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The objective of this study was to develop a crop model for sunflower in Daisy. For this intent, the field experiment data of two full irrigation treatments for 2 years, 2012 and 2013, were used to develop the crop model. The average RMSE of the dry matter (DM), leaf area index (LAI), height of plant (H), and water content parameters in the treatments utilized for calibration was calculated 0.093 Ton/ha, 0.198 cm2/cm2, 2.25 cm, and 1.035%, respectively. The average RMSE of the parameters of DM, LAI, H, and water content in the treatments utilized for validation were estimated 0.207 Ton/ha, 0.272 cm2/cm2, 4.22 cm, and 1.123%, respectively. The results of the validation showed that the developed crop model had good accuracy making it useful for simulation of sunflower agroecology. It is suggested to use the developed crop model in the information library of Daisy and survey and calibrate it for other areas with different climates and sunflower varieties.
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Introduction

Field experiments have been widely used in traditional research methods to evaluate appropriate agricultural management practices such as tillage, plowing, sowing, harvesting, fertilization, and irrigation (Plauborg et al., 2010). Due to limitations in traditional agricultural research, the necessity of conducting the experiments using these methods is not negligible. Distinguishing the impacts of different management practices on the environment and crop yield in agriculture has prompted researchers to conduct surveys at the field scale. Therefore, simulation models are commonly used to support experimental projects (Hansen et al., 1990). Also, the necessity of establishing stable agriculture has prompted researchers, policymakers, and farmers to utilize crop simulation models (Oteng-Darko et al., 2013). The widespread evolution of computers since the 1960s has enabled researchers to illustrate plant physiological processes as functions. Subsequently, the mathematical equations were included in models to simulate crop growth. As a result, crop simulation models are now applied as advanced tools in agricultural research (Choudhary, 2018). In fact, a plant–soil system model can integrate existing information and simulate performance by considering the relationship between the cycles of energy, water, and nitrogen (N) under different external and bordering conditions (Hansen et al., 1990). Crop modeling is one of the most significant issues in agriculture that needs to be addressed in three key areas: research, crop system management, and policy analysis. One of the significant applications in research is identifying and monitoring the factors that influence plant growth, improving experimental documentation, and organizing the required data, especially when there is a lack of measured input data for analyzing crop yields. For this reason, crop modeling has increased appreciably in recent decades (Murthy, 2004; Di Paola et al., 2016).

In general, many models have been developed for simulating the soil–plant system, some of them are based on soil hydrology, such as HYDRUS and SWAT, which just consider the environmental stress (water, nutrients, and heat), and many others are based on the physiology of plants (such as APSIM and WOFOST), which consider the crop growth process and pay less attention to the applied stress on plants (Zhu et al., 2018). The plant growth modeling requires the initial parameters of the plants as inputs. Crop simulated models mimics the actual behavior of the plant by predicting the growth of plant components such as leaves, roots, stems, and seeds. These models contain quantitative information on major processes involved in crop growth and predicting the amount of final crop or harvestable crop (Oteng-Darko et al., 2013). One of the required options in crop models in simulating plant growth is selecting various plants and subsequently applying their input parameters or calling them from the database. Accordingly, it is necessary to survey the efficiency of the simulator models for multiple plants in the researches, which can be referred to some investigations about evaluating the different models, including WOFOST, CropSyst, EPIC, SWAT, AquaCrop, and DSSAT, to simulate the growth of some plants such as cotton, peanut, maize, and wheat (Thorp et al., 2014; Yuan et al., 2019; Gul et al., 2020; Karki et al., 2020).

The sunflower (Helianthus annuus L.) is a heat-loving annual plant (Ghadami Firouzabadi, 2015). Sunflowers can be classified into three groups according to their fatty acid profile. Meanwhile, the sunflower seeds have higher oleic acid and higher economic importance (Munder et al., 2017). Global food security ranked the sunflower fifth among the 13 most dominant crops from 1980 to 2005, and its economic value was estimated 267–384 million dollars per year (Seiler et al., 2017). Therefore, the sunflower is an essential crop in the production cycle of agricultural yield, and several studies have been carried out to develop and run the models simulating sunflower growth. According to a study conducted in a Mediterranean environment in the south of Italy, the models of WOFOST, CropSyst, and AquaCrop were evaluated based on considering three water regimes, including deficit irrigation, regulated deficit irrigation, and rain-fed since 2005 and 2007, for simulating the biomass and yield at the harvesting of sunflower. The results showed that despite the lower required input data in AquaCrop, the result of simulated yields was similar to the simulated yields in CropSyst and WOFOST, which were proposed to promote simpler models for managerial purposes, and in terms of limited input information, it was suggested to encourage the simpler models for the conditions of limited input data and management purposes (Todorovic et al., 2009). In a study conducted in China, it was detected that the WOFOST model failed to simulate the sunflower growth accurately. Therefore, they developed WOFOST-ES by considering general environmental stress (ES), which was calibrated by two-year data of micro-plot experiments and then validated by one-year field experiments. The measured and simulated parameters of leaf area index (LAI) and yield were compared by the statistical indicators, which showed high accuracy in simulating the yield (R2 = 0.99 and RMSE = 56 kg/ha) and the LAI (R2 = 0.86 and RMSE = 0.44) (Zhu et al., 2018). Another study was carried out on an experimental farm in Baghdad, Iraq, under different irrigation treatments to evaluate the AquaCrop model for simulating the yield and biomass of sunflower. The model was calibrated and validated based on the observed data during the cultivation seasons 2009 and 2010. The result showed a high agreement between observed and simulated data. The model was validated according to the obtained data from another field experiment in Ishaqi in 2005, and the result was acceptable by good agreements of R2 = 0.96 for biomass and R2 = 0.95 for yield (Sheet et al., 2019).

Daisy is one of the most successful models in scrutinizing the agricultural management issues in the agroecosystem (Manevski et al., 2016). Daisy is a flexible model in the soil–plant-atmosphere system that can simulate the components during the plant growth and development, yield, and the balance of water, heat, and salinity under different management in the conditions of one-dimensional (1D) and two-dimensional (2D). The model as well as is able to apply the scenarios of complex agricultural managements (Hansen, 2002). In a study, Daisy simulated crop rotation, especially the soil microbial biomass N and N-mineralization/immobilization. It was concluded that Daisy was only able to simulate the soil mineral N after incorporating the crop residues to some extent. Therefore, first, the dry matter produced on the surface was successfully adapted for pea, and the amount of N was calculated before incorporating it into the soil. Then, the plant modules for oil radish, rape, grass, and winter canola were fitted to the amount of the plant N and dry matter before and after winter. Hence, the residues of the plant decomposed at low temperature by considering the linkage of carbon (C) and N transfer and the function of temperature modifier, and finally, the model was developed according to a reliable criterion for dividing the green plant residues into a more recalcitrant pool and an easily decomposable pool (Müller et al., 2006). According to an investigation, the Daisy model was run based on the collected data from the semi-field experiment, the measured leaf gas exchange, and the soil water dynamics during the potato growth under different irrigation regimes in the project. Improving and developing the Daisy model included; modeling the 2D soil water flow, measuring the abscisic acid (ABA) signaling to identify its effect on stomatal conduction and subsequently the amount of transpiration and assimilation and the crop yield in partial root-zone drying irrigation. The measured and simulated data were compared. The results showed that the enhanced Daisy model was able to simulate the mechanisms underlying the water-saving effects of PRD irrigation compared to full irrigation (Plauborg et al., 2010). In another study, the Daisy model was run according to the data obtained from 2011 to 2013 from three experimental sites under the maize cultivation and one under the native annual prairie in the Mediterranean region of central Chile. Accordingly, four different treatments were considered based on the different irrigation methods, N management regimes, and crop rotation. Measured and simulated parameters, including the soil moisture at three depths and the content of soil mineral N at the top layer of soil, were statistically compared. The result presented a satisfactory agreement between the simulated and measured soil water content. The calculated coefficient efficiency (E) for the treatments ranged between 0.60 and 0.92. In terms of simulating the mineral N content, the E values were obtained, ranging from −0.93 to 0.81 for nitrate-N and from 0.36 to 0.77 for ammonium-N. Dispersivity was mentioned as the most sensitive parameter in nitrate simulation. The overall results showed that the Daisy model was acceptable for simulating water and nitrogen dynamics in coarse-textured soils (Salazar et al., 2017).

There is some stored information in the Daisy model as the library files, which can be set up and called into the model by a simple reference (Abrahamsen and Hansen, 2000). This facility for the various crops is accessible, the storing crop parameterization can be referred to based on the name of the crop in library files (Hansen, 2002). However, these stored files are available in the set-up of the Daisy model for many plants, such as maize, spring and winter rape, potato, onion, pea, rye, and white cabbage. However, no crop parameterization exists for sunflower as a library file (Abrahamsen and Hansen, 2000).

The significance of this work lies in addressing a critical gap in agricultural research by developing a tailored crop model specifically for sunflower (Helianthus annuus L.). Despite its economic importance and role in global food security, existing crop simulation models have not adequately captured the complexities of sunflower growth and yield dynamics. This manuscript proposes to fill this void by systematically assembling and refining the necessary parameters for sunflower crop modeling. Furthermore, existing models like Daisy have been successful in simulating agricultural management scenarios but lack comprehensive parameterization for sunflower. While some crops have dedicated parameterization files within the Daisy model, sunflower parameters have not been adequately addressed. Hence, the purpose of this study was to develop a crop model for sunflower. For achieving it, the main issues addressed in this paper are: (a) Classifying the required parameters and assembling the crop parameterization for sunflower, (b) Setting and modifying the parameters that were unavailable in reliable sources by using trial and error according to the obtained data from 2012 and 2013, and (c) Validating the developed crop model based on the data from six treatments in 2014 and 2015. In this study, we examined the following hypotheses; (1) The validation results will show the optimal performance of the Daisy model in simulating the growth of sunflower; (2) By modifying both the soil water model and the plant growth model and incorporating them into the Daisy model, the model can effectively simulate data associated with sunflower plants. Due to the application of the Daisy model as a management tool for irrigation and fertilization, the validated crop model can be set as a beneficial and practical file in the library of the Daisy model, which can be used as a database for applying the various agricultural management.



Materials and methods

Due to the importance of sunflower cultivation in most parts of the world as an oilseed, for developing a crop model for sunflower, the data obtained from 8 treatments of full irrigation (FI) 4-year cultivations (Ghadami Firouzabadi, 2015; Cheraghizadeh et al., 2018) and a 2D simulation of the soil water content and the growth conditions were performed by Daisy model. The simulated values of the physiological indicators, including the dry matter above the ground (DM), the height of plant (H), and the leaf area index (LAI) during the end of cultivation and as well as the simulated amount of soil water content in 3 depths of the root zone in soil profile were compared with the measured ones. The experimental station was located at the Sari Agricultural Sciences and Natural Resources University (SANRU).


The study area and cultivation condition

A study field with an area of 824 m2 was considered in the north of Iran, Sari (36° 39′ 36″ N and 53°4′ 3″ E), and the sunflower was cultivated in the rows with a distance of 75 cm for 4 years of 2012, 2013, 2015, and 2016. Before each annual cultivation, the topsoil was plowed to a depth of 30 cm. The irrigation tapes with the discharge of 2 L/h/m were set a at distance of 20 cm on both sides of each row, and the drippers of the tapes were 2 cm apart from each other. The TDR soil moisture sensor probes were installed between the plant rows and at three points on the farm to measure the soil water content (Figure 1).

[image: Figure 1]

FIGURE 1
 A schematic of the cultivation, irrigation tape row, and installed probe of TDR moisture sensor.




Climate data

The Daisy model requires the daily values of average temperature, precipitation, and global radiation for a continuous period of time, including the growth period for simulating. The daily climate data were received from Dasht-e-Naz meteorological station in Sari, which was the closest meteorological station to the study field (SANRU). The daily global radiation was calculated from the daily sun hours based on the relationship and coefficients obtained from tables (2–6) and (2–7) in FAO 56 (Allen et al., 1998) from 2011 to 2017. Then the daily data were defined as the inputs of the weather file for the Daisy model.



Properties and geometry of soil profile

The texture of the soil under cultivation was sandy-loam at a depth of 0–20 cm and was sandy-clay at the lower depths. The physical properties and soil hydraulic parameters of the study area are presented in Table 1. The soil profile was classified into three layers, and the properties of each layer were given to the model as input. The geometry of the soil profile was defined according to Figure 2 for the Daisy model. The soil water content at the center of each layer was measured from 40 days after sowing to the harvest time every 2 days by the TRIME-FM. Finally, 80 measured points obtained from the averaging of three probes were compared with simulated ones.



TABLE 1 Physical properties and soil hydraulic parameters.
[image: Table1]
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FIGURE 2
 The defined geometry of soil profile for Daisy.




Farm management

The farm management carried out and the date of applying them, including irrigation, fertilization, plowing, preparing the cultivation bed, seed sowing depth, and the time of harvest, was defined as the inputs of the management file for the Daisy model. In this study, the soil fertilization including 100 kg/ha of potassium sulfate, 100 kg/ha of triple superphosphate, and 100 kg/ha of urea, were applied three times per year during the growing season, which was defined as the mineral fertilizers for the model.



Irrigation treatments

The Daisy model is able to simulate the yield at three levels based on the input parameters: (1) potential yield, (2) the yield limited by water stress, and (3) the yield limited by water and nitrogen stresses (Hansen, 2002). It is needed to define the condition without any stresses to develop the crop model, so simulation at the level of potential yield should be considered. The data were collected over 2012, 2013, 2015, and 2016 (Ghadami Firouzabadi, 2015; Cheraghizadeh, 2018). Azargol and Haisan varieties of sunflower were cultivated for two consecutive years, 2012–2013 and 2015–2016, respectively. The irrigation water requirements were calculated for the treatments of FI2012, FI2013, FI2015-20, FI2015-35, FI2015-50, FI2016-20, FI2016-35, and FI2016-50. The treatments of FI2012 and FI2013 were applied equally on both sides of each plant row every other day, and during each irrigation, the soil reached to field capacity limit (Ghadami Firouzabadi, 2015). The numbers 20, 35, and 50 at the end of naming the other treatments indicate the difference in irrigation interval, as described that the irrigation interval was defined as 3, 7, and 10 days _It means the next irrigation in scheduling was considered after 20, 35, and 50 mm evaporation from Class A evaporation pan_, respectively. During each irrigation, the soil reaches the field capacity limit so that the plants do not fact to any water stress (Cheraghizadeh, 2018). The LAI, H, and DM parameters of each treatment were measured in six stages at the end of crop growth. The measurings were conducted once a week until the harvest time by sampling from three random points in the field, and their average was estimated each time.



Crop model

There are the databases of crop model for many plants, such as maize, potato, onion, pea, etc., which can be referred to and calibrated for the various varieties of plants. But there is no crop parameterization for sunflower as a crop model in the library of Daisy (Abrahamsen and Hansen, 2000). Hence, it is necessary to develop a crop model for sunflower. To develop the model, first, it is needed to determine the required crop parameterization. Since the sunflower is a C3 plant, the file related to the winter rape in the Daisy model (wrap.dai), which is similarly a C3 plant, was chosen and analyzed. C3 plants produce 3-phosphoglycerate through photosynthesis and the assimilation of carbon dioxide (CO2) composed of three Carbon atoms (Fu et al., 2021). Then, the required parameters were arranged in four groups, which are described in detail as follows:

- First group: the required parameters in the crop model, which were obtained either directly or calculated based on the measured values and were defined as the input parameter in the crop model, such as developed stage (DS), development rate in the vegetative and reproductive stages (DSRate1 and DSRate2), crop height as a function of DS (HvsDS), maximum penetration depth (MaxPen) and specific leaf weight (SpLAI).

- Second group: the parameters obtained by trial and error and repeated run of the model for the two treatments of FI2012 and FI2013. So that after each run, the results of the measured parameters of the plant, including DM, H, and LAI, were compared with the simulated ones during the plant growth and fitted together to obtain a high correlation. Such as maximum assimilation CO2 rate (Fm), the death rate of roots and leaves (RtDR and LfDR), and specific leaf weight modifier used after the initial phase (LeafAIMod).

- Third group: the parameters whose default values were available in the Daisy Program Reference Manual (Abrahamsen, 2014) or the parameters applied to winter rape as a C3 plant. Such as, development stage at emergence (DS_Emr), DS at Crop Area Index (CAI) = 0.5 for initial phase (DSLAI05), relative CAI distribution at DS = 0 and DS = 1 (LAIDist0 and LAIDist1), temperature factor for assimilate production (TempEFF), specific storage organ weight (SpSOrgAI), specific stem weight (SpStemAI), factor defining maximum specific leaf weight (SPLAIfac), PAR reflectance (PARref), PAR extinction coefficient (PARext), quantum efficiency at low light (Qeff), penetration at emergence (DptEmr), penetration rate parameter which is a coefficient and threshold, respectively (PenPar1 and PenPar2), root radius (Rad), matrix potential at wilting point (h_wp), transport resistance in xylem (Rxylem), maximum NH4 uptake per unit root length (MxNH4UP), maximum NO3 uptake per unit root length (MxNO3UP), upper limit, critical limit, and non-functional limit for N-concentration (Pt, Cr and Nf), valuable fraction of storage organ (DM and N), e.g., grain or tuber (EconomicYield_W and EconomicYield_N).

- Fourth group: the required parameters which are specific to sunflower and were taken from valid references. Such as soil temperature sum at emergence (EmrTSum), which is referred to WOFOST model (Boogaard et al., 1998), temperature effect at vegetative and reproductive stages, respectively (TempEff1, TemEff2), and photoperiod effect at vegetative stage (PhotoEff1) (Dyer et al., 1959) and assimilate partitioning (Partit) (Conner and Conner and Hall, 1997), the last one was calibrated again like the parameters in the second group.

Finally, given that the data of at least 2 years to develop the model was required, the data collected in 2012 and 2013 were utilized, and thereafter, the developed model was validated according to the six treatments in 2015 and 2016.



Trial and error method of the parameters

First, all the values of the parameters in the first, third, and fourth groups were applied to the model. Sensitivity analysis was performed for four parameters of the second group (Fm, LeafAIMod, LfDR, and RtDR). For this purpose, the defined numbers for winter rape were considered, and each time, the values of the three parameters were kept constant, and one parameter was varied in the range of ±10%. The changes in the two output parameters of DM and LAI were compared with the initial value during each variation. The sensitivity analysis results illustrated that the most sensitive parameters were ranked as; Fm, LeafAIMod, LfDR, and RtDR, respectively. Accordingly, the two parameters Fm and LeafAIMod, were prioritized for trial and error. Since the two pairs of data defined for the LeafAIMod in the crop model of winter rape [for the crop developed stage (DS) of 1 and 2], the function was not able to simulate the output LAI values, especially in the last half of the crop growth period. For this purpose, seven pairs of data of DS were recounted; 0, 1, 1.16, 1.33, 1.5, 1.65, and 2. For distinguishing the optimum value of both Fm and LeafAIMod parameters, at least 5 × 5! the run was performed for trial and error. After each trial and error, the simulated and measured values of LAI and DM were compared based on the 2012 and 2013 treatments with the statistical index of RMSE; root mean square error (Willmott, 1982) in Excel. Finally, the functions of LfDR and RtDR were modified, and due to the low sensitivity of these parameters in simulating LAI and DM, the optimum values were estimated by a limited number of trial and error. Thus the optimum values were identified after about 50 times of running the model.



Statistical indices

In the present study, the simulated parameters of LAI, H, DM, and water content were compared with measured ones by statistical indices after each time of trial and error and as well as for validation. The statistical indices utilized are as follows; R2: coefficient of determination (Wang et al., 2006), RMSE (Willmott, 1982), NRMSE: Normalized Root Mean Square Error (Jamieson et al., 1991; Bannayan and Hoogenboom, 2009), and EF: Efficiency Factor (Nash and Sutcliffe, 1970). R2 can take on any value between 0 and 1. R2 and EF, approaching 1 and RMSE close to zero, indicate a high correlation and accuracy between simulated and measured values. NRMSE in the ranges of 0–10, 10–20, and 20–30% indicates the model’s excellent, good, and medium performance, respectively. If NRMSE is calculated at more than 30%, it means that the model’s performance is unacceptable. Finally, the T-test for paired samples was used in the SPSS (version 22) to determine the significance of the difference between the simulated and measured values.




Results and discussion

The parameters of the first, third, and fourth groups in the crop model were applied directly. For determining the optimum values of the parameters of the second group, after performing the sensitivity analysis and prioritizing the most sensitive parameters, trial and error were manually tried about 650 times. After each trying, the outputs of the Daisy model (LAI and DM) were compared with the collected data of FI2012 and FI2013 treatments by RMSE. After applying the optimal values, the model was calibrated according to the physiological indicators of the plant, including LAI, H, DM, and water content by statistical indices, and as well as the significance of their differences was examined by the T-test for paired samples in SPSS. Ultimately, the final crop model was developed based on the approved crop parameterization, which obtained the best results of statistical indices. The details of which are presented in Supplementary Appendix 1 in the format of (.dai) for the Daisy model, which can also be run by the TexPad software.

The results of RMSE, NRMSE, and EF, obtained from running the final approved crop model to compare the observed and simulated physiological indicators and water content, are presented in Table 2. The correlation between the simulated and measured parameters (R2) and the significance of the difference between them are presented in Table 3. To compare the simulated and observed data, one to one line was used, the diagrams related to the parameters of LAI, H, DM, are shown in Figure 3 and the diagrams for comparing the simulated and measured water content are presented in Figure 4.



TABLE 2 Comparison of the simulated and measured parameters by statistical indices according to the final approved crop model for 2012 and 2013.
[image: Table2]



TABLE 3 Results of T-test for paired-samples in SPSS and the correlation (R2) of simulated and measured values of parameters for 2012 and 2013.
[image: Table3]

[image: Figure 3]

FIGURE 3
 Compration of simulated and measured values of Leaf Area Index (LAI), Height of plant (H), and above-ground Dry Matter (DM) for FI2012 and FI2013 treatments based on one-to-one line.


[image: Figure 4]

FIGURE 4
 Compration of simulated and measured values of water content (%) for FI2012 and FI2013 treatments based on one-to-one line.


The results of statistical indices in Table 2 denote that the final considered crop parameterization for sunflower was acceptable for the Daisy model because the obtained values of RMSE and NRMSE show that the model was able to simulate the physiological indicators of the plant and water content of the soil profile with the least error. In order that the average value of RMSE of the parameters of LAI, H, DM, and water content in 2012 and 2013 was obtained 0.198 cm2/cm2, 2.25 cm, 0.093 Ton/ha, and 1.03%, respectively. The average value of NRMSE over 2 years for LAI, H, DM, and water content were calculated 3.4, 1.1, 1.7, and 3.9%, respectively, which are classified in the excellent range of the model performance (Jamieson et al., 1991; Bannayan and Hoogenboom, 2009).

The average EF for the physiological indicator of the plant was close to 1, estimated in the range of 0.96–0.99 and for the water content was estimated 79% over 2 years of 2012 and 2013. The results of R2 in Table 3 show that there is a great correlation between the simulated and observed parameters of each treatment (R2 = 0.859–0.999). Similarly, the results of the T-test for paired samples in Table 3 show that there was no significant difference between the simulated and measured parameters in treatments FI2012 and FI2013. In another investigation, with the aim of site-specific calibrating the Daisy model for potato and introducing the sensitive parameters of the crop model, the field data of seven varieties of potato were collected from six sites over Europe for 3 years, so that field data of 2 years were used for calibration and the collected data of last year were used for validation. Six parameters of the crop model, including PenPar1, DSLAI05, SpLAI, Fm, DSRate1, and DSRate2 were determined as the sensitive parameters. Calibration and validation of potato parameterization in the crop model were performed according to NRMSE in order to compare the measured and simulated parameters of DM and the total N content of stems, leaves, and tubers (Heidmann et al., 2008). In the present investigation, the measured parameters of LAI, DM, H, and water content were considered and compared with the simulated ones to develop a crop model for sunflower based on the data generated over 2 years. The statistical indices showed that the developed crop model was acceptable. Attributable to the fact that the crop parameterizations of the first group were calculated according to the measurements of these 2 years, validation was performed to evaluate the developed crop model for sunflower.

For validating the developed crop model, each of the six treatments in 2015 and 2016 was run by the Daisy model. Thereafter, the simulated values of LAI, H, DM, and water content were compared with the measured ones during the crop season by statistical indices, and also the significance of their differences was distinguished by a T-test for paired samples in SPSS, the results of which are presented in Tables 4, 5.



TABLE 4 The result of validation showed the comparison of the simulated and measured parameters by statistical indices for 2015 and 2016.
[image: Table4]



TABLE 5 Results of T-test for paired-samples in SPSS and the correlation (R2) of simulated and measured values of parameters for 2015 and 2016.
[image: Table5]

Some diagrams are presented in Figure 5, denoting the comparison between the simulated and observed parameters of LAI, H, DM, and water content for three treatments in 2015 and 2016 as the samples, and one to one line was used to evaluate the correlation between them. The results in Table 4 show that the EF values were in the range of 0.82–0.99, which indicates that the Daisy model is able to simulate admissibly the physiological parameters and water content by considering the developed crop model for sunflower.

[image: Figure 5]

FIGURE 5
 Samples of the diagrams, denoted the simulated and measured parameters of Leaf Area Index (LAI), Height of plant (H), Dry Matter (DM), and water content for three treatments of FI2015-20, FI2015-50, and FI2016-35 in 2015 and 2016 according to the one-to-one line.


The calculated NRMSEs in all treatments and mentioned parameters were in the range of 1.4–7.7%, which is in the excellent range based on the classification offered by Jamieson et al. (1991) and Bannayan and Hoogenboom (2009) and showed that the Daisy model had an acceptable performance in the running of six FI treatments. The mean RMSE values of the six FI treatments for the parameters of LAI, H, DM, and water content were estimated 0.272 cm2/cm2, 4.23 cm, 0.207 Ton/ha, and 1.12%, respectively. The crop height as a function of DS (HvsDS) and the maximum highest of sunflower were defined in the crop model according to the average of the collected data in 2012 and 2013, subsequently, the average error for simulating the crop height was estimated 2% of the maximum crop height (235 cm), which can be neglected.

The T-test results for paired samples in Table 5 show that there was no significant difference between the simulated and measured parameters of LAI, H, DM, and water content in the treatments related to validation. The R2 calculated for the treatments of validation indicated the high correlation obtained near one. In a similar study, the crop model OILCROP-SUN was calibrated and evaluated according to the experimental data of two sunflower genotypes cultivated under semi-arid conditions, and the measured and simulated parameters of growth components and crop phenology were compared by RMSE (Leite et al., 2014). The aggregate result of the statistical indices for validation in the present study illustrated that the developed crop model applied for sunflower in the Daisy model qualified for simulating the plant physiological indicators and the soil water content of the FI treatments. However, further study on evaluating and calibrating the developed crop model in the diverse cultivation conditions, including the different climatic and various varieties of sunflower, is therefore recommended because this study set out to develop a new crop model. As mentioned in an investigation, the effect of input data related to the different management strategies and climate change were surveyed on the crop model outputs during a 9-year period. For the evaluation, the measured yield of winter wheat and spring barley was compared with the outputs of the DSSAT crop growth model. The highest variance was observed in the light-texture soils in the driest area (Thaler et al., 2018). In the present study, although varieties of cultivated sunflower differed from developing and validating the crop model, the experimental field and the climate were the same for both.

The comparison of measured and simulated soil water content indicated the acceptable performance of the soil water model and the accuracy of the input data about the herbal parameters related to sunflower in the crop model of Daisy so that the average RMSE, NRMSE, and EF were obtained 1.1, 5.52, and 87.75%, respectively. Gardner (1964) stated that the water retaining, the relative distribution of roots with depth, and transmitting properties of the soil are the main factors of the water uptake pattern, and he also expressed that the total number of roots is virtually unimportant. These main features in the water uptake are estimated according to the calculation of the input data in the soil water model and crop model in Daisy. Hence, MaxPen and Partit in the crop model can be the effective parameters in estimating the water uptake and, subsequently, the soil water content. Guswa (2010) surveyed the effect of various factors, including vegetation type, climate, soil properties, and nutrients, on the depth of plant roots and stated that the water-optimal root depth depends on the factors of the potential transpiration and climate, especially precipitation, and thus, the root depth is shallower in the wet regions rather than the dry regions. In this study, the maximum penetration depth of root for sunflower was defined as 70 cm in the crop model, based on the field measurements in 2012 and 2013, while the root depth for sunflower, was mentioned 80–150 cm according to FAO56 (Allen et al., 1998) and was mentioned 150 cm according to the WOFOST model (Boogaard et al., 1998). The MaxPen, is considered equal to 70 cm in the developed crop model, makes the satisfactory amount of water content to the Daisy model, which is an the acceptable estimate of water uptake by the root system in the model. Given that the study region has a humid climate (Khalili and Rahimi, 2018), considering shallower depth of root in this study is justifiable, but it is recommended for further investigations, the real MaxPen can be considered in further study regions with the different climates.

In this study, developing a crop model for the sunflower was the principal goal, thus, the simulation scale was a 2D soil profile, including a plant of sunflower and the drippers around it to consider the condition in detail. But one of the basic scales of the Daisy model’s application is the field, which can operate in the management unit and as well as in the distributed mode of the several fields (Hansen et al., 2012). Although field-scale simulation needed multiple substructures to apply to the Daisy model, the development of the new crop model for sunflower, conducted in the present study, could be practical in simulating sunflower under various agricultural managements for field-scale. Hence, it is suggested to evaluate the efficiency and accuracy of the developed crop model for different climates and varieties, and then to apply for simulating the fields of sunflower in order to survey the field managements.



Conclusion

This study aimed to develop a crop model for sunflower, carried out according to the field measurements data collected in 2012 and 2013, and thereafter the developed crop model was validated based on six treatments of FI in 2015 and 2016 by comparing the measured and simulated parameters of LAI, H, DM, and soil water content. The validation results according to the plant’s physiological parameters indicated that the developed crop model for the sunflower was approved. The MaxPen was considered 70 cm in the crop model, which was shallower than the presented maximum depth of the root penetration in other valid references (WOFOST and FAO56), but it was justifiable for humid regions similar to the study region. The Daisy model was able to satisfactorily simulate the soil water content, which indicated the accuracy of the input crop parameterization, especially the relevant parameters; MaxPen and Partit. Since the Daisy model can simulate the conditions under complex management at the field level, it is recommended that the crop model for sunflower be investigated for the various regions, including the different climates, soil textures, and the varieties of sunflower, and then be applied to the different agricultural management at the field level. The implications of the current study include advancing sunflower cultivation practices, supporting adaptation to climate change, and informing decision-making in agriculture. Future works should focus on expanding the model’s applicability, validating it across diverse environments, and integrating it into decision support systems for practical use by farmers and agricultural stakeholders.
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