposes of this study. The soils in the north Free State with vertic A soil 

horizons were not included in this study.   

Soil textural data was analysed to determine the dominant textural classes of the A- and apedal B soil 

horizons for the east- and north Free State regions. This information was used to determine two 

representative soils per region for the purposes of the modelling exercise.  

Soil texture was used as the basis to identify representative soils are consistent with the following 

required criteria for the modelling exercise:      

• Texture does not vary significantly over time. 

• Is not significantly affected by cultivation and agronomic practices.  

• Is a primary soil property that considerably effects the range of soil physical and chemical 

properties important to C-sequestration. 

• Data is readily available. 

The representative soils identified for each SG-region are summarised in Table 3. 

 

Table 3: Soil texture of representative soils 

Region 
Dominant soil texture Sub-dominant soil texture 

A-horizon B-horizon A-horizon B-horizon 

East Free State Sandy loam Sandy clay loam Loamy sand Sandy loam 

North Free State Clay Clay Sandy loam Sandy clay loam 

Soil properties, such as dry bulk density, wilting point, field capacity and saturated hydraulic 

conductivity, were predicted from the sand-, silt- and soil organic matter (SOM) contents for the selected 

soils with the Soil Water Characteristics utility. The utility uses pedo-transfer functions and a soil 

hydraulic properties database that includes over 3000 soils for which the hydraulic properties have been 

determined. The utility was developed by the United States Department of Agriculture Agricultural 

Research Service and Department of Biological Systems Engineering of the Washington State University. 

Soil fertility properties such as soil organic carbon (SOC) content, pH, cation exchange capacity and base 

cation saturation were obtained from the ARC-ISCW Digital National Soil Profile Database (Soil Survey 

Staff, 1972-2010). 

8.4.4  Cropping systems 

WinEPIC’s cropping system files requires the crop rotation and crop sequence as model input. The crop 

rotations that were simulated for the conventional cultivation (CT), conservation agriculture (CA) and 

future conservation agriculture (FCA) farming systems are summarised in Table 4.  
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Table 4: Crop rotations 

Region Farming system Crop rotation1 

East Free State 

Conventional till  
Maize-soybeans-maize-dry beans 

Conservation agriculture  

Future conservation agriculture  Maize-forage sorghum-rye-soybeans2 

North Free State 

Conventional till  
Maize-soybeans 

Conservation agriculture  

Future conservation agriculture  Maize-forage sorghum-rye-soybeans2 

Note: 1 Maximum of four crops can be defined in WinEPIC 
                 2 Forage sorghum and rye were used to represent summer- and winter cover crops respectively. 

Cover crops, such as forage sorghum as a summer cover crop and rye as a winter cover crop were 

included in the future CA cropping systems with the objective to increase the C-sequestration potential 

and soil organic matter (SOM) content by limiting soil disturbance, integrate livestock grazing and to 

provide high root mass in addition to high crop residue mass.  

8.4.5  Crop characteristics 

The crop characteristics file of WinEPIC includes an extensive list of parameters relating to crop growth, 

leaf properties and development, root development, biomass production, plant nutrient uptake, harvest 

index and organic carbon and nitrogen ratios of leaves, roots and grain. The parameter values represent 

the maximum potential leaf and root growth rate, leaf area and soil mass, nutrient uptake and harvest 

index that could possibly be attained under non-stressed conditions. Parameter values should be based on 

experimental data where crop stresses related to climate and moisture- and plant nutrient availability have 

been minimised to allow the crop to attain its potential. The crop characteristics from the WinEPIC 

database were mainly used for this modelling exercise since parameter values on non-stressed conditions 

are not readily available for South African conditions. Parameter values that were available for this study, 

such as for the harvest index and biomass, were used to refine the values included in WinEPIC database, 

which is discussed in Section 4.5.  

The effect of climate, moisture and plant nutrient stresses on plant growth, plant nutrient uptake and 

biomass production are accounted for in the modelling of the soil water balance, plant available water 

content, and plant growth, which have effect on C-sequestration. The soil water balance modelling was 

imperative to predict changes in soil moisture, plant available water and crop stress (drought) during the 

growing season, which affects the C-sequestration potential. 

8.4.6  Agronomic- and tillage practices 

WinEPIC requires the following type and schedule (timing) of agronomic- and tillage activities: 

• Planting, harvesting and grazing. 

• Tillage before, during and after planting.  

• Fertiliser and lime application. 

The agronomic- and tillage activities, and the scheduling thereof, for the cropping systems are based on 

data produced in Phases 1 and 2, which is summarised in Table 5 and Table 6.  



 

  

Table 5: Agronomic and tillage activities for conventional tillage and conservation agriculture scenarios 

Crop Activity 

Schedule 

Conventional tillage Conservation agriculture 

East Free State North Free State East Free State North Free State 

Maize 

Fertiliser and lime application 15 Sep 15 Sep 15 Oct 

Deep tillage - Ripping 01Oct   

Seedbed preparation 14 Oct   

Planting 15 Oct 15 Oct 

Cultivator – Weed 
10 Dec 

  

Fertiliser application   

Harvest 20 May 20 May 

 Grazing 21 May to 30 Jun 21 May to 30 Jun 

Soybeans 

Lime application 15Sep 15 Sep 15 Oct 

Deep tillage - Ripping 01 Oct   

Seedbed preparation 14 Oct   

Planting 15 Oct 15 Oct 

Cultivator – Weed 
10 Dec 

  

Fertiliser application   

Harvest 20 May 01-Apr 20 May 

 Grazing 21 May to 30 Jun  21 May to 30 Jun 

Dry beans 

Lime application 15 Sep  15 Sep  

Deep tillage - Ripping 01 Oct    

Seedbed preparation 04 Dec  04 Dec  

Planting 
05 Dec 

 05 Dec  

Fertiliser application    

Cultivator – Weed 20 Dec    

Harvest 15 Mar  15 Mar  

 Grazing 21 Mar to 30 Apr  21 Mar to 30 Apr  



 

     

Table 6: Agronomic and tillage activities for future conservation agriculture scenario 

Crop Activity Schedule 

Maize 

Planting 
15 Oct 

Fertiliser and lime application 

Harvesting 15 May 

 Grazing 16 May to 30 Jun 

Forage sorghum 

Planting 
15 Nov 

Fertiliser and lime application 

First grazing 29 Dec 

Second grazing 15 Feb 

Rye 

Planting 
01 Mar 

Fertiliser and lime application 

Grazing 15 Aug 

Soybeans 

Planting 
15 Oct 

Fertiliser and lime application 

Harvesting 15 May 

 Grazing 16 May to 30 Jun 

WinEPIC requires information on the properties of the tillage-, planter- and harvesting equipment, and on 

the type and rates of lime, fertiliser, pesticides and grazing. Model input for these activities were based on 

information provided in Phases 1 & 2, which was used as basis to obtain additional information on the 

activity properties from the databases included in WinEPIC that was required.   

Tillage implements 

Information on the tillage practices listed in Table 5 and Table 6 was used to select implements from the 

model database for the various practices; e.g. deep ripper (subsoiler) for deep ripping, harrow for seedbed 

preparation and row cultivator for weed control. The database includes detailed description and properties 

of an implement, such as the tillage depth, extent of soil mixture and crop residue incorporation during 

tillage, which significantly affects C-sequestration (or loss). 

Planters 

Planters were selected from the model database based on the cultivation system; e.g. disc grain planter for 

conventional tillage and no-tillage planter for the conservation agriculture scenarios. Information in the 

database includes detailed description and properties of a planter, such as their extent of soil mixture 

during planting. 

Fertiliser and lime application 

Data provided in Phases 1 & 2 on the nitrogen, phosphorus, potassium and lime application rates for the 

cropping systems were used for model input, and are summarised in Table 7. 



 

  

Table 7: Lime and fertiliser application rates 

Crop  

Application rate (kg/ha) 

Conventional tillage Conservation agriculture Future conservation agriculture 

East             

Free State 

North              

Free State 

East             

Free State 

North              

Free State 

East             

Free State 

North              

Free State 

Maize 

Lime 950 400 0 400 0 

Nitrogen 100 80 75 40 37.5 

Phosphorus 28 24 15 18 10 10 

Potassium 14 12 15 9 7.5 4.5 

Soybeans 

Lime 250 0 400 0 400 0 

Nitrogen 10 8  0 0 0 

Phosphorus 15 12  0 10 0 

Potassium 20 16  0 0 0 

Dry beans 

Lime 950  400    

Nitrogen 45  0    

Phosphorus 16  0    

Potassium 22  0    

Cover crops 

Lime     400 0 

Nitrogen     5.5 30 

Phosphorus     10 10 

Potassium     0 3.5 



 

 

Pesticide application 

The activities of pesticide application were not accounted for in the C-sequestration modelling since 

minimum soil disturbance also occurs during pesticide application and the frequency and specific 

pesticide to be used can vary between growth seasons. Consequently, the application (spray) of pesticide 

were not included to limit unnecessarily model complexity (detail) without having a significant effect on 

C-sequestration. 

Harvesting 

A combine, self-propelled harvester was selected from the model database for the harvesting of maize, 

soybeans and dry beans. 

Grazing 

The advantages of grazing on soil C-sequestration relates mainly to: 

• Most of the crop residue grazed by livestock is excreted as manure and urine on the land, which 

contributes to and enhances the soil organic carbon- and nitrogen cycles, and soil  

C-sequestration.  

• A large proportion of the crop residue is returned into the soil with grazing through the trampling 

effect of livestock. 

• Organic matter (from residues/forage) lost from land is considerably less from that converted to 

livestock weight/growth than removal through cutting/harvesting and bailing.   

The effect of grazing of crop residues and cover crops on the soil C-sequestration potential was accounted 

for in the modelling. 

Grazing of cover crops. An ultra-high stock density grazing practice was defined for the cover crops 

based on the data provided by ASSET Research: 

• Summer cover crops: Stocking rate of 220 cattle/ha/day for the first grazing in December and 

second a second grazing in February.  

• Winter cover crops: Stocking rate of 145 cattle/ha/day for the grazing in August. 

The WinEPIC function on a grazing limit to prevent overgrazing based on the minimum plant material 

required for the forage to recover after grazing was used. 

Grazing of crop residues after harvesting. According to ASSET Research, grazing of crop residues 

occurs after harvesting of the maize, soybeans and dry beans in Ct and CA systems. Model input on the 

stocking rates was calculated from data provided in Phases 1 & 2 on the dry matter yield production, 

fraction of crop residue removal, and the forage (residue) consumption and trampling by cattle. The data 

provided on dry matter yield are summarised in Table 8. The fraction of residue removed by grazing is 

80%, 30% and 10% for conventional tillage (CT), conservation agriculture (CA) and future conservation 

agriculture farming systems respectively.  
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Table 8: Biomass production 

Crop 

Dry matter yield (t/ha) 

Conventional tillage 
Conservation 

agriculture 

Future conservation 

agriculture 

East             

Free State 

North              

Free State 

East             

Free State 

North              

Free State 

East         

Free State 

North              

Free State 

Maize 10.6 9.6 10.6 13.4 11.6 14.8 

Soybeans 7.2 6.4 8.0 8.0 8.8 8.8 

Dry beans 7.2      

Cover crops     18.7 18.7 

 

 

8.5 Model verification 

Numerical models do have a predictive ability but has some degree of uncertainty. Model verification and 

calibration are, therefore, required to refine model input data and reduce model uncertainties.  

Data for the purposes of model calibration was not available for this study. Model results were verified 

against available data to evaluate model output and subsequent refinement of model input data. Model 

verification was based on the following approaches: 

• Verification of model output against available data on crop characteristics to refine model input 

data on crop parameters.  

• Verification of model output with available data from studies and databases on soil organic 

carbon content and sequestration/loss due to crop production in the study regions. 

Model verification and refinement of crop parameters. The harvest index and biomass production were 

used in predicted maize, soybeans and dry beans mono-cropping systems. The predicted results were 

compared against the data on biomass production (Table 8) and harvest index (Table 9) to refine crop 

parameter values accordingly. The predicted harvest indices and biomass production yields are 

summarised in Table 10 following refinement of crop parameter input values.     

 

Table 9: Harvest indices  

Crop Harvest index 

Maize 0.48 

Soybeans 0.33 

Dry beans 0.33 

Cover crops 1.0 
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Table 10: Predicted harvest indices and biomass production of conventional tillage 

Crop 

Harvest index Dry matter yield (t/ha) 

Predicted 
Data  

from study 
Predicted 

Data  

from study 

Maize 0.481 0.48 10.85 10.6 

Soybeans 0.328 0.33 7.41 
7.2 

Dry beans 0.321 0.33 6.64 

Cover crops 1.0 1.0 18.7 18.9 

Model verification against data on soil carbon contents of the study regions included in (research) studies 

and soils databases. Model runs of 50 years were conducted for the conventional tillage scenarios to 

predict soil carbon contents at equilibrium conditions for the specific climate, soil, crop, tillage- and 

agronomic practices. Predicted soil carbon contents were compared against soil organic carbon contents 

determined by in a study by du Toit (1992) for soils that were cultivated for over 20 years (Table 11). The 

predicted carbon contents were also compared to soils with the lowest 25th percentile of soil carbon 

contents included in the ARC-ISCW Digital National Soil Profile Database for the east- and north Free 

State regions (Table 12). The lower quartile of carbon contents was used as many soils were sampled 

from grazing and virgin land. 

 

Table 11: Soil carbon content and stock of soils that were cultivated for longer than 20 years1 

Soil texture 
Duration of 

cultivation 

Soil carbon content 

(%) 

Soil carbon stock 

(t/ha/30 cm) 

Median Range Median Range 

Sandy loam 
20-50 years 

>50 years 

0.51 0.44-0.57 23 20-25 

0.43 0.26-0.53 19 12-24 

Clay 
20-50 years 0.98 0.94-10.3 40 39-42 

>50 years 0.86  36  

Note: Study conducted by du Toit (1992) on effect of cultivation on soil organic carbon contents 

Data from the Land Type soils database indicates that soil organic carbon stocks can be low for sandy 

soils in the east- and north Free State regions.   

The relatively low soil carbon stocks predicted at 50 years for the conventional tillage farming systems 

are comparable to the carbon stock values determined by du Toit (1992) for sandy loam soils in the east- 

and north Free State regions which were cultivated for over 20 years. The predicted carbon stocks are 

marginally higher than the lower quartile soil carbon contents of the soils included in the Land Type soils 

database.  

It can therefore be concluded that the soil carbon stock could be predicted for conventional tillage farming 

systems for the loamy sand to sandy clay loam soils of the east- and north Free State after model 

verification and refinement of selected model input data. The conventional tillage farming systems were 

used as a base case scenario in the soil carbon modelling exercise of this study to predict the potential 

(extent) to sequester soil organic carbon.  
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Table 12: Lower quartile of carbon contents for A-horizons of soils in the Land Type database 

Soil texture 

Soil organic carbon content (%) 

(Soil carbon stock (t/ha/30cm)) 

Land Type database:   

25th percentile values 
Predicted 

East  

Free State 

North  

Free State 

East  

Free State 

North  

Free State 

Sandy loam 
0.68 

(31) 

 0.56 

(25) 

 

Loamy sand 
0.39  

(18) 

 0.42 

(18) 

 

Clay 
 1.05 

(41) 

 0.95 

(38) 

Sandy loam 
 0.40 

(18) 

 0.47 

(21) 

 

8.6 Predicted soil carbon stock and sequestration potential  

The predicted impact of the various farming systems on the soil organic carbon contents and carbon stock 

are summarised in Table 13. The carbon contents and stocks are reported according to the IPCC standard 

as the average tonnes of soil organic carbon (SOC) content per hectare (tC/ha) for the 0-30 cm soil layer 

after a 20-year period, which is the internationally accepted good practice.   

 

The following key inferences were made from the predicted soil carbon stocks and sequestration:  

• Moderately low carbon stocks were predicted for the conventional tillage scenario due to 

considerable soil disturbance and mixing that occurs with the tillage practices and activities.   

• An increase in soil organic carbon content and carbon stock were predicted with conservation 

agriculture as a result of considerably less soil disturbance, mixing and the frequency thereof. A 

lower fraction (30%) of crop residue was also removed with grazing after harvesting compared to 

the high fraction (80%) with conventional tillage. 

• The increase in soil carbon stock is significantly higher (about 1.7 times) with the future 

conservation agriculture scenario that includes cover crops and grazing, in addition to the effect 

of a reduction in the extent and frequency of soil disturbances with tillage- and agronomic 

practices of conservation agriculture.   

• The ultra-high density stocking rate grazing that was simulated for the cover crops likely also 

have contributed to the higher increase in soil carbon sequestration. 

• The carbon sequestration rates of the future conservation agriculture scenario are almost twice as 

high than the conservation agriculture scenario, which demonstrates the importance of cover 

crops with high root- and vegetation mass and grazing to effectively sequestrate soil carbon.  

• The predicted C-sequestration rates for the future conservation scenario are comparable to the 

rates reported by Gonzalez-Sanchez et al., (2019) and Vågen et al., (2012) of about 0.37 to 0.43 

for conservation agriculture practices with no-tillage and the use of cover crops in Africa. 
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Table 13: Predicted impact of farming systems on soil organic carbon and carbon sequestration potential for East Free State region 

Farming system scenario 

Soil carbon content  

(%) 

Soil carbon stock 

(tC/ha/30 cm) 

Soil carbon  

sequestration potential1,2 

(tC/ha/yr/30 cm) 

Sandy 
loam 

Loamy 
sand 

Sandy 
loam 

Loamy 
sand 

Sandy 
loam 

Loamy  
sand 

Conventional tillage 0.56 0.42 25 18   

Conservation agriculture 0.67 0.51 29 22 -0.24 -0.20 

Future conservation agriculture 0.75 0.59 33 26 -0.42 -0.37 

Note 1 Change in carbon stock compared to conventional tillage  
              2 Negative sign indicates carbon sink or removal from the atmosphere  
 

Table 14: Predicted impact of farming systems on soil organic carbon and carbon sequestration potential for North Free State region 

Farming system scenario 

Soil carbon content (%) 
Soil carbon stock 

(tC/ha/30 cm) 

Soil carbon  

sequestration potential1,2 

(tC/ha/yr/30 cm) 

Clay 
Sandy 
loam 

Clay 
Sandy 
loam 

Clay 
Sandy  
loam 

Conventional tillage 0.93 0.47 37 21   

Conservation agriculture 1.08 0.57 43 25 -0.28 -0.22 

Future conservation agriculture 1.23 0.65 49 29 -0.57 -0.39 

Note 1 Change in carbon stock compared to conventional tillage  
              2 Negative sign indicates carbon sink or removal from the atmosphere  
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9. SOIL CARBON SEQUESTRATION APPLICATION 

9.1 Development of app 

The application (app) was developed to provide a basic, user-friendly tool to compare the potential of 

farming systems to sequester soil organic carbon, and to create awareness of various C-sequestration 

options for a broader group, such as for farmers.   

The app was developed with a user-interface of drop-down menus to select a typical soil texture in a 

production region to show the effects of crop rotation and tillage- and agronomic practices for the 

conventional cultivation-, current CA- and future CA scenarios on the potential to sequester soil 

organic carbon.  The user-interface is shown in Figure 9. 

The application provides a basic tool to compare the potential of farming systems to sequester soil 

organic carbon, and to create awareness of various C-sequestration options. The intention was not to 

provide and develop an application that can predict (model) C-sequestration potential or conduct 

detailed analyses of C-sequestration such as the IPCC method or numerical models of C-sequestration 

potential and subsequent development of an app to demonstrate the effects. 

9.2 User interaction with app  

The application of the app involves the following steps: 

1. Download and unzip the zipped file containing the app, and follow the installation instructions to 

install the app on e.g. the C-drive. 

2. Select from the drop-down menus in the home page the region (and sub-region for KwaZulu-Natal 

and the Northwest Province) and soil texture scenario, and submit the selection. 

3. The user will then be directed to graphs on how the soil organic carbon/matter and stock changed 

over time for the Current CA- and Future CA scenarios compared to the Conventional cultivation 

scenario, which is shown in Figure 10.  



 

25 
 

 

Figure 9: App user-interface with drop-down menus. 

 

Figure 10: Example of App graphs on predicted change in soil organic carbon and stock. 

 

 

 



 

26 
 

10. LITERATURE 

 

Department of Environmental Affairs. 2011. South Africa’s Second National Communication under 

the United Nations Framework Convention on Climate Change. Department of Environmental 

Affairs, Republic of South Africa, Pretoria. 

De Kock, L., van Zyl, A.J. and Smith, H.J, 2019 (unpublished). Determining the Carbon Footprint 

intensity of different winter grain farming regimes in the Western Cape. 

Du Toit, M.E. 1992. Effect of cultivation on the organic carbon and total nitrogen in selected dryland 

soils. MSc Agriculture University of the Free State. 

Gonzalez-Sanchez, E. J., Veroz-Gonzalez, O., Conway, G., Moreno-Garcia, M., Kassam, A., 

Mkomwa, S., Ordonëz-Fernandez, R., Trivińo-Tarradas, P. & Carbonell-Bojollo, R. 2019. 

Meta-analysis on carbon sequestration through Conservation Agriculture in Africa. Soil and 

Tillage Research, 190, 22-30. 

Lal, R. 2004. Soil carbon sequestration impacts on global climate change and food security. Science 

304:1623-1627. www.sciencemag.org/cgi/content/full/ 305/5690/1567DCI. 

Lal, R. 2005. Soil carbon sequestration in natural and managed tropical forest ecosystems. Journal of 

Sustainable Forestry 21(1):1-30. 

Lal, R. 2006. Enhancing crop yields in the developing countries through restoration of soil organic 

carbon pool in agricultural lands. Land Degradation and Development 17:197-209. 

Lal, R. 2010a. Enhancing eco-efficiency in agroecosystems through soil C sequestration. Crop Science 

50:S120-S131. 

Lal, R. 2010b. Managing soils and ecosystems for mitigating anthropogenic carbon emissions and 

advancing global food security. BioScience 60(9):708-721. 

Lal, R. 2015. Sequestering carbon and increasing productivity by conservation agriculture. Journal of 

Soil and Water Conservation 70(3): 55A-62A. 

Lal, R., Negassa, W. and Lorenz, K. 2015. Carbon sequestration in soil. Current Opinion in 

Environmental Sustainability 15: 79–86 

Lal, R. 2016. Beyond COP21: Potential and challenges of the “4 per Thousand” initiative. Journal of 

Soil and Water Conservation 71(1): 20A-25A 

Mills, A.J. and Fey, M.V. 2004. Declining soil quality in South Africa: effects of land use on soil 

organic matter and surface crusting. Journal of Plant and Soil, 21(5):388-398. 

National Treasury. 2013. Carbon tax policy paper: reducing greenhouse gas emissions and facilitating 

the transition to a green economy. Available at: http://www.treasury.gov.za (accessed on 10 

December 2013). 

Parton W.J., McKoewn B., Kirchner V., Ojima D., 1992. User Manual for the CENTURY 
 model. 

Reicosky, D.C., Lindstrom, M.J., Schumacher, T.E., Lobb, D. and Malo, D.D. 2005. Tillage-induced 

CO2 loss across an eroded landscape. Soil and Tillage Research, 81(2): 183–194. 



 

27 
 

Smith, P., J.U. Smith, D.D. Powlson, W.B. McGill, J.R.M. Arah, O.G. Chertov, K. Coleman, U. 
 Franko, S. Frolking, D.S. Jenkinson, L.S. Jensen, R.H. Kelly, H. Klein-Gunnewiek, A.S. 
 Komarov, C. Li, J.A.E. Molina, T. Meuller, W.J Parton, J.H.M. Thornley, A.P. Whitmore, 
 1997. A comparison of the performance of nine soil organic matter models  using datasets from 
 seven long-term experiments. Geoderma 81 (1997) 153-225. 

The British Standards Institution. 2011. PAS 2050:2011 specification for the assessment of the life 

cycle greenhouse gas emissions of goods and services. 

The British Standards Institution. 2012. PAS 2050-1:2012 specification for the assessment of life 

cycle greenhouse gas emissions from horticultural products. 

Food and Agriculture Organization of the United Nations (FAO). 2015. Soils help to combat and adapt 

to climate change by playing a key role in the carbon cycle. Available at: www.fao.org. 

Partridge, A., Cloete-Beets, L. Barends, V. 2014. The real cost of a carbon tax. Estimating the impact 

of South Africa’s 2015 carbon tax with an application to the agricultural sector of the Western 

Cape.  Paper submitted to the 2014 Annual Conference of the Agricultural Economics 

Association of South Africa, Mpekweni Beach Resort, 8 September to 1 October 2014. 

Sutherland, W.J. Clout, M., Depledge, M., Dicks, L.V., Dinsdale, J., Entwistle, A.C.,  Fleishman, E., 

Gibbons, D.W., Keim, B., Lickorish, F.A., Monk, K.A., Ockendon, N., Peck, L.S., Pretty, J., 

Rockstrom, J., Spalding, M.D., Tonneijck, F.H., and Wintle, B.C. A horizon scan of global 

conservation issues for 2015. 2015. Trend in Ecology & Evolution, 30(1):CellPress.  

Swanepoel, C. M., Van der Laan, M., Weepener, H. L., Du Preez, C. C. & Annanadale, J. G. 2016. 
Review and meta-analysis of organic matter in cultivated soils in southern Africa. Nutrient 

Cycling in Agroecosystems, 104, 107-123. 

Vågen, T.G., Lal, R. & Singh, B. R. 2005. Soil carbon sequestration in sub-Saharan Africa: a review. 
Land Degradation & Development, 16, 53-71. Worls Bank 2012. Carbon sequestration in 
agricultural soils. Washington, USA: World Bank. 

 

 


