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Abstract. Soil-crop models provide critical insights for designing and assessing innovative 
cropping systems, particularly for improving sustainability in water-limited regions. However, 
accurately modeling intercropping systems particularly those involving grains and legumes 
continues to pose a significant challenge in agricultural research. This study focuses on the initial 
calibration and evaluation of the STICS soil-crop model for a durum wheat-chickpea 
intercropping system in Mediterranean semi-arid conditions. Field experiments were conducted 
during 2020–2021 and 2021–2022 cropping seasons in the Medenine region, Tunisia, with 
comparison between the intercropping and monoculture systems. The Model performance was 
evaluated using Aboveground Plant Nitrogen (AGPN) as an indicator of nitrogen uptake. The 
STICS model demonstrated satisfactory predictive capacity across most simulations, with 
efficiency (EFF) values ranging from 0.56 to 0.80. Grain yield predictions were reasonably 
accurate, as indicated by a normalized root mean square error (NRMSE) of ≤ 37%, particularly 
for durum wheat (EFF ≥ 0.55). The model effectively simulated the soil water content, achieving 
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an efficiency (EFF) of ≥ 0.51 and an NRMSE of ≤ 25%, especially in the chickpea plots. 
However, the predictions of the soil nitrogen stock were less accurate in the chickpea 
monocultures, with efficiency values ≤ 0.38 and NRMSE ≥ 44%. The intercropping simulations 
showed moderate accuracy, with efficiency values up to 0.41. These findings highlight the 
potential complementary interactions between durum wheat and chickpeas in using nitrogen and 
carbon resources. This study contributes to the development of sustainable agricultural practices 
tailored to Mediterranean climates, supporting climate adaptation and resource efficiency. 
 
Key words: carbon, crop modeling, grain yield, nitrogen, soil water content, sustainable agriculture. 
 

INTRODUCTION 
 
Agricultural practices in semi-arid and arid regions are likely to face numerous 

challenges, mainly due to the combined effect of climate change, which exacerbates the 
problems of water availability and land degradation (IPCC, 2019; FAO, 2020). The 
rising climatic variability has challenged global food productions systems i.e., 
grasslands, fields crops, fruit crops and livestock (Rafique et al., 2021; Rafique et al., 
2023). It has also altered crop-penology and ecophysiology (Rafique et al., 2023). This 
is particularly evident in southern Tunisia, where low rainfall and high temperatures 
restrict agricultural productivity (Nasri et al., 2020). These climatic constraints, 
combined with the region's fragile ecological balance and limited water resources, 
emphasize the urgent need for sustainable agricultural approaches to mitigate climate 
change impacts and enhance food security (Rebouh et al., 2019). Agricultural systems 
in semi-arid and arid regions often rely heavily on chemical fertilizers, which contribute 
to soil nutrient leaching, a decline in soil microorganisms, and increased greenhouse gas 
emissions (Lal et al., 2021; Smith et al., 2021). To address these issues, innovative 
farming practices that promote soil health while minimizing environmental pollution 
must be implemented (Rebouh et al., 2023). Intercropping, especially cereal-legume 
combinations, has been emphasized as a promising strategy to enhance nutrient cycling 
and improve agricultural sustainability in arid and semi-arid regions (Attallah et al., 
2024; Hamdi et al., 2024; Souid et al., 2024). Chickpea, a key legume species, supports 
soil fertility by facilitating biological nitrogen fixation through symbiotic relationships 
with soil bacteria (Jensen et al., 2020; Nasri et al., 2020; Sajjad et al., 2021). The 
integration of legumes and cereals in intercropping systems has been shown to improve 
soil structure, increase water use efficiency, and promote biodiversity, thereby 
enhancing the resilience of agriculture to climate change and extreme weather events 
(Litke et al., 2018; Raseduzzaman & Jensen, 2020; Cong et al., 2021). To optimize these 
cropping systems, modeling approaches provide valuable tools to simulate the 
interactions among crops, soil, water, climate, and management practices (Rafique et al., 
2024; Banerjee et al., 2025). Crop modeling enables the assessment of resource use, 
productivity, and environmental sustainability under different scenarios (Latati et al., 
2019; Agbangba et al., 2024). The STICS model (Multidisciplinary Simulator for 
Standard Crops) is recognized by its ability to integrate plant growth and nutrient 
dynamics, making it suitable for Mediterranean-type agroecosystems (Brisson et al., 
1998; Rafique et al., 2024). This model incorporates climate, soil properties, and  
agronomic data to simulate important processes such as nutrient cycling and water 
balance, offering valuable insights for improving agricultural practices in water-scarce 
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regions. Furthermore, integrating intercropping dynamics into such models allows for a 
more precise assessment of sustainable intensification strategies tailored to the 
Mediterranean environments. Despite advancements in crop modeling, accurately 
simulating crop growth, soil water dynamics, and nitrogen balance at the field level 
remains challenging. This is due to the spatial and temporal variability of the soil 
conditions and microbial processes influencing the nutrient dynamics (Gambín & 
Duvall, 2019). Additionally, the limited availability of high-resolution daily input data 
complicates the model evaluation, making it difficult to determine whether discrepancies 
arise from input data inaccuracies or model formulation errors (Del Grosso et al., 2001). 
Among them, the STICS model is widely used for simulating crop production and soil 
processes in Mediterranean environments. Although alternative models such as APSIM, 
DSSAT/CROPGRO, or CropSyst may better support the simulation of cereal-legume 
systems, STICS was chosen in this study due to its availability, adaptability to local 
conditions, and the research team’s expertise. This study aims to evaluate the 
performance of the STICS model in simulating durum wheat-chickpea intercropping 
system in the semi-arid Mediterranean conditions of southern Tunisia where this 
intercropping system plays a crucial role in improving productivity, resilience, and 
climate adaptation for local farmers and to identify limitations and potential 
improvements for its application in sustainable cropping systems. Based on field 
experiments conducted in the Medenine region over two growing seasons, we assessed 
the model’s accuracy in predicting key agricultural indicators, including nitrogen uptake, 
grain yield, and soil nitrogen and carbon content. Furthermore, we explored potential 
complementarities between durum wheat and chickpea in terms of nitrogen and carbon 
resource utilization. By achieving these objectives, this research contributes to the 
development of sustainable intensification strategies that are tailored to local conditions, 
enhancing the resilience and productivity of semi-arid agricultural systems, while 
promoting efficient resource management and climate adaptation. 

This is one of the first attempts to apply STICS for such intercrops in this specific 
agroclimatic zone, contributing to the modeling literature by integrating legume 
parameters calibrated with experimental data from local field trials. Furthermore, this 
work provides insights into the challenges of simulating nitrogen dynamics in legume-
cereal systems in semi-arid climates and proposes pathways for model refinement. 
 

MATERIALS AND METHODS 
 

Characterization of the study site 
The study was conducted at the agricultural station in Medenine, in south-eastern 

Tunisia (33°29'58.64" N, 10°38'31.05" E), over two cropping seasons: 2020–2021 and 
2021–2022. The field experiments were conducted in southern Tunisia, characterized by 
a Mediterranean semi-arid climate with average annual rainfall of 250 mm and mean 
temperatures ranging from 12 °C in winter to 30 °C in summer. The main soil properties, 
including texture (sand, silt and clay content), calcium carbonate content (CaCO3), 
pH and organic matter, were analyzed at different depths (Table 1). The soil texture  
was predominantly sandy loam up to 100 cm depth and offered no physical barriers to  
root development. In addition, the soil was alkaline and low in nitrogen (N) and  
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phosphorus (P). To parameterize the STICS model, physical and hydraulic properties, 
such as the bulk density and moisture content were determined (Table 1). 

 
Table 1. Climate, soil physicochemical, and hydraulic properties of the field experiment site 
Soil depth (cm) 0–20 20–40 40–60 60–80 80–100 
Clay (%) 8.7 9 11.3 12.5 16.7 
Silt (%) 20.1 22.6 21.4 27.3 32 
Sand (%) 70.2 68.2 67 60.2 51.3 
CaCO3 (%) 21 19.4 15.6 11.3 10.8 
OM (g.kg-1) 1.21 1.13 0.87 0.65 0.49 
Total N (mg kg-1) 3.58 5.47 6.2 7.86 6.33 
Total P (mg kg-1) 5.95 7.23 8.43 6.25 6.71 
Available P (mg kg-1) 0.51 0.86 1.17 0.74 0.93 
pH 8.02 7.89 7.8 7.63 7.56 
Bulk density (g cm-3) 1.3 1.19 1.27 0.91 1.16 
HMNIF (m3 m-3) 0.11 0.12 0.12 0.13 0.14 
HCCF (m3 m-3) 0.23 0.23 0.25 0.27 0.27 

 
Experimental design 
The study focused on two plant varieties: chickpea (Cicer arietinum L. ‘Amdoun’) 

and durum wheat (Triticum turgidum ssp. durum L. ‘Simeto’), grown either in monoculture 
or in an intercropping system. The experimental design consisted of a split-plot  
layout with three replicates (blocks). Each sub-plot was assigned one of the following 
treatments: Chickpea monoculture (ChKp-MC), durum wheat monoculture  
(DuWh-MC), or intercropping of both crops (DuWh-IR and ChKp-IR)  
(3 subplots (4.5 m²) × 3 treatments × 3 replicates) (Fig. 1). The total area of the  
trial plot was 40.5 m², with each subplot measuring 4.5 m² and spaced 1 m apart (Fig. 1). 

 

 3 m 
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 1.5 m DuWh-MC 250 
grains per m2 

ChKp- MC 100 
grains per m2 

 Intercropping 
(ChKp- IR/ DuWh- IR) 
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(ChKp- IR/ DuWh- IR) 
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  1 m     
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 ChKp- MC 100 
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Figure 1. Experimental design including durum wheat–monocrops (DuWh-MC), chickpea-
monocrops (ChKp–MC), and intercrops of durum wheat and chickpea (DuWh-IR and ChKp-IR). 

 
At sowing, the grain densities for each treatment were as follows: 100 ± 5 grains per m² 
for chickpea monoculture (ChKp-MC), 250 ± 3 grains per m² for durum wheat 
monoculture (DuWh-MC), 50 ± 3 grains per m² for chickpea intercrops (ChKp-IR) and 
150 ± 5 grains per m² for durum wheat intercrops (DuWh-IR). Sowing occurred in the  
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third week of January of the respective growing season, with occasional manual 
weeding. No chemical fertilizers or herbicides were used during the entire trial. Before 
sowing, a soil sample was taken from each subplot at a depth of 20 cm and mixed to 
form a composite sample, which was referred to as bulk soil (S-bulk). 

 
Assessments 
The development phases of the two crops were recorded, focusing on the time of 

emergence (BBCH = 09) and flowering (BBCH = 65). Initial soil samples were taken at 
each sowing date to assess the soil properties and the initial water and mineral nitrogen 
content of the soil. Plant and soil samples were taken at five different times during the 
two growing seasons: two during the vegetative phase, two during chickpea flowering 
(110 DAS) and a final sample at harvest. At each sampling, parameters such as soil water 
and nitrogen content were measured at depths of 0–20 cm, 20–40 cm, 40–60 cm and  
60–80 cm, as well as above-ground dry biomass and plant nitrogen uptake. In addition, 
soil moisture was monitored at 10-cm intervals throughout the study. Established 
methods were used for the physico-chemical soil analyses. The Kjeldahl method (Lynch 
& Barbano, 1999) was used to determine the nitrogen content in the soil, while the 
phosphorus content was measured using the Malachite Green method after digestion 
with perchloric and nitric acid (Rahutomo et al., 2019). The organic matter content of 
the soil was determined using the Anne method (McBratney et al., 2000) and the calcium 
carbonate content was determined using the Horton and Nelson method (Leo, 1963).  
The pH value of the soil was determined using a pH meter (Shen et al., 1996) in a 
suspension of soil and deionized water in a ratio of 1:2.5. The nitrogen uptake of the 
plants, measured in t ha-¹, was calculated by multiplying the dry biomass by the nitrogen 
concentration in the plant tissue. To obtain this value, the original nitrogen content of 
the seeds was subtracted from the total nitrogen in the biomass and from the nitrogen 
content in the grains. 

 
Presentation of the STICS model 
STICS is a plant model that works with a daily time step and is driven by thermal 

time, as described by Brisson et al. (2003). The model focuses on plant development by 
simulating shoot biomass and leaf area index (Brisson et al., 2008) and dynamically 
models biomass production, canopy development and root growth, including nitrogen 
and water uptake (Falconnier et al., 2019). The yield formation processes in STICS 
include grain production and filling and allow the simulation of dry matter and nitrogen 
accumulation in the grains, taking into account factors such as N availability, water and 
heat stress and anoxia. For intercropping systems, STICS uses a simplified approach by 
dividing the canopy into a main layer and a sub-layer, which in turn are divided into 
shaded and sunlit areas. This structure allows the estimation of the microclimate using a 
radiation balance (Brisson et al., 2004). The model offers two methods for radiation 
absorption: Beer’s law for homogeneous crops and a radiation transfer method for row 
crops. For plant water requirements, STICS uses the potential evapotranspiration 
coefficient method or, if Beer’s law is not directly applicable, the resistance method 
based on the Shuttleworth and Wallace model (Brisson et al., 1998). The model requires 
input data on soil, climate, cultivation methods, and crop-specific parameters. The soil 
parameters were determined based on analyses and calculations and combined with  
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climate data on temperature, radiation, precipitation, wind speed and humidity. The 
inputs for crop planning include planting density, sowing date and depth as well as the 
irrigation schedule, whereby a soil depth of 80 cm is assumed for the calculation of the 
nitrogen and water reserves. Sowing dates were simulated based on seed moisture 
content and seedling density to allow realistic simulations. For each cropping system and 
season (2020–2021 and 2021–2022), specific cropping files were developed for pure 
durum wheat, pure chickpea and mixed crops of wheat and chickpea, resulting in eight 
simulation units (USMs). These USMs combine the climate, soil, and management of 
four cropping systems over two years. This detailed setup enables the precise calibration 
and simulation of different scenarios and provides robust results. 

 
Model Calibration 
The calibration of STICS for chickpea, durum wheat and their intercropping was 

carried out in three steps. For chickpea, a literature search was conducted in the first step, 
using the initial values of the pea model and adjusting the leaf area index (LAI) according 
to the recommendations of Brisson et al. (2008). In addition, the plant coefficient for the 
water requirement was set to a maximum (kmax = 1) according to Garofalo et al. (2009). 
In the second step, four key parameters were defined directly based on the experimental 
data: the minimum and maximum number of grains per unit area, the maximum grain 
weight, and the maximum plant height. In the final step, an optimization was carried out 
according to Guillaume et al. (2011), in which aspects such as phenological 
development, root and shoot growth, biomass distribution, nitrogen uptake, nitrogen 
fixation potential and yield formation were taken into account. The Javastik tool was 
used for this optimization, which tracks the growth stages, plant and soil additives, and 
yield values. For durum wheat, the calibration was carried out using the proven method, 
focusing on the Simeto variety, with initial results also obtained for the Acalou variety. 
This method corresponded to the method used for chickpea and did not require any 
additional information. Beer's law was used to simulate radiation absorption, the plant 
coefficient was used to calculate the water requirement, and the Penman model was used 
to estimate the potential evapotranspiration. 

Parameter calibration was performed for chickpea using experimental data from the 
field trials. Key crop parameters such as phenological duration, radiation use efficiency, 
and nitrogen fixation capacity were adjusted iteratively to improve simulation accuracy. 
The calibrated parameter values are provided in Table 2. 
 
Table 2. Key calibrated parameters for chickpea and default parameters for durum wheat used in 
the STICS model simulations 

Parameter Unit Chickpea 
(Calibrated) 

Durum wheat 
(Default) 

Thermal time to flowering °C·day 900 750 
Thermal time from flowering to maturity °C·day 600 550 
Radiation Use Efficiency (RUE) g MJ⁻¹ 1.45 1.20 
Maximum biological nitrogen fixation rate kg N ha⁻¹ per stage 25 N/A 
Specific Leaf Area (SLA) m² kg⁻¹ 25 22 
Maximum rooting depth cm 100 120 
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Statistical Analysis and Model Evaluation 
The performance of the STICS model was evaluated both graphically and 

quantitatively using several statistical indicators: Root Mean Square Error (RMSE), 
Normalized Root Mean Square Error (NRMSE), model Efficiency (EF), and the Pearson 
correlation coefficient (R²). RMSE (Eq. 1) quantifies the model’s prediction error, with 
lower values indicating greater accuracy: 

RMSE =  �
∑ (Oi − Si)2n
i=1

n
 (1) 

NRMSE (Eq. 2) normalizes the RMSE, making it easier to compare across different 
scales: 

NRMSE = (RMSE
Ō

) × 100 (2) 
EF (Eq. 3) evaluates the model's predictive power by comparing the variance of the 

prediction errors with the variance of the observed data: 

EF = 1 – ∑ (Oi − Si)2
n
i=1
∑ (Oin
i=1  − Ō)2

 (3) 

R² (Eq. 4) assesses the correlation between observed and simulated values, 
indicating how well the model captures the observed data variability: 

𝑅𝑅2 = ( 
∑  (Si  −  S�) (Oi  −  Ō)n
i=1

σSσO
 )2 (4) 

Here, Oi and Si represent the observed and simulated values for the ith measurement, Ō 
and S  ̅  are the means of the observed and simulated values, n is the total number of 
observations, and σS and σO are the standard deviations of the simulated and observed 
values, respectively. Using these indicators provides a thorough evaluation of the 
model's performance. 
 

RESULTS 
 

Yield Predictions 
The STICS model showed different efficiencies in predicting durum wheat and 

chickpea yields for the cross and monocultures in the two cropping seasons (2020–2021 
and 2021–2022) (Fig. 2). In the 2020–2021 season, the model showed a good prediction 
for durum wheat with efficiency coefficients (EFF) of 0.62 and 0.55 and normalized root 
mean square errors (NRMSEs) of 30.78% and 37.56% for the monoculture and 
intercropping systems, respectively. Accordingly, the R² values of 0.90 and 0.81 show a 
good correlation with the observed and simulated values. In contrast, the predictions for 
chickpea in monoculture and intercropping showed greater inconsistency with EFF 
values of 0.19 and 0.12 and NRMSE values of 54.05% and 51.67%, associated with low 
R² values of 0.44 and 0.37, respectively. In the 2021–2022 season, the performance of 
the model was still good in the case of durum wheat, with corresponding EFF values of 
0.63 and 0.57 and NRMSE values of 29.3% and 32.14% for the monoculture and 
intercropping systems, respectively. The R² values of 0.89 and 0.84 contributed to the 
reliability of the model for predicting wheat yields. For chickpea, predictions declined 
further, with EFF values of 0.15 and 0.03 and NRMSE 60.6% and 78.6% for 
monocultures and intercropping systems, respectively, associated with low R² values of 
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0.31 and 0.27, respectively. These differences emphasize the difficulties in simulating 
chickpea yields, especially in intercropping systems, which are probably due to 
uncalibrated parameters related to nitrogen fixation processes and pest interactions. As 
shown in Fig. 2, the STICS model was generally more successful in predicting durum 
wheat yields than chickpea yields, which requires intensive improvement of parameter 
calibration for better prediction of legumes in agricultural multi-crop systems. 

 
Nitrogen Absorption (AGPN) 
During two seasons (2020–2021 and 2021–2022), the STICS model simulated the 

nitrogen uptake by plants (AGPN) in the monoculture and intercropping systems for 
durum wheat and chickpeas. Monocultures performed better with EFF values of 0.63 for 
chickpea and 0.69 for wheat, while the intercropping systems had lower values of 0.47 
and 0.56, respectively. NRMSE values were also lower for both crops in monocultures, 
with 39 for chickpea and 24 for wheat compared to 42 and 29 in intercropping. The 
significantly high NRMSE value for chickpea emphasizes the complex nitrogen 
dynamics in intercropping, which is influenced by the interactions of the rhizobia 
symbiosis. In the second season, chickpea intercropping performed better than 
monocropping (EFF: 0.58, NRMSE: 16.85), while the performance of wheat decreased, 
especially in monocropping (EFF: 0.25, NRMSE: 44.73). The regressed data in Fig. 3 
show a significant equalization of the simulated and observed AGPN for wheat, 
especially in monocultures. This indicates that the model should be further improved, 
especially to support wheat monocultures and chickpea intercrops, considering 
biological nitrogen fixation among other complex variables. 

 
Nitrogen Stock in Soil 
The STICS model was run to simulate soil nitrogen stocks under monocropping 

and intercropping practices for durum-wheat and chickpea over two cropping seasons 
from 2020 to 2021 and from 2021 to 2022, respectively. For the chickpea monoculture, 
an EFF of 0.54 with an NRMSE of 27.43 was obtained for the 2020–2021 season, 
indicating a good predictive ability of the model in terms of its parameters (Fig. 4). For 
the 2021–2022 seasons, however, the model underperformed, showing an EFF of 0.18 
and an NRMSE of 58.7. Therefore, similar trends developed in the chickpea 
intercropping systems with EFF values of 0.62 and an NRMSE of 32.5 for 2020–2021 
compared to an EFF value of 0.29 and an NRMSE of 54.92 in the 2021–2022 season. 
For wheat monocultures, the model showed moderate performance with EFF values of 
0.38 and 0.76 in the 2020–2021 and 2021–2022 seasons, respectively, resulting in 
NRMSE values of 44.12% and 64.2%. For the wheat intercropping systems, an EFF of 
0.41 was observed in the 2020–2021 season, while the EFF in the 2021–2022 season 
was 0.25 and the NRMSE was 31.3% and 55.7%, respectively. Moreover, the regressive 
analysis also suggested that the STICS model performed better in estimating soil 
nitrogen stocks in 2020–2021 than in 2021–2022 for both cropping systems. The 
observed deviations in the years 2021 to 2022 could be due to fluctuations in the 
environment and nitrogen losses due to leaching or other factors that were not considered 
when adjusting the model parameters. 
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Figure 2. Comparison of observed (X-axis) and STICS-simulated (Y-axis) grain yield for calibrated data of durum wheat and chickpea grown in 
monoculture and intercropping systems over two seasons (2020–2021) and (2021–2022). NRMSE = Normalized Root Mean Square Error, 
EFF = Model Efficiency, MD = Mean Deviation. The pink line represents the regression of simulated values against observed values, and the dashed 
line represents the 1:1 line. 
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Figure 3. Comparison of Observed (X-axis) and STICS-Simulated (Y-axis) Plant Nitrogen Uptake (AGPN) for Two Years of Calibrated Data  
(2020–2021 and 2021–2022). NRMSE = Normalized Root Mean Square Error, EFF = Model Efficiency, MD = Mean Deviation. The solid blue line 
represents the regression of simulated values against observed values, and the dashed line represents the 1:1 line. 
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Figure 4. Comparison of Observed (X-axis) and STICS-Simulated (Y-axis) Soil Nitrogen Stocks for Two Years of Calibrated Data (2020–2021: A 
and 2021–2022: B). NRMSE = Normalized Root Mean Square Error, EFF = Model Efficiency, MD = Mean Deviation. The solid pink line represents 
the regression of simulated values against observed values, and the dashed line represents the 1:1 line. 
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Carbon Stocks 
For both cropping systems, the soil carbon stocks for durum wheat in the second 

cropping season (2021–2022) were calculated following initial calibration of the soil 
properties using the STICS model (Fig. 5). The efficiency coefficients (EFF) confirmed 
a reasonable agreement between the experimental and simulated values of the soil carbon 
stocks, which were evaluated in the range of 0.47–0.57 (Fig. 5). This is complemented 
by the normalized root mean square errors (NRMSEs) of 17.34–27.2, highlighting the 
ability of the STICS model to explain soil carbon dynamics under different cropping 
systems. This season, the chickpea model performed quite well with EFF values of 0.50 
and 0.57 for intercropping and monocropping, respectively. This means that the model 
was able to adequately capture the specific properties of legumes, such as their 
contribution to carbon fixation, as evidenced by the high agreement of the simulated soil 
carbon stocks with the field measurements. However, for the first cropping season 
(2020–2021), the prediction quality deteriorated for both species in the intercropping 
systems with EFF values of 0.44 for chickpea and 0.49 for durum wheat. In the 
monocultures, the EFF values were 0.63 for chickpea and 0.50 for durum wheat. These 
results indicate that the STICS model encounters obstacles in successfully simulating 
carbon dynamics under these specific conditions, mainly due to the complex crop-soil 
interactions and the variation in environmental aspects that are not fully accounted for. 

Soil Water Stocks 
The STICS model provided satisfactory simulation performance for the soil water 

content during the first growing season (2020–2021) for chickpea and durum wheat 
grown as monocultures as well as for mixed crops. The efficiency of the model, 
expressed as efficiency factors (EFF), was as follows: Chickpea monoculture-0.53, 
Chickpea intercropping-0.51, wheat monoculture-0.61, and wheat intercropping-0.58 
(Fig. 6). The NRMSE values were also low, ranging from 24.75 to 37.2, confirming the 
model's good ability to capture the soil water dynamics during this period. However, in 
the second growing season (2021–2022), the model struggled to simulate the soil water 
content under monoculture conditions. The efficiency values decreased significantly: 
EFF of 0.18 for chickpea monocultures, 0.23 for chickpea intercrops, 0.16 for wheat 
monocultures and 0.33 for wheat intercrops. The NRMSE was very high: chickpea 
intercrop-52.2, wheat monocrop-71.31, chickpea monocrop-66.2, while wheat intercrop 
gave a slightly better model performance with an NRMSE of 57.8. Thus, variations in 
soil moisture during this season were caused by interactions such as root competition, 
soil heterogeneity, and environmental factors influencing water availability. Thus, while 
the STICS model shows potential for predicting soil water supply under certain 
conditions, in this case 2020–2021, great efforts still need to be made to improve its 
reliability in different cropping systems and different environments. 
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Figure 5. Comparison of Observed (X-axis) and STICS-Simulated (Y-axis) Soil Carbon Stocks for Two Years of Calibrated Data (2020–2021 and 
2021–2022). NRMSE = Normalized Root Mean Square Error, EFF = Model Efficiency, MD = Mean Deviation. The solid pink line represents the 
regression of simulated values against observed values, and the dashed line represents the 1:1 line. 
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Figure 6. Comparison of observed (X-axis) and STICS-Simulated (Y-axis) Soil Water Content for Two Years of Calibrated Data (2020–2021 and 
2021–2022). NRMSE = Normalized Root Mean Square Error, EFF = Model Efficiency, MD = Mean Deviation. The solid blue line represents the 
regression of simulated values against observed values, and the dashed line represents the 1:1 line. 
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DISCUSSION 
 

Model calibration and valuation accuracy 
We have observed a general trend in our analysis: The STICS model tends to 

overestimate low yield values and underestimate high yield values and other parameters. 
This observation suggests possible underlying issues, such as uncalibrated parameters or 
the unique characteristics of the agricultural systems analyzed, which may cause the 
model to misestimate yields. As the STICS model was originally developed for systems 
in temperate climates and monocultures, it may have difficulty fully capturing the 
complexity of intercropping systems and the subtropical climate conditions in our study. 
This emphasizes the challenge of applying this model to different agricultural 
environments where environmental conditions and crop interactions result in variability 
that the model cannot fully capture. Parameter calibration remains a critical issue. Some 
parameters, especially those related to nitrogen fixation in legumes and crop-soil 
interactions, may not have been adequately calibrated. Previous studies (e.g., Paleari et 
al., 2017; Doltra & García-Vera, 2020; Zhang & Zheng, 2021; L’taief et al., 2024) have 
reported similar problems when applying crop models to different climates and cropping 
systems. These results suggest that while STICS is effective in certain environments, its 
application in different cropping systems warrants further calibration and refinement. 

 
Evaluation of the predictions of the STICS model 
Our observations show that the STICS model effectively predicts durum wheat 

yields in the two cropping seasons (2020–2021 and 2021–2022). The researchers showed 
that the model effectively simulates wheat production in different cropping systems. The 
corresponding efficiency coefficients (EFF) of 0.62 in monoculture and 0.63 in 
intercropping illustrate the predictive power of the model. Similar models as APSIM 
(Agricultural Production Systems Simulator), DSSAT (Decision Support System for 
Agrotechnology Transfer) and WOFOST (World Food Studies) were effective in 
predicting wheat yields under different conditions, as other studies have shown 
(e.g. (Hatfield & Prueger, 2019; Rafique & Leclère, 2021)). In contrast, the predictions 
of the STICS model for chickpea yields were less accurate, with average efficiency 
coefficients of 0.27 observed in both cropping seasons. High normalized root mean 
square errors (NRMSE) of 51 and 78% highlight the difficulties associated with 
modeling chickpea yields. These discrepancies may also be due to the fact that the 
dynamics of nitrogen fixation are less well understood by the model, as well as pest 
interactions and specific plant responses to environmental stress, as addressed in 
corresponding studies by Louarn et al. (2018). In addition, the complexity of the 
simulation functions for nitrogen uptake limits the usefulness of the model. The model 
performed relatively well in the wheat monocultures in terms of nitrogen dynamics, with 
NRMSE values of 24% and 44%, but had problems in the intercropping systems where 
the NRMSE exceeded 50%. The worst scenario was observed in chickpea, as the 
NRMSE values often exceeded 60% when simulating nitrogen uptake. The challenges 
were consistent with the results of Gambín & Duvall (2019), who showed that the models 
underestimated the contribution of legumes to biological nitrogen fixation. This 
simulation of soil nitrogen stocks was more reliable during the 2020–2021 season 
compared to 2021–2022. This variation may be due to environmental factors such as 
rainfall patterns and temperature fluctuations, which influence nitrogen mineralization 
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and leaching processes. The model's current configuration may not fully account for 
these temporal environmental variations, suggesting a need for incorporating more 
dynamic environmental parameters. Regarding soil carbon stocks, the model performed 
well in the first season, especially for the wheat systems (R² = 0.85). However, the 
performance in the second season indicate different results as first season, with R² values 
of 0.70 for the chickpea monocultures. These discrepancies are likely due to the 
limitations of the model in accounting for highly complex plant-soil interactions under 
changing environmental conditions, as noted by Kherif et al. (2022). The model 
predictions of the soil water content showed satisfactory results in the first season with 
EFF = 0.53–0.61, while the performance decreased drastically in the second season 
(EFF = 0.16–0.33). The higher NRMSE values observed in 2021–2022 indicate that the 
model had difficulty accounting for soil heterogeneity, root competition and other factors 
affecting water availability, which is in line with the findings of Ripoche & Leclère 
(2021). In terms of nitrogen uptake (AGPN), the model showed better accuracy in 
monoculture systems than in intercropping setups. This could be attributed to the 
simplified nitrogen dynamics in monocultures, whereas intercropping introduces 
additional variables like interspecies competition and facilitation, which complicate 
nitrogen uptake patterns. These findings align with previous studies that highlight the 
challenges of modeling nitrogen dynamics in intercropping systems (e.g., Hamdi et al., 
2018). 

The STICS model demonstrated varying performance across different crops, 
cropping systems, and seasons. Notably, it consistently provided more accurate 
simulations for durum wheat compared to chickpea. This disparity is likely due to the 
model's more comprehensive calibration for cereals, whereas legumes like chickpea 
involve complex biological processes such as nitrogen fixation and specific pest 
interactions that are not fully captured by the current model parameters. 

 
Implications for future research and model applications 
The differences between the observed chickpea yields and the model's 

representation of nitrogen dynamics and soil carbon stocks highlight the need for more 
intensive studies to refine the STICS model. Future research should focus on the 
parameterization of specific components or the elaboration of new parameters that 
accurately represent the dynamics of legume and intercropping systems. This could 
include a more comprehensive investigation of rhizobia interactions, nitrogen fixation 
processes and the effects of soil management on crop performance. Future applications 
of the model beyond parameter optimization could investigate the wider impacts of 
climate change on crop production, soil carbon sequestration and water availability. The 
integration of long-term climate scenarios and advanced soil management options could 
improve the predictive power of performance in developed areas. Studies by Rosenzweig 
& Iglesias (2014) and Donatelli et al. (2017) show the potential benefits of such 
approaches to improve the accuracy and reliability of models. 

Overall, while the STICS model shows promise in simulating various aspects of 
crop and soil dynamics, its performance is influenced by crop type, cropping system, 
and environmental conditions. Future improvements should focus on enhancing the 
model's representation of legume-specific processes, interspecies interactions in 
intercropping systems, and dynamic environmental factors. 
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Applications: Assessing climate variability and stress scenarios 
To expand the scope of this study, we conducted additional simulations to 

understand some of the effects of climate variability on intersystem and monoculture 
systems. Key scenarios included a 2 °C and 4 °C increase in temperature, a - 20% 
decrease in precipitation, and a combined consideration of heat and drought stress. At 
different levels of warming, wheat yields were found to be more resilient to temperature 
increases than chickpea yields, with chickpea yields decreasing by up to 15% in the 4 °C 
scenario. In addition, in the above experiments, there was a reduction in soil nitrogen 
stocks due to accelerated decomposition of soil organic matter. The decrease in 
precipitation had significant effects on both systems, but chickpeas were more affected 
as their yields decreased by 25% compared to durum wheat, suggesting that legumes are 
more susceptible to drought stress. Combined simulations of heat and drought stress 
resulted in synergistic effects, with chickpea yields decreasing by up to 30% and wheat 
yields by 20%. Soil moisture content was also significantly reduced, especially under 
monoculture conditions, highlighting the potential of intercropping for more efficient 
water use. These results underline the role of intercropping systems in mitigating climate 
stress for crops, improving resource utilization and stabilizing crop yields under difficult 
environmental conditions. Future research should build on these results to develop 
adaptive strategies to optimize intercropping to increase the resilience of agriculture to 
climate change, as proposed by Zhang & Zheng (2021) and Ripoche & Leclère (2021). 
 

CONCLUSIONS 
 

This study evaluated the performance of the STICS model in simulating crop 
yields, nitrogen uptake, and soil carbon and water stocks in durum wheat and chickpea 
monocultures and intercropping systems over two growing seasons. The STICS model 
was able to accurately predict durum wheat yield and nitrogen uptake, while chickpea 
performance showed larger discrepancies. These findings highlight the need for further 
calibration of the model to account for the complex biological and environmental 
interactions present in legume crops and intercropping systems. To enhance the model's 
applicability, future research should focus on integrating detailed representations of 
nitrogen fixation processes, interspecies interactions, and dynamic environmental 
variables such as soil moisture and temperature fluctuations. Such improvements would 
increase the model's accuracy and reliability, making it a more effective tool for 
designing and managing sustainable cropping systems. 
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