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The Agricultural Production Systems Simulator (APSIM) model was calibrated and validated and used to identify the optimum planting windows for two contrasting maize varieties for three agro-ecologies in the Nigeria savannas. The model was run for 11 planting windows starting from June 1 and repeated every 7 days until 16 August using long-term historical weather data from the 7 selected sites representing three agro-ecological zones (AEZs). The evaluation with the experimental data showed that the model performance was reasonable and accurately predict crop phenology, total dry matter (TDM) and grain yield for both maize varieties. The seasonal planting date analysis showed that optimum planting windows for 2009EVDT and IWDC2SynF2 depend on the variety, agro-ecozones and sites. Planting from June 15 to 28 simulated the highest mean grain yield for both varieties in all the agro-ecologies. In the Southern Guinea savanna (SGS) where the length of growing season is 180–210 days, the best planting window was June 8–July 19 for 2009EVDT and June 8–July 26 for IWDC2SynF2 in Abuja. The planting window that gives attainable yield at Yelwa, is June 15–July 5 for 2009EVDT and June 8–28 for IWDC2SynF2. In the Northern Guinea savannah (NGS) where the length of growing season is 150–180 days, the optimum planting window is June 15–July 19 for both varieties at Zaria and June 8–July 19 for 2009EVDT and June 8–August 2 for IWDC2SynF2 at Sabon Gari. In the Sudan savannah (SS) where the growing season is 90–120 days, planting of 2009EVDT can be delayed up to the third week of July. For the medium-maturing variety, IWDC2SynF2, planting should be done by the first week of July. Though Yelwa is in the SGS, lower yields and narrower sowing windows were simulated for both varieties than for those of the other locations. This is probably due to the poor soil fertility in this location.
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INTRODUCTION

Maize (Zea mays L.) is a principal food security and a major commercial crop in Nigeria providing food, animal feed, and industrial raw materials (Badu-Apraku et al., 2009). Significant increase has been witnessed in its production in the past three decades in the savannas of Nigeria, even in the semi-arid Sudan Savanna (SS) zone where rainfall is erratic (Kamara et al., 2009; FAOSTAT, 2017). Despite the increase in production, maize yields in Nigeria have remained low over the last decades hovering around 1.8–2 t ha−1 (FAOSTAT, 2018). This is far less than the yield of about 7–8 t ha−1 observed in research fields (Shehu et al., 2019).

Poor soils (Jibrin et al., 2012), frequent droughts (Kamara et al., 2009), and pest and disease (Badu-Apraku et al., 2009) limit maize production. Drought and rainfall variability due to climate change are the major threats to maize production in the Nigeria savannas (Kamara et al., 2009; Ayanlad et al., 2018). Uncertainties due to changing weather patterns are making rain-fed agricultural production to become more variable and riskier to farmers. The onset and end of rainy season vary, making it difficult for farmers to take decision about planting (Odekunle, 2004; Tofa et al., 2020). Most farmers normally plant maize when the rains are perceived to be persistent and this activity is also influenced by labor availability (Jagtap and Abamu, 2003). In most cases farmers usually plant with the first rains in order to capture the flush of soil N that comes with the first rains (Sachs et al., 2010). Delay in onset of the rainy season leading to total crop failure has been consistently reported in many areas of West and Central Africa (Graef and Haigis, 2001; Marteau et al., 2011). Long dry spells at the beginning, mid and end of the rainy season are also becoming more frequent even in the wetter southern and Northern Guinea savannas (NGS) (Adnan et al., 2017). In this situation farmers' decision to plant is associated with risks of crop failure. For example, if the rain stops after farmers plant their crops, they would have to replant, thereby increasing cost spent on seeds otherwise they might encounter complete crop failure or low yields (Jibrin et al., 2012). The perception in northern Nigeria is that maize should be planted around late June to early July, to avoid pollination stage occurring during possible drought stress toward the end of the season (Kamara et al., 2009). Planting during this period carries the risk of intermittent drought and poor crop establishment in the SS zone (Kamara et al., 2009). Decision about date of planting is important to minimize low crop establishment and ultimately avoid the extra cost of seed and labor required for replanting in the semi-arid regions (Santos et al., 2017). More importantly, the response of maize varieties to other inputs such as fertilizer is dependent upon planting time (Iken and Amusa, 2014). Therefore, selecting an appropriate planting window will enhance efficient nutrient uptake and utilization and hence increase crop yield.

Some field experimental studies have suggested that improved crop management practices such as the selection of optimum planting window could improve maize yields by avoiding moisture stress at the critical growth stages in the Nigerian savannas (Kamara et al., 2009; Iken and Amusa, 2014). For example, Iken and Amusa (2014) reported last week in April to third week in May as the optimum planting date for the Southern Guinea Savanna and last week in May to first 2 weeks in June for the SS. Kamara et al. (2009) reported that extra-early maturing maize varieties should be planted in the SS between the last week of June and the first week of July to reduce risk of drought stress.

The International Institute of Tropical Agriculture (IITA) has in collaboration with national partners developed and deployed intermediate and early maturing drought-tolerant maize varieties in the Nigeria savannas. These drought-tolerant varieties have been promoted in the Nigeria savannas to help farmers adapt to drought and climate variability (Jibrin et al., 2012; Adnan et al., 2017; Tofa et al., 2020). Information on the optimum sowing dates across Nigeria for these varieties is limited. Where available the results of these evaluations are largely site-specific and have only been evaluated in a few locations. Therefore, the results obtained cannot be extrapolated to other sites.

If well calibrated and validated, the use of crop simulation models will provide opportunity for large-scale testing of agricultural technologies in the savanna agro-ecologies including planting windows (Adnan et al., 2017). For example, using the CERES-Maize model, Jibrin et al. (2012) simulated late June to early July as the optimum planting window for the early-maturing varieties in the SS region of Nigeria. Using the same model, Adnan et al. (2017) simulated late July for extra early maize varieties and mid-June for early maturing maize as optimum planting window for the Sudan Savanna zone. In the Northern Guinea Savanna planting extra-early maturing maize in mid-July and early maturing maize in late July produced the highest grain yields. Using the CERES–Maize model, Tofa et al. (2020) showed that sowing the intermediate maize varieties from early to mid-June produced the highest grain yields in the Sudan savanna. In the northern Guinea savanna, sowing from late June to late July produced the highest yields. In the Southern Guinea savanna, the optimum sowing window was early June to late July for the variety SAMMAZ-15 and mid-June to late-July for SAMMAZ-16. Akinseye et al. (2020) used the APSIM model to understand the response of sorghum varieties to nitrogen applications in the semi-arid Nigeria. The results show that the model replicated the observed yield accounting for yield differences and variations in phenological development between two sorghum varieties. For the two varieties, optimum grain yield was simulated at 60 kg N ha−1 in the Sudano-Sahelian zone, 80 kg N ha−1 in the Sudan savanna zone and 40 kg ha−1 in the Northern Guinea savanna.

To the authors knowledge APSIM has only been evaluated for predicting performance of sorghum varieties in the Nigeria savannas. The reported planting dates using seasonal analysis of CERES-maize model in Decision Support System for Agricultural Technology Transfer (DSSAT) in Nigeria mostly considered locations in northwest Nigeria where the soils and climate conditions are different from that elsewhere in the Nigerian savannas (Adnan et al., 2017; Tofa et al., 2020). In view of this, the current study was carried out to evaluate the performance of the APSIM model for simulating growth and yield of early and intermediate drought-tolerant varieties and to determine optimum sowing dates for these varieties under rain-fed conditions in the selected sites across the savannas of central, northeast and northwest Nigeria.



MATERIALS AND METHODS


Experiments for Model Calibration and Evaluation

Experiments were conducted to collect data for the calibration and evaluation of the APSIM-maize model. For model calibration, nine experiments were conducted in three locations during the 2017 and 2018 cropping season across three sites in the southern Guinea savanna, northern Guinea savanna, and Sudan savannas of Nigeria. The experiments were conducted in the raining season (June–October) at Bayero University, Kano agricultural research farm (11°59′N8°25′E 466 m a.s.l.), Audu Bako College of Agriculture Danbatta (12°19′N8°31′E 504 m a.s.l.) in the Sudan savanna (SS) and the Institute of Agricultural Research (IAR) irrigation farm at Kurmin Bomo, Zaria (11°1′N7°37′E 681 m a.s.l.) in the northern Guinea savanna (NGS). In 2017 one experiment was conducted in each location making a total of three experiments. In 2018, two experiments were conducted in each location on different dates to make a total of six experiments. Each experiment was replicated three times to make a total of 27 replication across years and locations. In each experiment, two maize varieties, 2009EVDT and IWDC2SynF2 were laid out in a randomized complete block design (RCBD) with three replications. The variety 2009EVDT is an early maturing variety (matures between 90 and 95 days) and yields up to 3,000 kg ha−1 whereas IWDC2SYNF2 is a medium maturing variety (matures between 100 and 110 days) and yields up to 4,000 kg ha−1 (Badu-Apraku personal communication). These experiments were conducted under optimum management practices to avoid stresses from water, nutrients, pests, and diseases.

The experiments for model evaluation were conducted at the IITA research station in Abuja; (9°9′N7°20′E 447 m a.s.l.) in the southern Guinea savanna zone (SGS) and the IAR farm Ahmadu Bello University, Zaria (11°11′N7°38′E 686 m a.s.l.) in the NGS during the 2016 and 2017 cropping seasons. A split-plot design with three replications was used for each experimental field. Five nitrogen rates (0, 30, 60, 90, and 120 kg N ha−1) formed the main plot and the two maize varieties used in the calibration experiment were assigned to the subplots. Each subplot measured 3 × 5 m (15 m2) containing four rows of 0.75 m apart and 5 m in length with intra row spacing of 0.25 m between stands which gave a plant population of 53,333 plants ha−1. Phosphorus (P) and potassium (K) were applied at planting; P was applied using single super phosphate (SSP) while K was applied using muriate of potash (MOP) at the rate of 60 kg ha−1 for each nutrient and this was applied to all plots including the control plots. The five rates of N fertilizer were applied in form of urea. One half of each rate was applied one week after sowing (WAP) and the remaining half at five WAP.



Soils and Weather Data

A detailed soil characterization and profiling was done at each experimental site and at the sites selected for seasonal analysis. The soil samples were collected from profile horizons and were analyzed for physio-chemical properties. Specific soil characteristics in each location were determined according to the analytical procedures of IITA (1989). Total organic carbon (total C) was measured using modified Walkley-Black chromic wet chemical oxidation and spectrophotometric method (Heanes, 1984). Total nitrogen (total N) was determined using micro-Kjeldahl digestion method (Bremner, 1996). Soil pH in water was measured using glass electrode pH meter and particle size distribution using hydrometer method (Gee and Or, 2002). Available Phosphorus (avail. P), available Sulfur (avail. S), exchangeable cations (K, Ca, Mg, and Na) and micronutrients (Zn, Fe, Cu, Mn, and B) were analyzed based on Mehlich 3 extraction procedure (Mehlich, 1984) and reading with inductively-coupled plasma optical emission spectroscopy (ICP-OES). Exchangeable acidity (H+ + Al3+) was determined by shaking soil with 1N KCl and titration with 0.5N NaOH (Anderson and Ingram, 1993). Effective cation exchange capacity (ECEC) was calculated as the summation of exchangeable cations (K, Ca, Mg, and Na) and exchangeable acidity (H+ + Al3+). Soil water characteristics such as lower limit, (LL), drain upper limit (DUL), and saturated water content (SAT) were derived from pedo-transfer functions developed by Saxton and Rawls (2006). The generic horizons of the profiles and soil types were classified using the FAO guidelines (FAO, 2006).

Weather information on daily rainfall, minimum and maximum temperature, and solar radiation, representing daily weather conditions were monitored at each experimental site using automatic weather station (WatchDog 2000 Series, manufactured by Spectrum Technologies Inc., USA) installed close to experimental sites for model calibration and evaluation. For the long-term simulation of maize response to planting date, a 31-year weather data (1985–2015) were also obtained from the Nigeria Meteorological Agency (NIMET) for Abuja in the Federal Capital Territory, Kano in Kano State, and Zaria in Kaduna State. For Balbayo in Borno State, Sabon Gari in Adamawa State savanna, and Yelwa-Jambore in Adamawa State the 31 year's records of daily precipitation were sourced from downscaled CHIRPS rainfall at 5.5 km resolution (Funk et al., 2015), then merged with data (daily minimum and maximum temperatures, and daily solar radiation) from National Aeronautics and Space Administration (NASA) database for Climatology Resource for Agro-climatology (http://power.larc.nasa.gov/). R scripts were developed to append CHIRPS and NASA power data together. The raw data were inputted into APSIM 7.9 met file and was arranged according to name of the location, latitude, years, days, rainfall (mm), minimum and maximum temperature (°C), reference evapotranspiration (mm d−1), solar radiation (MJ m−2), the annual average ambient temperature (TAV), and the annual amplitude in monthly temperature (AMP) where it was checked for errors before use.



Plant Measurements

Number of days to 50% pollen shed (anthesis date) and days to 95% physiological maturity were determined from plants in the two middle rows of each plot. Leaf area index (LAI) was measured at R2 stage using AccuPAR model LP-80 PAR/LAI Ceptometer (Decagon Devices, Pullman, WA). At maturity, all the plant in a 1 m2 quadrat placed across the two-middle row were harvested, divided into leaves, stems, and grain for dry matter determination. Grain yield was determined by harvesting the remaining plants from the two middle rows, the cobs were shelled, oven dried and weighed. The grains were added to those in the quadrant area and final grain yield was calculated in kg ha−1, adjusted to 12% moisture content using a Dickey-John moisture tester (Model 14998, Dickey-John Corporation, Auburn, AL).



APSIM Model Description

The Agricultural Production Systems Simulator (APSIM) is a farming systems model that consists of several modules that are integrated to perform farming systems simulation based on environmental variables (Holzworth et al., 2014). The APSIM modeling structure includes biophysical modules, management modules, data input and output modules, and a simulation engine module (Keating et al., 2003). In APSIM, any module can be added by the user when needed and removed when no longer needed as described in Kirschbaum et al. (2001). Several modules and sub-modules developed by many different researchers have been integrated into the APSIM framework for farm system analysis. The APSIM simulates yield in response to inputs of daily weather, crop, soil, and management practices (Keating et al., 2003). Soil hydraulic characteristics in the model are specified by the drained upper limit (DUL), lower limit of plant extractable water (LL15), and saturated water content (SAT). Soil water content measurements before sowing defined the initial soil water content of the soil. The APSIM model utilizes information on daily climate data (solar radiation, rainfall, minimum and maximum temperature), crop genetic information, soil physical (such as field capacity, wilting point, bulk density, and saturated soil water content) and chemical (such as soil OC, pH, nitrate, and labile P) characteristics and crop management data such as details on planting (date, depth, density, etc.) and fertilization (dates, quantities, type of fertilizer, type of placement, and depth) to simulate plant growth and yield. The model uses two soil water balance approaches described by either SoilWat (a “cascading bucket” approach) or APSWIM (Richards' equation approach) (Kirschbaum et al., 2001). The soil water module (soilwat2) utilizes the cascading soil water balance model (Keating et al., 2003) which works on a daily time step basis to simulate water balance. Soil water varies between lower limit (ll) and the saturated upper limit (SAT). Excess water above the upper limit drains to the next lower layer. It is specified by the field capacity (dul), lower limit (ll) of extractable water and the saturated water content of the soil (sat). The bare soil runoff curve number (cn2_bare) determines the proportion of rainfall that infiltrates and how much is lost through surface runoff. Soil evaporation is assumed to take place in two stages (i) constant and the falling rate stages. Further details on the APSIM model are provided by Keating et al. (2003).



Model Calibration Procedure

The maize module was calibrated within the APSIM v.7.9 framework for the two maize varieties calibration was done to adjust some of the parameters and functions of the model so that predicted values are the same or at least very close to data obtained from field experiment. For this study, five in-built modules which include maize crop module (APSIM-maize), soil water module (SoilWat), soil nitrogen module (Soiln), residue module (Residue), and the manure module (manure) were used accordingly. During the calibration set up, the planting density was set to 5.3 plants m−2 indicating the plant population; planting dates were set based on the dates of establishment of each experiment, nitrogen was set to 120 kg ha−1 and all other management conditions were considered nearly optimal, with the general assumption that there was no disease prevalence. The calibration of the crop characteristics was conducted for phenology first and then for yield. Since, the varieties used in this have not been incorporated into the model; varieties of the same maturity period within the APSIM-maize model were selected, to derive the new genetic coefficients. The parameter set selected were cultivar code B105, an early maturing hybrid and hybrid B110 an intermediate maturing generic cultivar as reference cultivars which best represented the general characteristics (days to anthesis, days to physiological maturity, and yield) of the experimental maize (2009EVDT and IWDC2SynF2) varieties, respectively.

The coefficients that influence maize phenological development; duration from emergence to end of juvenile (tt_emerg_to_endjuv) and duration from flowering to maturity (tt_flower_to_maturity) were adjusted based on the phenological data collected. Similarly, the coefficients grain maximum number per head (head_grain_no_max) and duration from flowering to start of grain filling (tt_flower_to_start_grain) was used to adjust for grain yield. Calibration was carried out first by adjusting each phenological characters (emergence to end of juvenile, flowering to maturity etc.) and then followed by adjusting the growth and yield characters (grain growth rate, grain number, etc.) based on available measured or estimated data. After several iterations of adjustments, calibration was completed when the reference cultivar (base cultivar) satisfactorily reproduced the behavior of the cultivars of interest.



Model Validation With an Independent Datasets

The calibrated cultivar-specific coefficient was further validated using an independent data obtained from nitrogen trials described above. This was done to confirm if the predicted or simulated results adequately represent or mimic the real life situation. Using the genetic coefficients obtained for the two varieties, a simulation tree was set up to evaluate the model under varying nitrogen applications rates (0, 30, 60, 90, and 120 kg N ha−1). Management information (date of sowing, established plant population, dates and amounts of fertilizer application) was also inputted. The soil or crop residue variables were reset during the simulation, thus testing the ability of the model to simulate changes of soil water and nitrogen over the cropping seasons. The model was run to compare the observed parameters with simulated output. The parameters evaluated include: days to anthesis, days to physiological maturity, LAI, final biomass and grain yield. The model was run from 2 weeks before sowing to 2 weeks after the observed date of physiological maturity. Observed values obtained from the field trials were compared with model simulated values based on statistical indices.

The performance of the model was assessed using a set of statistics such as root mean square error (RMSE), normalized root mean square error (RMSEn), and coefficient of determination (R2). Simulation output is considered excellent if RMSEn < 10%, good when RMSEn is ≥ 10 and ≤ 20%, fair when RMSEn is ≥ 20 and ≤ 30% and poor if RMSEn is ≥ 30% (Jamieson et al., 1991). The coefficient of determination (R2) was also computed according to Archontoulis et al. (2014) to provide a measure of the predictive ability of the model. A model reproduces experimental data perfectly when R2 is 1. Statistical indices were calculated using the following: -
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Where n: number of observations, Pi: predicted value for the ith measurement and Oi: observed value for the ith measurement and O and P represent the mean of the observed values for all studied parameters.



Model Application

The calibrated and evaluated APSIM-Maize model was used to access the response of contrasting maize varieties to different sowing windows. This was done to predict the effect of 11 sowing windows (starting from 15th June and repeated every 7 days until 16th August) on grain yield of two drought tolerant maize (2009EVDT and IWDC2SynF2) in six contrasting locations in Nigeria. The planting windows were: PW1 = June 1–June 7, PW2 = June 8–June 14, PW3 = June 15–June 21, PW4 = June 22–June 28, PW5 = June 29–July 5, PW6 = July 5–July 12, PW7 = July 13–July 19, PW8 = July 20–July 26, PW9 = July 27–August 2, PW10 = August 3–August 9, PW11 = August 10–August 16. The locations were Abuja (North-central) and Yelwa Jambore (Northeast) in the southern Guinea savanna (SGS) zone, Balbaya (northeast) and Kano (northwest) in the Sudan savanna (SS) zone and Sabon-Gari (northeast) and Zaria (northwest) in the northern Guinea savanna zone (NGS). The model initial water, nitrogen and organic matter contents were reset at the beginning of each simulation (first of April) to eliminate the residual effect of these parameter in the soil profile on crop growth and development for current season. Generally, sowing was done at soil depth of 5 cm, with a sowing density of 5.3 plants m−2. The recommended nitrogen rate (120 kg ha−1) was set in split to run the model for all planting windows. The model was set to harvest when the crop reached harvest maturity. Mean, minimum and maximum yields with their standard deviations and coefficient of variation (CV) for the 31 years' simulation for each variety and location were calculated and presented accordingly. Probability of exceedance graphs were used to present the chance of obtaining a yield threshold under each planting window for each variety for the 31-year simulations. Yield thresholds of 3,000 kg ha−1 for 2009EVDT and 4,000 kg ha−1 for IWDC2SynF2 were used based on the reported yields from on-station trials in northern Nigeria (Kamara et al., 2012; Tofa et al., 2020).




RESULTS


Soils Physio-Chemical Properties in the Study Sites

As shown in Table 1 the soils vary significantly in physio-chemical properties in the experimental and model application sites. In Abuja the soil has a sand content of 34.9%, silt content of 16.0%, and clay content of 49.1% and is slightly acidic with a pH of 4.9 and bulk density of 1.9 g cm−3 at the surface layer. It has a low organic carbon of 0.6%, NO3 and NH4 content of 1.67 and 0.64 kg ha−1, respectively. In Yelwa-Jambore, the surface soil was sandy loam in texture with a sand content of 77.2%, silt content of 11.2%, and clay content of 11.6%. The surface soils have a pH of 4.99 with bulk density of 2.2 g/cm3, low organic carbon of 0.4%, and NO3, and NH4 content of 1.3 and 0.5 kg ha−1, respectively. In Zaria, the surface horizon has a silty loam texture with a sand content of 38.0%, silt content of 42%, and clay content of 20% with bulk density of 1.25 g cm−3, pH of 5.6, OC of 0.6%, low NO3 (2.6 kg ha−1), and NH4 (0.74 kg ha−1). The surface soils in Sabon Gari have a sandy clay loam texture, with a sand content of 24.4%, silt content of 33.2%, and 42.4% of clay with organic carbon content of 0.7 %, bulk density of 1.7 g cm−3, pH of 6.2 and NO3, and NH4 content of 1.2, and 1.1 kg ha−1, respectively. In Kano, the soil surface horizon has a loamy sand texture with sand content of 82.4%, silt content of 13.0%, and clay content of 5.0%. The soil bulk density was 1.7 g cm−3 with organic carbon content of 0.3%, pH of 6.6 and very low content of NO3 (2.8 kg ha−1) and NH4 (0.6 kg ha−1). The surface soil in Balbaya has a sandy-loam texture with sand content of 82.40%, silt content of 7.2%, and clay content of 10.4% with bulk density of 1.59 g cm−3, organic carbon of 0.29 %, pH of 6.1 and NO3 and NH4 content of 1.5 and 0.94 kg ha−1.


Table 1. Soil physical and chemical properties used for APSIM soil parameterization, evaluation and model application of the study sites.
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Rainfall and Temperature in Model Application Sites

The cumulative monthly rainfall and temperature in the model application sites across the 31-year period are presented in Figures 1A–F. Average monthly minimum temperature was 21°C in Abuja and Yelwa, 19°C in Zaria, 21°C in Sabon Gari, 20°C in Kano and Balbaya. Maximum temperature was 33°C in Abuja and Yelwa, 32°C in Zaria and Sabon Gari, 34°C in Kano and 33°C in Balbayo. The mean annual rainfall recorded for Abuja was 1,603 mm, 910 mm for Yelwa, 1,047 mm for Zaria, 968 mm for Sabon Gari, 810 mm for Kano, and 956 mm for Balbaya. Overall total rainfall amount was higher in the SGS, followed by the NGS and SS. The peak of the rainy season across the selected locations were recorded in the month of July and August with more than 60% of rains occurring in these months. High variations in rainfall amount among the years for each location was also observed.


[image: Figure 1]
Figure 1. (A–F) Cumulative monthly rainfall and temperature over a 31-year period (1985–2015) for Abuja (A), Yelwa (B), Zaria (C), Sabon Gari (D) Kano (E), and Balbaya (F) Source of data: NIMET (2016) and CHIRPS, Funk et al. (2015).




Analysis of Model Calibration

Table 2 shows the estimated cultivar coefficients for 2009EVDT and IWDC2 SynF2. The calibrated values for the medium maturing variety (IWDC2 SynF2) were found to be higher than that of early maturing variety (2009EVDT), except for duration from flowering to start of grain filling and grain growth rate that were found to be higher for early maturing variety. There was good agreement between the observed and simulated values for days to flowering and maturity for both varieties (Table 3). The statistical values for the simulated and measured values were 3–4 days for RMSE with normalized RMSE of < 10% for both varieties. The LAI was also calibrated with high accuracy as evidenced by RMSE below 0.4 for both varieties and RMSEn below 9 % for 2009EVDT and 12% for IWDC2SynF2. Model statistics for grain yield indicates low RMSE of 301 kg ha−1, RMSEn of 5% and strong coefficients of determination (R2) of 0.82 for 2009EVDT. The TDM was evaluated with low RMSE of 517 kg ha−1, RMSEn of 4%, and R2 of 0.87. For IWDC2SynF2, the model evaluation indices for grain yield shows low RMSE of 383 kg ha−1, excellent RMSEn of 6%, and high R2 of 0.90. The TDM for this variety was slightly under predicted with 988 kg ha−1 RMSE, 6.4% RMSEn, and R2 of 0.89.


Table 2. Calibrated cultivar specific parameters for 2009EVDT and IWDC2SynF2 maize varieties.
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Table 3. Evaluation analysis after model calibration between observed and simulated parameters for phenological development, leaf area index (LAI), total dry matter (TDM), and grain yield.
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Analysis of Model Validation

The model validation with an independent data sets for both maize varieties showed good agreement between simulated and observed values for grain yield and TDM (Figures 2A–D, 3A–D) in the two representative sites (Abuja and Zaria). The model predicted grain yields well for both varieties in both locations with RMSE values ranging between 212 and 262 kg ha−1, R2 values ranging between 0.97 and 0.98, and RMSEn values below 8%. Validation of TDM at harvest was also accurate for the two varieties. For the variety 2009EVDT, model evaluation statistics were RMSE < 800 kg ha−1, RMSEn < 12%, R2 = 0.94 in both locations. The variety IWDC2SynF2 also had good evaluation statistics for TDM with RMSE value of < 100 kg ha−1, RMSEn of ≤ 12%, and R2 of above 0.84. Overall, the model evaluation statistics were within acceptable ranges for both varieties across the two locations. The accurate predictions of both varieties under optimum condition and at different N levels with low RMSE values implies that the model could be used to optimize production.


[image: Figure 2]
Figure 2. (A–D) Comparison of observed and simulated outputs of model validation data for grain yield and total dry matter (TDM) at varying N-fertilizer applications for 2009EVDT in Abuja and Zaria (each point is average of treatment during 2016 and 2017 cropping seasons).
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Figure 3. (A–D) Comparison of observed and simulated outputs of model validation data for grain yield and total dry matter (TDM) at varying N-fertilizer applications for IWDC2SynF2 in Abuja and Zaria (each point is average of treatment during 2016 and 2017 cropping seasons).




Seasonal Analysis for Maize Yield Grown Under Different Planting Window

The simulated grain yields for different planting windows and location using 31-year of weather data (1985–2015) for the two maize varieties are presented in Table 4. Generally, higher grain yield was simulated for the medium-maturing IWDC2SynF2 than that of early-maturing 2009EVDT across the selected sites. In southern Guinea savannah zone (Abuja and Yelwa) and for both varieties, the planting windows from PW1 (June 1)—PW8 (July 26) indicated stable grain yield from year-to-year with low CV below 15%. Highest mean yield of 3,774 and 3,360 kgha−1 for 2009EVDT, 5,340 and 4,410 kgha−1 for IWDC2SynF2 were simulated at PW3 (June 15–June 21) in both sites. The simulated mean grain yield was lower for planting window PW 1 and for planting windows between PW9 and PW 11 with higher CV ≥ 15% for both varieties. In the NGS, the simulated mean grain yield was higher in Sabon Gari than Zaria. Sowing the variety 2009EVDT on PW1-PW8 in Zaria simulated average grain yield of 2,064–3,970 kg ha−1 with low CV below 15% planting windows before PW3 reduced mean simulated grain yield by 37% and planting window beyond PW8 significantly reduced grain yield by 11–18%. In Sabon Gari, sowing this variety from PW1–PW7 simulated mean grain yield ranging from 2,549 to 4,160 kg ha−1 with CV% ranged from 2 to 14%. Sowing on PW1 simulated the lowest mean grain yield (2,549 kgha−1) and highest mean grain yield (4,160 kg ha−1 was simulated at PW3). Planting beyond PW8, reduced simulated yield by 9% for PW9, 17% for PW10, and 18% for PW11. Our results showed that the best planting window with optimum yield for 2009EVDT could be obtained from PW3 to PW8 at Zaria and PW2 to PW7 at Sabon Gari. Sowing IWDC2SynF2 on PW2–PW8 at Zaria gave mean yield of 4,075–5,670 kg ha−1; while sowing on PW2–PW9 at Sabon Gari gave high and stable grain yield of 4,523–5,920 kg ha−1. Highest mean yields of 5,670 kg ha−1 in Zaria and 5,920 kg ha−1 in Sabon Gari are simulated at PW3 in both locations. The best sowing window with optimal yield for IWDC2SynF2 could be obtained from PW3 to PW8 at Zaria and PW2 to PW9 at Sabon Gari. Delaying sowing beyond PW8 at Zaria reduced yield by 18–45%. In Sabon Gari, delaying sowing beyond PW9 reduced yield by 30% for PW10 and 39% for PW11. In Kano in the SS, the highest mean grain yield was simulated at PW3. Yield decline by 70% when 2009EVDT is sown at PW1 and 36% when sown at PW2 compared to PW3. However, a reasonable and stable yield could be achieved from PW3–PW9 in Kano. In Balbaya, the highest grain yield was also obtained with sowing window of PW3 (June 15–21) for both varieties. The results show that the mean simulated yield are stable for IWDC2SynF2 when sowing from PW2 to PW7 in both sites. Sowing IWDC2SynF2 beyond PW7 in Kano reduced grain yield by 22–58% and in Balbaya, sowing the same variety beyond PW7 reduced grain yield by 25–43%.


Table 4. Simulated maize grain yield (1985–2015) for different planting windows (PW) in the Southern Guinea savanna (SGS), Northern Guinea Savanna (NGS), and Sudan Savanna (SS) zones respectively Nigeria.
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The probability of exceedance was used to further assess the best planting window relative to the risk associated to each planting window based on the attainable yield threshold for each variety simulated (Figures 4–6). In SGS zone, the probability of exceeding the attainable grain yield threshold of 3,000 kg ha−1 for 2009EVDT would be expected to occur in > 75% of the years when sowing from PW2 to PW7, 60% of the years for PW8 and only 35% of the years when sowing is delayed beyond PW8 in Abuja. In Yelwa, the probability of exceeding the grain yield threshold of 3,000 kg ha−1 would be expected in > 75% of the years when sowing from PW3 to PW5, 50% of the years when sowing occur in PW2, and below 35% of the years when sowing from PW6 to PW11 (Figures 4A,B). For IWDC2SynF2, the probability of exceeding a attainable grain yield of 4,000 kg ha−1 would be expected to occur in > 75% of the years when sowing from PW2 to PW8 and decline for other planting windows in Abuja. At Yelwa, the probability of exceeding the grain yield threshold of 4,000 kg ha−1 will occur in > 75% of the years when sowing occur in PW3–PW4, 68% of the years when sowing during PW2, 55% of the years in PW5–PW6 while the chance of attainable yield threshold decline with early sowing date (PW1) and sowing date beyond PW7 (Figures 4C,D).
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Figure 4. (A–D) Probability of exceedance for simulated grain yield (1985–2015) of EVDT2009 and IWDC2SynF2 across 11 planting windows in Abuja and Yelwa representing the Southern Guinea savannah agro-ecological zone.
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Figure 5. (A–D) Probability of exceedance for simulated grain yield (1985–2015) of EVDT2009 and IWDC2SynF2 across 11 planting windows in Zaria and Sabon-Gari representing the Northern Guinea savannah agro-ecological zone.
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Figure 6. (A–D) Probability of exceedance for simulated grain yield (1985–2015) of EVDT2009 and IWDC2SynF2 across 11 planting windows in Kano and Balbaya representing the Sudan savannah agro-ecological zone.


In NGS zone, the probability of exceeding 3,000 kg ha−1 of grain yield threshold for 2009EVDT would be expected to occur in 0% of the years when sowing during PW1 and 38% of the years when sowing during PW2. The probability of attaining the same yield threshold will be > 75% of the years when sowing from PW3 to PW7; 70% of the years with sowing during PW8 and far below 70% with sowing beyond PW9 (Figure 5A). Similarly, at Sabon-Gari (Figure 5B), the probability of exceeding 3,000 kg ha−1 of grain yield for 2009EVDT would occur in 0% when sowing during PW1 and 74% of the years when sowing during PW2; > 75% of the years when sowing from PW3 to PW7 and far below 75% when sowing occur after PW8. For IWDC2SynF2, the probability of exceeding a attainable grain yield of 4,000 kg ha−1 would be expected to occur in 0% of the years when sowing during PW1 and 60% of the years when sowing during PW2, > 75% of the years with sowing from PW3 to PW7 and below 48% of the year when sowing is delayed beyond PW5 in Zaria (Figure 5C). In contrast, the probability of exceeding attainable grain yield of 4,000 kg ha−1 in Sabon Gari would be expected to occur in in 0% of the years when sowing during PW1 and 70% of the years when sowing during PW2, > 75% of the years with sowing on PW3–PW9 and thereafter decline beyond PW9 (Figure 5D). These results suggest that the length of planting window for attainable yield threshold would occur within 35 days (June 15–July 19) at Zaria and 42 days (June 8–July 19) at Sabon-Gari for 2009EVDT. The best planting window for IWDC2SynF2 indicates PW3 (June 15)—PW7 (July 19) ~35 days at Zaria. Longer planting window is estimated for Sabon Gari and varied from June 8 to August 2.

In SS zone, the probability of exceeding a desired grain yield of 3,000 kg ha−1 for 2009EVDT would be expected to occur in < 20 % of the years when sowing during PW1 and PW2, > 75% of the years with sowing from PW3 to PW8 and significantly decline below 75% of the years with sowing occur beyond PW8 in Kano (Figure 6A). In Balbaya, the probability of exceeding yield threshold of 3,000 kg ha−1 would be expected to occur in < 10% of the years when sowing during PW1 and PW2, > 75% of the years with sowing from PW3 to PW7 and decline significantly below 75% of the years with sowing occur beyond PW7. The probability of exceeding yield of 4,000 kg ha−1 for IWDC2SynF2 would be expected to occur in < 20 % of the years when sowing during PW1 and PW2, > 75% of the years with sowing from PW3 to PW5 (Figures 6C,D), and far below 75% of the years when sowing is delayed beyond PW5 in both sites (Kano and Balbaya). A long planting window of 42 days (June 15–July 26) in Kano is simulated for 2009EVDT. This is shorter than the 35 days (June 15–July 19) simulated for this variety in Balbaya. The optimum planting window of 21 days (June 15–July 5) simulated for IWDC2SynF2 in both locations is shorter than that simulated for 2009EVDT.




DISCUSSION

Cropping system models offer opportunities to predict different management strategies including optimum planting windows for crops over a large area using information on soils and long-term weather (Adnan et al., 2017; Tofa et al., 2020). In this study the model statistics show that the APSIM model was well calibrated and evaluated. The high model accuracy (RMSEn) and low RMSE values indicate good agreements between observed and model predicted values suggesting that the APSIM model is a good decision-making tool for crop production in northern Nigeria. Akinseye et al. (2020) reported a good agreement between observed and predicted values for sorghum yield in the dry savannas of Nigeria and suggested that the APSIM model can be used to predict crop performance in the Nigeria savannas.

Following the successful calibration and validation of the APSIM model for both maize varieties in the Nigerian savannas, the model was applied for different planting windows analysis. Several studies have shown that models can be rather useful for planting date analysis, compared to resource intensive experimental studies (Mavromatis et al., 2001; Saseendran et al., 2005; Soler et al., 2008; Adnan et al., 2017; Tofa et al., 2020). The recommended sowing date for maize in the Nigeria savannas is early to mid-June in the major three agro-ecozones irrespective of maize varietal differences, seasonal and spatial variations (Tofa et al., 2020). These recommendations are made from field experiments in few sites and years. However, results from the seasonal analysis for simulated grain yield with the APSIM model shows that optimum planting windows are dependent on maize variety, agro-ecological zone and the sites within the zones. Our results further revealed high magnitude of yield loss with early and late sowing especially in SS compared to NGS and SGS. In the SGS, the model simulation results show that the highest average yield of the two varieties are obtained with sowing on June15–21 (PW3) in Abuja and Yelwa. The probability of exceeding attainable mean grain yields of 3,000 kg ha−1 for 2009EVDT is high when planting from June 8 to July 19 while attainable yield of 4,000 kg ha−1 is obtained for IWDC2SynF2 with high probability when sowing from June 8 to July 26. In addition, the risk analysis reveal a yield decline by 26% for 2009EVDT and 20% for IWDC2SynF2 when sowing earlier than June 8. Sowing after July 19 resulted to estimated yield loss of 9–20% for 2009EVDT. For IWDC2SynF2, sowing beyond July 26 resulted to estimated yield decline by 10–34%. Similar to Abuja, the highest average yields were simulated when the two varieties are planted on June 15–21 in Yelwa. The desirable yield of 3,000 kg ha−1 is obtained when 2009EVDT is sown on June15–July 5 while the desirable yield of 4,000 kg ha−1 for IWDC2SynF2 is obtained with planting on June 8–28. These results suggest that optimum planting window for attainable yield could be best achieved from PW3 (June 15) to PW5 (July 19) for 2009EVDT and PW2 (June 8) to PW8 (July 26) for IWDC2SynF2 in Abuja while both varieties in Yelwa site would have shorter optimum planting windows of PW3 (June 15) to PW5 (July 5) for 2009EVDT and PW2 to PW4 for IWDC2SynF2 for attainable yield threshold. These results are consistent with those of Adnan et al. (2017) who simulated mid-June to late July as optimum time to plant early-maturing maize in the SGS. Our results also agree with Tofa et al. (2020) who reported that optimum and stable yield of the medium-maturing maize variety IWDC2SynF2 was simulated with planting from mid-June to end of July for Abuja in the SGS. The results simulated for Yelwa is however, different from the simulations results obtained by Tofa et al. (2020) for SGS. The differences in the two sites within the same zones may be due to the differences in soil characteristics and rainfall distribution. The Yelwa site has high sand content and very low clay content with resultant low levels of organic carbon (Table 1). This reduces nutrient and water retention capacity that leads to fast drying. The soils in Abuja are heavier with higher clay contents than those in Yelwa and could therefore retain more water to allow for late planting and crop growth throughout the season.

In the NGS, highest mean grain yields were simulated with sowing at the June15–21 window for both varieties and both locations. Higher yields were simulated in Sabon Gari than in Zaria for both varieties suggesting that Sabon Gari is more productive for maize production. For 2009EVDT, the attainable yield of 3,000 kg ha−1 was simulated at sowing window of June 15–July 26 in Zaria and June 8–July 26 in Sabon-Gari indicating optimum planting windows for this variety in this location. Guaranteed yield of 4000 kg ha−1 for IWDC2SynF2 is obtained with sowing from June 15 to July 19 in Zaria and June 8 to August 2 in Sabon-Gari. This is an estimated average yield decline of 48% for PW1 and 26% for PW2 when the variety 2009EVDT is sown earlier than June 15 in Zaria. Sowing earlier than June 8 carries the risk of yield decline of 39% in Sabon-Gari. Farmers in both locations can delay planting of 2009EVDT to as late as third week of July while planting of IWDC2SynF2 can be delayed to third week of July in Zaria and to as late as August 2 in Sabon Gari. Using the CERES-Maize model, Tofa et al. (2020) showed that sowing IWDC2SynF2 in NGS from early June to late July produced optimal grain yield in Zaria. Delaying the sowing of this variety beyond late July reduced grain yields by 8–46%. Using the same model, Adnan et al. (2017) recommended the sowing of early-maturing maize like 2009EVDT from mid-June to late July. The differences in optimum sowing windows for the two locations within the same agro-ecological zone for the medium maturing maize may be due to differences in rainfall distribution and soil characteristics. The soils in Sabon Gari have high organic carbon and high clay content (Table 1) which help to retain water and nutrients.

Results show that a stable and guaranteed yield of 3,000 kg ha−1 can be obtained by planting the early-maturing 2009EVDT in both locations (Balbayo and Kano) in the SS up to last week of July. This variety provides an opportunity for farmers to delay planting if the rains are late in the SS zone. However, there is a high risk of crop failure when sowing earlier than June 15 resulting to significant yield decline of 70% for PW1 and 36% for PW2 in Kano; and 66% for PW1 and 38% for PW2 in Balbaya. Narrow planting windows were simulated for the medium-maturing IWDC2SynF2 in the SS zone with minimum guaranteed yield of 4,000 kg ha−1 when sowing was done between June 15 and July 5. Delaying sowing of this variety beyond July 5 will cause significant reduction in yield. This suggests that there is high risk of planting this variety in the Sudan savanna. The two locations are in the SS where the active growing period is < 5 months and the soils are relatively sandy and do not hold much water. Rainfall amount is in most of the years lower than the sites in the other zones. In contrast sowing can be delayed up to PW8 (July 26) for the early maturing variety 2009EVDT consistent with the findings of Adnan et al. (2017). Across planting windows, higher yields were simulated for the NGS than the other zones irrespective of length of growing season. This is probably due to the good soil conditions in this zone where the clay content and organic carbon contents are higher (Table 1). With the exception of Yelwa in the SGS of northeast Nigeria where optimum sowing window was simulated from mid-June to early July for the two varieties, the sowing of the two varieties can be delayed to the third week of July in the other locations. This is contrary to the blanket recommendations of early to mid-June for all the varieties (NAERLS, 2013) for the Nigeria savannas irrespective of the maize variety and agro-ecozones. The large planting window suggested for each agro-ecozone gives more flexibility with regard to the variable onset of the rainy seasons in a given locality. The suggested planting windows are good for the planning well ahead of the cropping season. However, they need to be adjusted based on seasonal forecasts and within season short term forecasts.

In general, the risk associated with the optimal sowing period for both maize varieties simulated is higher in Yelwa than Abuja in SGS; the risk is low for both varieties and sites in the NGS; while risk associated with medium-maturing variety (IWDC2SynF2) is higher than the early-maturing variety (2009EVDT) at both sites in the Sudan Savanna zone. Thus, the optimum planting windows provide a good pathway for planning ahead of the cropping season, but they need to be adjusted based on seasonal rainfall forecasts.



CONCLUSION

Results from this study show that the APSIM model was able to simulate accurately growth and yield of maize grown under rain fed conditions in the Guinea and Sudan savannas of Nigeria suggesting that the model can be used to identify appropriate crop management practices for maize in the target zones. Although planting from June 15 to 28 gave the highest yield for both varieties in all the agro-ecologies, planting windows that gave the desirable yields of 3,000 kg ha−1 for 2009EVDT and 4,000 kg ha−1 for IWDC2SynF2 varied with agro-ecozones and sites. In the SGS, the best planting window that gives the desirable yield was June 8–July 19 for 2009EVDT and June 8–July 26 for IWDC2SynF2 for Abuja. At Yelwa, the planting window that gives desirable yield could start from June 15 to July 5 for 2009EVDT and June 8 to 28 for IWDC2SynF2. In the NGS, the optimum planting window that gives the desirable yield was June 15–July 19 for both varieties in Zaria. At Sabon Gari, farmers can start planting maize as early as June 8 and delay planting to July 19 for 2009EVDT and August 2 for IWDC2SynF2 to attain the desirable yields. In the SS where the growing season is short, planting of 2009EVDT can be delayed up to the third week of July at both locations. In order to obtain the desirable yield for the medium-maturing IWDC2SynF2, planting should be done by the first week of July. For the SS, the risk of growing IWDC2SynF2 is high given the narrow sowing window simulated for this zone. The early-maturing variety is therefore recommended for this zone.
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Planting 2009EVDT
window

Mean St. Dev Max.

Kg ha™'

PW1 2,583 138 2,869
PW2 3512 255 4,002
PW3 3,774 242 4,208
PW4 3,668 208 4217
PW5 3,598 296 4,086
PW6 3,483 304 3971
PW7 3,356 289 3810
PW8 3,067 305 3,686
PWO 2,827 431 3,539
PW10 2,782 539 3,201
PW11 2,684 557 3,344
PW1 2,300 218 2,743
PW2 3,033 329 3,640
PW3 3,360 360 4,180
PW4 3,260 430 4210
PW5 3,150 400 3,770
PW6 2,860 340 3,380
PW7 2,750 360 3,680
PW8 2,69 360 3,280
PWO 2410 380 3,000
PW10 2,330 520 3,220
PW11 2220 780 3,160
PW1 2,064 2 2114
PW2 2,951 261 3,453
PW3 3,970 470 4,640
PW4 3,870 470 4,630
PW5 3,830 420 4,680
PW6 3,780 330 4,320
PW7 3,680 350 4,520
PW8 3,330 370 4,100
PWO 2,950 520 3,650
PW10 2,860 430 3,840
PW11 2,720 490 3,870
PW1 2,549 2 2599
PW2 3377 478 4,229
PW3 4,160 500 5,230
PW4 4,010 450 4,880
PW5 3,940 400 4,750
PW6 3,880 400 4,660
PW7 3,740 510 4,640
PW8 3510 660 4,570
PWO 3210 660 4,270
PW10 2,910 540 3,800
PW11 2,870 590 3,860
PW1 1,242 240 1,694
PW2 2,652 320 3,206
PW3 4,110 350 4,780
PW4 4,010 360 4,840
PW5 3,890 390 4,820
PW6 3,700 490 4,870
PW7 3,620 520 4,780
PW8 3,450 550 4510
PWO 3,250 590 4,190
PW10 2,830 750 3810
PW11 2,220 730 3,680
PWA 1,332 373 2,203
PW2 2,403 348 3,437
PW3 3,870 280 4,440
PW4 3,730 310 4,440
PW5 3,580 330 4,270
PW6 3,410 310 4,010
PW7 3,260 330 4,050
PW8 3,140 370 3,910
PWO 3,030 370 3,780
PW10 3,020 310 3510
PW11 2,990 420 3,490

Min. cv
%

Mean

SGS-Southern Guinea Savanna

2,270 5 3,570
3,003 I 4,480
3,271 6 5,340
3,003 8 5,150
2,850 8 4,970
2,839 9 4,600
2,653 9 4,450
2,396 10 4,380
1,768 15 3,930
1,090 19 2,960
1,088 21 2,890
1,928 9 3211
2,293 " 4,021
2,490 " 4,410
1,960 13 4,270
2,270 13 4,100
2,000 12 3,980
1,640 13 3,850
1,920 14 3,640
1,390 16 3,420
730 23 2,880
740 35 2,670
NGS-Northern Guinea Savanna
2,016 1 3,233
2,476 9 4,075
3,000 12 5,670
2,850 12 5,620
3,060 " 5,470
2,820 9 5,250
3,130 10 4,620
2,900 1 4,080
1,830 18 3,330
2,360 15 2,700
2,080 18 2,240
2,508 1 3,652
2,498 14 4,523
3,370 12 5,920
3,350 " 5,900
3,240 10 5,850
3,160 10 5,500
2,890 14 5,380
2,390 19 4,890
2,000 20 4,640
1,990 18 3,270
1,640 21 2,820
SS-Sudan Savanna
M 19 2,487
2,113 12 3,653
3,470 9 5,080
3400 9 4,680
3,220 10 4,300
2,700 13 4,080
2,030 16 3,820
1,430 16 3,430
1,160 18 2,680
950 27 1,950
1,070 33 1,440
839 28 2,264
1,847 14 3,565
3,460 7 4,760
3,160 8 4,500
2,810 9 4,290
2,700 9 3910
2,360 10 3,640
2,290 12 2,680
2,190 12 2,460
2,470 10 2,230
1,450 14 2,070

IWDC2SynF2
St. Dev Max.
kg ha™'
206 3916
264 4,988
260 5,740
300 5,630
290 5,490
330 5,180
360 5010
370 5,090
710 4,660
720 3910
760 3,840
268 3,593
489 5179
440 5,190
520 5370
520 5,130
490 5,160
440 4,470
440 4,440
500 4,180
640 3,840
730 3910
15 3,263
245 4,467
370 6,500
410 6,270
500 6,590
720 6,500
820 5,850
970 5,680
970 5,300
820 4,680
740 4,770
147 3,946
678 5754
800 7,850
780 7,420
670 7,260
610 6,790
570 6310
570 5,840
570 5,600
470 4,320
490 3,800
498 3,495
341 4,327
380 5,870
420 5,610
460 5,220
590 5,120
690 5,230
820 4810
720 3,900
700 3,260
710 2,880
256 2,786
254 4,359
310 5,400
370 5,260
360 4,930
340 4,520
420 4,430
440 3,440
500 3,170
630 2,950
700 3,390

Min.

3,173
3,935
4,850
4,500
4,470
4,010
3,800
3,740
2,020
1,150
930

2,543
2972
3,080
3,060
2,930
3,030
2,790
2,790
1,880
1,200
690

3,193
3,607
5,080
4,270
3,630
2,580
1,870
1,330
1,090
1,130
520

3,355
3,455
4,850
4,830
4,850
4,500
4,290
3,690
3,360
2,380
2,130

1,746
3,000
4,260
3,880
3,390
2,000
1,720
1,330
1,080
210
490

1,495
3,317
4,260
3,820
3,280
3,110
2,470
1,670
1,050
600
370

cv

©CeN® o0 oo

oo o
SR>

© N~ o =

=

18
24
29

33

© 0o~ ~

1
17
20
28
34

>

PWI1, June 1-7; PW2, June 8-14; PW3, June 15-June 21; PW4, June 22-28 June; PWS5, June 29-July 5; PW8, July 6~July 12; PW7, July 13~July 19; PW8, July 20~July 26; PW9,
July 27-August 2; PW10, August 3-August 9; PW11, August 10-August 16. Stdev, standard deviation from mean.
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Cultivar/parameters

EVDT2009

50% Anthesis (days)
Physiological maturity
(days)

LAI (m?/m?)

Total dry matter (kg
hat)

Grain yield (kg ha=")
IWDC2SynF2

50% Anthesis (days)
Physiological maturity
(days)

LAl (m2/m?)

Total dry matter (kg
ha)

Grain yield (kg ha~")

Observed range

48-52
87-94

2.69-2.94
12,467-13,814

5,384-5,887

58-60
103-108

2.89-3.23
14,604-16,924

6,371-7,017

Mean
observed

50

90

274
13,085

5,667

59
105

284
16,483

6,751

Predicted range

47-59
81-97

2.38-3.02
13,218-14,105

5,613-6,244

55-65
99-114

2.41-3.30
13,632-16,022

6,658-7,590

Mean
predicted

52

88

2.74
13,575

5,951

59
106

291
14,529

7,114

MBE

20
-12

0.02

287

03
-09

-0.12
—964

364

RMSE

33
3.4

024
517

29
42

03
988

383

RMSE, (%)

65
37

49
4.0

1.4
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Depth Air dry L DuL SAT BD oc Sand Silt Clay pH NO; NH4

(em) (mm/mm)  (mm/mm)  (mm/mm)  (mm/mm)  (g/em?) (%) (%) (%) (%) (1:5H,0)  (kg/ha)  (kg/ha)
Abuja (SGS)

0-20 0.15 0.29 0.39 0.42 1.89 058 34.93 16.00 49.07 499 167 0.64
20-50 0.08 0.16 0.29 047 164 023 32.93 42,00 26.07 479 426 027
50-85 0.06 0.12 027 0.42 1.64 0.29 32.93 50,00 17.07 4,66 383 0.84
85-130 0.06 0.12 0.26 0.42 163 0.15 34.93 48.00 17.07 485 373 0.79
130-190 008 0.15 028 0.41 163 008 34.93 40,00 26.07 470 353 074
Yelwa Jambore (SGS)

0-20 0.04 0.07 0.12 037 219 0.40 77.20 11.20 11.60 650 127 052
20-39 0.06 0.08 0.11 0.18 224 033 49.20 15.20 35.60 9.30 266 0.15
39-60 0.12 0.16 0.20 031 218 0.15 45.20 17.20 37.60 9.40 283 072
60-88 024 0.24 031 043 213 0.17 45.20 1320 41.60 9.60 273 067
88-145 026 0.26 0.34 039 2.00 021 39.20 17.20 43.60 9.70 253 062
Zaria-NGS

0-11 006 0.12 027 046 125 057 38.00 42.00 20.00 561 259 074
011-59 0.09 018 0.33 045 131 031 21.00 30,00 49.00 5.48 224 052
59-100 0.1 0.12 0.36 038 153 0.12 26.00 24,00 5000 456 151 061
100-1388 012 0.15 0.39 0.4 157 0.13 28.00 26,00 46.00 490 1.49 064
138-185 0.1 o1 035 039 1.59 008 28.00 24.00 48.00 557 0.49 064
185-237  0.10 o1 035 039 1.60 0.12 26.00 2200 36.00 5.11 048 056
Sabon Gari-NGS

0-31 0.13 0.14 0.39 0.42 173 066 24.40 3320 42.40 620 138 1.08
31-72 0.19 0.14 0.40 0.42 229 048 22.40 31.20 46.40 630 087 114
72-98 021 0.18 0.40 0.42 208 0.34 22.40 29.20 48.40 8.20 1.16 094
98-123 021 0.19 0.37 039 184 023 32.40 21.20 46.40 8.40 103 0.86
123200 021 018 0.31 039 184 021 42.40 2120 36.40 8.30 125 114
Kano-S$

0-18 007 0.14 024 028 166 030 82.00 13.00 5.00 657 275 0.60
13-47 007 0.14 024 032 1.72 018 80.00 13.00 7.00 677 213 029
47-74 0.09 018 028 034 1.60 008 86.00 9.00 5.00 699 136 024
74-97 0.10 0.19 029 035 167 006 86.00 9.00 5.00 715 364 025
97-130 0.09 0.18 028 037 1.70 0.06 86.00 7.00 7.00 747 26 0.20
130-184 007 o1 027 022 1.70 004 84.00 7.00 9.00 7.28 244 0.20
Balbaya-S$

0-9 004 0.08 014 038 1.59 029 82.40 7.20 10.40 6.10 1.50 094
9-22 007 0.09 0.15 037 161 0.13 76.40 12 12.40 620 150 0.64
22-33 008 0.10 0.16 038 1.59 034 78.40 9.20 12.40 630 135 o7t
33-74 0.10 0.13 0.21 0.40 1.54 034 62.40 192 18.40 7.20 157 0.47
74-200 0.09 0.09 0.15 037 163 0.10 78.40 9.20 12.40 6.10 125 0.47

LL15, lower limit at15 barmetric pressure; DUL, drained upper limit; SAT, volumetric water content at saturation; BD, bulk density; OC, organic carbon content; NO, nitrate content
and NHa, ammonium content: SGS, Southern Guinea Savanna; NGS, Northern Guinea Savanna; SS, Sudan Savanna.
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Base temperature

Acronym

tt_emerg_to_endjuv
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tt_flag_to_flower
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Photoperiod crit_2
tt_flower_to_start_grain
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head_grain_no_max
grain_gth_rate

t_base

Unit

°C day
°C day

°C day
Hour
Hour
°C day

°C day
°C day

mg/day
°C day

2009EVDT

210

20

125
24
170

650

700
19.5
10

IWDC2SynF2

260

30

125
2
120

850

850
166
10
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Calibrated
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Calibrated

Calibrated
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Calibrated
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