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Abstract:  12 

Intercropping is a key entry point for sustainable intensification of cropping systems in sub-Saharan 13 

Africa where variable rainfall conditions prevail. Crop simulation models can complement field 14 

experiments to assess the agronomic and environmental performances of intercropping systems under 15 

diverse climatic conditions, including hypothetical future climate.  So far, crop models that can handle 16 

intercropping, such as STICS, have not often been extensively evaluated for tropical conditions and for 17 

species grown by farmers in sub-Saharan Africa. The objective of this study was to evaluate the 18 

performance of the calibrated STICS model to simulate sorghum-cowpea intercropping systems in 19 

rainfed conditions in West Africa. We used data from field experiments conducted at the N'Tarla 20 

Agronomic Station in Mali in 2017 and 2018. Two varieties of sorghum (local and improved) with 21 

contrasting photoperiod sensitivities were grown as sole crop and intercropped with cowpea, with 22 

additive design. Two sowing dates and two levels of mineral fertilization were also investigated. Model 23 

simulations were evaluated with observed data for phenology, leaf area index (LAI), aboveground 24 

biomass, grain yield and in-season soil moisture. Large variations in aboveground biomass of sorghum 25 

and cowpea was observed in the experiment (i.e. 3.5 – 9.6 t/ha for sorghum and 0.4 - 2.5 t/ha for 26 

cowpea), owing to the treatments (i.e. sole vs intercrop, early vs late sowing, no fertiliser input vs 27 

fertiliser input). Such variations were satisfactorily reproduced by the model, with EF of 0.81 in 28 
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calibration and 0.58 in evaluation (with relative RMSE of 23 and 43%). The two main observed features 29 

of the intercropping system was well reproduced by the model. Firstly, cowpea and sorghum 30 

aboveground biomass decreased with intercropping compared with sole cropping, and the decrease in 31 

cowpea biomass was greater than the decrease in sorghum biomass. Secondly, despite a reduction in 32 

sorghum and cowpea yield, Land Equivalent Ratio of the intercropping for aboveground biomass was 33 

always above one. With regard to grain yield, observed LER was above one only in the non-fertilised 34 

treatment. The model failed at reproducing this behaviour, probably because of insufficiently accurate 35 

calibration of the process leading to grain yield formation: rRMSE for grain yield was 49% in calibration 36 

and 41% in evaluation. Based on these findings, we discuss avenues to improve model calibration and 37 

use the model to explore options for sustainable intensification in land constrained sub-Saharan Africa. 38 

Keywords: Competition, sowing date, varieties, fertilization, contrasting seasons, aboveground biomass, 39 

Mali 40 

 41 

I. Introduction  42 

Rainfed agriculture is the most important sector for food security in sub-Saharan Africa (Gowing and 43 

Palmer, 2008). However, the region is characterized by low yield due to limited nutrients inputs and 44 

weed pressure (Affholder et al., 2013). Rural farmers do not have access to inputs, and low levels of 45 

investment in infrastructure generates high transaction costs that lowers the profitability of agricultural 46 

activities. These constraints will likely be exacerbated by climate change: the frequency and severity of 47 

extreme weather events such as drought and floods is predicted to increase (Connolly-Boutin and Smit, 48 

2015; Diedhiou et al., 2018; Sultan and Gaetani, 2016).  49 

West Africa must produce more to feed a rapidly growing population. Sorghum is one of the main food 50 

crops in West Africa. Sorghum yield is expected to decrease  by 13% due to climate change (Sultan et 51 

al., 2014). Improving soil fertility and agricultural productivity while adapting to climate change have 52 



therefore become the priority objectives of agricultural policies in West African countries 53 

(CORAF/WECARD, 2008). In land constrained areas with limited availability of arable land and 54 

pastures, intensification of agro-systems will be key. But the experience gained in developed countries 55 

indicates that excessive artificialization of the environment, as in “conventional” intensification of 56 

agriculture, causes environmental damages. A new form of agriculture to increase agricultural 57 

productivity while preserving the ecosystem services that ensure long-term environmental sustainability 58 

is needed. At cropping system level, the concept of ecological intensification was coined by to define the 59 

set of principles and means necessary to increase primary productivity in the world's major cereal agro-60 

ecosystems (Cassman, 1999). Productivity increase can be achieved by capitalizing on the ecological 61 

processes in agro-ecosystems (e.g. biological N2 fixation), aiming at reducing the use of and need for 62 

external inputs (Tittonell and Giller , 2013). Innovative cropping systems for ecological intensification 63 

need to be assessed with meaningful agronomic, environmental and economic indicators (Affholder et 64 

al., 2014). Key ecological services such as carbon storage and biological diversity also need to be 65 

addressed (Bonny , 2011).  66 

Legumes offer good prospects to increase yield in line with the principles of ecological intensification: 67 

legumes can improve soil fertility (Gbakatchetche et al.,2010), and provide crucial nutrients carry-overs 68 

for the subsequent cereal crop (Carsky et al., 2003).  Intercropping is the cultivation of two or more 69 

species or varieties at the same spatial and temporal resolution (Andrews and Kassam, 1976). In 70 

cereal-legume intercropping, inter-species complementarity and facilitation processes can lead to a 71 

production benefit of intercropping compared with sole cropping (Li et al., 2003, 1999; Vandermeer, 72 

1989). Water use efficiency is greater in intercropping than in sole cropping (Tsubo et al., 2004, Balde et 73 

al., 2011). However, the expected benefits of intercropping cereals with legumes are not always 74 

obtained in the context of sub-Saharan Africa due to constraints related to cultivar, sowing dates and 75 

fertilization levels. Intercropping benefits may be jeopardized by competitions for light, nutrients or water 76 

between the intercropped species (e.g. Baldé et al., (2011)). Shifts from competition to facilitation will 77 



depend on climate, soils and crop management (Cooper et al., 2008). Appropriate and site-specific 78 

recommendations for intercropping management requires replicated experiments across contrasting 79 

sites. In order to account for climate inter-annual variations, the experiments would need to run over 80 

several years, which is challenging in terms of time, cost and technical expertise (Knörzer et al., 2011). 81 

To address such limitations, crop simulation models have been used to assess the agronomic and 82 

environmental performances of cropping systems under diverse climatic conditions, including 83 

hypothetical future climate (Boote et al., 1996). Crop models able to deal with intercropping systems are 84 

scant. So far, few studies have been conducted on cereal-legume intercropping. Chimonyo et al. (2016) 85 

evaluated the ability of the calibrated APSIM model (The Agricultural Production Systems sIMulator) to 86 

reproduce sorghum-cowpea intercropping productivity and water use efficiency in potential (i.e. fully 87 

irrigated) and water-stressed (i.e. rainfed) conditions, in South Africa. Despite overall promising 88 

simulation accuracy for partitioning of solar radiation between the dominant (sorghum) and understory 89 

crop (cowpea), the authors showed that water use efficiency of the intercrop was overestimated by the 90 

model in rainfed conditions, probably because of an inadequate simulation of water stress. The latter 91 

could be improved with soil calibration based on in-season water measurements. The experiment was 92 

set with adequate N fertilizer inputs, so that intercrop response to varying N input was not investigated. 93 

Masvaya (2019) also investigated the accuracy of APSIM model in simulating sorghum-cowpea 94 

intercropping performance in semi-arid zone in Zimbabwe. The model accurately reproduced grain yield 95 

of the two crops for contrasting seasons, soils and nitrogen inputs. However, the model could not be 96 

evaluated for intermediary variables (e.g. LAI, soil water), leaving the risk of compensation errors. The 97 

STICS model (multidisciplinary simulator for standard crops) was calibrated for wheat-pea intercrop 98 

(Corre-Hellou et al., 2009). The model successfully simulated the interactions between the intercropped 99 

species for nitrogen uptake but failed to accurately reproduce competition for light. So far, the STICS 100 

model has not been tested for intercrops of very contrasting height, as it is the case of sorghum and 101 

cowpea for example. 102 



This study focuses on sorghum-cowpea intercropping. The objective was to calibrate and evaluate the 103 

ability of the STICS soil-crop model to (i) simulate the growth and productivity of a sorghum-cowpea 104 

intercropping, (ii) account for possible species competition and/or facilitation for the use of light, water 105 

and nitrogen and (iii) test its ability to reproduce the impact of contrasting sorghum varieties, sowing 106 

date and fertilization on aboveground biomass and grain yield. Data from two years (2017, 2018) from 107 

an experiment conducted at the N'Tarla Agronomic Research Station in Mali were used.  108 

 109 

 110 

II. MATERIAL AND METHOD  111 

2.1 Study Area  112 

This research was conducted at N'Tarla research station (12.6193°N, -5.689°W) in southern Mali. The 113 

climate is typical of the semi-arid Sudano-Sahelian zone of West Africa. The rainy season starts in May 114 

and ends in October. Average annual rainfall varies between 800 and 1000 mm. Seasonal average 115 

temperature is 29 ◦C  (Traore et al., 2013). Farming systems are mixed agro-sylvo-pastoral systems. 116 

Cotton (Gossypium hirsutum L.) is the main cash crop and is grown in rotation with sorghum (Sorghum 117 

bicolor (L) Moench), millet (Pennisetum glaucum (L.) R.Br.), maize (Zea mays L.) and legumes such as 118 

groundnut (Arachis hypogaea L.) and cowpea (Vigna unguiculata (L) Walp.). Mineral fertilizer are 119 

applied on cotton and maize, with nutrient carry-over benefitting the following cereals (sorghum, millet) 120 

(see e.g. Ripoche et al., (2015). Cattle, goats, and sheep are raised by farmers. Large cattle herds 121 

move during the dry season to wetter parts of the country (e.g. Bougouni, Kadiolo) due to local lack of 122 

feed. The soils at the research station are classified as Lixisols (FAO, 2006). They have a silty sand 123 

texture (10% clay) at the surface (0-35 cm), and clay content increases with soil depth (29.4% between 124 

55 and 85 cm) (Table S1). Soil organic carbon is low (<0.1%) (Table 1), pH is about 6 and CEC is less 125 

than 3 cmol (+) kg-1 (Traore et al., 2013).   126 



2.2 Experimental design  127 

The experiment was conducted for two consecutive seasons (2017 and 2018) on the same field. 128 

Treatments were kept on the same subplots and not re-allocated from a year to another. Two sorghum 129 

varieties, namely Tiemarifing (local variety, V1) and 02-SB-F4DT “Grinka” (improved variety for grain 130 

production, V2) were cultivated as sole crops, or intercropped with dual-purpose (i.e. grain and fodder 131 

production) cowpea IT89KD-245 “Sangaraka”. V1 is a photoperiod-sensitive variety, and V2 is less 132 

sensitive to photoperiod than V1 (Chantereau, et al., 2013).  Sorghum variety and cropping system (sole 133 

vs intercrop) were the main treatments. The effect of two sowing dates for sorghum (D1-early sowing, 134 

D2-late sowing) was also investigated as a secondary treatment. Sorghum early sowing was done after 135 

15 June (to limit the probability of dry spell occurring after sowing) and after a rainfall greater than 20 136 

mm. Early sowing (D1) occurred on 24 June in 2017 and 26 June in 2018. Late sowing (D2) of sorghum 137 

occurred on 20 July in both years. Cowpea was sown two weeks after early- and late-sown sorghum. In 138 

2017, N fertilizer application was 8 kg N/ha. In 2018, two levels of fertilization (F0=0 kgN/ha and 139 

F1=38kgN/ha split in two applications) were investigated.  140 

Sole and intercropped sorghum was planted at 0.80 m between sowing rows and 0.40 m along the 141 

sowing row. Two sorghum plants per hill were kept, leading to a sorghum density of 6.25 plants m-² in all 142 

treatments.  An additive intercropping pattern was chosen where cowpea was sown in continuous line 143 

between two sorghum plants (on the sorghum row) leading to a cowpea density of 6.25 plants m². 144 

Weeds were controlled using hand hoe three times for D1 and twice for D2, to keep plots free from 145 

weed pressure. Intercropped cowpea did not receive any specific fertilization other than that applied on 146 

sorghum. Sole cowpea was cultivated without nitrogen application (F0) in 2018. In 2017 there was no 147 

sole cowpea plot. Sorghum stem borer (armyworm) and cowpea pests (e.g. aphids, Aphis craccivora) 148 

were controlled with chemicals to prevent damage to crops.  149 



The combinations of year, sorghum variety, cropping system, fertilization and sowing date defined 25 150 

cropping situations grown on 25 experimental plots where plant growth and soil characteristics were 151 

monitored and used for model calibration and evaluation (Table 1).  152 

2.3 Measurements in experimental plots 153 

2.3.1 Soil measurements 154 

In 2017, a composite sample representing the experimental field was taken at a depth of 0-20 cm before 155 

the crops were planted and used to determine soil pH and soil C:N ratio. In 2018, a composite soil 156 

sample was taken in each experimental plot with semi-cylindrical augers at a depth of 0-20 cm before 157 

crop installation. Theses samples were sun-dried and sent to the laboratory for determination of total 158 

soil nitrogen using the Kjeldahl method (Bremner and Mulvaney, 1982) (Table 1).  159 

In 2018, soil volumetric water content was measured with a Diviner 2000 probe placed in vertical access 160 

PVC tubes inserted in the soil in each experimental plot. The tubes were installed two weeks before 161 

sorghum sowing. The soil-tube interface was carefully filled with fine earth to eliminate gaps at the soil-162 

tube interface, as probe measurements are very sensitive to the quality of the contact between the 163 

access tube and the soil (Basinger et al., 2003). The soil was dry at the time of installation, so that the 164 

planned maximum depth of 155cm was not reached in some of the experimental plots (the maximum 165 

measurement depth in each plot is given in Table 1). Soil water content was measured at 10 cm 166 

intervals down to the maximum depth of the tube.  Measurements were taken 2-3 times per week from 167 

the installation of the tubes to sorghum harvest. Plant-available water across soil profile (i.e. every 10 168 

cm to the maximum depth of the tube) was calculated as the difference between soil water content 169 

measured at a given time across the profile and soil water content at wilting point. In each experimental 170 

plot, plant available water in the 10-cm layers was aggregated to the maximum depth to obtain total 171 

plant available water.  172 

2.3.2 Plant measurements 173 



Date of flowering was recorded for sorghum and cowpea in sole and intercropping plots when 50% of 174 

the plants reached the stage. Physiological maturity of sorghum was observed when 100% of the plants 175 

had completed the stage of dark spots appearing at the edge of the grain attachment on the panicle. For 176 

cowpea, physiological maturity was considered when the first pods started to dry. Leaf Area Index (LAI) 177 

was measured using a Licor-LAI2000 (Licor, INC.) on four transects (covering three planting rows) with 178 

six plants per transect on each measurement date for sole and intercropped sorghum plots (Fig. S1). 179 

Measured LAI on the four transects was then averaged to get the final LAI value for the plot at a given 180 

date. LAI measurements began on July 15 and continued until maturity with a 15-day interval between 181 

measurements. Seven LAI measurements were made for plots with early sowing (D1) and five for plots 182 

with late sowing (D2) of sorghum. Only five LAI measurements were taken under cowpea in sole crop 183 

condition, because cowpea senescence started before sorghum. For intercropping there were six LAI 184 

measurements in plots with D1 and four measurements in plots with D2. For the first three 185 

measurements, only sorghum LAI was measured, because cowpea was too small and the LAI meter 186 

could not go under its canopy without direct contact of leaves with the lens. For the remaining 187 

measurements, LAI was measured (i) under cowpea canopy (to obtain total canopy LAI, i.e. sorghum 188 

and cowpea), and (ii) above cowpea canopy (to estimate sorghum LAI). The LAI of intercropped cowpea 189 

was estimated as the difference between the two measurements. Sorghum and cowpea aboveground 190 

biomass (stem, leaves and parts of the inflorescence at flowering) was sampled in three randomly 191 

selected 1 m² quadrats (corresponding to six sorghum stands and six cowpea stands) in each 192 

experimental plot every two weeks after crop installation. Fresh samples of sorghum and cowpea were 193 

weighted and oven-dried for 48h at 72°C for dry weight estimation. At harvest, yield and yield 194 

components were determined: grain yield, grain weight, number of grains, straw weight, thousand seed 195 

weight and harvest index for sorghum in 2017 and 2018. For cowpea, grain yield was measured in 2018 196 

in 2017, but in 2017 the sample for dry weight estimation was lost before weighing, so that there was no 197 

cowpea grain yield data for 2017. In 2018, cowpea number of grains could not be determined due to 198 



destruction of the sub-sample by animals during drying on a dedicated but insufficiently protected area 199 

in N'Tarla experimental station. Determination of plant nitrogen content was obtained using the Kjeldahl 200 

method (Bremner and Mulvaney, 1982) applied to plant samples taken at flowering (aboveground 201 

biomass) and at harvest (bulked stems and leaves, and grains) in all experimental plots. 202 

 203 

2.3.3 Weather data  204 

Daily climate data for the two growing seasons (2017 and 2018) was obtained from observations at the 205 

N'Tarla meteorological station located 50 m from the experimental plots. Measured variables included 206 

daily rainfall, daily minimum and maximum temperatures, sunshine duration, and wind speed. Global 207 

radiation (Rg) was calculated as a function of latitude, maximum possible sunshine duration or daylight 208 

hours and solar radiation received at the top of the Earth's atmosphere, using the following equation 209 

(usually referred to as Angstrom formula (Allen et al., 1998):  210 

�� =  [a + (b x ��]  ×  ��        (1) 211 

Where n is the actual sunshine duration measured in hours, N is the maximum daylight duration (Allen 212 

et al., 1998). Ra is the extra-terrestrial radiation, i.e. the solar radiation received at the top of the Earth's 213 

atmosphere. N and Ra were computed from latitude and date using astronomic formulas, and the 214 

coefficients a and b were set at the values 0.25 and 0.50 respectively, as recommended in Allen et al., 215 

1998.  216 

 217 

2.4 Assessment of the performance of sorghum-cowpea intercropping  218 

Cropping system performance was evaluated for aboveground biomass and grain yield with sole and 219 

intercropping, with the computation of Land Equivalent Ratio (LER). LER is the land required with sole 220 

cropping to produce the yield obtained with intercropping with the same management (Willey, 1979). It 221 



is a commonly used approach to assess the land use advantage associated with intercropping (Willey 222 

and Rao, 1980):  223 

LER= Ya/Sa + Yb/Sb                                                                                                   (2) 224 

Where Ya and Yb are the yields of intercropped sorghum and intercropped cowpea, respectively, and 225 

Sa and Sb are the yields of sole sorghum and sole cowpea, respectively.  226 

pLERa and pLERb are the partial LER values for each species: 227 

pLERa = Ya/Sa                                                                                                    (3) 228 

pLERb= Yb/Sb                                                                                                      (4) 229 

 A LER value greater than 1 indicates that there is an advantage for intercropping over sole cropping. 230 

Partial land equivalent ratio (pLER) values are used to assess the contribution of each crop to the final 231 

LER.  232 

2.5 General description of STICS soil-crop model 233 

STICS soil-crop model (Brisson et al., 2009) simulates carbon, water and nitrogen balances in the soil-234 

crop-atmosphere system. The model simulates the dynamics of agricultural and environmental variables 235 

(e.g. crop yield, N in harvested organs, soil moisture and mineral N content, nitrogen leaching and soil 236 

organic carbon) over agricultural seasons on a daily time step, taking into account the impact of 237 

weather, and soil and crop management practices (e.g. mineral and organic fertilization, irrigation, tillage 238 

and residue management). It has been designed as a generic model that can be easily adapted to 239 

different crops and environmental conditions. Crops are defined using eco-physiological options (e.g. 240 

effect of photoperiod and/or the requirements of cold on crop phenology) and plant parameters. Plant 241 

parameters include both crop specific and cultivar-dependent parameters. The version of the model 242 

used for this study is the intercropping extension of the STICS sole crop model that can consider two 243 

species grown at the same time (Brisson et al., 2004). This model, hereafter referred to as “Stics-244 



intercrop” simulates the competition for light, water and nitrogen between intercropped species at a daily 245 

time step (Brisson et al., 2004). In the following section, we describe the general functioning of Stics, 246 

and detail the specific features of Stics-Intercrop. 247 

2.6. Description of Stics model and intercrop version specificities 248 

Plant development occurs in several stages associated with LAI and phenological stages (Table 2). The 249 

duration between stages is expressed in cumulative thermal time and is specific to species and 250 

varieties. Development is controlled by crop temperature (simulated variable). Germination and 251 

emergence are controlled by soil temperature and moisture.  252 

Crop height varies during growth, using a function relating height to LAI, and is limited to a maximum 253 

value for each species (hautmax parameter). In the intercropping version, the comparative height of the 254 

two crops determines the dominant and the understory (i.e. dominated) plant. The model is thus able to 255 

simulate possible inversions in dominance between the two species during crop cycle. The sole-crop 256 

model uses Beer's law to compute radiation interception. Stics-intercrop differs on that aspect and uses 257 

a "Radiative transfer" formalism to compute radiation interception: the model estimates direct and 258 

diffuse radiation received each day for 20 points uniformly distributed along the inter-row, and the 259 

fractions intercepted by the foliage of the dominant crop and transmitted to the layer below (Brisson et 260 

al., 2009). Each crop has a single extinction coefficient (ktrou, the same for direct and diffuse radiation).  261 

Row spacing (interrang parameter), row orientation (orientrang parameter) and canopy volume impact 262 

radiation transfers. The canopy volume is defined by (i) basic shapes (form parameter, either triangle or 263 

rectangle), (ii) a ratio between the height and width of the shape (rapform parameter), and (iii) the base 264 

height of the shape (hautbase parameter), considering absence of leaves between zero and base height 265 

(Brisson et al., 2004). The shape and the base height are assumed to be constant throughout crop 266 

cycle. Width varies as a function of height, distance between plant rows, LAI, leaf density distribution as 267 

a function of height, and the rapform parameter. For each intercropped species, daily LAI is calculated 268 



as a function of crop temperature, phenological stage, plant density, and water and nitrogen stress. The 269 

LAI growth phase follows a logistic curve as a function of thermal time. Aboveground biomass daily 270 

growth is computed by multiplying the intercepted radiation by a potential radiation use efficiency factor 271 

that depends on the species and crop development phase (i.e. juvenile, vegetative and reproductive 272 

stages). Root growth is decoupled from aboveground biomass growth. Root front growth and root 273 

density are computed as a function of soil temperature, soil moisture and bulk density. Roots absorb 274 

water and mineral nitrogen but allocation of biomass to root is not explicitly simulated. Water and 275 

nitrogen uptake in intercropping is calculated in STICS according to root density of each crop. Root 276 

densities above 0.5 cm/cm-3 of soil are not taken into account for water and nitrogen uptake since above 277 

this threshold, water and nitrogen uptake are assumed not to be limited by root density (Corre-Hellou et 278 

al., 2009). The simulated descent of root front is driven by thermal time using soil temperature with a 279 

species-specific rate. Soil moisture content below wilting point or above field capacity can reduce or 280 

stop root front growth. Root length growth is calculated by a logistic function similar to that of leaf 281 

growth. Roots are distributed in the profile as a function of (i) the amount of roots already present and(ii) 282 

soil constraints (drought, anoxia, penetrability). Differing with  the sole crop version that uses a single 283 

crop coefficient, Stics-intercrop computes the water requirements of the two species with a resistive 284 

schemes applied at a daily time step to account for microclimatic effect (e.g. transfer of heat below the 285 

dominant plant, see Brisson et al. (2004) for more details). The soil environment is assumed to be the 286 

same for both crops, i.e. the horizontal heterogeneity of soil is ignored (but vertical heterogeneity is 287 

accounted for). The interactions between the two root systems result from the influence of the soil on 288 

the root profile of each crop through its penetrability and water dynamics. Soil supply is determined by 289 

the balance between inputs (including possible capillary rise) and losses (soil evaporation, runoff and 290 

drainage). 291 

Water stress and nitrogen stress that affect plant growth and grain yield are taken into account in the 292 

model using indices of reduced leaf growth and biomass accumulation under water or nutrient limiting 293 



conditions (Brisson et al., 2009). Potential transpiration is a function of Leaf Area Index (LAI) and daily 294 

potential evapotranspiration. The latter is as calculated using the approach of Shuttleworth & Walace  295 

(Brisson et al., 1998). Actual transpiration is calculated as the minimum between soil water supply and 296 

maximal crop demand. The water stress factor that affects radiation use efficiency and plant 297 

transpiration is calculated as the root transpirable fraction of soil water, which reduces growth and 298 

transpiration (Brisson et al., 2009). Daily plant nitrogen accumulation depends on biomass accumulation 299 

and soil nitrogen availability. Nitrogen uptake for each species depends on root depth, root distribution 300 

in soil layers and crop nitrogen demand. Daily nitrogen demand is the product of plant growth rate by 301 

the N amount corresponding to maximum N dilution in the plant. Soil supply is calculated per 1 cm 302 

elemental layer up to maximum root system depth. The nitrogen stress factor affects (i) LAI, (ii) radiation 303 

use efficiency and (iii) senescence. The N stress factor is calculated as the ratio between actual 304 

nitrogen concentration and critical nitrogen concentration in the crop if the former is lower than the latter, 305 

and is set to one otherwise. Stress factors are calculated daily and vary between zero (complete stress) 306 

and one (no stress). A complete description of the equations and parameters governing stresses 307 

definition can be found in Brisson et al. (2008). STICS also simulates N acquisition by N2 fixation in the 308 

case of legume crops. Potential symbiotic N2 fixation by legumes is a function of nodule life cycle and 309 

plant growth rate. Actual fixation depends on inhibitory effect related to sub-optimal temperature, soil 310 

moisture, and/or excess of nitrate in soil (Brisson et al., 2008).   311 

 312 

2.7. Model parameters, model calibration and evaluation 313 

Growing seasons and the experimental treatments (cropping system, sowing date, sorghum variety and 314 

fertilizer input) defined 25 cropping situations (8 in 2017 and 17 in 2018) corresponding to the 315 

experimental plots listed in Table 1. Each experimental plot corresponds in this study to a "simulation 316 



unit". The 17 simulation units of 2018 were used for model calibration. The remaining 8 simulations units 317 

of 2017 were used for independent model evaluation.  318 

2.7.1 Setting of model parameters 319 

Soil parameters 320 

We defined five horizons for soil parameterization: 0-15cm, 15-35cm, 35-55cm, 55-85cm, and from 85 321 

to maximum sampling depth (that varied per experimental plot, see Table 1). Soil analysis carried-out in 322 

the experimental plots (see section 2.3.1) informed the soil parameters “norg” (soil total Nitrogen in the 323 

topsoil) (Table 1). pH and soil C:N ratio were set constant across all experimental plot to 5.8 and 13, 324 

respectively, in line with the soil analysis carried out across all experimental plots in 2017.  Soil moisture 325 

at field capacity and wilting point were first estimated with pedo-transfer functions (Lidon and Francis, 326 

1983) based on the texture measured in 2017 in a soil profile in one location close to the experiment 327 

(Table S1).  328 

Plant parameters  329 

Model parameters related to crop geometry reflect the assumption that the two species in the intercrop 330 

occupy distinct rows. In our experimental design, cowpea was planted on the same row as sorghum. 331 

This mismatch between reality and model assumptions was easily overcome by considering that the 332 

spacing between plants on a given row was the spacing between rows, and that the spacing between 333 

rows was the spacing between plants on a given row (see Fig S2).  334 

Model parameters related to grain yield formation were directly derived from the measurements made in 335 

the experimental plots (Table 3). The greatest experimental value of grain weight among the 16 336 

experimental plots was considered to inform the parameter that set maximum number of grains 337 

(nbgrmax). Maximum height (hautmax) was set as measured after flowering in the experiment, i.e. 4 m 338 

for sorghum and 0.5 m for cowpea. A few other parameters were taken from the literature (e.g. 339 

temperature thresholds for development and photosynthesis) (Table 3).  340 



2.7.2 Calibration procedure 341 

STICS model has not been previously calibrated for cowpea and tropical sorghum. Initial parameter 342 

values for cowpea were obtained from the spring pea plant file (Corre-Hellou et al., 2009). For sorghum, 343 

initial parameters were taken from the STICS sorghum plant file as obtained with the 8.5 version of the 344 

model, which corresponds to temperate fodder sorghum (Constantin et al., 2015). For sorghum, we 345 

calibrated cultivar-dependent parameters for the two varieties used in the experiment.   346 

To calibrate the thermal constants associated with development stage, the model was forced to go 347 

through the observed dates of maximum leaf area index, flowering and maturity, in order to compute the 348 

temperature sums corresponding to the intervals between the stages. We assumed that flowering 349 

coincided with the beginning of grain filling. Parameters related to photoperiod (phobase and phosat) for 350 

the two sorghum varieties (V1 sensitive to photoperiod and V2 less sensitive to photoperiod) were set 351 

according to Traore (2015). Phobase and phosat are daylength thresholds that define the period of crop 352 

growth during which a photoperiod slowing effect is applied to crop development. Photoperiod sensitivity 353 

Index (sensiphot) was obtained by trial-and-error to minimize the gap between observed and simulated 354 

flowering date (Table 3). 355 

LAI is a central state variable in the model. Parameter related to leaves development (dlaimax) was 356 

adjusted by trial-and-error to minimize the difference between observed and simulated LAI. Similarly 357 

aboveground biomass growth parameters (efcroijuv, efcroiveg, efrcoirepro) were also adjusted by trial 358 

and error to minimize the difference between the observed and simulated aboveground biomass. The 359 

radiative transfer parameter “ktrou” used for radiation transfer from sorghum to cowpea was set to 0.30 360 

for sorghum. This value was obtained using a trial-and-error calibration method to minimize the 361 

differences between observed and simulated sorghum and cowpea biomass in simulation units with 362 

intercropping. Default values for shape and base height (shape, hautbase parameters) as well as the 363 

ratio between the thickness and width of the crop shape (rapform parameter) were considered.  364 



The fraction of stable organic nitrogen in soil (finert) was set to zero. This appeared necessary for the 365 

model to simulate amounts of soil mineral N and plant nitrogen uptake consistent with the observed crop 366 

N uptake in the treatments without fertilization. The moisture at field capacity and at wilting point, that 367 

were first set with the help of pedo-transfer functions (see section 2.7.1) were then adjusted for each 368 

experimental plot (see final values in Table 1) to minimise the difference between observed and 369 

simulated soil water during the growing season. 370 

 371 

For some parameters the simple trial and error approach used above would have been poorly effective 372 

and we used instead the optimization tool implemented in the software package associated with Stics 373 

model (Table 3). This optimizer proposes a parameter values that minimizes the gap between model 374 

simulation and observations for the variables to be explained (Buis et al., 2011), using weighted least 375 

squares (Makowski et al., 2006). Lower and upper parameters limits were set before optimization to 376 

ensure that the optimized values correspond to reasonable physiological values. Crop parameters were 377 

first calibrated using sole sorghum and cowpea simulation units. Then, these parameters were refined 378 

using intercropping simulation units. The parameters Kmabs2 (i.e. the affinity constant of N uptake by 379 

the roots for the low uptake system) and Vmax2 (i.e. the maximum specific N uptake rate with the high 380 

affinity transport system) were optimized to minimize the difference between observed and simulated 381 

plant N uptake. Parameters related to grain formation such as the slope of the relationship between 382 

grain number and growth rate (cgrain), the number of grains produced when growth rate is zero 383 

(cgrainv0) were also optimized by minimizing the difference between the simulations and the 384 

observations of the number of grains (Table 3). The rate of increase of the harvest index vs. time 385 

(viticarbT) was adjusted to minimize the difference between simulations and observations for grain yield.  386 

2.7.2 Model evaluation 387 

Model error was estimated with the root means square error (RMSE), which has the same unit as the 388 

considered variable, and its relative value in % (rRMSE). We used these statistical criteria to assess the 389 



accuracy of STICS simulations for maximum leaf area index (Laimax), aboveground biomass, plant N 390 

uptake and grain yield of sole and intercropped sorghum and cowpea.  391 
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���

 392 
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Where Oi et Si are the observed and simulated values for the ith measurement, n is the number of 394 

observations and �! is the average of the observed values.  395 

Model efficiency (EF) was also calculated:  396 

EF = 1 − ∑ (Oi − Si�²,-��∑ (Oi − �!�²!!!!!,-��                                                                                             (7� 397 

Model efficiency (EF) (Willmott et al., 1985) varies from infinite negative value to 1 (perfect 398 

performance). A negative value indicates that the mean of observations is a better predictor than the 399 

model, and a zero value indicates that the model does not outperform the mean of observed values. 400 

The combined analysis of these three indicators gives a comprehensive assessment of model accuracy.  401 

 402 

3. Results 403 

3.1 Weather data 404 

Compared to that of 2018, growing season in 2017 was cooler and wetter in terms of cumulated rainfall, 405 

but with a greater number of dry days and greater solar radiation overall. The average minimum 406 

temperature observed in 2017 (17.3°C) was 5°C lower than that observed in 2018 (22.3°C) during the 407 

growing season (Figure 1). Average Maximum temperature in 2017 (34.2°C) was 2.1°C lower than 408 

average maximum temperature in 2018 (36.3°C). Average growing season temperature in 2017 409 

(27.9°C) was 1.1°C lower than in 2018 (30.0°C). Average global solar radiation during the growing 410 

season in 2017 (23.1 MJ m -2) was greater than in 2018 (18.0 MJ m²). Cumulative rainfall recorded in 411 



2017 (808 mm) (Fig. 1A) was 110 mm greater than in 2018 (698 mm) (Fig. 1B). On the other hand, 412 

there were more dry days (i.e. days with no rainfall) in 2017 (134 days) than in 2018 (122 days).   413 

 414 

3.2. Model calibration  415 

3.2.1. Sorghum and cowpea phenology 416 

Model simulations of sorghum phenology led to a RMSE of 3.4 days for beginning of grain filling and 3.1 417 

days for physiological maturity (Fig. 2a, 2b). RMSE for cowpea phenology was 3.9 days for grain filling 418 

and 10.8 days for physiological maturity (Fig. 2a, 2b).  419 

The model reproduced the relatively high sensitivity of V1 to photoperiod reasonably well: a 24-day 420 

delay in sowing (i.e. the difference between early and late sowing in the experiments) shortened the 421 

observed length of the vegetative phase (from planting to start of grain filling) by 17 days. The model 422 

simulated a 14-day decrease in the length of vegetative phase when sowing was delayed. V2 was less 423 

sensitive to photoperiod: a 24-day delay in sowing created only a 9-day observed shortening of the 424 

vegetative phase. The model simulated a 6-day decrease in the length of the vegetative phase when 425 

sowing was delayed.  426 

 427 

3.2.2. Simulation of in-season soil water, LAI and aboveground biomass (AGB)  428 

Sole crops with calibration dataset 429 

In-season soil water was well reproduced by the model, especially the increase in soil water up to field 430 

capacity during vegetative phase (Fig. 3). However, soil water after the end of the growth cycle (a period 431 

with low rainfall and high soil evaporation) was overestimated by the model due to the underestimation 432 

of soil evaporation. 433 

A reasonably good agreement between model and observations for the key plant growth variables was 434 

reached after calibration. However, it was not possible to calibrate LAI and biomass growth with an 435 

equally satisfactory fit for the two sowing dates treatments and the two sorghum cultivars (Fig. 3). For 436 



sole sorghum with early sowing date (D1) and nitrogen input (F1), LAI simulated by model matched the 437 

observations for the improved variety (V2) and slightly overestimated them for the local variety (V1) (Fig. 438 

3a, 3c). With late sowing (D2) and nitrogen input (F1), the model overestimated observed maximum LAI 439 

for both sorghum varieties (Fig. 3b, 3d). With early sowing (D1) and without nitrogen input (F0), the 440 

model overestimated observed LAI for V1 (Fig. 3e) but agreed with observed LAI for V2 under the same 441 

fertilization conditions (Fig. 3g).  With late sowing (D2) and without nitrogen input (F0), the model 442 

overestimated LAI for both sorghum varieties (Fig. 3f, Fig. 3h). LAI simulations for cowpea in sole crop 443 

matched closely the observations (Fig. 3i).  444 

AGB was underestimated (especially around flowering) in simulations for both sorghum varieties with 445 

early sowing (D1) and N input (F1) (Fig. 3a, Fig. 3c). With late sowing (D2) and N input (F1), AGB 446 

simulations were in closer agreement with in-season and harvest observations for V1 and V2 (Fig. 3b, 447 

3d). Without nitrogen supply (F0), the same trends were observed for early sowing i.e. sorghum AGB 448 

was overestimated for both varieties (especially around flowering) (Fig. 3e, 3g) but underestimated at 449 

harvest for late sowing (Fig. 3f, 3h). The simulation of cowpea AGB closely matched the observation 450 

(Fig. 3i).   451 

 452 

Intercrops with calibration dataset 453 

Simulated in-season soil water for intercrops corresponded fairly well to the observations (Fig.4 a, 4b, 454 

4c, 4d, 4m, 4n, 4o, 4p). As with sole crops, soil water at the end of the season was overestimated. 455 

Simulated LAI of (i) total canopy (sorghum plus cowpea), (ii) sorghum, and (iii) cowpea matched the 456 

observations for variety V2 (Fig. 4q) but model simulations overestimated the observations for variety 457 

V1 (Fig. 4e) with early sowing (D1) and nitrogen input (F1). With late sowing (D2) and nitrogen input 458 

(F1), the model overestimated LAI of i) total canopy (sorghum and cowpea), (ii) sorghum, and (iii) 459 

cowpea for V1 and V2 (Fig 4f, 4r). Without N input (F0), the model also overestimated the LAI of (i) total 460 



canopy (sorghum and cowpea), (ii) sorghum, and (iii) cowpea for the two sorghum varieties, in early and 461 

late sowing (Fig. 4g, 4s, 4h, 4t).   462 

With early sowing (D1) and nitrogen input (F1), the model underestimated sorghum AGB throughout 463 

crop cycle for V1 (Fig. 4i), and matched more closely the observations for V2 (Fig 4u). With late sowing 464 

(D2) and nitrogen application (F1), AGB simulations matched the observations for both sorghum 465 

varieties (Fig. 4j, 4v). With early sowing (D1) and without nitrogen input (F0), the model simulated 466 

accurately AGB throughout crop cycle for V1 and V2 (Fig 4k, 4w).  With late sowing (D2) and without 467 

nitrogen input (F0), the model overestimated sorghum AGB at the end of crop growth (Fig. 4l, 4x).   For 468 

cowpea, the model accurately simulated AGB throughout the crop cycle whether grown with V1 or V2, 469 

with and without N inputs (Fig. 4i, 4u, 4j, 4v, 4k, 4w, 4l, 4x).  470 

 471 

Sole and intercrops in evaluation dataset 472 

In sole and intercropping conditions, though the soil was filled with water during crop early growth, water 473 

stocks rapidly decreased below 50% of maximum available plant water capacity, indicating possible 474 

water stress (Figure S3 and Figure S4). For all sowing dates, for sole crops and intercrops, model 475 

simulations overestimated observed LAI (Fig. S3, Fig. S4). For sole crops, AGB simulations were in 476 

close agreement with the observations during the season but overestimated the observations at harvest 477 

for the local variety (V1) regardless of sowing dates (Fig. S3a, S3b). For the improved variety (V2), 478 

model simulations of AGB were in good agreement with observations (Fig. S3c) for early sowing. With 479 

late sowing, AGB was overestimated at the end of the cycle (Fig. S3d). With intercropping, AGB 480 

simulation displayed similar trends as observed with sole cropping (Fig. S4, e, f, k, l). 481 

 482 

3.2.3 Simulation of aboveground biomass, plant N, number of grains and grain yield at harvest 483 

Sorghum and cowpea AGB at harvest varied widely in sole cropping and intercropping, due to 484 

differences in sorghum variety, sowing date and fertilizer inputs: aboveground biomass ranged from 3.5 485 



t/ha to 9.6 t/ha for sorghum and from 0.4 t/ha to 2.5 t/ha for cowpea for the calibration dataset. The 486 

model reproduced this variability with rRMSE of 23 % and EF of 0.81 (Fig. 5a, Table 4). EF of model 487 

simulation was smaller in evaluation compared with calibration (Table 4), and rRMSE was greater, 488 

indicating a loss in the accuracy of model simulation of AGB with the independent calibration dataset.  489 

The model underestimated plant N at harvest (Fig. 5c): rRMSE was 35% and EF was negative (-0.05). 490 

With regard to grain number per m2 of sorghum (Fig. 5e), rRMSE was 29% (Table 4), and remained 491 

fairly stable with evaluation dataset (rRMSE = 25%). The variability in observed grain yield across crops 492 

and experimental treatments was well reproduced by the model (Fig. 5g).  Although rRMSE was large 493 

(49%), EF was 0.56 (Table 4, Fig.5). Model accuracy in simulating grain yield remained fairly stable with 494 

the evaluation dataset (rRMSE = 14% with the evaluation dataset), though EF became negative (Table 495 

4).  496 

 497 

 498 

 499 

 500 

3.3 Simulation of the impact of intercropping, fertilizer and variety on crop yield and LER 501 

Observed sorghum and cowpea grain yield decreased with intercropping compared with sole cropping 502 

(see figure 6a, 6c). The model accurately depicted this trend (see Figure 6b, 6d), though it 503 

underestimated the greater negative impact of intercropping that was observed for cowpea grain yield. 504 

In the experiment, the improved variety (V2) outperformed the traditional variety (Figure 6e) for grain 505 

yield, whereas the two varieties did not show marked differences in AGB yield (Figure S5e). The model 506 

successfully simulated this trend (Figure 6f). AGB of sorghum increased with N input, but not cowpea 507 

biomass (see Figure S5i, k), and this trend was also adequately represented by the model (Figure S5j, 508 

l). Grain yield of sorghum also increased with N input, while cowpea yield decreased with N input 509 

(Figure 6i, 6k), and this was also well depicted by the model, although the model overestimated 510 



sorghum and cowpea grain yield with no N input (Figure 6j, 6l). AGB and grain yield of sorghum and 511 

cowpea decreased with late sowing compared with early sowing (Figure 6m, 6o). The model failed to 512 

reproduce such a drop in yield with late sowing (see Figure 6n, Figure 6p). AGB and grain yield of 513 

cowpea and sorghum were smaller in 2017 than in 2018 (Figure 6q, 6s and Figure S5q, S5s). The 514 

model reproduced such behaviour, although the simulated effect of year on the AGB and grain yield of 515 

cowpea and sorghum was less marked than in the reality (Fig 6r, 6t and Figure S5r, S5t).  516 

There was an interaction between cropping system (sole vs intercropping) and growing season. In 2017, 517 

the observed negative impact of intercropping on sorghum yield was weaker than in 2018 (Fig S6). The 518 

model failed in reproducing such effect and it simulated a more pronounced detrimental effect of 519 

intercropping on sorghum yield in 2017 than in 2018. In 2018, the model attributed sorghum and 520 

cowpea yield decrease with intercropping to competition for nitrogen: while water stress was identically 521 

inexistant in sole- and intercropping, the simulated N stress for sorghum during reproductive phase was 522 

stronger (i.e. lower indicator value) in intercropping than in sole cropping (see Figure S7).  In 2017, the 523 

model simulated a relatively strong water stress during reproductive stage for both intercropping and 524 

sorghum sole crop, but this did not impacted LAI as strongly as in the reality and translated into a strong 525 

simulated yield reduction only in the intercropping situation whereas the simulated yield of sole sorghum 526 

was at the same level as in 2018 where no water or nitrogen stress was simulated (Figure S6, S7).  527 

 528 

Despite the decrease in both sorghum and cowpea yield with intercropping (i.e. partial LER below one), 529 

overall observed intercropping LER was always above one, with regard to AGB (Figure 7A). The model 530 

proved accurate in simulating this behavior, as simulated LER was always above one (Figure 7B). 531 

Decrease in observed cowpea AGB with intercropping was greater than the decrease in sorghum AGB, 532 

and the model was satisfactorily depicting this trend. With regard to grain yield, LER was above one 533 

without N input, and below one with N input (due to a stronger decrease in cowpea grain yield) (Figure 534 



7C). Because the model did not capture the stronger decrease in cowpea grain yield with N input and 535 

intercropping, the simulations could not reproduce these LER values below one (Figure 7D).  536 

 537 

4. Discussion  538 

 539 

Promising features of the calibrated model  540 

The calibrated intercrop model reproduced the key feature of the tested additive intercropping: LER for 541 

AGB was always above one, thanks to a moderate decrease in sorghum ABG and despite a more 542 

pronounced decrease in cowpea AGB. This decrease is cowpea AGB with intercropping was probably 543 

linked to the competition for solar radiation that is primarily intercepted by sorghum canopy. This gives 544 

confidence in the ability of the Stics intercrop model to predict the behaviour of intercropping based on 545 

two plant species  with contrasting heights. Chimonyo et al., (2016)  found a similar promising feature of 546 

the APSIM model. 547 

The grain yield advantage of the improved variety over the local variety, and the yield advantage of N 548 

input over no fertilization, were also fairly well simulated. The model simulated less accurately but 549 

reasonably well the observed differences in yield resulting from the differences in water stress 550 

occurrences between our two experimental years, under intercropping conditions. The model can help 551 

identify complex interactions between growing season characteristics, N inputs, and the competitions at 552 

stake in the intercropping system. While competition for water clearly prevailed in the intercropping 553 

situations of 2017, the simulations suggested that competition for nitrogen occurred in the intercropping 554 

situations in 2018, with clearly less water stress. Such competition for nitrogen can be surprising - 555 

because cowpea is a legume that fixes atmospheric nitrogen. Cowpea did fix nitrogen in the experiment. 556 

The observed N uptake for sole sorghum without N fertilizer was 90 kgN/ha (i.e which indicates that at 557 

least 90 kgN/ha was provided by the mineralization of soil organic matter). Sole cowpea with no fertiliser 558 

input achieved a N uptake above 200 kgN/ha. This indicates a possible N2 fixation of at least 110 kgN 559 

ha-1 (on top of the 90 kg N/ha provided by the soil organic matter mineralisation). However, N 560 



competition can still occur when mineral fertilizer are applied. High level of soil mineral N can depress 561 

the amount of atmospheric N2 that is fixed by the legume (Sprent et al., 1988). This decrease in legume 562 

N2 fixation with mineral fertilizer input has been observed in wheat-pea and barley pea-experiments 563 

(Bedoussac and Justes, 2010; Corre-Hellou et al., 2009), and this process is accounted for by the Stics 564 

model (Brisson et al., 2009). Detailed measurement of the amount of N2 fixed by the legume (using 15N 565 

natural abundance method), in sole and intercropping, would be required to validate this simulated 566 

competition for nitrogen in 2018.  567 

 568 

Avenues to improve model calibration 569 

Despite the promising features of the model, prediction error of crop AGB and grain yield remained 570 

rather large (in the range 29-49%), compared with other studies. Chimonyo et al. (2016)  obtained 571 

rRMSE values for grain yield and aboveground biomass in the range 6-15% when simulating sorghum-572 

cowpea intercropping in South Africa. Masvaya (2019) obtained rRMSE for grain yield in the range 18-573 

29% when simulating grain yield of sorghum and cowpea with sole and intercropping in semi-arid 574 

Zimbabwe. 575 

In this study, the calibrated intercrop model failed to accurately predict the low yield of cowpea with 576 

intercropping, and thus overestimated LER for grain. In Stics, the number of grain (a key yield 577 

component) is determined by biomass growth during a short period before the beginning of grain filling 578 

(Falconnier et al., 2019). Accurately setting the length of this period, and set the parameters that define 579 

the relation between biomass growth and the final number of grain requires measurement of biomass 580 

growth during that period, along with measurement of the final number of grain, for a range of 581 

contrasting experimental conditions (e.g. with/without water and nitrogen stress) (Affholder et al., 2013). 582 

The latter was missing in our experimental setting, and more detailed measurement of biomass growth 583 

and grain number would certainly be necessary to improve model accuracy. The resulting robustness of 584 

yield prediction under water stress during reproductive stage was insufficient to predict correctly the 585 



impact of water stress in some cropping situations. Caution should therefore be taken in the 586 

interpretation of the simulated inter-annual variation in grain yield of intercropping when using historical 587 

weather records and/or future climatic series. The model also overestimated grain yield of sorghum and 588 

cowpea with no N input. This is possibly related to the poor simulation of N uptake by both sorghum and 589 

cowpea.  Measurement of initial soil mineral N prior to sowing and during crop growth would possibly 590 

help improve the calibration of the mineralization of soil organic matter and crop N uptake. These 591 

improvements in model calibration with regard to yield component and yield with no N input are required 592 

to improve our confidence in the prediction of LER for grain. This will be crucial if the model is to be 593 

used for virtual experiments where sustainable intensification pathways with intercropping are tested.  594 

Late planting of sorghum resulted in smaller yield, and the model could not reproduce this behaviour. 595 

Late sowing of photoperiodic plant decrease the length of their growing cycle, thus directly lowering the 596 

amount of radiation intercepted and the final yield (Tovignan et al., 2016). Such effect should be smaller 597 

with the less-photoperiodic variety for which late planting does not translate into shorter growing cycle. 598 

But the improved variety was also impacted by late sowing. Possibly, the late plantings were negatively 599 

impacted by excess water in the plots (anoxia), a process that can be taken into account by the Stics 600 

model, but that we did not calibrate due to lack of appropriate data on soil water conductivity under 601 

saturated conditions. Low nitrogen availability due to runoff (sowing during the period of intensive 602 

rainfall), or armyworm damage on sorghum could also possibly contribute to the discrepancy between 603 

observations and model simulations. Armyworm damage was observed on sorghum plants during the 604 

2018 season but their impact on yield was not assessed. The Stics model does not simulate the impact 605 

of pests on the crop.  606 

  607 

A calibrated intercrop model to explore options for sustainable intensification in land constrained sub-608 

Saharan Africa 609 

 610 



Our experimental design investigated the crucial features of sustainable intensification, namely the 611 

integration of legumes with intercropping, the use of mineral fertilizer, combined with improved varieties 612 

(Vanlauwe et al., 2014). The calibrated intercrop model was able to mimic the key main effects and 613 

interactions at play when investigating the performance of these options. Hence, it can be a crucial tool 614 

to explore pathways toward sustainable intensification of agriculture in land constrained sub-Saharan 615 

Africa. Intercropping is generally a better option with low fertilizer inputs (Bedoussac et al., 2015; Yu et 616 

al., 2015). Our experimental results also support such claim. This contrasts with the now widely 617 

acknowledged need for sustainable intensification of agriculture with more mineral fertilizer in sub-618 

Saharan Africa (Jayne et al., 2018). The predicted increase in climate variability and climate change in 619 

sub-Saharan Africa  (Sultan and Gaetani, 2016) may alter such picture, as intercropping is also well 620 

known to stabilize yield (Weih et al., 2021). Crop models and crop models ensembles are great tools to 621 

investigate the interactions between crop management and climate variability and change in sub-622 

Saharan Africa (Falconnier et al., 2020). The increasing availability of promising calibrated intercrop 623 

model (e.g. this study, Chimonyo et al. (2016); Masvaya (2019))  offer the prospect of ensemble 624 

simulation of the performance of intercropping in the face of climate variability and change, in order to 625 

guide the design of adaptive cropping system involving intercropping. 626 

 627 

5. Conclusion 628 

Our study showed that the locally calibrated intercropping version of the STICS soil-crop model 629 

displayed some promising features to explore the performance of sorghum-cowpea intercropping under 630 

tropical rainfed environment. In the experiment, sorghum and cowpea aboveground biomass and yield 631 

decreased with intercropping compared with sole cropping, but observed LER for aboveground biomass 632 

remained above one, regardless of experimental treatment (fertiliser, sowing date and sorghum variety). 633 

The calibrated model accurately depicted this overall trend related to LER for aboveground biomass, 634 

and satisfactorily accounted for the impact of fertiliser and sorghum variety. It can therefore be a useful 635 



tool to understand the competitions that occur between the intercropped species in this additive cereal-636 

legume intercropping systems in tropical rainfed environment, under the framework of sustainable 637 

intensification and integrated soil fertility management. Despite this promising feature of the model, 638 

large inaccuracies in the simulated leaf area index and N uptake were observed. The detrimental impact 639 

of late sowing on sorghum yield, possibly because of anoxia, was also poorly accounted for. Though the 640 

model can be used to explore the impact of inter-annual climate variability on intercropping 641 

performance, these limitations will constraint the ability of the model to accurately and meaningfully 642 

portray the interactions at stake when crop management varies strongly. We therefore advocate for 643 

increased, continuous and detailed experimental effort on cereal-legume intercropping systems (e.g. 644 

measurement of soil mineral N, N2 fixation, and grain number for a great range of contrasted cropping 645 

situations), in order to improve the calibration of parameters related to water and N stress. This will 646 

improve model ability to deal with intercropping, a key management option for sustainable intensification 647 

of smallholder farming in the global South.  648 
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Figure 1: Daily and cumulative rainfall, daily temperature and daily global radiation (Rg) for 2017 (A) and 2018 (B) at the N'Tarla agricultural research station, southern Mali



Fig. 2: Observed plant available soil water to maximum measurement depth (PAWC) (blue dots), LAI (red dots), 
and aboveground biomass (green dots) for the eight sole sorghum simulation units and one sole cowpea 
simulation unit used for model calibration. The lines are model simulations: blue for soil, red for LAI and green for 
AGB. Local variety (V1), improved variety (V2), early sowing (D1), late sowing (D2), no fertilizer (F0), 38 kgN ha-1 
(F1) at Ntarla research station in 2018. Vertical dotted bars indicate from left to right sowing date, beginning of 
grain filling and physiological maturity. 
 



 
Fig. 3:Observation (blue dots) and simulation (blue line) of plant available soil water to maximum measurement 
depth (PAWC)(, Fig. a, b, c, d, m  n, o, p); observation (purple dots for for sorghum + cowpea, red dots for 
sorghum in intercropping, pink and transparent dots for cowpea in intercropping) and simulations (lines) of LAI 
(Fig. e, f, g, h, q, r, s, t,); observation (green dots for sorghum, blue dots for cowpea) and simulations (green lines 
for sorghum and blue lines for cowpea) of aboveground biomass of sorghum intercropped with cowpea (Fig. i, j, 
k, I, u, v, w, x). Local variety (V1), improved variety (V2), early sowing (D1), late sowing (D2), 38 kgN ha-1 (F1), 
0kgNha-1 (F0) at Ntarla research station in 2018. 
 

 
 

 



 
Fig. 4:  Observed and STICS simulated aboveground biomass at harvest (AGB), aboveground plant N at harvest 
(Plant N), number of grains per m² of sorghum at harvest and grain yield for calibration and evaluation datasets 
(see Table1). There were no observation for cowpea grain yield in 2017 and sorghum and cowpea plant N in the 
evaluation dataset. The dotted black line is the 1:1 line. The blue line is the regression of simulated values 
against observed values. Red dots are intercropped cowpea, black dots are sole cowpea, green dots are sole 
sorghum, blue dots are intercropped sorghum.  
 
 
 



 
Figure 5: Boxplots of the effect of intercropping, sorghum variety (V1: local, V2: improved), N input (F0 = 0 
kgN/ha-1, F1 = 8 kg N/ha-1 in 2017 and 38 kgN/ha-1 in 2018) and sowing date (D1: early, D2: late) on observed 
and simulated grain yield. Calibration and evaluation datasets were pooled together.   In 2017, there was no sole 
cowpea plot and no data for cowpea grain yield. 
 
 



 
Figure 6: Cowpea and sorghum pLER as observed in the experiment (A for aboveground biomass and C for grain 
yield) and as simulated by the model (B for aboveground biomass and D for grain yield). Blued dots are F1 (38 kgN 
ha-1) treatments, and red dots are F0 (0 kgN ha-1) treatments. The black line indicates a LER of 1. Only 2018 
experimental plots and simulation units were considered, as in 2017 pLER of cowpea could not be computed 
because there was no experimental plot with sole cowpea.  
 



Table 1: Description of the experimental plots at the Agronomic Research Station of N'Tarla used for model calibration and evaluation. V1 = Photoperiod-
sensitive local sorghum variety, V2 = Improved sorghum variety less sensitive to the photoperiod, D1 = early sowing, D2 = late sowing, F1 = 38 kg N/ha in 2018 
and f=8 kg N/ha in 2017, F0 = 0 kg N/ha. Soil water was not measured in 2017. 
 

Dataset Year Cropping system Variety Sowing 
date 

Fertilizer 
application 

Maximum 
depth of soil 

water 
measurement 

(cm)  

Soil 
organic 
nitrogen 

content in 
the upper 

layer 
in %  

Name of 
simulation unit  

Field capacity (%). 

  0 -
15 
cm 

15 – 
35 cm 

35-
55 
cm 

55-85 
cm 

85-
maximum 

depth  

Calibration 2018 Sole sorghum V1 D1 F0 115 0.01 V1D1F0 13.7 19 19 19 19 

  F1 145 0.02 V1D1F1 13.7 19 19 19 19 

  D2 F0 155 0.01 V1D2F0 13.5 19 24 24 24 

  F1 155 0.008 V1D2F1 22 25 25 28 19 

  V2 D1 F0 95 0.007 V2D1F0 13.7 19 19 18 18 

  F1 155 0.011 V2D1F1 13.7 19 19 19 19 

  D2 F0 155 0.016 V2D2F0 13.7 19 19 19 22 

  F1 155 0.018 V2D2F1 13.7 19 21 21 21 

  Sorghum intercropped with cowpea V1 D1 F0 145 0.015 V1D1F0-inter 13.7 17 17 17 19 

  F1 155 0.015 V1D1F1-inter 13.7 23 23 23 23 

  D2 F0 155 0.011 V1D2F0-inter 13.7 19 18 18 18 

  F1 135 0.011 V1D2F1-inter 13.7 19 19 19 20 

  V2 D1 F0 145 0.011 V2D1F0-inter 13.7 17 17 17 17 

  F1 155 0.013 V2D1F1-inter 13.7 22 22 22 22 

  D2 F0 135 0.012 V2D2F0-inter 13.7 20 20 20 20 

  F1 145 0.012 V2D2F1-inter 13.7 22 22 22 22 

  Sole Cowpea Sangaraka D1 F0 135 0.01 Niebpur 13.7 19 21 21 21** 

Evaluation 2017 Sole sorghum V1 D1 f - 0.02* NT17V1D1 13.7 19 19 19 19** 

    D2 f - 0.007* NT17V1D2 22 25 25 28 19** 

   V2 D1 f - 0.011* NT17V2D1 13.7 19 19 19 19** 

    D2 f - 0.018* NT17V2D2 13.7 19 21 21 21** 

  Sorghum intercropped with cowpea V1 D1 f - 0.015* NT17V1D1-inter 13.7 23 23 23 23** 

    D2 f - 0.011* NT17SV1D2-
inter 

13.7 19 19 19 20** 

   V2 D1 f - 0.013* NT17V2D1-inter 13.7 19 19 19 20** 

    D2 f - 0.012* NT17V2D2-inter 13.7 22 22 22 22** 

              

* Not measured in 2017, the values measured in 2018 in the experimental plot were considered. ** maximum depth of soil water measurement for 2018 was considered 



Table 2: Description of the crop development stages included in the model  

Development stage Step acronym used in model Description 

Vegetative stages 

ILEV Emergence 
AMF Maximum acceleration of leaf growth, end of juvenile phase 

ILAX Maximum leaf area index (LAI), end of leaf growth 

Reproductive stages 
Flo Flowering 
IDRP Start of grain filling  
IMAT Physiological maturity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 3:   Values of sorghum parameter as calibrated in the STICS crop model for experiments at N'Tarla in Mali 
Parameter 

  Value 
 

Process acronym Description Target variable V1 V2 Cowpea Source 

Emergence tdmin basal temperature for crop development 

Leaf area index 

8 8 6.2 (Folliard et al. 2004) ; Fao., 2012 ; (Luo 2011). 

Crop development sensiphot index of photoperiod sensitivity (1=insensitive) 0.4 0.6 - Trial and error calibration  

 phobase basal photoperiod controlling photoperiod slowing effect 14 14 - Traroré A., 2015 

 phosat saturating photoperiod controlling photoperiod slowing effect 12,75 12.75 - Traoré, A., 2015 

 stlevamf cumulative thermal time between emergence and end of juvenile phase 180 718 881 Test of a range of values 

 stamflax cumulative thermal time between end of juvenile phase and maximum LAI 305 314 687 Trial and error calibration  

 stlevdrp cumulative thermal time between emergence and beginning of grain filling 685 1077 1609 Trial and error calibration  

Leaves dlaimaxbrut maximum rate of the setting up of LAI 0,0015200 0.01 0.0035 Trial and error calibration  

 durvieF maximal lifespan of an adult leaf 480 280 240 Trial and error calibration  

Shoot growth efcroijuv maximum radiation use efficiency during the juvenile phase Aboveground biomass 2.1836 2.1877 1.2 Trial and error calibration  

 efcroirepro maximum radiation use efficiency during the grain filling phase Aboveground biomass 3.8572 2.8372 1.3559 Trial and error calibration  

 efcroiveg maximum radiation use efficiency during the vegetative stage Aboveground biomass 3.8049 2.8414 1.7465 Trial and error calibration  

 temin basal temperature for photosynthesis - 11 11 7.2 (Folliard et al. 2004) ; Fao., 2012 ; (Luo 2011) 

 teopt optimal temperature for photosynthesis - 25 25 27 (Folliard et al. 2004) ; Fao., 2012 ; (Luo 2011) 

 temax maximal temperature for photosynthesis - 45 45 40 (Folliard et al. 2004) ; Fao., 2012 ; (Luo 2011) 

Nitrogen fixation fixmaxgr maximal N symbiotic fixation rate per unit of grain growth rate N2 fixed* - - 9.5 Trial and error calibration  

 fixmaxveg maximal N symbiotic fixation rate per unit of vegetative growth rate N2 fixed* - - 30 Trial and error calibration  

Nitrogen uptake Kmabs2 affinity constant of N uptake by roots for the low uptake system N uptake 40000 37672.32 25000 numerical optimization 

 Vmax2 maximum specific N uptake rate with the high affinity transport system N Uptake 0.1 0.00878 0.06 numerical optimization 

Yield formation cgrain slope of the relationship between grain number and growth rate Number of grains 0.06 0.07 0.084 Trial and error calibration  

 nbjgrain 
Duration in days of the period during which the number of grains can be reduced 
by stresses  

Number of grains 15 15 15 Traoré, A., 2015 

 cgrainv0 number of grains produced during the nbjgrains before beginning of grain filling   Number of grains 0 0 0.069 Trial and error calibration  

Yield formation vitircarbe rate of increase of the C harvest index vs time grain yield 0.009 0.015 0.01462 Trial and error calibration  

 nbgrmax maximum number of grains grain yield 25000 60000 1200 Measurement 

 pgrainmaxi maximum weight of one grain grain yield 0.027 0.0247 0.25 Measurement 

 Irmax maximum harvest index grain yield 0.3 0.51 0.42 Measurement 



*N2 fixed by the legume was not measured, but estimated for sole cowpea as the difference between the N uptake of sole sorghum without fertilizer and N 

uptake of sole cowpea.  

 

 

Table 4: Root mean square error (RMSE), relative root means square error (rRMSE), and efficiency (EF) of STICS simulation of plant variables in the N'Tarla 

experiment in 2017 and 2018. See Table 1 for details on the calibration and evaluation datasets.  

     EF (-)  nRMSE (%) 

Crops Variable  Calibration Evaluation  Calibration Evaluation  

Sorghum and cowpea AGB  0.81 0.58  23 43 

 Plant N   -0.05   35  

 Number of grains per m²  -0.28 -2.17  29 25 

 Grain yield   0.56 -0.56  49 41 

Sorghum only AGB  0.54 -0.66  21 85 

 Plant N   0.26 -  30 - 

 Number of grains per m²  -0.28 -2.17  29 25 

 Grain yield   0.38 -0.56  41 41 

Cowpea only AGB  -0.09 -0.33  25 99 

 Plant N   -0.64 -  42 - 

 Number of grains per m²  - -  - - 

 Grain yield   0.20 -4.66  87 66 

 

 




