

  agronomy-11-01372




agronomy-11-01372







Agronomy 2021, 11(7), 1372; doi:10.3390/agronomy11071372




Article



Identifying Suitable Genotypes for Different Cassava Production Environments—A Modeling Approach



Phanupong Phoncharoen 1[image: Orcid], Poramate Banterng 1,2,*[image: Orcid], Nimitr Vorasoot 1, Sanun Jogloy 1,2[image: Orcid], Piyada Theerakulpisut 3 and Gerrit Hoogenboom 4,5[image: Orcid]





1



Department of Agronomy, Faculty of Agriculture, Khon Kaen University, Khon Kaen 40002, Thailand






2



Plant Breeding Research Center for Sustainable Agriculture, Faculty of Agriculture, Khon Kaen University, Khon Kaen 40002, Thailand






3



Department of Biology, Faculty of Science, Khon Kaen University, Khon Kaen 40002, Thailand






4



Institute for Sustainable Food Systems, University of Florida, Gainesville, FL 32611, USA






5



Department of Agricultural and Biological Engineering, University of Florida, Gainesville, FL 32611, USA









*



Correspondence: bporam@kku.ac.th; Tel.: +66-43-342-949; Fax: +66-43-364-636







Academic Editor: Francis Drummond



Received: 5 May 2021 / Accepted: 1 July 2021 / Published: 6 July 2021



Abstract

:

Crop simulation models can be used to identify appropriate genotypes and growing environments for improving cassava yield. The aim of this study was to determine the best genotypes for different cassava production environments using the cropping system model (CSM)–MANIHOT–Cassava. Data from cassava experiments that were conducted from 2009–2011 and 2014–2015 at Khon Kaen, Thailand, were used to evaluate the model. Simulations were then conducted for different scenarios using four cassava genotypes (Kasetsart 50, Rayong 9, Rayong 11, and CMR38–125–77), twelve planting dates (at monthly intervals starting in January and ending in December), and ten locations in Thailand under fully irrigated and rainfed conditions using 30 years of historical weather data. Model evaluation with the experimental data for total biomass and storage root yield indicated that the model classified well for relative productivity among different planting dates. The model indicated that growing cassava under irrigated conditions generally produced higher biomass and storage root yield than under rainfed conditions. The cassava genotype CMR38–125–77 was identified for high biomass, while the genotype Rayong 9 was identified as a good genetic resource for high yield. The December planting date resulted in the highest biomass for all locations, while the February planting date produced the highest storage root yield for almost all locations. The results from this study suggest that the CSM–MANIHOT–Cassava model can assist in determining suitable genotypes for different cassava production environments for Thailand, and that this approach could be applicable to other cassava growing areas.
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1. Introduction


Cassava (Manihot esculenta Crantz) is a commercial crop commonly used for human consumption, animal feed, and industrial products [1]. In addition, growth in the renewable fuel industries (bioethanol) has led to an increase in demand for cassava as a supply material. Thailand is recognized as an important cassava producer for the world market, and cassava can be grown all year round, primarily in the tropical wet or savanna climates of northeastern Thailand [2,3]. However, the average fresh storage root yield of cassava for the entire country is only about 23.1 t ha−1 [4], which is lower than the expected yield (80 t ha−1) [5]. Research into suitable cassava genotypes for particular growing environments would be a way to improve crop productivity and enhance farmers’ income, but it would require experimental data from many different environments.



The Decision Support System for Agrotechnology Transfer (DSSAT) is a computer program that comprises several crop models and allows researchers to simulate crop growth and development and predict potential yields for a range of production environments and management practices [6,7,8,9]. The models in DSSAT are physiologically based and simulate daily crop photosynthesis, respiration, biomass partitioning, growth, and crop development as a function of weather conditions, soil properties, management practices, and cultivar characteristics or genetic coefficients [7,10,11,12]. Potential applications of the DSSAT crop models for agricultural research have been reported for several approaches, for example, defining the suitable genotypes for peanut based on multienvironment yield trials [13,14,15], forecasting maize yield for the off-season in a subtropical environment [16], determining optimum management strategies for soybean [17], wheat [18], and rice [19], evaluating the impact of climate variability on wheat grain yield [20], examining the El Niño–Southern Oscillation effect on cotton yields at different planting dates and spatial aggregation levels [21], and estimating seasonal fragrant rice production in Thailand [22].



The cropping system model (CSM)–MANIHOT–Cassava model is one of the cassava models that has been incorporated into the cropping system model [8] of the DSSAT (www.dssat.net, accessed on 1 March 2021) and can be used as an innovative tool for strategic and tactical analysis [9,23]. The most recent, improved CSM–MANIHOT–Cassava model was released in DSSAT v 4.7.5 [24]. The model can be used to determine crop management for improving cassava productivity, and it has been used to determine the nitrogen requirements for cassava in Thailand [25]. It has also been evaluated on the basis of the growth and yield of cassava grown under upland conditions in Thailand for different planting dates [26] and for cassava grown in paddy fields following rice [27]. Although there are studies that have shown the potential of the CSM–MANIHOT–Cassava model, reports on the potential of this model to help identify suitable cassava genotypes and appropriate growing environment is limited. Additional research is still needed to confirm the model’s credibility in simulating the response of cassava in different environments. The objective of this study was to evaluate the CSM–MANIHOT–Cassava model in determining the most suitable genotypes for cassava production environments in northeastern Thailand.




2. Materials and Methods


2.1. Evaluation of the CSM–MANIHOT–Cassava Model


The input data required for the CSM–MANIHOT–Cassava model in DSSAT v 4.7.5 (DSSAT Foundation, Gainesville, Florida, USA) to simulate cassava growth and development include daily weather data, soil physical and chemical properties, crop management practices, and cultivar-specific information [28]. Experimental data from previous experiments conducted in Khon Kaen, Thailand, were used to evaluate the performance of the model. The experiments were carried out from 2009 until 2011. The cassava genotypes Kasetsart 50 and Rayong 9 were evaluated under irrigated conditions planted on November 2009, April 2010, and July 2010 [29]. The cassava genotypes Kasetsart 50, Rayong 9, and Rayong 11 were grown under rainfed conditions and with different rates of nitrogen application planted on December 2014 and June 2015 [30]. The genetic coefficients were obtained from a study by Phoncharoen et al. [26]. Model evaluation was performed by comparing the simulated values and observed values of total and storage root dry weights. The Pearson correlation coefficient (r), the index of agreement (d-index), and normalized root mean square error (nRMSE) were used to describe the agreement between the simulated and observed results. The r values were determined using Equation (1) [31]. The d-index values were calculated by Equation (2) [32]. The root mean square error values (RMSE) (Equation (3)) were computed and the values for the normalized root mean square error (nRMSE) were then calculated as the percentage values of the RMSE values divided by observed means (Equation (4)) [33]. The equations for the statistical parameters are the following:
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(3)






  n RMSE =    RMSE    × 100   O ¯    



(4)




where n is the number of observations. Pi and Oi are simulated values and observed values, respectively. Pi′ = Pi − Ō and Oi′ = Oi − Ō.   P ¯   and Ō are the mean of the simulated and observed variables, respectively.



The r values range from −1 to 1, where the value of 1 indicates a perfect linear association between the simulated and observed data. The d-index values range from 0 to 1, and a value of 1 indicates a perfect match. A low nRMSE value indicates a good match between the simulated and observed values. An nRMSE value of less than 10% is considered as “perfect” agreement; “good” if the nRMSE value is more than 10% and less than 20%; “moderate” if between 20% to 30%; and “poor” if the nRMSE value is more than 30% [20,34,35].




2.2. Model Application


Following the evaluation of the CSM–MANIHOT–Cassava model, a scenario analysis was conducted by analyzing the performance of four genotypes for ten locations and twelve planting dates under both irrigated and rainfed conditions. For each location, 30 years of daily historical weather data from 1988 to 2018 were used, resulting in a total of 960 unique simulations (10 locations × 4 genotypes × 12 planting dates × 2 water managements). The selected ten locations are the most important cassava production regions in Thailand (Table 1 and Figure 1). Soil chemical and physical properties for the ten locations were obtained from the Department of Land Development, Thailand. At a soil depth of 0–30 cm, the soil bulk density varied from 1.37 to 1.70 g cm−3 and the soil pH ranged from 4.8 to 5.8.



The climatic data were obtained from the Meteorological Department, Thailand, and includes daily maximum and minimum temperatures and daily total rainfall. The daily solar radiation was estimated based on the information of latitude, longitude, elevation, and air temperature for all locations using the methodology developed by Phakamas et al. [36]. The climate in northeastern Thailand is classified as tropical wet or savanna [2]. The weather conditions during the hot season (mid-February to mid-May), rainy season (mid-May to mid-October), and cool season (mid-October to mid-February) in the years 1988 to 2018 for the ten selected locations are shown in Table 1. There was a small difference in the daily average maximum temperature among the three seasons, and the hot season showed the highest average maximum temperature (ranging from 35.0 to 35.8 °C). The lowest values for average maximum temperature were recorded during the cool season (ranging from 30.3 to 32.0 °C) (Table 1). The average values for minimum temperature for the rainy season (23.7 to 24.8 °C) were slightly higher than the hot season (22.9 to 24.1 °C). The values for solar radiation during the hot season were higher than the rainy and cool seasons. However, estimated solar radiation during the rainy season was slightly lower than the cool season. The average rainfall during the rainy season ranged from 810.3 to 1333.2 mm. There was also a small rainfall during the cool season and the hot season.



The four cassava genotypes were Kasetsart 50, Rayong 9, Rayong 11, and CMR38–125–77. The genetic coefficients of these four genotypes were obtained from a study by Phoncharoen et al. [26]. The planting dates were set at monthly intervals, starting on 1st January until 1st December. There were two water management conditions, including fully irrigated and rainfed. For the full irrigation scenario, we used the “fixed amount automatic” option of the DSSAT. A fixed amount of 20 mm of supplemental irrigation was applied when the total available soil water in the top 30 cm of the soil depth dropped below 80%. The total growing season length for all scenarios was set at 12 months. The simulated total biomass and yield were analyzed statistically using the analysis of variance technique. Treatment means comparisons were carried out by the least significant difference (LSD) method. All statistical analyses were performed by using Statistix 10 software [37], following Gomez and Gomez [31].





3. Results and Discussion


3.1. Model Evaluation


The performance of the CSM–MANIHOT–Cassava model was evaluated using datasets obtained from experiments conducted from 2009 until 2011 and from 2014 until 2015 in Khon Kaen, Thailand. Comparisons between simulated and observed data of total and storage root dry weights are shown in Figure 2, Figure A1 and Figure A2, and Table 2. Based on the experimental data conducted from 2009 until 2011 (Figure 2), good agreements between the simulated and observed total biomass and storage root dry weights were recorded for almost all comparisons, with r values ranging from 0.90–0.99, d-index values ranging from 0.88–0.95, and nRMSE values ranging from 14.30–70.04%. Although the model overestimated the total dry weight of the genotypes Kasetsart 50 and Rayong 9 for the November 2009 planting date and showed high nRMSE values, the simulated values for total crop dry weight matched the observed values for final harvest (Figure 2a). The differences between the simulations and field observations during 2009 to 2011 may have occurred due to certain environmental factors that were not simulated by the model, such as disruptions by pests and disease and some chemical and physical soil conditions [7]. Although the experiments were carefully managed, a minor pest distribution in the experimental field was observed. According to the comparison of the relative productivity based on final harvest data among the three different planting dates, however, both results from the model and field experiment indicated that the April planting date gave the highest total crop dry weights (31,146 and 34,083 kg ha−1 for simulation and field observations, respectively) and storage root dry weights (20,752 and 22,052 kg ha−1 for simulation and field observations, respectively), followed by the July and November planting dates, respectively (data not shown). The results from an actual experiment in Thailand by Phoncharoen et al. [38] indicated that the April and November planting dates also had high biomass accumulation as compared to the other planting dates. For relative performance based on final harvest data among the two genotypes, the model identified the genotype Rayong 9 as producing higher total crop and storage root dry weights (29,646 and 19,960 kg ha−1, respectively) when compared to Kasetsart 50 (28,338 and 17,132 kg ha−1, respectively), similar to the result from the actual experiment. The observed total crop and storage root dry weights for Rayong 9 were 30,867 and 20,266 kg ha−1, respectively, and for Kasetsart 50 were 28,787 and 19,164 kg ha−1, respectively.



For the experiments conducted from 2014 until 2015 for two different planting dates and three nitrogen application rates, there were good to poor agreements between the simulated and observed total crop and storage root dry weights for the genotypes Kasetsart 50, Rayong 9, and Rayong 11, with r values ranging from 0.85–1.00, the values of the d-index varying from 0.73–0.99, and the values of nRMSE ranging from 9.91–56.05% (Figure A1 and Figure A2, and Table 2). As previously mentioned, the effect of pests on cassava growth and yield that is not included in the model [7] contributed to the differences between the simulated and observed data. In addition, there were large differences between the simulation and field observations for genotype Kasetsart 50 with the December planting date with higher rates of nitrogen fertilizer (90 and 133.2 kg ha−1), and more model evaluation for these conditions is necessary (Figure A1a in Appendix A). For all genotypes and nitrogen fertilizer applications, however, the results from both the model and actual experiments indicate that the December planting date gave higher total crop and storge root dry weights at final harvest (data not shown) in comparison to the June planting date, indication the potential of the model to capture the response of cassava genotypes to different planting dates. Phoncharoen et al. [38] also reported that the December planting date had a higher biomass accumulation due to high temperature and solar radiation during the linear phase, while low values of temperature and solar radiation relate to a lower biomass accumulation for the linear phase for the June planting date. Regarding the comparison of the relative performances of the simulated and observed final harvest data for Kasetsart 50, Rayong 9, and Rayong 11, the top genotype for the model was not the genotype identified by the actual experiment. This might be due to the effect of the nitrogen fertilizer, which causes discrepancies in the responses of cassava genotypes obtained from the model and field observations. Therefore, the potential of the CSM–MANIHOT–Cassava model to capture the performances of cassava genotypes in different nitrogen fertilizer management conditions is of interest for further investigation.



The genotype CMR38–125–77 was not evaluated in this study, as this genotype was not included in these trials. However, the model’s performance for this genotype has been previously reported by Phoncharoen et al. [26]. They found that the CSM–MANIHOT–Cassava model was able to simulate total crop and storage root dry weights for the genotypes Kasetsart 50, Rayong 9, Rayong 11, and CMR38–125–77 for different planting dates. Based on the results of the evaluation, it can be concluded that the CSM–MANIHOT–Cassava model has the potential to accurately simulate the biomass and yield of cassava for different planting dates.




3.2. Scenario Analysis


3.2.1. The Productivity among Locations


There were significant differences among the ten locations at p ≤ 0.05 (data not shown), with average total crop dry weights ranging from 30,656 to 33,670 kg ha−1 and average storage root dry weights ranging from 16,796 to 19,730 kg ha−1. The difference in certain input data for the model, i.e., saturated water content (SAT), drained upper limit of soil water content (DUL), lower limit of plant extractable plant extractable water (LL), solar radiation, temperature, and rainfall, caused the variation of the simulated output among locations. Low values of average solar radiation and maximum air temperature at Kalasin (17.2 MJ m−2 and 32.4 °C) (Table 1) seem to be related to lower average simulated total crop and storage root dry weights (30,656 and 16,796 kg ha−1) (Table 3 and Table 4) as compared to the other nine locations. The locations Loei, Maha Sarakham, and Ubon Ratchathani presented the highest average simulated total crop dry weights (33,567, 33,670, and 33,179 kg ha−1, respectively) and storage root dry weights (18,969, 19,730, and 19,511 kg ha−1, respectively), which can be explained by the higher values of average solar radiation observed (18.2 MJ m−2 for Loei, 18.5 MJ m−2 for Maha Sarakham, and 18.4 MJ m−2 for Ubon Ratchathani) (Table 1). Studies have shown that high solar radiation and air temperature during crop duration enhance cassava biomass and yield [30,39,40].




3.2.2. Yield Gap between Irrigated and Rainfed Conditions


Significant differences (p ≤ 0.05) for simulated total crop and storage root dry weights between rainfed and irrigated conditions were recorded (Table 3 and Table 4). Simulation under irrigated conditions showed higher total crop dry weights than under rainfed condition for all ten locations (Table 3). The simulated results revealed that growing under irrigated conditions increased crop total dry weight ranging from 18.3% to 28.9%. For simulated storage root dry weight, however, the differences between irrigated and rainfed conditions were small (Table 4). Irrigated conditions increased simulated storage root dry weights for almost all locations, with variations ranging between 2.5% to 6.6%. This variation indicates that the irrigation scenario for our study supports more simulated biomass accumulation for others plant parts rather than simulated storage root growth. In addition, simulation under rainfed conditions for locations at Kalasin, Khon Kaen, and Loie showed slightly higher simulated storage root dry weights than under irrigated conditions with the difference in values between rainfed and irrigated conditions being 0.6%, 2.8%, and 8.4%, respectively (Table 4). For these three locations, supplementary irrigation might not be an important strategy for improving cassava productivity. Overall, however, the long-term simulation results showed that irrigation generally resulted in more growth and provided high storage root dry weights for cassava, while rainfed conditions limited crop biomass and yield (Table 3 and Table 4).




3.2.3. Performances of the Four Cassava Genotypes


The differences between the four cassava genotypes (p ≤ 0.05) were observed for simulated total crop and storage root dry weights (Table 3 and Table 4). Since the storage root of cassava is normally used as the raw material for industry and the stem plays an important role as the source for next cultivation, not only storage root dry weight but total dry weight is also an important criterion for the cultivar selection. In addition, the other parts of cassava, such as leaves, petiole, and rhizome, can be also used as feed and bioenergy. The genotypes with the best photosynthate accumulation for both shoot and storage root organs, therefore, are the desirable genetic resources for this multipurpose cassava. The model presented that the genotype CMR38–125–77 had the highest values for simulated total crop dry weight with the second order in terms of simulated storage root dry weight. The preferable performances for the genotype CMR38–125–77 under growing conditions of upper paddy fields during the off-season of rice have been reported in terms of chlorophyll fluorescence [41] and based on crop growth rate [42]. Wongnoi et al. [43] also reported that the genotypes CMR38–125–77 had good physiology and total crop dry weight. Therefore, it is clear that the CMR38–125–77 genotype was the superior genotype for biomass production (Table 3).



The Rayong 9 genotype presented the highest values for simulated storage root dry weight when compared with the other three genotypes for both irrigated and rainfed conditions for all ten locations (Table 4). Phoncharoen et al. [44] also reported that the genotype Rayong 9 had high values of storage root yield and harvest index due to its high capability of partitioning photosynthates to sink. Santanoo et al. [45] indicated that the genotype Rayong 9 grown under irrigated conditions had a high net photosynthesis rate. The positive correlation between leaf net photosynthetic rate and storage root yield has been reported by El-Sharkawy [46,47].




3.2.4. Variation of Cassava Productivity across Planting Dates


There were significant differences (p ≤ 0.05) for the simulated total crop and storage root dry weights between the 12 planting dates (Table 3 and Table 4). The December planting date resulted in the highest simulated total crop dry weight for all ten locations, and the January planting date showed a high simulated total crop dry weight for almost all locations, except for Maha Sarakham, Mukdahan, and Udon Thani (Table 3). The high mean values for the simulated total dry weights for the December planting date in our study correspond to a report based on actual experiments in Thailand by Phoncharoen et al. [38], who indicated that high temperature and solar radiation during the bulking period (linear phase) for the December planting date increased cassava growth and biomass. Keating et al. [39] also reported that crop growth rate increased with increasing temperatures and solar radiation. High values of solar radiation, mean annual temperature, and atmospheric humidity supported high photosynthesis and thus the growth of cassava [30,48]. Vongcharoen et al. [49,50] demonstrated that the highest photosynthesis capacity was found when the crop experienced warm temperatures during the rainy season in Thailand, during the bulking period of cassava planted in December. The higher net photosynthesis rate for cassava in warm, sub-humid climates as compared to cool, sub-humid climates was observed by El–Sharkawy et al. [51].



The February planting date was best to achieve the highest simulated storage root dry weight for almost all locations, except for Buri Ram (Table 4). The January planting date also showed the highest average values for simulated storage root dry weight for Maha Sarakham, Mukdahan, Nakhon Ratchasima, and Ubon Ratchathani. The model showed high simulated storage root dry weights in the March and April planting dates for the Buri Ram and Kalasin locations, and the March planting date was also suitable for the Loie location. Furthermore, the model showed the highest simulated storage root dry weight for the May planting date for Buri Ram. High temperature, solar radiation, and total amounts of rainfall during the growth stages of the high above-ground development and high carbohydrate translocation to the storage roots (Table 5) relate to high storage root yields for the January, February, and March planting dates.




3.2.5. The Interaction between Planting Dates and Water Regimes


The means were not much different among the 12 planting dates for the simulated total crop dry weights of each genotype under irrigated conditions at the ten locations over the 30-year period, but were for the simulated storage root dry weight (Figure 3 and Figure 4). This reveals that the different planting dates cause variation of the simulated storage root dry weights rather than simulated total crop dry weight, as reported previously by Phoncharoen et al. [26]. Under rainfed conditions, however, the model showed a large variation in crop performances among the 12 planting dates for both total crop and storage root dry weights (Figure 3 and Figure 4). The differences in the simulated biomass for different planting dates under irrigated conditions can be attributed to daily minimum and maximum temperatures and solar radiation. Under rainfed conditions, however, these climatic factors and rainfall were key in driving cassava growth and yields for the simulation [7]. The results from Figure 3 and Figure 4e–h also demonstrate the impact of rainfall for different planting dates on simulated crop growth. It was clearly evident that lower values of simulated total crop and storage root dry weights for planting dates in May, June, July, August, and September could be explained by lower total amounts of rainfall during the growth stages of high above-ground development and high carbohydrate translocation to the storage root (Table 5). In a recent field experiment in Thailand under rainfed conditions, Mahakosee et al. [52] found that a dry period during the late growing stages of cassava planted in May resulted in lower total crop biomass and storage root dry weights of the Rayong 9 genotype than for the December planting date.




3.2.6. The Interaction between Genotypes, Plating Dates, and Water Regimes


Different responses of cassava genotypes in different growing environment were observed (Figure 3 and Figure 4). A decrease in median was found in simulated storage root dry weights under rainfed conditions when planting was delayed until April, and this increased after the August planting date for the genotypes Kasetsart 50, Rayong 11, and CMR38–125–77 (Figure 4e,g,h). The planting dates from April to October showed an increased risk of low storage root dry weights for Kasetsart 50, Rayong 11, and CMR38–125–77. However, the Rayong 9 genotype under rainfed conditions showed a small decrease in storage root dry weight, and the results revealed that only the July to October planting dates seemed to be unsuitable for Rayong 9 (Figure 4f). High values of simulated storage root dry weights for plantings in May, June, July, and August under irrigated conditions for Rayong 11 and CMR38–125–77 (Figure 4c,d) indicate more partitioning from source rather than sink, which is a specific characteristic of the genotypes and related to high values of solar radiation and temperature during the late growing stages of cassava (Table 5).



In order to improve crop productivity, crop simulation models have been increasingly used to generate more datasets on crop responses to various growing environments and to help design strategic plans for crop cultivation, as these simulations involve less time and resources than an experimental approach. In addition, the models offer the opportunity to access the response of different genotypes to climatic conditions and soil properties, which are major concerns for researchers investigating potential genotypes for different growing seasons and soil types. Studies regarding the potential of crop models to identify suitable plating dates and genotypes have been undertaken with other crops such as wheat [18], peanut [13,54], soybean [17], rice [19], maize [16], and cotton [55]. The results from our study pointed to the potential of the CSM–MANIHOT–Cassava model to evaluate total crop and storage root dry weights and showed the ability of this model to determine suitable cassava genotypes and appropriate growing environments in Thailand. The CSM–MANIHOT–Cassava model might also be used as a supporting tool to select appropriate cassava genotypes and growing conditions for other areas that have weather conditions similar to Thailand.






4. Conclusions


The results of the CSM–MANIHOT–Cassava evaluation showed good agreement between simulated total crop biomass and storage root yields and their corresponding observed values, indicating the potential of the model as an additional tool to support decision making and strategic planning for cassava production. This study showed the potential of the CSM–MANIHOT–Cassava model to identify appropriate genotypes and growing environments in northeast Thailand. Model simulation under irrigated conditions resulted in high crop biomass for all environments and high storage root yields for almost all locations. The model indicated that the CMR38–125–77 genotype performed well in terms of crop biomass, and the Rayong 9 genotype had the highest values of storage root yield. The December planting date gave the highest values for the simulated total crop biomass for all locations, and the February planting date showed the highest simulated storage root yield for almost all environments.
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Figure A1. Simulated (Sim) and observed (Obs) total dry weights for Kasetsart 50, Rayong 9, and Rayong 11 genotypes planted under three different rates of nitrogen application on December 2014 (a–c), and June 2015 (d–f). 






Figure A1. Simulated (Sim) and observed (Obs) total dry weights for Kasetsart 50, Rayong 9, and Rayong 11 genotypes planted under three different rates of nitrogen application on December 2014 (a–c), and June 2015 (d–f).
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Figure A2. Simulated (Sim) and observed (Obs) storage root dry weights for Kasetsart 50, Rayong 9, and Rayong 11 genotypes planted under three different rates of nitrogen application on December 2014 (a–c), and June 2015 (d–f). 
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Figure 1. Location of selected study sites in northeast Thailand. 
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Figure 2. Simulated (Sim) and observed (Obs) total and storage root dry weights for Kasetsart 50 (KU50) and Rayong 9 (RY9) genotypes planted at November 2009 (a,b), April 2010 (c,d), and July 2010 (e,f). r = Pearson correlation coefficient, d–index = index of agreement, nRMSE = normalized root mean square error, ** = significant at p ≤ 0.01. 
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Figure 3. Means over ten locations and 30 years (1988–2018) of simulated total biomass for Kasetsart 50, Rayong 9, Rayong 11, and CMR38–125–77 at 12 different planting dates and under irrigated (a–d) and rainfed conditions (e–h). Box limits represent the 25th and 75th percentiles; box central line represents the median and the outliers represent the minimum and maximum values. 
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Figure 4. Means over ten locations and 30 years (1988–2018) of simulated storage root dry weight for Kasetsart 50, Rayong 9, Rayong 11, and CMR38–125–77 at 12 different planting dates and under irrigated (a–d) and rainfed conditions (e–h). Box limits represent the 25th and 75th percentiles; box central line represents the median and the outliers represent the minimum and maximum values. 
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Table 1. Geographical coordinate, soil type, and average over 30 years (1988–2018) for daily maximum air temperature (Max), minimum air temperature (Min), daily solar radiation, and total rainfall during the hot season (mid-February to mid-May), rainy season (mid-May to mid-October), and cool season (mid-October to mid-February) for the ten selected locations in Thailand.
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Location

	
Latitude and Longitude

	
Soil Type

	
Soil Texture

	
Bulk Density

(g cm−3)

	
pH

	
Season

	
Temperature (°C)

	
Solar Radiation

(MJ m−2)

	
Rainfall (mm)




	
0–30 cm

	
Max

	
Min






	
Buri Ram

	
14°24′ N, 102°36′ E

	
Chok Chai (Rhodic Kandiustox)

	
Clay

	
1.37

	
5.3

	
Hot

	
35.8

	
23.5

	
20.3

	
212.5




	
Rainy

	
31.7

	
23.7

	
16.2

	
1007.8




	
Cool

	
30.9

	
18.9

	
17.3

	
80.5




	
Kalasin

	
16°32′ N, 103°22′ E

	
Chom Phra (Paleustults)

	
Loamy Sand

	
1.70

	
4.8

	
Hot

	
35.1

	
23.3

	
19.9

	
223.3




	
Rainy

	
31.7

	
24.4

	
15.1

	
1145.1




	
Cool

	
30.3

	
18.4

	
16.7

	
58.7




	
Khon Kaen

	
16°47′ N, 102°41′ E

	
Ban Phai (Grossarenic Kandiustalf)

	
Loamy Sand

	
1.68

	
5.1

	
Hot

	
35.2

	
22.7

	
19.9

	
207.8




	
Rainy

	
32.7

	
23.8

	
17.3

	
938.6




	
Cool

	
31.0

	
18.3

	
16.9

	
64.1




	
Loie

	
17°40′ N, 101°26′ E

	
Tha Li (Ultic Haplust)

	
Loam

	
1.50

	
5.8

	
Hot

	
35.0

	
21.3

	
20.6

	
245.5




	
Rainy

	
32.4

	
23.8

	
17.1

	
946.9




	
Cool

	
30.4

	
17.2

	
16.8

	
86.2




	
Maha Sarakham

	
16°05′ N, 103°06′ E

	
Ban Phai (Grossarenic Kandiustalf)

	
Loamy Sand

	
1.68

	
5.1

	
Hot

	
35.8

	
23.5

	
20.4

	
231.0




	
Rainy

	
33.4

	
24.4

	
17.8

	
1034.3




	
Cool

	
31.7

	
18.8

	
17.3

	
57.2




	
Mukdahan

	
16°52′ N, 104°09′ E

	
Korat (Paleustults)

	
Sandy Clay Loam

	
1.60

	
4.8

	
Hot

	
35.3

	
23.4

	
20.0

	
202.1




	
Rainy

	
32.7

	
24.6

	
16.3

	
1241.6




	
Cool

	
30.8

	
18.7

	
17.0

	
44.2




	
Nakhon Ratchasima

	
15°17′ N, 101°34′ E

	
Chum Phuang (Kandiustults)

	
Sandy Loam

	
1.68

	
4.8

	
Hot

	
35.7

	
24.1

	
19.9

	
224.3




	
Rainy

	
33.4

	
24.8

	
17.4

	
810.3




	
Cool

	
30.8

	
20.3

	
16.4

	
77.7




	
Si Sa Ket

	
14°32′ N, 104°13′ E

	
Korat (Paleustults)

	
Sandy Clay Loam

	
1.60

	
4.8

	
Hot

	
35.6

	
23.5

	
20.4

	
196.1




	
Rainy

	
32.5

	
24.7

	
16.0

	
1199.5




	
Cool

	
31.2

	
19.4

	
17.1

	
56.1




	
Ubon Ratchathani

	
16°03′ N, 105°09′ E

	
Chakkarat (Paleustults)

	
Sandy Loam

	
1.68

	
4.9

	
Hot

	
35.8

	
23.4

	
20.6

	
209.6




	
Rainy

	
32.7

	
24.3

	
16.9

	
1333.2




	
Cool

	
32.0

	
19.5

	
17.6

	
64.6




	
Udon Thani

	
17°05′ N, 103°24′ E

	
Korat (Paleustults)

	
Sandy Clay Loam

	
1.60

	
4.8

	
Hot

	
35.3

	
22.9

	
20.2

	
220.3




	
Rainy

	
32.7

	
24.6

	
16.4

	
1169.4




	
Cool

	
30.7

	
18.4

	
16.8

	
61.4
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Table 2. The Pearson correlation coefficient (r), index of agreement (d-index), and normalized root mean square error (nRMSE) values for evaluation of the CSM–MANIHOT–Cassava model based on total and storage root dry weights for the three cassava genotypes under three different rates of nitrogen application on December 2014 and June 2015 planting dates.
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Genotype

	
N Rate

(kg ha−1)

	
December 2014

	
June 2015




	
Total Dry Weight

	
Storage Root Dry Weight

	
Total Dry Weight

	
Storage Root Dry Weight




	
r

	
d-Index

	
nRMSE

	
r

	
d-Index

	
nRMSE

	
r

	
d-Index

	
nRMSE

	
r

	
d-Index

	
nRMSE






	
Kasetsart 50

	
46.9

	
1.00 **

	
0.99

	
13.26

	
0.99 **

	
0.98

	
15.78

	
0.96 **

	
0.97

	
16.91

	
0.86 **

	
0.79

	
39.44




	
90.0

	
0.99 **

	
0.86

	
48.36

	
0.99 **

	
0.70

	
56.05

	
0.97 **

	
0.97

	
17.13

	
0.90 **

	
0.83

	
35.93




	
133.2

	
0.99 **

	
0.83

	
53.58

	
0.99 **

	
0.70

	
55.61

	
0.97 **

	
0.89

	
31.02

	
0.88 **

	
0.73

	
45.03




	
Rayong 9

	
46.9

	
1.00 **

	
0.99

	
19.76

	
0.99 **

	
0.99

	
9.91

	
0.99 **

	
0.87

	
56.01

	
0.97 **

	
0.85

	
55.34




	
90.0

	
0.99 **

	
0.99

	
16.19

	
0.99 **

	
0.97

	
18.74

	
0.96 **

	
0.92

	
36.61

	
0.88 **

	
0.84

	
44.64




	
133.2

	
0.99 **

	
0.97

	
25.37

	
0.99 **

	
0.95

	
23.17

	
0.96 **

	
0.95

	
26.44

	
0.90 **

	
0.86

	
40.54




	
Rayong 11

	
46.9

	
1.00 **

	
0.98

	
17.57

	
0.99 **

	
0.98

	
15.87

	
0.98 **

	
0.98

	
17.57

	
0.93 **

	
0.92

	
29.12




	
90.0

	
1.00 **

	
0.99

	
15.18

	
0.99 **

	
0.90

	
34.80

	
0.97 **

	
0.98

	
15.18

	
0.90 **

	
0.89

	
33.88




	
133.2

	
1.00 **

	
0.99

	
22.99

	
0.99 **

	
0.89

	
35.91

	
0.96 **

	
0.95

	
22.99

	
0.85 **

	
0.80

	
41.48








** = significant at p ≤ 0.01.
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Table 3. Simulated total dry weight (kg ha−1) for different treatment scenarios over 30 years (from 1988–2018) in ten locations in northeast Thailand.
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Treatment

	
Location




	
Buri Ram

	
Kalasin

	
Khon Kaen

	
Loei

	
Maha Sarakham

	
Mukdahan

	
Nakhon Ratchasima

	
Si Sa Ket

	
Ubon Ratchathani

	
Udon Thani






	
Water

	

	

	

	

	

	

	

	

	

	




	
Irrigation

	
35,395 A

	
33,988 A

	
36,436 A

	
36,387 A

	
37,748 A

	
34,882 A

	
35,921 A

	
35,194 A

	
36,558 A

	
35,021 A




	
Rainfed

	
29,007 B

	
27,323 B

	
29,082 B

	
30,746 B

	
29,592 B

	
28,403 B

	
27,863 B

	
28,444 B

	
29,800 B

	
28,809 B




	
Genotype

	

	

	

	

	

	

	

	

	

	




	
Kasetsart 50

	
32,213 B

	
30,505 B

	
32,482 C

	
33,290 C

	
33,561 B

	
31,610 B

	
31,963 B

	
31,874 B

	
33,218 B

	
31,877 B




	
Rayong 9

	
31,910 C

	
30,357 C

	
32,687 B

	
33,494 B

	
33,410 C

	
31,384 C

	
31,419 C

	
31,432 C

	
32,937 C

	
31,625 C




	
Rayong 11

	
31,147 D

	
29,748 D

	
31,867 D

	
32,647 D

	
32,733 D

	
30,580 D

	
30,853 D

	
30,790 D

	
32,092 D

	
30,856 D




	
CMR38–125–77

	
33,534 A

	
32,013 A

	
34,000 A

	
34,835 A

	
34,977 A

	
32,997 A

	
33,335 A

	
33,178 A

	
34,469 A

	
33,300 A




	
Planting date

	

	

	

	

	

	

	

	

	

	




	
January

	
34,416 A

	
33,463 A

	
35,526 A

	
35,940 A

	
36,560 B

	
34,936 B

	
34,174 A

	
35,075 A

	
36,741 A

	
35,067 B




	
February

	
34,093 B

	
32,612 C

	
34,559 B

	
35,043 C

	
35,273 D

	
33,683 D

	
33,277 C

	
34,048 C

	
35,713 B

	
33,914 D




	
March

	
33,473 C

	
31,440 D

	
33,339 C

	
33,777 E

	
34,018 E

	
32,079 F

	
32,376 D

	
32,638 D

	
34,216 C

	
32,478 F




	
April

	
32,331 D

	
29,986 E

	
32,238 D

	
32,749 F

	
32,862 F

	
30,588 G

	
31,485 E

	
31,129 F

	
32,590 E

	
30,974 G




	
May

	
31,386 E

	
28,957 G

	
31,464 E

	
31,971 G

	
32,096 H

	
29,507 H

	
30,886 F

	
30,030 H

	
31,281 G

	
29,928 I




	
Jun

	
30,393 G

	
28,061 I

	
30,583 F

	
31,285 I

	
31,343 I

	
28,633 J

	
300,87 H

	
29,035 I

	
30,240 H

	
28,965 K




	
July

	
29,620 H

	
27,758 J

	
30,222 G

	
31,178 I

	
31,031 J

	
28,426 K

	
29,564 I

	
28,542 J

	
29,792 I

	
28,738 L




	
August

	
29,533 H

	
28,300 H

	
30,312 FG

	
31,707 H

	
31,281 I

	
28,939 I

	
29,507 I

	
28,994 I

	
30,193 H

	
29,254 J




	
September

	
30,764 F

	
29,627 F

	
31,371 E

	
32,869 F

	
32,440 G

	
30,461 G

	
30,633 G

	
30,394 G

	
31,502 F

	
30,638 H




	
October

	
32,414 D

	
31,320 D

	
33,151 C

	
34,470 D

	
34,246 E

	
32,598 E

	
32,382 D

	
32,369 E

	
33,469 D

	
32,802 E




	
November

	
33,709 C

	
32,847 B

	
34,793 B

	
35,714 B

	
36,048 C

	
34,561 C

	
33,918 B

	
34,318 B

	
35,608 B

	
34,752 C




	
December

	
34,281 AB

	
33,496 A

	
35,552 A

	
36,094 A

	
36,844 A

	
35,302 A

	
34,420 A

	
35,255 A

	
36,805 A

	
35,465 A








Values followed by the same letter (in each column) are not significantly different by the least significant difference test (LSD) (p ≤ 0.05).
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Table 4. Simulated storage root dry weight (kg ha−1) for different treatment scenarios over 30 years (from 1988–2018) in ten locations in northeast Thailand.






Table 4. Simulated storage root dry weight (kg ha−1) for different treatment scenarios over 30 years (from 1988–2018) in ten locations in northeast Thailand.





	
Treatment

	
Location




	
Buri Ram

	
Kalasin

	
Khon Kaen

	
Loei

	
Maha Sarakham

	
Mukdahan

	
Nakhon Ratchasima

	
Si Sa Ket

	
Ubon Ratchathani

	
Udon Thani






	
Water

	

	

	

	

	

	

	

	

	

	




	
Irrigation

	
19,100 A

	
16,742 B

	
18,554 B

	
18,141 B

	
19,977 A

	
18,488 A

	
18,794 A

	
18,678 A

	
20,135 A

	
18,477 A




	
Rainfed

	
18,466 B

	
16,850 A

	
19,088 A

	
19,797 A

	
19,482 B

	
17,801 B

	
18,139 B

	
17,707 B

	
18,887 B

	
17,924 B




	
Genotype

	

	

	

	

	

	

	

	

	

	




	
Kasetsart 50

	
18,480 C

	
16,369 C

	
18,218 C

	
18,530 B

	
19,103 C

	
17,758 C

	
17,926 C

	
17,854 C

	
19,156 C

	
17,825 C




	
Rayong 9

	
21,217 A

	
19,421 A

	
21,759 A

	
22,236 A

	
22,248 A

	
20,531 A

	
20,504 A

	
20,443 A

	
21,866 A

	
20,668 A




	
Rayong 11

	
16,567 D

	
14,671 D

	
16,678 D

	
16,526 C

	
17,765 D

	
16,033 D

	
16,595 D

	
16,129 D

	
17,407 D

	
16,033 D




	
CMR38–125–77

	
18,867 B

	
16,723 B

	
18,629 B

	
18,584 B

	
19,802 B

	
18,256 B

	
18,840 B

	
18,342 B

	
19,615 B

	
18,274 B




	
Planting date

	

	

	

	

	

	

	

	

	

	




	
January

	
18,863 C

	
17,249 C

	
19,903 AB

	
19,175 B

	
21,103 A

	
19,038 A

	
19,282 A

	
18,857 B

	
20,632 A

	
18,809 B




	
February

	
19,439 B

	
17,700 A

	
20,122 A

	
19,758 A

	
20,995 A

	
19,172 A

	
19,338 A

	
19,178 A

	
20,820 A

	
19,085 A




	
March

	
19,653 AB

	
17,681 AB

	
19,729 B

	
19,608 A

	
20,388 B

	
18,733 B

	
18,988 B

	
18,855 B

	
20,361 B

	
18,792 B




	
April

	
19,637 AB

	
17,485 AB

	
19,203 C

	
19,357 B

	
19,734 C

	
18,463 C

	
18,560 CD

	
18,585 C

	
19,973 C

	
18,481 C




	
May

	
19,716 A

	
17,474 B

	
18,920 D

	
19,212 B

	
19,393 D

	
18,401 C

	
18,422 DE

	
18,660 C

	
19,763 D

	
18,486 C




	
Jun

	
19,410 B

	
17,077 C

	
18,486 E

	
18,847 C

	
19,111 EF

	
18,069 D

	
18,145 F

	
18,356 D

	
19,306 E

	
18,195 D




	
July

	
18,740 C

	
16,443 D

	
18,109 F

	
18,594 DEF

	
18,853 GH

	
17,509 E

	
17,864 G

	
17,698 FG

	
18,691 F

	
17,719 F




	
August

	
17,983 E

	
16,119 E

	
17,793 G

	
18,601 DEF

	
18,782 H

	
17,211 F

	
17,616 H

	
17,305 H

	
18,323 G

	
17,475 G




	
September

	
17,856 E

	
16,027 E

	
17,862 FG

	
18,740 CD

	
19,034 FG

	
17,278 F

	
17,928 G

	
17,347 H

	
18,407 G

	
17,490 G




	
October

	
17,914 E

	
15,914 E

	
18,131 F

	
18,706 CDE

	
19,321 DE

	
17,579 E

	
18,324 EF

	
17,598 G

	
18,767 F

	
17,714 F




	
November

	
17,918 E

	
15,993 E

	
18,537 E

	
18,480 F

	
19,746 C

	
17,908 D

	
18,461 DE

	
17,777 F

	
19,257 E

	
17,951 E




	
December

	
18,263 D

	
16,391 D

	
19,057 CD

	
18,549 EF

	
20,297 B

	
18,373 C

	
18,668 C

	
18,087 E

	
19,831 CD

	
18,203 D








Values followed by the same letter (in each column) are not significantly different by the least significant difference test (LSD) (p ≤ 0.05).
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Table 5. Average values over ten locations and 30 years (1988–2018) for solar radiation, maximum temperature, minimum temperature, and total amount of rainfall for the four different growth stages of cassava.
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Planting Date

	
Solar Radiation (MJ−1 m−2)

	
Maximum Temperature (°C)

	
Minimum Temperature (°C)

	
Rainfall (mm)




	
Growth Stage

	
Growth Stage

	
Growth Stage

	
Growth Stage




	
1

	
2

	
3

	
4

	
1

	
2

	
3

	
4

	
1

	
2

	
3

	
4

	
1

	
2

	
3

	
4






	
January

	
18.9

	
19.2

	
16.2

	
16.5

	
33.2

	
34.8

	
32.0

	
30.5

	
19.7

	
24.7

	
23.8

	
18.8

	
63.3

	
457.6

	
822.0

	
22.1




	
February

	
20.0

	
17.8

	
16.2

	
16.9

	
35.0

	
33.6

	
31.6

	
30.5

	
22.1

	
24.7

	
22.7

	
17.4

	
139.2

	
593.8

	
621.2

	
10.7




	
March

	
20.1

	
16.7

	
16.3

	
18.2

	
35.5

	
32.7

	
31.1

	
32.0

	
23.9

	
24.5

	
21.0

	
18.3

	
315.6

	
652.9

	
374.8

	
21.7




	
April

	
19.2

	
16.2

	
16.6

	
19.7

	
34.8

	
32.2

	
30.9

	
34.3

	
24.7

	
24.3

	
19.4

	
20.9

	
457.6

	
717.2

	
132.9

	
57.2




	
May

	
17.8

	
16.0

	
17.3

	
20.5

	
33.6

	
31.8

	
31.3

	
35.8

	
24.7

	
23.6

	
18.6

	
23.4

	
593.8

	
603.8

	
43.8

	
123.6




	
June

	
16.7

	
16.2

	
18.3

	
20.0

	
32.7

	
31.5

	
32.3

	
35.5

	
24.5

	
22.2

	
19.2

	
24.6

	
652.9

	
370.1

	
68.0

	
274.0




	
July

	
16.2

	
16.4

	
19.3

	
18.4

	
32.2

	
30.9

	
34.0

	
34.1

	
24.3

	
20.1

	
20.9

	
24.8

	
717.2

	
126.9

	
145.3

	
375.7




	
August

	
16.0

	
16.8

	
19.8

	
17.0

	
31.8

	
30.7

	
34.9

	
33.0

	
23.6

	
18.3

	
22.8

	
24.7

	
603.8

	
28.1

	
331.2

	
401.8




	
September

	
16.2

	
17.6

	
19.4

	
16.3

	
31.5

	
31.3

	
35.0

	
32.4

	
22.2

	
18.1

	
24.1

	
24.4

	
370.1

	
26.4

	
499.3

	
469.2




	
October

	
16.4

	
18.9

	
18.5

	
16.0

	
30.9

	
33.2

	
34.3

	
32.0

	
20.1

	
19.7

	
24.6

	
24.1

	
126.9

	
63.3

	
675.8

	
499.1




	
November

	
16.8

	
20.0

	
17.3

	
16.0

	
30.7

	
35.0

	
33.2

	
31.7

	
18.3

	
22.1

	
24.6

	
23.2

	
28.1

	
139.2

	
844.9

	
352.7




	
December

	
17.6

	
20.1

	
16.5

	
16.4

	
31.3

	
35.5

	
32.5

	
31.3

	
18.1

	
23.9

	
24.4

	
21.4

	
26.4

	
315.6

	
900.8

	
122.2








Growth stage 1 = leaf development and formation of root system (0–3 months after planting); Growth stage 2 = development of stems and leaves (3–6 months after planting); Growth stage 3 = high carbohydrate translocation to the roots (6–10 months after planting); Growth stage 4 = declining phase (10–12 months after planting); all four cassava growth stages were described by Alves [53].
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