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Abstract

:

Non-optimal application of nitrogen (N) fertilizer in cotton (Gossypium hirsutum L.) production systems often results from a producer’s uncertainty in predicting the N rate that ensures maximum economic return. Residual soil nitrate-N (NO3-N) is also often unaccounted for in fertilizer management decisions. In this study, the lint yield and profitability of two cotton cultivars (FiberMax FM 958 and Deltapine DP 1646 B2XF) were compared across five N fertilizer treatments [0 kg ha−1 (control), 45 kg ha−1 (N-45), 90 kg ha−1 (N-90), 135 kg ha−1 (N-135), 180 kg ha−1 (N-180)] from 2018 to 2020. For both cultivars, additional N fertilizer on top of the control treatment did not increase the lint yield of cotton. For each year, both control and N-45 treatments resulted in the greatest revenue above variable costs (RAVC) values for all cultivars. The improved N partitioning efficiency in newer cultivars and the high levels of residual soil NO3-N allowed sustained plant growth and yield even with reduced N application. Overall, the results show the advantage of reducing N inputs in residual N-rich soils to maintain yield and increase profits. These findings are important in promoting more sustainable agricultural systems through reduced chemical inputs and maintained soil health.
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1. Introduction


Changes in genetics, environment, and management practices are key drivers toward increased cotton (Gossypium hirsutum L.) yields. Cotton breeding has resulted in new cultivars with improved traits such as increased production of fibers per ovule [1,2], seeds per boll [3], bolls per plant [4], and boll weight [5]. In addition, selective breeding for reduced seed size and increased number of seeds per boll has contributed to the yield increase for the last 30 years [6,7]. In addition to the genotypic improvements, yield increases from the 1990s to the 2010s were also highly influenced by environmental factors (i.e., temperature, rainfall, soil texture) and management strategies. The adoption of new technologies and optimized management strategies including the implementation of stage-based timing of deficit irrigation applications through subsurface drip irrigation and 4R fertilizer stewardship (application of the right fertilizer source at the right rate, right time, and right place) resulted in increased yields [8,9,10,11,12,13,14,15]. With these changes, it is likely that the improved yield potential may be associated with increased efficiency of nutrient accumulation and partitioning by newer cotton cultivars, particularly for nitrogen (N) [16].



Among the essential nutrients, N is required in the largest amounts and is most often the limiting factor in crop growth as it is required for photosynthesis and canopy development in cotton [17,18,19]. As a result, it is the most critical component of fertilizer that is being added to cotton in order to elicit a positive yield response [18]. Application of N fertilizer less than the amount required for optimum growth could lead to early senescence and reduced photosynthetic rate and canopy development [20]. Typically, cotton yield increases with the application rate of N fertilizer until it reaches a plateau (optimum level), beyond which additional N fertilizer does not affect yield [21]. If N is applied at a greater than optimal rate, excessive production of vegetative tissues may be favored over reproductive tissues [22,23]. Even though it is necessary to support reproductive growth, excessive vegetative growth consumes the assimilates required for fruiting structure development, leading to delayed maturity and reduced yield potential and quality of cotton [16]. In addition, superoptimal application of N in cotton may decrease lint turnout at maturity [24]. Boquet and Breitenbeck [25] reported that in addition to the residual soil nitrate-N (NO3-N), a fertilizer rate of 84 kg N ha−1 was optimal for sustained cotton growth and development, and additional N fertilizer application did not significantly improve the yield. Dong, Li, Eneji and Zhang [20] reported that excess N fertilizer application on top of 264 kg N ha−1 at high planting density reduced boll load. These studies indicate that N from fertilizer sources is often not efficiently used by cotton, especially when residual soil NO3-N levels are high [26,27]. This observed plateau for N application benefit is also observed in other crops such as alfalfa (Medicago sativa L.) and maize (Zea mays L.), wherein being grown in soil with high levels of residual NO3-N did not require additional N fertilizer in order to optimize the economic return [28,29]. Availability of information about residual soil NO3-N before the start of the growing season could help farmers avoid underestimating or overestimating the recommended fertilizer rates.



The existing recommended N fertilizer rates that are being used in cotton production are based on nutrient uptake information from previous reports in the early 1990s [30,31]. Mullins and Burmester [30] reported that a cotton crop requires an average of 19.9 kg N per 100 kg of lint produced. A more recent study re-evaluating nutrient requirements of cotton grown in the Southern High Plains reported that newer cotton cultivars require an average of 12.3 kg N per 100 kg of lint [16]. This updated value suggests that newer cultivars take up and remobilize N more efficiently than was previously observed. Comparing the existing recommended rates and the new information on uptake and nutrient use data, it is possible that fertilizers are being applied in amounts that are different from the optimum requirements of newer cotton cultivars. Application of fertilizer rates lower than optimal may result in suboptimal yield, but excessive fertilizer application may result in wasted variable expenses and negatively impact soil health [25]. Dhakal, et al. [32] reported 18.1 kg N per bale of cotton as the optimum N recommendation in the Southern High Plains based on a crop yield model that accounts for residual N from 2004 to 2015. However, cotton has an indeterminate growth habit and is considered to be very responsive to changes in both management practices and environmental conditions. In addition, newer cultivars have better nutrient uptake and partitioning efficiency, and optimal yield potential can be achieved with N rates lower than the existing recommendations for cotton production [16]. This study has the following objectives: (1) compare the yield response of two cotton cultivars to five rates of N fertilizer in a high residual soil N environment, (2) identify the optimal N fertilizer rate that will maximize profitability based on market value projections for cotton, and (3) compare the two cultivars based on the probability of positive profitability.




2. Materials and Methods


2.1. Experiment Site and Management


Studies were conducted in 2018, 2019, and 2020 at the Texas Tech University Research Farm in New Deal, TX, USA (33° 44’ 13.76” N, 101° 43’ 58.04” W, 994 m above sea level). The location has a semi-arid climate with a mean annual precipitation of 483 mm for the last seven years based on the data obtained from an on-site weather station (Campbell Scientific, Logan, UT, USA). The mean temperatures (°C) and monthly total rainfall amounts (mm) for each growing season are presented in Figure 1. The soil is a Pullman clay loam (fine, mixed, superactive, thermic, Torrertic Paleustolls) [33], with pH ranging from 7.9 to 8.1 across 0 to 60 cm depth.



For each year, the experiment was laid out in a split plot randomized complete block design with cultivars as main plots and N fertilizer rates as subplots, with four replicates. Each plot has eight 7.62 m long rows and rows were spaced 1.02 m apart. Cotton cultivars FiberMax 958 LL (FM 958; PI 642049) and Deltapine 1646 B2XF (DP 1646) were planted on 21 May 2018, 31 May 2019, and 29 May 2020 at an average density of 13.0 plants m−2. Five rates of N fertilizer were applied at 0 kg ha−1 (control), 45 kg ha−1 (N-45), 90 kg ha−1 (N-90), 135 kg ha−1 (N-135), and 180 kg ha−1 (N-180) in each year. The liquid N fertilizer was split-applied as urea-ammonium nitrate (UAN, 32-0-0) at 40% pre-plant and 60% side-dressed at 51 days after planting (DAP), using a coulter applicator. Phosphorus (90 kg P2O5 ha−1) and potassium (30 kg K2O ha−1) fertilizers were applied 100% at pre-plant.




2.2. Sample and Data Collection


Soil samples were collected 30 days before planting each year at 0–15 cm, 15–30 cm, and 30–60 cm depth intervals on a per plot basis. These soil samples were dried in an oven at 60 °C for 7 days, ground to pass through a 2-mm mesh screen and submitted for pH and NO3-N analyses to the Texas A&M AgriLife Extension Soil, Water, and Forage Testing Laboratory (College Station, TX, USA). Soil pH of a 1:2 soil to water ratio extract was determined using a hydrogen selective electrode [34]. Soil NO3-N was determined using the cadmium reduction method followed by spectrophotometric measurement [35]. Results of analysis are reported in Table 1. Mature cotton bolls were harvested within a 25 m2 area on 10 November 2018 and on 4 November in 2019 and 2020.




2.3. Economic Analysis


Partial budgets were created using management data collected from the experiments. All input prices used in the economic analysis were based on the average of the three study years (Table 2). Total revenue was calculated as the product of lint yield (kg ha−1) and average lint price ($1.40 kg−1) based on the 2018–2020 Texas A&M AgriLife Extension Service cotton budget estimation. It was assumed that the seed was used as payment for ginning costs; therefore, revenue from the seed was not estimated. Fixed costs were not considered, based on the assumption that they did not change among treatments. Prices of the management practices are based on the 2018–2020 Texas Agricultural Custom Rates Survey (Texas A&M AgriLife Extension Service, 2018–2020). Variable costs comprised of costs of land preparation, seed, planting, chemical applications, irrigation, maintenance, and harvest-related operations. Revenue above variable costs (RAVC) was calculated as the difference between total revenue and variable costs, and this represented our measure of profitability.



Since the location of the experimental plots within a field changed from year to year, the profit-maximizing N fertilization rates using a yield response to N with a N carryover function were not calculated. Instead, a Monte Carlo simulation was performed on the RAVC for each N fertilizer treatment to assess the probability of positive profitability for both cotton cultivars. The simulations were performed using Simetar©, an Excel add-in developed by Richardson [36]. Due to the limited number of yield observations, RAVC was simulated using 500 iterations with an empirical probability distribution, which prevents having to force the data to fit into a specific distribution [37]. Cumulative Distribution Functions (CDFs) were charted to compare the simulated values for each treatment. Each treatment was ranked using second degree stochastic dominance. The ranking procedure was performed in Simetar© using Stochastic Dominance with Respect to a Function (SDRF). Stoplight charts were created to show the probabilities of generating between $100 and $1000 ha−1 for each N fertilizer treatment and cultivar. The probabilities of achieving favorable, unfavorable, and questionable outcomes are represented by green, red, and yellow color, respectively.




2.4. Statistical Analysis


Statistical analyses were performed on crop yield and RAVC using the Generalized Linear Mixed Model (GLIMMIX) procedure in SAS 9.4 (SAS Institute, 2013). The method of determining statistical significance followed Fisher’s protected test: the significance of the overall test was determined first, and least-squares mean separation was conducted in cases where the overall test significance met a critical P-value of 0.05. Cultivar and N rates were considered as fixed effect factors. Based on recommendations by Littell, et al. [38], within a split-plot design, replicates were treated as random effects as were the combinations of replicates and main plots and combinations of replicates and year. Where appropriate, interactions between cultivar and year and between N rates and year were tested for significant interaction effects to determine whether to pool information by year.





3. Results and Discussion


3.1. Stability of Lint Yield across Different N Fertilizer Rates


Significant interaction effects were observed between year and cultivar treatments on lint yield (Table 3; p < 0.001). As a result, differences in lint yield were analyzed separately for each year and cultivar (Table 4). There was no significant interaction between year and N treatments on lint yield (Table 3; p = 0.41), indicating that lint yield obtained for each growing season were not dependent on the rates of N supplied. Lint yield among the different N treatments were not significantly different for each cultivar and each growing season (Table 3 and Table 4). In 2019, lint yield ranged from 825 to 969 kg ha−1 and from 731 to 843 kg ha−1, for DP 1646 and FM 958, respectively (Table 4). These values corresponded to a reduction of 47–53% (DP 1646) and 50–53% (FM 958) in final yield relative to 2018. The 2019 growing season was challenging for cotton production in the Southern High Plains of Texas, due to extended rains at the start of the season (Figure 1) followed by drought and high temperatures in the middle of the season [16], which stressed the plants at the blooming/boll production stage. Hence, it is not surprising to observe a substantially lower lint yield in 2019 compared to 2018. In 2020, lint yield ranged from 860 to 905 kg ha−1 and from 1006 to 1189 kg ha−1, for DP 1646 and FM 958, respectively (Table 4). These values corresponded to a reduction of 47–50% (DP 1646) and 26–43% (FM 958) in final yield relative to 2018. The yield reduction in the 2020 growing season was attributed to the early first cold snap in early September (104 DAP) followed by several days with mean temperatures less than 20 °C (105–120 DAP) (Figure 1). Abrupt cold weather at this stage interrupted the carbohydrate accumulation in the later-developing bolls and prevented them from reaching maturity, leading to fewer numbers of open bolls and consequently lower yield. Higher residual soil N level in 2020 did not compensate for the yield loss as cotton plants are more sensitive to temperature during boll maturity.



For each year, there was no significant interaction between N rate and cultivar treatments on lint yield (Table 3). As a result, differences between cultivars were compared in terms of yields averaged across N rates (Table 4). In 2018, average yields between DP 1646 and FM 958 were not significantly different (Table 4; p = 0.841). In 2019, the lint yield of DP 1646 averaged across N treatments was significantly greater than that of FM 958 (Table 4; p = 0.003). In 2020, lint yield of FM 958 averaged across N treatments was greater than DP 1646 (Table 4; p < 0.001). Under suboptimal conditions in the middle of the season, a longer season cultivar such as DP 1646 can efficiently partition resources towards yield production [16]. However, suboptimal conditions at the end of the reproductive stage prevented the immature bolls of DP 1646 from completely maturing and may have contributed to yield reductions.



The lack of a significant yield response to increasing rates of N can be attributed to the level of soil residual NO3-N. The residual NO3-N in the soil serves a vital N resource especially when concentrated in the root zones where maximum nutrient absorption occurs early in the season. In this study, the total amount of residual soil NO3-N across 0 to 60 cm soil depth for each growing season may have been sufficient to sustain plant growth and maintain yield even without additional N fertilizer (Table 1). Results indicated that N input does not always translate to yield, primarily due to cultivar dependence of response and to the differences in upper limit of uptake. It can be further concluded that the cultivars tested in the study reached the limit of the beneficial effect of supplemental fertilizer on top the available residual soil N.




3.2. Decreased Profitability above Optimal N Fertilizer Rates


Nitrogen is the macronutrient applied in greatest quantity to support cotton growth and development [17,18,39]. Nitrogen applied as fertilizer to the soil is often used inefficiently by the crop [40,41]. In addition to losses due to runoff, volatilization, and leaching, losses due to the application of surplus N represent unrecovered input costs for growers and potentially detrimental effects to the environment. In recent years, prices of N fertilizers have increased and have been more unpredictable. Lemon, et al. [42] reported a 211% increase in UAN (32-0-0) from 2003 ($180 ton−1) to 2008 ($560 ton−1). As of September 2021, the average price of UAN is $422 ton−1, which represents a 67% increase from the September 2020 average price ($253 ton−1). Therefore, the yield return per unit of N applied will only be as good as the overall efficiency of the production system. The best value for additional N application can only be attained if there is a corresponding increase in yield and profitability.



The revenues, variable costs, and RAVCs for each growing season, cultivar, and N fertilizer rate are presented in Table 5. Significant interaction effect was observed between year and cultivar treatments on RAVC (Table 3; p < 0.001). As a result, differences in RAVC were analyzed separately for each year and cultivar (Table 5). There was no significant interaction between year and N treatments on RAVC (Table 3; p = 0.410). The yield reductions observed between 2018 and 2019 and between 2018 and 2020 resulted in a substantial mean decrease of 78–103% and 49–94% in RAVC, respectively (Table 5). From 2018 to 2020, the highest value of RAVC was consistently observed under the control and N-45 treatments, and as the amount of fertilizer applied increased, the RAVC decreased for both cultivars (Table 5). Based on the analysis from 2018 to 2020, highest RAVC was achieved at N fertilizer input ranging from 0 to 45 kg N ha−1 in combination with 46 kg N ha−1 of residual soil NO3-N, for both cultivars.



Cumulative Distribution Functions (CDFs) comparing the simulated N treatments for DP 1646 are shown in Figure 2. Since the CDFs for each N treatment cross, there was no first-degree stochastic dominance among the treatments. The control was the most preferred treatment and exhibited second-degree stochastic dominance over the other treatments. The N-45 treatment was ranked as the second most preferred, while N-180 treatment was the least preferred. The stoplight chart in Figure 3 indicates the probability of achieving RAVC between $100 ha−1 and $1000 ha−1 across treatments. The control treatment had the highest probability of achieving positive returns at 32% compared to a 26%, 29%, 19%, and 21% chance with the N-45, N-90, N-135, and N-180 treatments, respectively (Figure 3). The control and N-45 treatments had a 16% and 15% probability of realizing returns less than $100 ha−1, respectively, compared to a 27%, 43%, and 38% chance for N-90, N-135, and N-180 treatments, respectively (Figure 3).



The CDFs comparing simulated N treatments for FM 958 are shown in Figure 4. Using second-degree stochastic dominance, the control and N-45 treatments were the most and second-most preferred, respectively, while N-160 treatment was the least preferred. The stoplight chart for FM 958 cultivar is shown in Figure 5. FM 958 had a lower probability of an unfavorable outcome compared to the DP 1646. The control treatment showed a 0% chance of achieving returns less than $100 ha−1 compared to a 9%, 8%, 24%, and 18% for the N-45, N-90, N-135 and N-180 treatments, respectively (Figure 5). The control treatment had a 35% probability of achieving positive net returns compared to a 34%, 32%, 34%, and 22% for the N-45, N-90, N-135 and N-180 treatments, respectively (Figure 5). A pairwise comparison of the different N treatments between DP 1646 and FM 958 indicated that the FM 958 was the less risky cultivar (Figure 3 and Figure 5).



Even though the Monte Carlo simulation analysis may have some inaccuracies because the experiments were conducted on different plots within a field for each year, the results provide a fair assessment of the profit advantage when N fertilizer is reduced. This study highlights the importance of measuring the residual soil NO3–N before planting as a critical component of efficient nutrient management. While the control (0 kg N ha−1) was one of the most preferred treatments in the analysis, it is still necessary to replenish the N in the soil through the addition of fertilizer; thus, supplemental application of N at 45 kg ha−1 is recommended.





4. Conclusions


The improved efficiency of newer cultivars due to genetic improvement and crop management optimization has likely changed the N requirement rates of these cultivars over the past years. Results from this study reinforce the finding that crop productivity is highly dependent on a cultivar’s genetic and growth potential. High residual soil NO3-N was enough to sustain yield productivity under the growing conditions set in the study. This study highlights that N fertilizer application rates could be reduced based on updated crop requirements and the credits for residual soil NO3–N, without yield penalty.



The probability analysis for the profitability of different N treatments and cultivars is an important tool for decision-making towards increasing overall efficiency of production. In this study, lower N rates offered higher chances of success in terms of profit. At the same time, given the growing conditions of the study, it can be said that FM 958 offers higher chances of increased profitability compared to DP 1646.



Overall, this study provides researchers and producers with information about the negative effects when the application of N is greater than the crop requirements. Reducing N application based on credits for residual soil NO3–N highlights the importance of soil testing particularly at pre-planting. If information from soil testing for residual N is available, farmers can optimize the management of N fertilizer split applications within the season.
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Figure 1. Mean temperatures by days after planting (DAP) and monthly total rainfall during the 2018, 2019, and 2020 growing seasons at Texas Tech University Research Farm, New Deal, TX, USA. 
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Figure 2. A Cumulative Distribution Function (CDF) comparing returns above variable cost (RAVC) across various N rates for DP 1646. 






Figure 2. A Cumulative Distribution Function (CDF) comparing returns above variable cost (RAVC) across various N rates for DP 1646.



[image: Agronomy 11 02149 g002]







[image: Agronomy 11 02149 g003 550] 





Figure 3. Stoplight chart for profit probabilities of less than $100 ha−1 and greater than $1000 ha−1 for DP 1646. The probabilities of achieving favorable, unfavorable, and questionable outcomes are represented by green, red, and yellow color, respectively. 
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Figure 4. A Cumulative Distribution Function (CDF) comparing returns above variable cost across various N rates for FM 958. 






Figure 4. A Cumulative Distribution Function (CDF) comparing returns above variable cost across various N rates for FM 958.



[image: Agronomy 11 02149 g004]







[image: Agronomy 11 02149 g005 550] 





Figure 5. Stoplight chart for profit probabilities of less than $100 ha−1 and greater than $1,000 ha−1 for FM 958. The probabilities of achieving favorable, unfavorable, and questionable outcomes are represented by green, red, and yellow color, respectively. 






Figure 5. Stoplight chart for profit probabilities of less than $100 ha−1 and greater than $1,000 ha−1 for FM 958. The probabilities of achieving favorable, unfavorable, and questionable outcomes are represented by green, red, and yellow color, respectively.
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Table 1. Residual soil nitrate-nitrogen (NO3-N) across soil depths from 2018 to 2020.
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Residual Soil NO3-N (kg N ha−1)




	
Soil Depth (cm)

	
2018

	
2019

	
2020






	
0–15

	
21.5

	
17.7

	
31.6




	
15–30

	
11.2

	
14.8

	
20.0




	
30–60

	
23.3

	
13.9

	
33.2




	
Total (0–60)

	
56.0

	
46.4

	
84.7
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Table 2. Management and input costs of cotton production under five rates of nitrogen (N) fertilizer from 2018–2020 at the Texas Tech University Research Farm, New Deal, TX, USA.
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2018

	
2019

	
2020






	
Management

	
Cultivar

	
FM 958

	
FM 958

	
FM 958




	

	

	
DP 1646

	
DP 1646

	
DP 1646




	

	
Seeding rate (ha−1)

	
130,000

	
130,000

	
130,000




	

	
Planting date

	
May 21

	
May 31

	
May 29




	

	
Harvest date

	
Nov 10

	
Nov 4

	
Nov 4




	
Input Costs

	
Offset disc

	
-------------------$24.71-------------------------




	
(ha−1 basis)

	
Listing beds

	
-------------------$32.62-------------------------




	
Rotary hoe

	
-------------------$23.05-------------------------




	
Planting

	
-------------------$24.71-------------------------




	
Irrigation energy

	
------------------$345.95------------------------




	
Seed

	




	
DP 1646

	
------------------$232.87------------------------




	
FM 958

	
--------------------$98.15------------------------




	
Herbicide

	




	
Trifluralin

	
--------------------$17.17------------------------




	
Promethryn

	
--------------------$30.89------------------------




	
Harvest Aid

	




	
Carfentrazone-ethyl and Ethepon

	
-------------------$177.77-----------------------




	
N Fertilizer

	




	
Control

	
----------------------$0.00-----------------------




	
N-45

	
---------------------$92.81-----------------------




	
N-90

	
--------------------$185.63----------------------




	
N-135

	
--------------------$278.44----------------------




	
N-180

	
--------------------$371.25----------------------




	
P Fertilizer

	
----------------------$63.26----------------------




	
Stripping cotton/module building

	
--------------------$413.80----------------------
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Table 3. Statistical significance of differences in lint yield and revenue above variable cost (RAVC) due to treatments, among cultivars and N rates, and interactions by year.
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	Year
	Effect
	Lint Yield
	RAVC





	
	Year × N rate
	ns
	ns



	
	Year × Cultivar
	***
	***



	2018
	N rate × Cultivar
	ns
	ns



	
	N rate
	ns
	ns



	
	Cultivar
	ns
	*



	2019
	N rate × Cultivar
	ns
	ns



	
	N rate
	ns
	**



	
	Cultivar
	**
	ns



	2020
	N rate × Cultivar
	ns
	ns



	
	N rate
	ns
	*



	
	Cultivar
	***
	***







* Significant at the 0.05 probability level; ** Significant at the 0.01 probability level; *** Significant at the 0.001 probability level; ns, not significant at the 0.05 probability level.
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Table 4. Lint yield of cotton cultivars grown under five rates of nitrogen (N) at the Texas Tech University Research Farm, New Deal, TX, USA in 2018–2020.






Table 4. Lint yield of cotton cultivars grown under five rates of nitrogen (N) at the Texas Tech University Research Farm, New Deal, TX, USA in 2018–2020.





	
N Treatment

	

	
Lint Yield (kg ha−1)

	




	
2018

	
2019

	
2020




	
DP 1646

	
FM 958

	
DP 1646

	
FM 958

	
DP 1646

	
FM 958






	
Control

	
1706

	
1699

	
946

	
813

	
885

	
1138




	
N-45

	
1709

	
1744

	
969

	
783

	
888

	
1094




	
N-90

	
1726

	
1694

	
928

	
843

	
860

	
1104




	
N-135

	
1679

	
1779

	
870

	
815

	
883

	
1006




	
N-180

	
1749

	
1615

	
825

	
731

	
905

	
1189




	
Average Across N Rates †

	
1714

	
1706

	
908 a

	
797 b

	
884 b

	
1106 a








† For each year, average yields across N rates followed by different letters between cultivars are significantly different at p < 0.05.
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Table 5. Summary of revenues, total variable costs, and revenue above variable costs (RAVCs) of cotton cultivars grown under five rates of nitrogen (N) fertilizer in 2018 to 2020 at the Texas Tech University Research Farm, New Deal, TX, USA.
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Cultivar

	
N Fertilizer

Treatment

	
2018

	
2019

	
2020




	
Revenue ($ ha−1)

	
Total Variable Costs ($ ha−1)

	
RAVC †

($ ha−1)

	
Revenue ($ ha−1)

	
Total Variable Costs ($ ha−1)

	
RAVC

($ ha−1)

	
Revenue ($ ha−1)

	
Total Variable Costs

($ ha−1)

	
RAVC

($ ha−1)






	
DP 1646

	
Control

	
2445

	
1283

	
1163

	
1356

	
1098

	
258 a†

	
1268

	
1083

	
184




	

	
N-45

	
2449

	
1321

	
1128

	
1388

	
1141

	
247 a

	
1272

	
1122

	
150




	

	
N-90

	
2474

	
1363

	
1111

	
1329

	
1169

	
160 ab

	
1232

	
1152

	
80




	

	
N-135

	
2407

	
1389

	
1018

	
1247

	
1192

	
54 bc

	
1266

	
1196

	
70




	

	
N-180

	
2506

	
1443

	
1063

	
1183

	
1219

	
(−36) c

	
1297

	
1239

	
59




	
LSD

	

	

	

	
154

	

	

	
162

	

	

	
211




	
FM 958

	
Control

	
2435

	
1146

	
1289

	
1165

	
931

	
234

	
1631

	
1010

	
621




	

	
N-45

	
2499

	
1195

	
1304

	
1121

	
961

	
160

	
1568

	
1037

	
531




	

	
N-90

	
2427

	
1220

	
1207

	
1208

	
1014

	
195

	
1583

	
1077

	
506




	

	
N-135

	
2549

	
1278

	
1271

	
1168

	
1044

	
123

	
1442

	
1091

	
351




	

	
N-180

	
2315

	
1276

	
1038

	
1048

	
1062

	
(−14)

	
1704

	
1173

	
532




	
LSD

	

	

	

	
260

	

	

	
254

	

	

	
196








† For each cultivar and year, RAVC means within a column annotated by different letters are significantly different at p < 0.05.
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