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Abstract:



Unique, variable summer climate of the lower Mississippi (MS) Delta region poses a critical challenge to cotton producers in deciding when to plant for optimized production. Traditional 2–4 year agronomic field trials conducted in this area fail to capture the effects of long-term climate variabilities in the location for developing reliable planting windows for producers. Our objective was to integrate a four-year planting-date field experiment conducted at Stoneville, MS during 2005–2008 with long-term climate data in an agricultural system model and develop optimum planting windows for cotton under both irrigated and rainfed conditions. Weather data collected at this location from 1960 to 2015 and the CSM-CROPGRO-Cotton v4.6 model within the Root Zone Water Quality Model (RZWQM2) were used. The cotton model was able to simulate both the variable planting date and variable water regimes reasonably well: relative errors of seed cotton yield, aboveground biomass, and leaf area index (LAI) were 14%, 12%, and 21% under rainfed conditions and 8%, 16%, and 15% under irrigated conditions, respectively. Planting windows under both rainfed and irrigated conditions extended from mid-March to mid-June: windows from mid-March to the last week of May under rainfed conditions, and from the last week of April to the end of May under irrigated conditions were better suited for optimum yield returns. Within these windows, rainfed cotton tends to lose yield from later plantings, but irrigated cotton benefits; however, irrigation requirements increase as the planting windows advance in time. Irrigated cotton produced about 1000 kg·ha−1 seed cotton more than rainfed cotton, with irrigation water requirements averaging 15 cm per season. Under rainfed conditions, there is a 5%, 14%, and 27% chance that the seed cotton production is below 1000, 1500, and 2000 kg·ha−1, respectively. Information developed in this paper can help MS farmers in decision support for cotton planting.
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1. Introduction


Historically, fluctuations in production costs, commodity market prices, insect infestations, and weather have mostly controlled the area of cotton planted in the state of Mississippi (MS), and, on an annual average basis, about half a million hectares of this region are planted with this crop. Adequate soil moisture and topsoil (5 cm) temperature above 20 °C (on average) at and 10 days following planting cotton are considered ideal for establishing a uniform plant stand, and these conditions normally occur by April in the lower MS Delta region (Riley et al., 1964 [1,2]). While these are ideal conditions for establishing a uniform plant stand, subsequent crop growth and harvested seed cotton at the end of the season depend on many other factors, such as incidences and control of weeds, insects, diseases, and water availability either through rainfall or irrigation. Notwithstanding, the net return to the farmers depends on additional factors such as cotton fiber quality, seed composition, and market prices at the time of harvest (Bridge et al., 1971 [3]; Pettigrew and Dowd, 2011 [4]). Therefore, from a producer’s point of view, a planting decision for optimum production and economic return should take all of these factors into account. Considerable research efforts have been invested into conducting field trials to understand and develop optimum planting dates for maximizing cotton production and returns in the MS Delta region. Wrather et al. (2008) [5] investigated effects of five planting dates from 22 April to 20 May on yield and fiber quality; Adams et al. (2013) [6] explored mid-April to early May planting-date effects on maturity and yield in cotton; and Pettigrew et al. (2009) [7], Pettigrew and Meredith (2009) [8], and Pettigrew and Dowd (2011) [4] investigated effects of varying planting dates on cotton growth and lint production, cotton seed composition, lint yield components, and fiber quality. In general, in all of these experiments, cotton was planted on three to four different dates between April and May and was repeated over three to four crop seasons. High variability in precipitation and temperatures experienced in the MS Delta across years confounded research outcomes to the extent that no definite patterns in cotton yield return appeared to emerge from these experiments for transferring the technology—or recommending definite planting windows and their associated risks—to producers for adoption. In a two-year study with four plantings between April and May, Berry et al. (2008) [9] recommended early plantings for cotton in the MS Delta region to avoid yield losses from tarnished plant bug attacks. Pettigrew et al. (2009) [7] planted cotton in the first week of April and first week of May for three years (2002–2005), and reported substantial (22%) increase in lint cotton yields from early plantings in one year but not in the other years. Pettigrew (2002) [10], (2010) [11] reported yield increases in four out of five years from a first-week-of-April planting compared to a first-week-of-May planting. In a four-year study from 2005 to 2008, Pettigrew and Dowd (2010) [12] observed a 35% decrease in lint yield from early plantings (first week of April) compared to a late planting (first week of May) under rainfed conditions, but in 2006 and 2007, early planting increased lint yield by 13% under irrigated, but not rainfed, conditions.



One of the main factors contributing to the vacillating, and at times conflicting, outcomes from those experiments is the climate variability (precipitation amount and timing and air temperature) the crops are subjected to across the crop seasons. A solution to the problem would be to derive planting-date recommendations based on data collected—with frequent plantings spread uniformly across crop growth seasons over the long-term (30 years or more) to account for variations in precipitation and other climatic variables—at a location for deriving long-term averaged optimum planting dates for adoption. Such long-term experiments, obviously, are time-consuming and so not suited for deriving timely solutions keeping pace with the changes in technology in the cotton production scenario in the region. In this context, state-of-the-science agricultural system models provide a systems approach and a fast, scientifically sound method for extrapolating short-term field trials outside of the experimental period and climate by integrating crop simulation models with short-term field experiments and long-term weather data to account for long-term climate variability at the location (Hoogenboom et al., 1991 [13]; Ahuja et al., 2000, 2014a,b [14,15,16]; Saseendran et al., 2005 [17]; Garciay Garcia et al., 2010 [18]; Paz et al., 2012 [19]). However, process-oriented system models, such as Root Zone Water Quality Model (RZWQM2) and the Decision Support Systems for Agrotechnology Transfer (DSSAT) models, need to undergo a thorough calibration and validation process for ascertaining their abilities in reproducing the relevant crop responses in the climate and soil of the location for application (Jones et al., 2003 [20], Ahuja et al., 2014a,b [15,16]). In this context, the CSM-CROPGRO-cotton model available in the DSSAT cropping system simulation package was used extensively for simulating cotton for irrigation water management in the humid climate of southeastern USA (Guerra et al., 2007 [21]; Garcia y Garcia et al., 2010 [18]). However, studies on using the model for simulations of cotton in the humid MS Delta region are lacking. The CSM-CROPGRO-cotton model simulates growth and development of a cotton crop on a daily basis; however, photosynthesis is simulated on an hourly basis based on canopy light interception and accounting for growth and maintenance respiration (Boote and Pickering, 1994 [22]). The assimilated dry-matter is partitioned into roots, stems, leaves, bolls, and seeds. Growth stages of seedling emergence, first leaf, first flower, first seed, first cracked boll, and 90% open boll are simulated from a photothermal time concept function of air temperature and photoperiod. The yield outputs of the model include separate estimates of boll and seed cotton mass.



On an annual basis over the long term, the rainfall (precipitation received in the subtropical climate is mostly in the form of rainfall) received over the MS Delta region averages around 1300 mm, with about 30% (390 mm) received during the core crop-growing period from May to August. The rainfall received is also characterized by high intraseasonal variabilities of both amounts and temporal distribution (Kebede et al., 2014 [23]). For reliable crop returns, farmers depend on irrigations to cover precipitation deficiencies. As such, finding enough water supplies to meet crop demands is one of the primary crop production concerns for farmers in this region. Apparently, the major source of this irrigation water comes by pumping from the Mississippi River Valley alluvial aquifer underlying the MS Delta region (Clark et al., 2011 [24]). Thus, unsustainable withdrawal of water from this shallow aquifer is leading to its fast depletion, posing concerns for continued irrigation water supply for sustaining agriculture in the region. The objectives of this study were to (1) test the CSM-CROPGRO-cotton model v4.6 within the RZWQM2 model for simulations of cotton growth in the humid climate of the MS Delta; and (2) integrate the model with long-term climate data and determine averaged planting windows for optimum production under both rainfed and irrigated conditions in the region.




2. Materials and Methods


2.1. RZWQM2 Model


The RZWQM2 is a cropping system model that simulates the effects of water (irrigation and precipitation), soil (tillage, crop residue, and fertilizers), and crop management alternatives (crop species and cultivars; planting date, depth, and density; pesticides and fertilizer application amounts; and irrigation amounts and scheduling) on crop production, water quantity and quality, and air (carbon dioxide, nitrous oxide, and methane production) and soil (nitrogen and pesticides) quality (Ahuja et al., 2000 [14]; Ma et al., 2009 [25]). Several studies have tested the model on field research conducted in the Great Plains and Mississippi and extended the results for managing dryland and irrigated cropping systems across climates and soils (for example, Ma et al., 2003 [26]; Saseendran et al., 2005 [17], 2008 [27], 2009 [28]). Saseendran et al. (2014) [29] modified the water stress factor for processes related to photosynthesis (SURFAC) in RZWQM2 using the daily potential root water uptake (TRWUP) calculated by the approach of Nimah and Hanks (1973) [30] and accounted for stress caused by additional heating of the canopy from unused energy of potential evaporation. The CSM-CROPGRO-cotton growth model version 4.6 is available within RZWQM2 for simulations of the crop (Ma et al., 2006 [31], 2009 [25]; Hoogenboom et al., 1991 [13], 2012 [32]; Jones et al., 2003 [20,33]).



RZWQM2 is a daily time-step model; the minimum weather variables needed for simulations representing the experimental location are daily solar irradiance, maximum and minimum air temperature, wind speed, relative humidity, and precipitation. Model inputs include soil physical properties (soil profile depth and horizons/layers, soil texture, bulk density, and organic matter content) and hydraulic properties (water retention curves and saturated hydraulic conductivity of each soil horizon represented by Brooks and Corey equations), crop and soil management information (tillage dates and methods; planting date, density, depth, and row spacing; dates and amounts of irrigation; and amount and type of fertilizer applications), and soil initial conditions (soil water, nitrogen (N), and carbon content of soil layers at the start of the simulation).



The daily potential evaporation (PE) and potential transpiration (PT) are calculated from daily weather variables (air temperature, solar radiation, relative humidity, and wind speed) and crop-soil characteristics using the extended Shuttleworth–Wallace (S–W) approach, which is an extension of the S–W approach for partial crop canopy-soil cover to a complete range of partial soil-crop canopy-residue conditions (Shuttleworth and Wallace, 1985 [34]). The potential evapotranspiration (PET) is obtained by summing the PE and PT estimates during a given time interval. The PT and PE computed set the upper limits for actual transpiration (AT) and actual evaporation (AE), respectively, in RZWQM2. The vertical soil water movement (infiltration) during rainfalls or irrigation is simulated by the Green and Ampt (1911) [35] approach, and by the Richards equation (Ahuja et al., 2000 [14]) between these events. The crop water uptake is estimated by the Nimah and Hanks (1973 [30]) approach. The soil evaporation is calculated by the Richards equation of soil water movement, with the flux of PE as the initial upper boundary condition until the soil water pressure head at the surface equals −1500 kPa, which is then maintained as the constant head boundary. The crop growth and water stress effects utilize the widely tested modules from the DSSAT cropping model (Jones et al., 2003 [20]).



In the order of importance, experimental data needed for calibrating the model for simulating a cotton variety are phenology (flowering and physiological maturity) dates, seed cotton yield and biomass at maturity, crop biomass and leaf area index (LAI) at different growth stages, rooting depth and distribution in the soil profile, and soil water content measurements. To simulate a specific cotton cultivar, the CSM-CROPGRO-cotton model requires 18 cultivar parameters (Jones et al., 2003 [20]). Simulating cropping systems require careful iterative calibration of the soil water component, followed by the N component, and finally the plant growth component. In this study, RZWQM2 was calibrated manually following the comprehensive procedure laid out by Ma et al. (2011 [36]) (Table 1).



Table 1. Calibrated cultivar parameters for simulating cotton c.v. ST5599BR using the CSM-CROPGRO-cotton model v4.6.







	
Parameters

	
Definitions

	
Values






	
CSDL

	
Critical Short Day Length below which reproductive development progresses with no day length effect (for short day plants) (hour)

	
23.0




	
PPSEN

	
Slope of the relative response of development to photoperiod with time (positive for short day plants) (1/hour)

	
0.01




	
EM-FL

	
Time between plant emergence and flower appearance (R1)(photothermal days)

	
41.0




	
FL-SH

	
Time between first flower and first pod (R3) (photothermal days)

	
11.0




	
FL-SD

	
Time between first flower and first seed (R5) (photothermal days)

	
17.0




	
SD-PM

	
Time between first seed (R5) and physiological maturity (R7) (photothermal days)

	
40.0




	
FL-LF

	
Time between first flower (R1) and end of leaf expansion (photothermal days)

	
65.0




	
LFMAX

	
Maximum leaf photosynthesis rate at 30 C, 350 vpm CO2, and high light(mg CO2/m2s)

	
1.4




	
SLAVR

	
Specific leaf area of cultivar under standard growth conditions (cm2/g)

	
170.0




	
SIZLF

	
Maximum size of full leaf (three leaflets) (cm2)

	
200.0




	
XFRT

	
Maximum fraction of daily growth that is partitioned to seed + shell

	
0.50




	
WTPSD

	
Maximum weight per seed (g)

	
0.15




	
SFDUR

	
Seed filling duration for pod cohort at standard growth conditions (photothermal days)

	
35.0




	
SDPDV

	
Average seed per pod under standard growing conditions (#/pod)

	
20.0




	
PODUR

	
Time required for cultivar to reach final pod load under optimal conditions (photothermal days)

	
8.0











2.2. Field Experiments


The experiments for calibration and evaluation of the model for simulating cotton growth were conducted in a Dubbs silt loam soil (fine-silty, mixed, active, thermic Typic Hapludalfs) at Stoneville, Mississippi (33°42′ N, 90°92′ W, 32 m amsl) located in the MS Delta region of the state of Mississippi during the years 2005–2008 (Pettigrew and Dowd, 2011 [4]). Cotton variety ST5599BR was grown under both irrigated and rainfed (crop whose water supply is met only from natural rainfall) conditions following planting on two planting dates: (1) early plantings (EP) occurring in the last week of March or first week of April (4 April 2005, 30 March 2006, 2 April 2007, and 31 March 2008); and (2) normal plantings (NP) occurring typically in the first week of May or last week of April (2 May 2005, 2 May 2006, 27 April 2007, and 6 May 2008). The irrigated treatments were furrow irrigated, with approximately 2.54 cm of water applied at each irrigation event. One irrigation application occurred in 2005, three applications in 2006, two applications in 2007, and four applications in 2008. The experimental design consisted of a randomized complete block with irrigation replications in three blocks. Nitrogen rates were 120 kg·ha−1 in all the treatments. Each plot measured four rows width and 18.3 m in length, with cotton planted on a 100 cm row spacing. After defoliation of the crop, the two interior rows were mechanically harvested from each plot, avoiding the ends of the rows, for cotton seed yield data. LAI and biomass measurements were through destructive sampling; as such, to avoid losing too many plants, we collected these data only once they reached the flowering stage.



Long-term weather data for this location were obtained from the Delta Research and Extension Center, Mississippi State University, weather station located at Stoneville [2]. There were only field measurements of soil textural properties in the experiment: sand = 10%, silt = 55%, clay = 35%, bulk density = 1.42 g·cm−3, uniform up to a depth of 120 cm. Therefore, soil hydraulic properties were obtained from the RZWQM2 model database for a silt–loam soil: soil water content (SWC) at field saturation = 0.471 cm3·cm−3, drained upper limit for SWC = 0.343 cm3·cm−3, drained lower limit for SWC = 0.210 cm3·cm−3, and pore size distribution index obtained by fitting the Brooks–Corey equation for obtaining the soil water retention curve = 0.151 (Brooks and Corey, 1964 [37]).




2.3. Model Application: Determining Optimum Planting Window


The calibrated and validated model was integrated with a 56 year weather data set, consisting of rainfall, maximum and minimum temperature, solar radiation, and wind speed, collected at the Stoneville location for the period 1960–2015. Simulated planting dates were set at weekly intervals from 1 March to 12 July each year, and simulations started with the initial conditions on 1 January of every year. The 56 year weather data were input to the simulation model to simulate seed cotton yield corresponding to each planting date, and probabilities of achieving average even seed cotton yields (3000 kg·ha−1 under irrigated and 2000 kg·ha−1 under rainfed conditions) were computed for each planting date. These expected yields under rainfed and irrigated conditions were determined after analyzing the long-term yield trends for the location.




2.4. Statistics for Model Calibration and Evaluations


Three statistics were used to evaluate the simulation accuracies: (i) root mean squared error (RMSE), defined in Equation (1), between simulated and observed values; (ii) relative RMSE (relative error; RRMSE), which varies between 0% and 100%, defined in Equation (2); and (iii) the mean error between measured and simulated values (ME), defined in Equation (3).
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(3)




where, Oi is the ith observed value, Pi is the ith simulated value, Oavg is the average of the observed values, and n is the number of data pairs.





3. Results and Discussion


3.1. Climate of the Location


During 2005, 2006, 2007, and 2008 experiments, 42%, 27%, 46%, and 36%, respectively, of the annual rainfall occurred during May–August (Table 2). Highest maximum temperatures observed at the location during the experiments were 39.4 °C in 2005, 38.9 °C in 2006, 39.4 °C in 2007, and 38.9 °C in 2008, with all events occurring in August (Figure 1). Also, August is the hottest month limiting cotton growth in the region, with maximum temperatures above 34 °C, the upper optimum temperature for cotton growth, consecutively for 18, 24, 30, and 23 days in August in 2005, 2006, 2007, and 2008, respectively. Minimum temperatures remained above 10 °C, the lower minimum optimum temperature for cotton growth, during each of the entire crop seasons.


Figure 1. Weather recorded at Stoneville, Mississippi during the crop seasons (April–September) of 2005 (a), 2006 (b), 2007 (c), and 2008 (d): maximum and minimum temperature and precipitation.
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Table 2. Cotton growing season weather in 2005, 2006, 2007, and 2008: monthly mean daily minimum (Tmin) and maximum temperature (Tmax), and monthly total precipitation.







	

	
Tmin (°C)

	
Tmax (°C)

	
Precipitation (cm)






	
2005




	
April

	
13.4

	
25.3

	
10.8




	
May

	
14.4

	
25.3

	
5.1




	
June

	
14.8

	
25.2

	
1.8




	
July

	
13.2

	
25.0

	
10.2




	
August

	
12.9

	
24.8

	
12.2




	
September

	
12.7

	
24.6

	
17.2




	
2006




	
April

	
13.8

	
25.6

	
18.0




	
May

	
13.7

	
25.6

	
7.0




	
June

	
13.6

	
25.5

	
3.2




	
July

	
13.3

	
25.2

	
4.3




	
August

	
13.0

	
24.9

	
3.8




	
September

	
12.6

	
24.4

	
6.6




	
2007




	
April

	
14.6

	
26.3

	
8.2




	
May

	
14.8

	
26.4

	
3.0




	
June

	
14.6

	
26.2

	
9.5




	
July

	
14.2

	
25.8

	
18.6




	
August

	
13.7

	
25.4

	
8.4




	
September

	
13.0

	
24.6

	
11.3




	
2008




	
April

	
14.3

	
29.1

	
14.0




	
May

	
16.3

	
31.5

	
16.8




	
June

	
17.6

	
32.7

	
1.0




	
July

	
14.5

	
28.9

	
4.0




	
August

	
13.5

	
26.1

	
14.6




	
September

	
13.1

	
24.0

	
28.6











3.2. Calibration and Validation of the Model


No information was available for the cultivar parameters required for simulating growth and development of cotton variety ST5599BR using the CSM-CROPGRO-cotton model. Therefore, those parameters were calibrated by manually adjusting them following the Ma et al. (2011 [36]) agricultural system model calibration and parameterization protocols, using the measured cotton growth characteristics (flowering and physiological maturity dates, LAI, aboveground biomass, and seed cotton yield) in the irrigated, normal planting date experiment in 2008 (Table 1). Data was collected from both irrigated and rainfed experiments in the early planting date experiment in 2008, and both the early and normal planting date experiments in 2005, 2006, and 2007 were used for validation of the model. However, as the simulation results did not differ noticeably between the calibration and validation data, all four years of simulation results are discussed together.



Overall, the cotton LAI simulations, under both rainfed and irrigated conditions, were in reasonable agreement with the field measurements, as reflected in the equal distribution of plotted points around the 1:1 line in Figure 2. However, simulated LAI values of the rainfed crop were less accurate compared to the irrigated crop LAI simulations. This behavior of the model appears to be an artifact of the higher plant-to-plant variability in the rainfed experiment and consequent greater error in LAI measured, compared to the more uniform crop stand in the irrigated trials as reflected in the measured lower standard deviations (SD) between treatment replications in the field experiments (Figure 2a vs. Figure 2b). In the field experiments, SD in the measured LAI across the four treatment replications varied between 0.2 and 0.9 in the rainfed treatments and between 0.1 and 0.5 in the irrigated treatments. Under rainfed conditions, simulations had RRMSE of 21%, ME of −0.1, and RMSE of 0.6. Under irrigated conditions, the simulations resulted in RRMSE of 15%, ME of −0.1, and RMSE of 0.5. The ME value of −0.1 for both rainfed and irrigated conditions denote a negative bias in the LAI simulation, but it is not severe enough to call for a recalibration of the model to remove the bias.


Figure 2. Measured and simulated cotton leaf area index (LAI) of normal and early plantings under rainfed (a) and irrigated (b) conditions during 2005–2008 (four data-points each per planting date) at Stoneville, MS. Error bars indicate one standard deviation (SD) from the mean of the measured LAI across the four treatment replications.
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Increased leaf area growth under irrigated conditions was well captured in the simulations. Across early and normal planting dates, LAI gain due to irrigation as measured in the field experiment was 0.35, against 0.32 in the simulations. Under irrigated conditions, cotton planted on the normal planting dates produced higher LAI than the early-planted cotton by 0.78, and this was well captured by the model with a simulated gain of 0.37. Under rainfed conditions, similar LAI gain in the experiment was 0.07 and the model simulated a loss of −0.27. This reverse in trend may have been an artifact of the larger plant-to-plant variability in the measured LAI under rainfed conditions.



Field-measured biomass under both irrigated and rainfed conditions showed considerable variation across experiment replications. Measured standard error in biomass across treatment replications in the field under rainfed conditions varied between 425 and 1185 kg·ha−1 and under irrigated conditions varied between 386 and 1250 kg·ha−1 (Figure 3). Simulated biomass showed good correspondence with the field-measured data. Under both early and normal planting conditions, biomass simulations under rainfed conditions had an RRMSE of 13%, RMSE of 658 kg·ha−1, and ME of −98 kg·ha−1, while simulations under irrigated conditions had an RRMSE of 11%, RMSE of 610 kg·ha−1, and ME (bias) of −223 kg·ha−1. A more negative ME score is seen for simulations of biomass under the irrigated conditions, compared to the rainfed conditons. In the field experiments, under both rainfed and irrigated conditions, the biomass of the early-planted cotton was substantially higher than that of the normal date planting. At the time of the biomass harvest, under rainfed conditions, the model simulated a biomass increase of 1578 kg·ha−1 against the field-measured increase of 2018 kg·ha−1. Under irrigated conditions, similar biomass gain measured was 2184 kg·ha−1, and in the simulations the gain was 3076 kg·ha−1.


Figure 3. Measured and simulated aboveground cotton biomass yield of normal and early plantings under rainfed (a) and irrigated (b) conditions during 2005–2008 at Stoneville, MS. Error bars indicate one SD from the mean of the measured biomass across the four treatment replications.
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A high intensity hurricane named “Katrina” made landfall in the New Orleans coastal area on 25 August 2005, bringing heavy winds and rainfall over the MS Delta region that damaged the cotton crop in our experiments. This event occurred three weeks before harvest of the crop, and damage was reflected only in the measured seed cotton yield but not in the biomass and LAI, since they were measured before this damage occurred. As there was no way to account for and simulate hurricane-related crop losses in agricultural system models, the simulated seed cotton yield for 2005 were conspicuously greater than the measured data (Figure 4). The simulated data for 2005, therefore, were excluded from calculations of simulation error statistics of seed cotton yields. With this exception, seed cotton yields were simulated with accuracy levels comparable to those of LAI and biomass. Averaged across early and normal planting dates in the irrigated experiments, errors in seed cotton yield simulations were RRMSE = 14%, RMSE = 333 kg·ha−1, and ME = 52 kg·ha−1. Similar errors resulted from the rainfed experiment simulations, with RRMSE = 8%, RMSE = 278 kg·ha−1, and ME = 81 kg·ha−1. The slight positive biases in the prediction of seed cotton yield under both rainfed and irrigated conditions were not severe enough to warrant any adjustments in the model calibration to remove those biases. Seed cotton yield gain with irrigations compared to the rainfed crop were also well simulated: across the two planting dates, the simulated yield gain was 1339 kg·ha−1 compared with the field-measured yield gain of 1369 kg·ha−1. The trend in yield reduction during the experimental period due to later planting, under both rainfed and irrigated conditions, were also well simulated. Under rainfed conditions, the simulated reduction was 6 kg·ha−1 while the measured yield reduction was 285 kg·ha−1, and under irrigated conditions, the simulated yield reduction was 136 kg·ha−1 compared with a measured yield reduction of 334 kg·ha−1.


Figure 4. Measured and simulated seed cotton yield of normal and early plantings under rainfed (a) and irrigated (b) conditions during 2005–2008 at Stoneville, MS. Error bars indicate one SD from the mean of the measured yield across the four treatment replications.
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3.3. Planting Windows


The calibrated and tested models were integrated with weather data collected at the Stoneville location from 1960 to 2015 and simulated the crop under both irrigated and rainfed conditions, calculating average seed cotton yield for the 56 year period (Figure 5). In the simulations, fixed planting dates—2 April for an early planting and 2 May for a normal planting—were set under both rainfed and irrigated conditions. Planting density was set to 97,000 plant ha−1, N applied at the rate of 110 kg·N·ha−1, and irrigations were conducted weekly to replenish 90% of the water in the soil that was lost to ET demands. Average seed cotton yield from the early planting date was higher than that of the normal planting date by 22 kg·ha−1. Average yield for the normal planting date was 2630 kg·ha−1 with an SD of 951 kg·ha−1 and for the early planting date was 2652 kg·ha−1 with an SD of 875 kg·ha−1. As observed during 2005–2008 experiments, late-July and August months are commonly characterized by maximum temperatures much above the upper threshold for cotton growth. These hot periods also normally coincide with low precipitation, leading to both water and temperature stresses that limit cotton growth and productivity (Boykin et al., 1995 [38]; Pettigrew, 2008 [39]; Scott et al., 1998 [40]; Kebede et al., 2014 [23]). There were also more late season insect infestation problems that we did not report in this paper (Pettigrew, 2008 [39]). The gain in yield due to the simulated early planting date was due to the ability of the plant to mature earlier than the normal planted crop, thereby avoiding later season drought and temperature stresses. Under rainfed conditions, in 15 out of 56 years, the seed cotton yields were below 2000 kg·ha−1, resulting in a 27% chance each year that seed cotton returns could be less than 2000 kg·ha−1. Similarly, a chance for yield to go below 1500 kg·ha−1 was 14%, and below 1000 kg·ha−1 was 5%. However, under irrigated conditions, simulations showed that yields in all crop seasons could be maintained near 4000 kg·ha−1.


Figure 5. Simulated seed cotton yields of normal (NP) and early plantings (EP) under rainfed and irrigated conditions from 1960 to 2015 at Stoneville, MS. The EP was on 30 Mach and NP was on 2 May.
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The gain in yield due to early planting in the case of the irrigated crop was less, as irrigations compensated for yield losses due to late-season water and temperature stress associated with late-season droughts (Figure 5). Average seed cotton yield for early planting was 4017 kg·ha−1 with an SD of 235 kg·ha−1, and for normal planting was 4009 kg·ha−1 with an SD of 266 kg·ha−1. The average irrigation water requirement for the early planting was 14 cm, and for the normal planting was 18 cm (Figure 6), implying that irrigation water requirements increased for those planted later in the season.


Figure 6. Long-term average (1960–2015) evapotranspiration for short grass (ETo) and alfalfa (ETr) reference crops and simulated crop evapotranspiration (ETc), irrigation, and precipitation during the cotton growth period occurred each year. The crops were planted at weekly intervals between March and June from 1960 to 2015 under rainfed (a) and irrigated (b) conditions at Stoneville, MS.
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3.4. Optimum Planting Windows (Climate-Optimized Planting Windows)


Under irrigated conditions, planting in the first week of March produced an average seed cotton yield of 786 kg·ha−1 followed by 3001 and 3433 kg·ha−1 for 8 March and 15 March plantings, respectively (Figure 7). From 22 March planting and beyond, a much slower gain in yield—about 29 kg·ha−1 per week delay of planting until 24 May—was observed (Figure 7a). Probabilities of achieving seed cotton yields greater than 3000 kg·ha−1 were between 89% for the 24 March planting and 94% for the 24 May planting (Figure 7a).


Figure 7. Mean simulated irrigated (a) and rainfed (b) seed cotton yields and the probabilities of achieving breakeven seed cotton yields (2000 kg·ha−1 for rainfed and 3000 kg·ha−1 for irrigated conditions) at Stoneville, MS. The crops were planted at weekly intervals from 1 March through 5 July.
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Trends in long-term rainfed seed cotton yields with differing planting dates did not differ appreciably from the irrigated yields (Figure 7b). However, from 15 March planting and beyond, seed cotton yields showed a slight decline with every week delay in planting up to 31 May, and further delay resulted in a sharp decline in yield. The probability of achieving seed cotton yield greater than 2000 kg·ha−1 (median seed cotton yield under rainfed conditions) was 78% for March 15 and 75% for the 31 May plantings.



With the delay in plantings from the week of 15 March and beyond under irrigated conditions, there was only a slight gain in seed cotton yield (Figure 7b). The planting window remained equally productive until about 31 May, but further delay in plantings caused yields to decline faster with plantings on 1 June and beyond. The first week of June appears to be the latest for planting cotton and achieving reasonable yield returns. Based on a three-year study at Welsaco, Texas, Biggar et al. (1957 [41]) reported higher yields in mid-March plantings compared to mid-February planting due to higher soil and air temperatures as the season progressed. In a seven-year study with plantings between 20 April and 20 May in Lubbock, Texas, Bilbro and Ray (1969) [42] reported similar cotton yield returns and significant yield reduction with an additional 10 day planting delay after 20 May. These studies corroborate results from the simulated cotton yields. Cotton yields in the MS Delta region were reported to be influenced by the amount of sunlight received as the season progressed through the growing season, e.g., as the crop season progress from winter to summer months (Pettigrew and Meredith, 1994 [43]). Notwithstanding, Pettigrew (2002) [10] observed a 10% improvement in irrigated seed cotton yields from first week of April plantings compared with first week of May plantings in three out of four years of field trials. The observed reverse trend in the remaining year was reported to be due to early season cold temperatures that stunted the early season plant growth. The CSM-CROPGRO-cotton model does not simulate the stunting effects of low temperatures on early season cotton plants, therefore, this effect was not accounted for in the simulations. However, from the analysis of the temperature data collected at the location during 1960–2016, we concluded that the frost observed in 1997 was a rare event that does not often occur in the humid subtropical climate of the MS Delta.




3.5. Irrigation


Long-term (1960–2015) average rainfall received during the simulated cotton growth periods for plantings from 15 March to 7 June varied between 46 cm (SD = 13 cm) and 62 cm (SD = 17 cm) (Figure 6a,b). The rainfall capture during the crop growth period was highest for the 15 March planting (62 cm) and declined with the delay in planting, in general, with a minimum rainfall capture observed for the 17 May planting (46 cm). On average, during 1960–2015, 51 cm (SD = 14 cm) of rainfall was received, and average 15 cm (SD = 10 cm) of water was needed per season for irrigating the crop. Average computed long-term short grass reference-crop evapotranspiration (ETo, Allen et al., 1998 [44]), afalfa reference-crop evapotranspiration (ETr, ASCE-EWRI, 2005 [45], and model-simulated actual crop evapotranspiration, ETc, for the crop growth period were 74, 89, and 48 cm, respectively. Average simulated ETc under rainfed conditions was 36 cm, resulting in a deficiency of 12 cm of ETc compared to the irrigated crop, which accounted for an average seed cotton yield loss of 808 kg·ha−1 (average simulated yield under irrigated conditions was 3051 kg·ha−1 and simulated yield under rainfed conditions was 2243 kg·ha−1).





4. Conclusions


Based on field experiments conducted at Stoneville in the MS Delta region during 2005–2008, the CSM-CROPGRO-cotton version 4.6 module within the RZWQM2 model was calibrated and tested for simulation of seed cotton production under both irrigated and rainfed conditions and two planting dates, early season and normal season. By integrating the model with long-term (1960–2015) weather data at the location, long-term, climate optimized, planting decision support information for determining planting windows for seed cotton production under both rainfed and irrigated conditions were developed. Results of these investigations revealed that under rainfed conditions, every crop season, there is a 27% chance for yield returns below 2000 kg·ha−1, a 14% chance below 1500 kg·ha−1, and a 5% chance below 1000 kg·ha−1. In the long-term, irrigated cotton produced substantially higher seed cotton yield than rainfed cotton, with an average irrigation requirement of 15 cm with an SD of 10 cm. While rainfed cotton yields declined from later plantings, irrigated cotton benefitted. Mid-March to the end of May under rainfed conditions, and end of April to the end of May under irrigated conditions, were long-term climate-optimized planting windows for the best cotton production in the region. The planting date decision support information developed in this study will be useful to cotton farmers in the region to make decisions on when to plant for best yield returns. However, while the information developed in this study may not be readily applicable in other soils in the MS Delta region, the methodology developed can be utilized for developing similar planting date decision support information in those places.
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