Appendix A: Crop Modeling – Methodology, Results, Evaluation, and Limitations

Methodology

To assess the implications of various combinations of cropland management strategies for agricultural productivity and soil carbon sequestration (SCS), the CERES-Maize model in DSSAT with the integrated CENTURY Soil Organic Matters model was used to simulate maize yield and soil organic matter dynamics in smallholder farmers’ fields. 

The CENTURY model in DSSAT-CENTURY simulates the decomposition of soil organic matters and the loss of soil carbon in through CO2 emission. This process directly interacts with crop growth and farmers’ management practices being simulated by crop models in DSSAT (CERES-Maize in this study) with the same daily time-step. Incorporation of crop residue from senescence and harvest is also simulated during the process. The modeling framework not only keeps tracks the dynamics during the cropping season but also in-between cropping seasons so that the decomposition of crop residue over time and manure application before planting, if applied, are also continuously being simulated within the system. The simulated dynamics of soil organic matters/carbon provides estimates of organically decomposed soil nitrogen that becomes available for plant roots to uptake, based on the soil-inherent properties. By simulating the soil organic matter dynamics the process also simulates its enhancing moisture holding capacity, which directly benefits crop growth under rainfed condition. This process is especially important for low-input system that prevails in sub-Saharan Africa. Recent studies used the DSSAT-CENTURY model to simulate crop production and estimate soil processes of, for example, the peanut-millet cropping system in Senegal (Diagna et al., 2007), maize-based system in Ghana (Koo et al., 2007; González-Estrada et al., 2008), and maize-wheat system in a Mediterranean area (Sanctis et al., 2012). Further details on the CENTURY implementation in DSSAT can be found in Gijsman et al. (2002), Porter et al. (2009), and Basso et al. (2011). 

Soil properties are an important input into the crop and soil process modeling, yet there was no on-farm soil measurement data available in the study sites. Hence we used generic soil profiles defined for each of three soil texture types (clayey, loamy, and sandy), developed for representing the medium level of soil fertility (SOC content range: 0.7-1.2% for top 20 cm layer) and medium rooting depth (90-150 cm). Area distribution of the soil texture classes in each site was retrieved from the Soil Functional Capacity Classification System (FCC) (Sanchez et al., 2003). The generic soil profiles, HC27, and FCC database were downloaded from the HarvestChoice website[footnoteRef:1]. For the CENTURY model, two additional parameters were set to initialize the soil organic carbon pool fractions: land use history and the length of cultivation period. The land-use history prior to the simulation was assumed as “Cultivated with good management practices, initially cultivated land (Code: 101)”, and the duration of cultivation was derived from the survey data, ranged between 10 and 25 years. [1:  Links to download soil data files: HC27 from http://harvestchoice.org/labs/hc27-genericprototypical-soil-profiles, FCC from http://harvestchoice.org/labs/updating-soil-functional-capacity-classification-system ] 

 
Seven common management practices were identified for rainfed maize, including variety, inorganic fertilizer, manure application, residue management, mulching, rotation with legumes, and soil and water conservation (SWC) techniques. For each component, use or nonuse cases were characterized based on the household survey results at district level. Following are the description of each management practice component and its code used in the presentation of simulation outputs.

Maize variety
OPV: medium-maturity generic improved open-pollination variety
HYB: DeKalb XL71 hybrid variety
Inorganic fertilizer
FRT: 40 kilograms of nitrogen per hectare of inorganic fertilizer, split applied (20 kilograms of nitrogen per hectare on planting at depth of five centimeters and 20 kilograms of nitrogen per hectare on 30th day after planting as top dressing) with no incorporation
No FRT: no fertilizer application
Supplementary irrigation
IRG: 100 millimeters per hectare of furrow irrigation split applied on the day of planting and 40th day after planting (for example, 50 millimeters per hectare each application)
No IRG: rainfed cultivation with no irrigation
Manure application
MNR: one ton per hectare of animal manure (nitrogen content 1.4 percent) applied on the fallow field three times with 20-day interval, between main growing seasons (total of three tons per hectare per year)
No MNR: no manure application
Residue management
RSD: 50 percent of crop residue left on the field after harvest (50 percent of residue removed after harvest)
No RSD: all crop residue removed from the field after harvest
Three additional levels of residue harvest (harvesting 0 percent, 25 percent, and 75 percent of residue after harvest) simulated for testing the model sensitivity
Rotation with legume
ROT: rotation with dry beans every fourth year (maize–maize–maize–dry bean)
No ROT: continuous maize cultivation
SWC practices
SWC: assumes various soil and water conservation techniques practiced on the field so that the soil water availability before planting is 30 percent of field capacity and a small amount (two millimeters per hectare every ten days) of soil moisture is additionally available in the root zone throughout the growing season
No SWC: no SWC practices; soil water availability at 10 percent of field capacity before planting

Results

From the 40-year time series simulation results, averaged soil organic carbon content for first five years and last five years were calculated for each climate, soil texture, and management practice combination, and used as the basis for the overall soil carbon stock changes for the time span. For the estimation of SCS, the no-effort management case (full removal of residues, no rotation, no manure application, no SWC, no fertilizer application, and the use of OPV) was used as a baseline to be compared with other management practice packages. The results for selected combinations of management practices for each district and soil type are presented in Appendix Figures A.1- A.10 below. 

Calibration

Calibration in complex crop models, such as CERES-Maize in this case, typically refers to the calibration of genetic coefficients. The data to calibrate genetic coefficients of locally-used maize varieties were not available in this study; thus, we used two existing coefficients for the OPV and hybrid varieties that can be grown based on their season length. To test whether these un-calibrated varieties introduce bias in the estimation of maize yields, the simulated yields for the business-as-usual management package were compared with the surveyed yields, aggregated by site.[footnoteRef:2] Overall, the bias coefficient, which is the slope of zero-interception linear trend line between the aggregated observed and simulated yield values, was 0.952 (i.e., about 5% underestimation; Figure A.11), which is acceptably closed to the value of 1.000 (i.e., no bias). Given the relatively small degree of potential bias, and the economic analysis’ use of relative yield changes across the management packages, rather than absolute yields, we assumed the potential bias in the yield estimates is not significant.  [2:  Since this study investigated hypothetical management practice packages with no corresponding observed yield data available, no further evaluation on other management practice packages was possible.] 


To evaluate the model’s performance in estimating SCS potential, we compared our estimates with an earlier study conducted across sites located within Mukurwe-ini, Njoro, and Othaya districts by the Kenya Smallholder Coffee Carbon Project (SCCP): ECOM Agroindustrial Corporation Ltd (ECOM 2009), which used the Rothamsted Carbon Model to estimate potential changes in soil organic carbon stocks after 20 years by six management practice packages for coffee and maize (Coleman and Jenkinson 2007). Out of the six management practices used in the study, four were relatively, not precisely, compatible with the management packages used in this study (e.g., no residue and no manure, no residue and manure, residue and manure, and residue and no manure) for two soil types (heavy clay content and low clay content). Based on the description of report, hybrid variety, no fertilizer application, and no rotation were selected for other management practice components. For the other components (i.e., SWC practices and mulching) and climate, all cases were selected and aggregated, assuming there would be a mixture of farmers that may or may not adopt these practices. Climate biases were averaged between dry and wet conditions. In addition, since the study used [no residue and manure] as the baseline, results from this study were accordingly adjusted. The comparison results are shown in Figure A.12. Although there are differences in the level of estimates, the overall pattern between two studies matched relatively closely, such that the two studies coincided at determining the positive (soil carbon sequestration) and negative (soil carbon depletion) management practices. Considering the many differences of methodologies (e.g., differences in models, simulation time period, model complexity, simulated management practices, simulation time-step, etc) and the model input data (e.g., climate, soil, and variety) between two studies, the overall matching trends of estimates were noted as remarkably close.

Limitation

While crop system models, such as the CERES-Maize with CENTURY model used in this study, provide useful information on the estimation of crop productivity and soil dynamics under “what-if” scenarios, they do not take into account all biotic and abiotic constraints that farmers may face in the field. Thus, as shown in the Figure A.11 for the baseline case, surveyed and simulated yields are not expected to match perfectly. Damage from pests, diseases, and weeds; within-field heterogeneity of soil properties; and sub-optimum management practices found in the farmers’ fields, for example, are difficult to be implemented on the current generation of process-based modeling platforms, including the CERES-Maize model used in this study. Thus model-estimated yields and yield responses to the management practices should be cautiously interpreted, as these estimates assume that farmers have good agronomic understanding and resources for effectively managing constraints.
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[bookmark: _Toc296350465]Figure A.1—Simulated trends of maize yield and soil organic carbon over 20 years in Garissa with clayey soil
[image: ]
Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.

[bookmark: _Toc296350466]Figure A.2—Simulated trends of maize yield and soil organic carbon over 20 years in Garissa with sandy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350467]Figure A.3—Simulated trends of maize yield and soil organic carbon over 20 years in Gem with loamy soil 
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350468]Figure A.4—Simulated trends of maize yield and soil organic carbon over 20 years in Mbeere with loamy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350469]Figure A.5—Simulated trends of maize yield and soil organic carbon over 20 years in Mbeere with sandy soil
[image: ]
Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350470]Figure A.6—Simulated trends of maize yield and soil organic carbon over 20 years in Mukurwe-ini with loamy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350471]Figure A.7—Simulated trends of maize yield and soil organic carbon over 20 years in Njoro with clayey soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350472]Figure A.8—Simulated trends of maize yield and soil organic carbon over 20 years in Njoro with loamy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350473]Figure A.9—Simulated trends of maize yield and soil organic carbon over 20 years in Othaya with loamy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.
[bookmark: _Toc296350474]Figure A.10—Simulated trends of maize yield and soil organic carbon over 20 years in Siaya with loamy soil
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Source: Authors.
Notes: Dots represent maize yield; lines represent soil organic carbon. SWC = soil and water conservation; MNR = manure; FRT = fertilizer; IRG = irrigation; RSD = residue retention; SOC = soil organic carbon.

Figure A.11—Comparison of the surveyed and simulated baseline yields aggregated by site


Source: Authors.

Figure A.12—Comparison of the simulation-estimated soil carbon sequestration potential with reported values from a previous study by the Kenya Smallholder Coffee Carbon Project (SCCP)
[image: D:\WorkSpace\2010-10-20 Kenya CCAM\tableau charts\Comparison.png]

Source: Authors.
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