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Optimizing nitrogen (N) fertilization strategies in winter wheat requires understanding the combination of application timings and rates. This is crucial for achieving the dual objectives of maximizing grain yield while maintaining adequate grain protein concentration (GPC). Research has been conducted in central Great Plains to document the value of a single delayed application on N. However, most of this work was performed at sub-optimum N rates, and without a comparison with split application. This study evaluated N fertilization across multiple site-years to identify optimal timing of split applications and single applications under sub-optimum and excessive N rates. Field experiments were conducted at three locations in Oklahoma across three growing seasons (2018-2021), testing two N rates (100 and 200 kg N ha⁻¹) applied at five timing intervals based on growing degree days (0, 30, 60, 90, and 120 GDD). The split application received 50 kg pre- and 50 kg in season. The 100 kg rate was chosen to represent sub-optimum, while the 200 kg rate was in excess. The 100 kg N ha⁻¹ achieved grain yields of 5.0 Mg ha⁻¹, statistically similar to 200 kg N ha⁻¹ (5.1 Mg ha⁻¹) across all application timings, but GPC was increased at all timings except 120 GDD. These results confirm that 100 kg N ha⁻¹ was sub-optimum for protein but adequate for yield, while 200 kg N ha⁻¹ was excessive for yield but achieved premium protein. Application timing significantly influenced both yield and GPC, with 90 GDD applications producing optimal yields (5.4 Mg ha⁻¹) and adequate protein levels (12.5% GPC). In-season applications at 30–90 GDD achieved 12% higher GPC compared to pre-plant applications, while maintaining equivalent yields at 11.6%. Early applications (0–90 GDD) sustained maximum yield potential. Late applications (120 GDD) increased GPC by 1.2%. In-season applications aligned with crop demand periods which could potentially reduce operational costs and time compared to split applications by eliminating the need for multiple tractor operations. These results demonstrate the importance of strategic timing over increased N rates for achieving sustainable wheat production that balances high yields, adequate protein levels, and efficient N use while minimizing environmental impacts.
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Introduction


Winter wheat (Triticum aestivum L.) is an important cereal crop providing more than 25% of the grain protein concentration (GPC) to 40% of the global population and supporting agricultural economies across diverse production regions (Food and Agriculture Organization of the United Nations, 2015; FAOSTAT, 2018; Singh et al., 2023a). In the Great Plains of North America, winter wheat production faces the dual challenge of maximizing grain yield while maintaining adequate GPC. Especially under increasingly variable environmental conditions and economic pressures (Zhao et al., 2022). The optimization of nitrogen (N) fertilization strategies has emerged as a critical determinant of sustainable wheat production, requiring precise management that balances economic viability with environmental stewardship (Cassman et al., 2002; Snyder, 2017).


The relationship between N application timing, rates, and wheat performance represents one of the most complex agronomic challenges in cereal production systems. Current fertilization practices often exceeds crop physiological requirements, resulting in reduced N use efficiency (NUE), increased production costs, and environmental risks including nitrate leaching and greenhouse gas emissions (Noulas et al., 2023; Wang et al., 2011). Excessive N can also reduce grain yield through lodging, delayed maturity, and increased disease susceptibility, creating a counterproductive cycle that undermines both economic and environmental objectives (Li et al., 2022; Huang et al., 2021).


The physiological basis for optimizing N management lies in understanding the temporal dynamics of crop N demand relative to soil N availability. Winter wheat exhibits distinct phases of N uptake, with critical periods occurring during the tillering, stem elongation, and grain filling stages (Alcoz et al., 1993; Barneix, 2007; Szczepaniak et al., 2022). The synchronization of N supply with these physiological demand periods represents a fundamental principle for maximizing NUE. This approach enables achieving dual yield and GPC objectives. However, the practical implementation of this concept requires validation across diverse environmental conditions. This validation is crucial for developing robust management recommendations for various production systems.


The predictive accuracy of low-rate N responses for higher application rates represents a critical knowledge gap. Moreover, this gap has significant implications for fertilizer research methodology and practical recommendations. If response patterns observed at moderate N rates accurately predict agronomic behavior at higher rates, this would enable more efficient and cost-effective fertilizer research. Additionally, this approach would reduce the risk of environmental contamination from excessive N applications (Pan et al., 2020). However, most previous studies were conducted at sub-optimum N rates without comprehensive comparisons between split and single application methods (Singh et al., 2023b; Singh et al., 2024; Abiola et al., 2024; Ballagh et al., 2025). This limits the practical applicability of these findings to modern high yielding agricultural systems.


Recent advances in understanding wheat N physiology have revealed the importance of application timing in determining both yield and GPC outcomes. Studies have demonstrated that delayed N applications could enhance GPC without compromising yield (Miller et al., 2017; Souza et al., 2022), suggesting that timing strategies could overcome the traditional yield-GPC trade-off (Wu et al., 2025). However, application timing effects involve intricate interactions between physiological development stages, environmental conditions, and N availability patterns. Traditional approaches often prioritize either yield maximization or GPC enhancement, leading to suboptimal outcomes when both objectives are considered simultaneously (Triboi et al., 2006; Sieling and Kage, 2021). Therefore, identifying application timings that optimize both yield and GPC outcomes is crucial for providing producers with improved management strategies.


To address this complexity, the use of growing degree days (GDD) as a physiological timing indicator may offer advantages over calendar-based applications by accounting for temperature-driven developmental processes (Oklahoma Mesonet Station, 2012). However, optimal GDD timing for different N management objectives requires testing across multiple environments and growing seasons. This comprehensive evaluation is essential because traditional approaches often prioritize either yield maximization or GPC enhancement, leading to suboptimal outcomes when both objectives are considered simultaneously (Triboi et al., 2006; Sieling and Kage, 2021).


On the other hand, the concept of split N applications has gained attention as a potential strategy for improving NUE by better matching N supply with crop demand patterns (Mohammed et al., 2013; Preza-Fontes et al., 2021). The advantages include reduced N losses through leaching and volatilization, improved N uptake efficiency during critical growth stages, and enhanced flexibility in responding to seasonal weather variations (Schulz et al., 2015; Ma et al., 2021). However, empirical evidence supporting these benefits remains inconsistent, particularly when comparing split applications to strategically timed single applications under varying environmental conditions (Tedone et al., 2018; Hu et al., 2021).


This study aims to provide a comprehensive understanding of N fertilization strategies in winter wheat production to inform management practices that optimize both grain yield and GPC. Particularly, focus on applying the 4R concept, specifically emphasizing the right rate and right timing of N application. The research addresses critical knowledge gaps in understanding the interactions between N rates, application timing, and split application under diverse central Great Plains environmental conditions. To address these gaps, our objectives were to (1) determine whether agronomic response patterns observed at sub-optimum N rates (100 kg N ha⁻¹) are consistent with those at high rates (200 kg N ha⁻¹), (2) assess how application timing influences grain yield and GPC relationships in winter wheat, and (3) investigate whether split N applications improve grain yield and GPC compared to single in-season applications.


We tested three hypotheses: (H1) relative agronomic response patterns to application timing will be consistent between sub-optimum (100 kg N ha⁻¹) and excessive (200 kg N ha⁻¹) N rates, (H2) application timing significantly influence both grain yield and GPC, and (H3) split N applications will improve grain yield and GPC compared to single in-season applications. These hypotheses address fundamental questions about N rate optimization, application method efficiency, and timing effects on dual yield-protein objectives in central Great Plains winter wheat production systems.







Materials and methods






General experiment information


A non-irrigated research study was conducted across three sites in Oklahoma from 2018 to 2021. Specifically, experiments were conducted at three sites during the 2018–2019 and 2019–2020 seasons, with two sites utilized for the 2020–2021 season. Research sites included the Ballagh family research farm (36°52’N, 97°03’W, Newkirk), Oklahoma Research Stations at Lake Carl Blackwell (LCB) (36°09’N, 97°14’W), and Perkins (35°59’N, 97°02’W). All experimental sites were managed under no-till practices. The soil type at Ballagh was Agra-Foraker soil (Fine, mixed, superactive, thermic Udertic Paleustolls). At LCB, the soil was Pulaski soil (Coarse-loamy, mixed, superactive, nonacid, thermic Udic Ustifluvents), and in Perkins was Teller series (fine loamy, mixed, active, thermic Udic Argiustolls) and Konawa series (fine loamy, mixed, active, thermic Ultic Haplustalfs) (USDA/NRCS soil taxonomy). Weather information was acquired daily from planting to harvest (i.e., from October to June) from automated weather stations operated by the Mesonet Oklahoma weather network (McPherson et al., 2007), located proximately to the research sites (
Table 1
).



Table 1 | 
Weather information for each growing season, site, and season showing cumulative precipitation (Cum PPT), 10-year average cumulative precipitation (10-yr Cum PPT), maximum temperature (T max), minimum temperature (T min), average temperature (T avg), 10-year average maximum temperature (10-yr T max), 10-year average minimum temperature (10-yr T min), 10-year average temperature (10-yr T avg), and cumulative growing degree days (Cum GDD) across three sites during 2018-2019, 2019-2020, and 2020–2021 growing seasons.





	Growing season

	Site

	Season

	Cum PPT

	10-yr Cum PPT

	T max

	T min

	T avg

	10-yr
T max

	10-yr T Min

	10-yr T Avg

	Cum GDD





	——mm——–

	—————————————°c——————————————






	2018-2019
	Ballagh
	Fall
	2.79
	6.35
	9.91
	-2.66
	3.45
	15.49
	2.68
	8.78
	152.84



	 
	Winter
	5.59
	3.30
	8.90
	-2.21
	3.26
	11.66
	-1.53
	4.81
	422.69



	 
	Spring
	23.11
	14.48
	24.96
	13.60
	19.12
	25.67
	13.55
	19.55
	1754.4



	LCB
	Fall
	3.30
	5.59
	11.23
	-2.75
	3.94
	8.66
	-5.78
	1.34
	250.24



	 
	Winter
	6.35
	3.81
	10.53
	-1.45
	4.48
	10.15
	-4.41
	2.85
	483.68



	 
	Spring
	24.64
	15.75
	25.86
	13.32
	19.65
	12.32
	-0.62
	6.02
	1782.92



	Perkins
	Fall
	9.40
	6.86
	14.55
	2.84
	8.39
	16.67
	4.21
	10.18
	796.18



	 
	Winter
	6.35
	4.57
	10.18
	-0.26
	4.82
	11.87
	-0.97
	5.31
	511.48



	 
	Spring
	25.91
	14.99
	25.87
	14.17
	19.80
	22.65
	10.59
	16.53
	1822.06



	2019-2020
	Ballagh
	Fall
	2.032
	6.35
	11.38
	-0.84
	4.70
	15.74
	2.79
	8.95
	208.80



	 
	Winter
	8.13
	3.56
	12.79
	0.26
	6.23
	11.37
	-1.77
	4.56
	625.76



	 
	Spring
	6.86
	13.72
	25.50
	12.79
	18.99
	25.72
	13.51
	19.55
	1742.58



	LCB
	Fall
	2.29
	6.10
	13.30
	-1.00
	5.61
	8.91
	-5.73
	1.48
	346.03



	 
	Winter
	8.64
	4.32
	14.20
	0.60
	7.25
	9.85
	-4.71
	2.56
	687.45



	 
	Spring
	5.59
	15.24
	26.40
	12.38
	19.62
	12.32
	-0.67
	5.99
	1764.53



	Perkins
	Fall
	7.37
	7.11
	15.60
	2.59
	8.68
	16.75
	4.18
	10.19
	825.53



	 
	Winter
	10.41
	5.33
	14.09
	2.08
	7.82
	12.15
	-0.59
	5.62
	746.20



	 
	Spring
	6.86
	13.97
	26.31
	13.62
	19.93
	23.11
	10.97
	16.96
	1816.67



	2020-2021
	LCB
	Fall
	3.81
	6.10
	14.26
	-0.51
	6.66
	9.16
	-5.58
	1.69
	388.98



	 
	Winter
	6.60
	4.32
	11.29
	-2.10
	4.73
	9.99
	-4.71
	2.66
	562.46



	 
	Spring
	12.70
	14.73
	25.12
	12.75
	18.93
	12.13
	-0.86
	5.79
	1723.20



	Perkins
	Fall
	8.89
	6.86
	17.24
	3.94
	10.13
	17.11
	4.36
	10.45
	962.91



	 
	Winter
	5.33
	5.33
	11.21
	-0.41
	5.35
	12.05
	-0.57
	5.59
	617.33



	 
	Spring
	19.05
	14.48
	25.20
	13.60
	19.25
	23.34
	11.27
	17.21
	1765.70







Fall: October to December; Winter: January to March; Spring: April to June.




Winter wheat varieties adapted to Oklahoma growing conditions were used consistently within each site-year. Soil fertility was evaluated at the time of sowing for each site-year (
Table 2
). Composite soil samples were collected at a depth of 0–15 cm prior to sowing for each site-year. Soil samples were analyzed at the Oklahoma State University Soil, Water, and Forage Analytical Laboratory. The soil pH was determined using a 1:1 soil–to–water ratio. The buffer index was measured using the Sikora method. Nitrate-N was extracted with 1M KCl. Phosphorus, potassium, calcium, and magnesium were extracted using Mehlich-3 solution. Sulfate was determined using a calcium phosphate extraction method. Organic matter (OM) was determined by loss on ignition. Phosphorus and potassium fertilization were managed according to Oklahoma State University Extension recommendations based on soil test results (Warren et al., 2017). Diseases, insects, and weeds were chemically controlled as needed, in accordance with recommendations from the Oklahoma State University Extension.



Table 2 | 
Soil fertility information at sowing (0–15 depth) showing soil pH, organic matter (OM), buffer index (BI), nitrate nitrogen (NO3), Mehlich-3 extractable phosphorus (M3P), potassium (K), sulfate (SO4), calcium (Ca), and magnesium (Mg) across three sites (Ballagh, LCB, and Perkins) during 2018-2019, 2019-2020, and 2020–2021 growing seasons.





	Growing seasons

	Site

	pH

	OM

	Bl

	NO3-


	M3P

	K

	SO4


	Ca

	Mg




	
	%

	———————– mg kg-1—————————






	2018-2019
	Ballagh
	6.70
	3.15
	 
	9.50
	31.50
	94.50
	4.00
	2421.50
	229.50



	Perkins
	4.60
	0.89
	6.40
	3.50
	24.50
	130.00
	4.50
	356.00
	100.00



	LCB
	5.90
	1.72
	7.10
	4.00
	25.00
	112.50
	3.00
	1314.00
	221.00



	2019-2020
	Ballagh
	7.30
	2.63
	 
	2.50
	20.50
	104.50
	9.70
	2595.00
	290.00



	Perkins
	4.80
	0.92
	6.50
	6.00
	26.00
	140.50
	7.17
	386.50
	98.50



	LCB
	5.20
	1.47
	7.10
	9.00
	26.50
	89.00
	3.35
	709.50
	154.50



	2020-2021
	Perkins
	6.80
	0.80
	 
	1.00
	51.00
	147.00
	2.24
	644.00
	137.50



	LCB
	5.50
	0.81
	7.20
	12.50
	19.50
	73.00
	3.80
	690.00
	120.00















Experimental design and treatment structure


The experiment was arranged in a randomized complete block design (RCBD) with 15 treatments and four replications. Individual plots measured 3.1 m × 6.1 m, with alleys of 3.1 m between plots, resulting in a total trial area of 34 m × 49 m. Top-dress N applications were made at different growing degree days (GDD > 0) timings: 30, 60, 90, or 120 GDD. The treatment consisted of various combinations of N application rates and timings (
Table 3
). Three applications included Pre-plant N, in-season N, and split application at different N rates of 0, 50, 100, or 200 kg N ha⁻¹ (
Table 4
). For each experimental plot, 50 kg N ha⁻¹ of ammonium nitrate was applied at the specified GDD timings. This design enabled direct comparison of split versus single applications while identifying optimal timing across sub-optimum and excessive N rates.Growing degree day calculation and rationale.



Table 3 | 
Planting and nitrogen application dates based on growing degree days (GDD ≥ 0) at 0, 30, 60, 90, and 120 GDD across three sites (Ballagh, LCB, and Perkins) during 2018-2019, 2019-2020, and 2020–2021 growing seasons.





	Growing seasons

	Site

	0

	30

	60

	90

	120





	————————————–GDD————————————






	2018-2019
	Ballagh
	11-24-2018
	12-18-2018
	03-07-2019
	04-12-2019
	05-14-2019



	Perkins
	10-03-2018
	11-29-2018
	12-20-2018
	02-19-2019
	04-03-2019



	LCB
	11-07-2018
	1-22-2019
	03-15-2019
	04-15-2019
	05-07-2019



	2019-2020
	Ballagh
	10-18-2019
	11-27-2019
	02-05-2020
	03-23-2020
	04-21-2020



	Perkins
	11-19-2019
	11-26-2019
	12-30-2019
	02-17-2020
	03-23-2020



	LCB
	10-15-2019
	11-27-2019
	01-24-2020
	03-10-2020
	04-09-2020



	2020-2021
	Perkins
	10-18-2020
	11-15-2020
	01-04-2021
	03-04-2021
	04-03-2021



	LCB
	10-14-2020
	11-15-2020
	01-04-2021
	03-04-2021
	04-03-2021











Table 4 | 
Nitrogen treatment structure showing pre-plant, in-season, split-applied, N application rates, total N applied and top-dress timing (kg N ha-1) based on growing degree days (GDD > 0).





	Treatments numbers

	Application

	Pre-N

	In season

	Total N

	Top-dress timing (GDD≥0)




	————kg N ha-1———–






	1
	Control
	0
	0
	0
	0



	2
	Pre-plant
	200
	0
	200
	0



	3
	In-season
	0
	200
	200
	30



	4
	In-season
	0
	200
	200
	60



	5
	In-season
	0
	200
	200
	90



	6
	In-season
	0
	200
	200
	120



	7
	Pre-plant
	100
	0
	100
	0



	8
	In-season
	0
	100
	100
	30



	9
	In-season
	0
	100
	100
	60



	10
	In-season
	0
	100
	100
	90



	11
	In-season
	0
	100
	100
	120



	12
	Split-applied
	50
	50
	100
	30



	13
	Split-applied
	50
	50
	100
	60



	14
	Split-applied
	50
	50
	100
	90



	15
	Split-applied
	50
	50
	100
	120










Application timing was based on growing degree days (GDD > 0) rather than calendar dates to account for temperature-driven developmental processes and improve consistency across environments. The use of GDD as a physiological timing indicator offers advantages over calendar-based applications by synchronizing N supply with crop developmental stages regardless of seasonal weather variations (Oklahoma Mesonet Station, 2012). GDD > 0 was calculated using the Oklahoma Mesonet  Station (2012) cutoff method (Equation 1):



1
 GDD
>
0
=


(
Day Max Temperature
+
Day Min Temperature
)

2

−
4.4
 
°
C


(1)







Grain yield and protein measurements


Grain yield was harvested at maturity from the center 1.5 m of each plot using a Kincaid8-XP plot combine (Kincaid Equipment Manufacturing, Haven, KS, United States). Grain yield and moisture content were recorded by the onboard Harvest Master Yield monitoring computer (Juniper Systems, Logan, UT, United States). Grain moisture content was adjusted to 12.5% to standardize yield measurements. Grain protein concentration was determined using near-infrared spectroscopy with a Diode Array NIR Analysis System model DA 7200 (Perten, Kungens Kurva, Sweden).







Statistical analysis


Prior to statistical analysis, we evaluated the homogeneity of variances using Levene’s tests from the ‘car’ package to evaluate whether data could be combined across locations and years for both grain yield and GPC (Fox et al., 2012). Linear mixed models were applied to evaluate the treatment effects on measured parameters. For each parameter at each location, we fitted models considering N treatment as a fixed effect and blocks nested within each site-year as a random effect.


Data was analyzed using three distinct approaches to address specific research objectives. The first analysis evaluated N rate effects (0, 100, and 200 kg N ha⁻¹) within each GDD timing (0, 30, 60, 90, and 120 GDD) for both grain yield and GPC. The second analysis compared GDD timing effects within each N rate to determine optimal application timing. The third analysis compared applications (pre-plant, in-season, and split application) at each GDD timing (30, 60, 90, and 120 GDD) while maintaining a constant total N rate of 100 kg N ha⁻¹.


For each analysis, mean comparisons were performed using Tukey’s honestly significant difference (HSD) test at α = 0.05. Statistical analyses were conducted using R software version 4.1.2 with packages “lme4” (Bates et al., 2015), “lmerTest” (Kuznetsova et al., 2017), “multcomp” (Hothorn et al., 2008), “dplyr” (Wickham et al., 2020), and “ggplot2” (Wickham, 2016).








Results


Levene’s test revealed significant heterogeneity of variances among site-years for both grain yield and GPC (P < 0.05) (
Supplementary Figure 1
). However, treatment response patterns remained consistent for each site-year analysis. Similarly, combined analysis across site-years produced the same trends as individual site-year analyses. Therefore, results are presented as averages across all site-years to provide a comprehensive overview of treatment effects, with detailed site-year data available in 
Supplementary Tables 1
–
3
.






Nitrogen rate (100 vs 200 kg N ha⁻¹) effect on grain yield and protein concentration


Grain yield responses demonstrated consistent patterns between 100 and 200 kg N ha⁻¹ rates across all application timings. The 100 kg N ha⁻¹ rate achieved 4.5 Mg ha⁻¹ while the 200 kg N ha⁻¹ rate produced 4.6 Mg ha⁻¹ (
Table 5
). Both rates increased yields significantly from the unfertilized control (2.5 Mg ha⁻¹) to near-maximum potential. Individual site-year yields ranged from 1.7 to 7.0 Mg ha⁻¹ for the 100 kg N ha⁻¹ treatment and from 2.6 to 6.8 Mg ha⁻¹ for the 200 kg N ha⁻¹ treatment. This yield equivalency was maintained across 80% of timing applications (4 of 5 GDD timings per site-year) (
Supplementary Table 1
). Individual site-year yields ranged from 0.8 to 4.5 Mg ha⁻¹ for the control, 1.7 to 7.0 Mg ha⁻¹ for 100 kg N ha⁻¹, and 2.6 to 6.8 Mg ha⁻¹ for 200 kg N ha⁻¹ treatments.


However, GPC responses revealed parameter-specific predictive limitations. While timing response patterns remained identical between rates, absolute GPC values diverged significantly. GPC increased from 12.4% to 14.2% when comparing 100 to 200 kg N ha⁻¹ at planting (0 GDD) (
Table 5
). Both rates achieved maximum GPC at 120 GDD (14.6% vs. 15.8% for 100 vs. 200 kg N ha⁻¹, respectively), demonstrating parallel response curves despite the absolute value differences.



Table 5 | 
Grain yield and grain protein concentration response to nitrogen application rates across different application timings in winter wheat across all site-years.





	N rates

	0

	30

	60

	90

	120




	Yield

	GPC

	Yield

	GPC

	Yield

	GPC

	Yield

	GPC

	Yield

	GPC






	0
	2.5b
	11.0c
	2.5b
	11.0c
	2.5b
	11.0c
	2.5b
	11.0c
	2.5b
	11.0b



	100
	4.5a
	12.4b
	4.2a
	13.0b
	4.5a
	13.0b
	4.3a
	13.7b
	3.4a
	14.6a



	200
	4.6a
	14.2a
	4.6a
	14.8a
	4.6a
	14.8a
	4.3a
	15.6a
	3.4a
	15.8a



	
p-value

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01

	
<0.01








Different letters represent the significant difference (Tukey, HSD) at the 0.05 probability level.









Grain yield and protein concentration as influenced by nitrogen application timing


For grain yield optimization, early applications (0–90 GDD) maintained maximum yield potential across both N rates (
Figure 1
). Split applications demonstrated timing-insensitive performance, with the 50–50 kg N ha⁻¹ split application showing no significant timing effect (P = 0.52) and consistent yields (4.2-4.8 Mg ha⁻¹) across all timings. At 100 kg N ha⁻¹, application at 0 GDD achieved the highest yield (4.5 Mg ha⁻¹), which was statistically equivalent to early in-season applications at 30, 60, and 90 GDD (4.2-4.5 Mg ha⁻¹). Late application at 120 GDD resulted in significantly lower yields (3.4 Mg ha⁻¹) compared to all earlier timings. Similar timing effects were observed at 200 kg N ha⁻¹, with applications at 0, 30, and 60 GDD producing equivalent yields (4.6 Mg ha⁻¹). The 90 GDD timing showed intermediate performance (4.3 Mg ha⁻¹), while 120 GDD again produced the lowest yields (3.4 Mg ha⁻¹).


[image: Box plot showing grain yield in megagrams per hectare against growing degree days for three nitrogen levels: 50-50 kg, 100 kg, and 200 kg per hectare. Each plot presents data over intervals of 0, 30, 60, 90, and 120 growing degree days, with varying significance levels indicated and grain yield data represented by individual dots and red markers.]
Figure 1 | 
Grain yield (Mg ha-1) response to N application timing at 100 and 200 kg N ha⁻¹ rates on average of eight site-years. Box plots show median, quartiles, and range of grain yield values at different growing degree day (GDD) application timings. Red points indicate treatment means. Letters indicate significant differences among timing treatments within each N rate (p < 0.01).




The timing response pattern remained consistent between 100 and 200 kg N ha⁻¹ rates, with both rates showing similar relative performance across GDD timings. Environmental variability was most pronounced at the 120 GDD timing, where yield reductions ranged from 15% to 35% compared to other timings across site-years. The timing response pattern was consistent across individual site-years, with early applications (0–60 GDD) outperforming late applications (120 GDD) for yield in 7 of 8 site-years, regardless of N rate.


For the GPC, timing effects varied by application strategy (
Figure 2
). Single applications at 100 and 200 kg N ha⁻¹ demonstrated highly significant timing effects (P < 0.01), with GPC exhibiting an opposite response pattern to yield. Later applications produced significantly higher GPC levels, with GPC increasing from 12.4% at 0 GDD to 14.6% at 120 GDD for a 100 kg N ha⁻¹ application. At 200 kg N ha⁻¹, the timing effect followed the same pattern, with 120 GDD producing the highest GPC (15.8%), followed by 90 GDD (15.6%). The 90 GDD timing emerged as optimal for balancing yield and protein objectives, maintaining competitive yields while achieving substantial increases in GPC compared to earlier applications. At this timing, 100 kg N ha⁻¹ achieved 13.7% GPC with 4.3 Mg ha⁻¹ yield, while 200 kg N ha⁻¹ achieved 15.6% GPC with equivalent yield (4.3 Mg ha⁻¹). Conversely, GPC consistently increased with delayed applications in 6 of 8 site-years, demonstrating a clear yield-protein trade-off except at 90 GDD, where both parameters remained favorable.


[image: Box plots showing grain protein concentration percentages over growing degree days for three nitrogen treatments: 50-50, 100, and 200 kilograms per hectare. Each panel displays statistical significance with varying letter annotations.]
Figure 2 | 
Grain protein concentration (%) response to N application timing at 100 and 200 kg N ha⁻¹ rates on average of eight site-years. Box plots show median, quartiles, and range of GPC values at different growing degree day (GDD) application timings. Red points indicate treatment means. Letters indicate significant differences among timing treatments within each N rate (p < 0.01).




The 90 GDD timing demonstrated an optimal balance between yield and protein objectives, maintaining competitive yields while achieving substantial increases in GPC compared to earlier applications. The timing response pattern was consistent across individual site-years, with early applications (0–60 GDD) outperforming late applications (120 GDD) for yield in 7 of 8 site-years, regardless of N rate (
Supplementary Table 2
). GPC consistently increased with delayed applications in 6 of 8 site-years, demonstrating a clear yield-protein trade-off except at 90 GDD, where both parameters remained favorable.







Split versus single nitrogen application efficiency


The application of N in a single dose or split applications effect on grain yield at equivalent total N rates of 100 kg N ha⁻¹ varied by GDD timing (
Figure 3
). Split applications (50 kg pre-plant + 50 kg in-season) demonstrated similar performance compared to single applications, with no clear efficiency advantages over single in-season applications. At 30 GDD, no significant differences were found among pre-plant (4.5 Mg ha⁻¹), split application (4.3 Mg ha⁻¹), and in-season application (4.2 Mg ha⁻¹). Similarly, at 60 and 90 GDDs, pre-plant (4.5 Mg ha⁻¹), in-season (4.5 Mg ha⁻¹), and split applications (4.1 Mg ha⁻¹) produced statistically equivalent yields. Significant differences emerged only at 120 GDD (P < 0.01), where pre-plant application (4.5 Mg ha⁻¹) significantly outperformed in-season application (3.4 Mg ha⁻¹), while split application showed intermediate performance (4.0 Mg ha⁻¹). The application response was consistent across site-years, with pre-plant applications maintaining stable performance in 7 of 8 site-years, regardless of comparison timing (
Supplementary Table 3
). Split applications demonstrated similar consistency in 6 of 8 site-years, while in-season variability increased with delayed comparison timings across environments.


[image: Four box plots labeled (a) to (d) compare grain yield in Mg per hectare across three nitrogen application methods: Pre-plant, In-season, and Split-applied. Each plot corresponds to different growing degree days (GDD): (a) 30 GDD, p=0.63; (b) 60 GDD, p=0.37; (c) 90 GDD, p=0.52; (d) 120 GDD, p<0.01. Significant yield differences under various application methods are shown in plot (d).]
Figure 3 | 
Grain yield response to N application at different GDD timings on average of eight site-years. Box plots show median, quartiles, and range of grain yield values for pre-plant, in-season, and split-applied treatments at (a) 30 GDD, (b) 60 GDD, (c) 90 GDD, and (d) 120 GDD. Red points indicate treatment means. Letters indicate significant differences among application within each timing (p < 0.01); ns indicates non-significant differences.




Grain protein concentration responses to the application varied with timing comparison (
Figure 4
). At 30 GDD, no significant differences were observed among applications, with GPC ranging from 12.2-13.0% across all applications. However, significant ratio effects emerged at 90 GDD (P < 0.01) and a tendency at 60 GDD (P = 0.11), where in-season application achieved significantly higher GPC (13.7%) compared to both split application (12.5%). This pattern intensified at 120 GDD, where in-season application produced the highest GPC (14.6%), followed by split application (13.2%), while pre-plant application maintained the lowest GPC (12.4%). In-season applications demonstrated superior efficiency at 60, 90, and 120 GDD timings. They achieved equivalent yields while producing higher GPCs compared to pre-plant applications. However, this advantage was lost at 120 GDD, where yield penalties outweighed GPC benefits. The application response was consistent across site-years, with in-season applications providing optimal yield-protein balance at early to mid-season timings in 6 of 8 site-years (
Supplementary Table 3
).


[image: Box plots showing grain protein concentration percentages for three application methods: pre-plant, in-season, and split-applied. Panel (a) with 30 GDD shows no significant difference (p=0.63); (b) with 60 GDD is not significant (p=0.11) but shows letters 'ab', 'a', 'b'; (c) with 90 GDD shows significance (p<0.01), letters 'b', 'a', 'b'; (d) with 120 GDD also shows significance (p<0.01) with 'b', 'a', 'b'. Each plot contains data points, means, and variability indicators.]
Figure 4 | 
Grain protein concentration response to N application at different GDD timings on average of eight site-years. Box plots show median, quartiles, and range of grain yield values for pre-plant, in-season, and split-applied treatments at (a) 30 GDD, (b) 60 GDD, (c) 90 GDD, and (d) 120 GDD. Red points indicate treatment means. Letters indicate significant differences among applications within each timing (p < 0.01); ns indicates non-significant differences.










Discussion


The agronomic performance of winter wheat under strategically designed N management strategies reveals critical insights into fertilizer response patterns. Our multi-environmental investigation across eight site-years was specifically designed to address a fundamental knowledge gap. Most previous research on delayed N applications was conducted at sub-optimum rates without a comprehensive comparison to split application strategies. By deliberately testing both sub-optimum (100 kg N ha⁻¹) and excessive (200 kg N ha⁻¹) N rates across five physiologically relevant timing windows. We provide among the first comprehensive framework for understanding N response patterns under Great Plains conditions.


We fail to reject our first hypothesis, as relative response patterns at 100 kg N ha-1 were consistent with those at 200 kg N ha-1 across timing, indicating the use of moderate rates for timing optimization studies. Both rates exhibited identical relative performance across all application timings. This finding validates the use of moderate rates for initial timing optimization studies. We also fail to reject our second hypothesis, as application timing significantly influenced yield-protein relationships, with in-season applications at 90 GDD emerging as the optimal physiological window for balancing dual agronomic objectives. However, we reject our third hypothesis regarding the advantages of split applications. Single in-season applications consistently outperformed split applications across multiple timing comparisons. This demonstrates that dividing N inputs provides no efficiency benefits when total rates are equivalent. These findings demonstrate that strategic timing precision may be the primary driver of NUE in central Great Plains dryland winter wheat production systems.






Agronomic response to N rate


The consistency of response patterns between 100 and 200 kg N ha-1 rates addresses a critical knowledge gap in central Great Plains wheat production. We designated these rates as sub-optimum and excessive based on their relationship to dual production objectives, with the 100 kg N ha⁻¹ rate achieving maximum yield potential (4.5 Mg ha⁻¹) statistically similar to 200 kg N ha⁻¹ but produced GPC (12.4%) below typical market premiums (≥13.5% for hard red winter wheat in Oklahoma; USDA-Agricultural Marketing Service (USDA-AIMS, 2024). Conversely, the 200 kg N ha⁻¹ rate exceeded agronomic requirements for yield while achieving premium protein levels (14.2%), representing an excessive application from an economic and environmental perspective. The 1.8% protein enhancement at the higher rate indicates that crop N demand for quality objectives was not fully satisfied at 100 kg N ha⁻¹, despite yield saturation.


Most previous timing research has been conducted in the central Great Plains at moderate application levels without validation across the full fertilization range (Bushong et al., 2014; Souza et al., 2022; Singh et al., 2024; Abiola et al., 2025). Our multi-environment investigation demonstrates that agronomic response patterns at sub-optimum N rates were consistent with those at higher rates with confidence to commercial scenarios. This approach could reduce experimental costs and environmental N inputs while maintaining research validity. Cross validation analysis across eight site-years confirmed the robustness of this consistency despite varying soil types, precipitation patterns, and seasonal conditions, with consistency observed in 75% of environments (6 of 8 site-years).


However, the differential responses between yield and GPC reveal important considerations for research design. While yield response patterns showed strong consistency between N rates, GPC responses diverged significantly. Yield responses reach a maximum at both 100 and 200 kg N ha⁻¹ with similar relative timing effects. Meanwhile, GPC continued to respond linearly to increased N application, increasing from 12.4% to 14.2% when the N input was doubled. This differential response indicates that consistency between the two rates may be parameter-specific (e.g. for grain yield) rather than universal across all wheat quality traits (Dick et al., 2016; Sieling and Kage, 2021).


From a physiological perspective, the consistency in timing responses likely stems from similar N uptake and allocation mechanisms across application rates. Metabolic pathways governing grain filling processes respond proportionally to N availability. Wheat plants demonstrate similar relative responses to timing treatments regardless of total N supply (Hawkesford, 2014; Fang et al., 2024). Post-anthesis N remobilization further explains the physiological basis for predictive relationships. N remobilization patterns from vegetative tissues to grains respond consistently to timing treatments across application rates, suggesting fundamental physiological constraints that govern timing responses independent of N rate. The relative efficiency of different timing strategies remains stable regardless of total N supply. This indicates fundamental physiological constraints that govern timing responses independent of N rate (Masclaux-Daubresse et al., 2010; Kichey et al., 2007).







Application timing effects on crop performance


The physiological synchronization of N availability with wheat developmental stages represents the cornerstone of precision fertilizer management. Our study demonstrates that application timing fundamentally governs the yield-protein relationship through distinct physiological mechanisms operating at different growth stages. The critical timing window for maximum N uptake efficiency occurred between tillering initiation and flag leaf emergence (30–90 GDDs), when wheat plants exhibit peak root activity, maximum transpiration rates, and the greatest N demand for biomass accumulation (Allard et al., 2013; Hawkesford, 2014; Ding et al., 2023). During this developmental phase, N applications directly enhance yield components including spikelet number per head, spike density per m², and individual kernel weight contributing to increased yield, through optimized resource allocation during critical periods (Schulz et al., 2015).


In contrast, applications beyond 90 GDD might encounter physiological constraints including reduced root surface area, declining transpiration rates, and limited translocation capacity from vegetative tissues to developing grains (Sakuma and Schnurbusch, 2020). This creates a metabolic bottleneck that may explain the 25% yield penalty observed at 120 GDD timing across both N rates. Application at 60 GDD achieved similar yield but lower GPC, indicating insufficient delay for protein enhancement, while 120 GDD applications maximized GPC but incurred significant yield penalties. The 90 GDD timing thus represents a physiological window where crop developmental stage, N uptake capacity, and metabolic partitioning may align to optimize both agronomic objectives simultaneously.


Environmental variability amplifies these timing effects through complex interactions between delayed N applications and weather dependent physiological constraints. Drought conditions reduce root hydraulic conductivity and limit transpiration-driven nutrient transport during late applications. Conversely, excessive precipitation dilutes N concentrations and reduces efficiency in uptake. These interactions explain why the 90 GDD timing demonstrated superior stability across 75% of environments (6 of 8 site-years). This contrasts with the highly variable performance of 120 GDD applications, where yield reductions ranged from 15-35% depending on seasonal conditions. This creates the characteristic yield-protein trade-off that defines late-season N management strategies (Ercoli et al., 2013). These timing insights provide the foundation for evaluating the comparative efficiency of single versus split application methods.







Application efficiency and management implications


The comparative efficiency of split versus single N applications addresses a critical knowledge gap in central Great Plains wheat production. Our systematic comparison across multiple environments reveals that split applications demonstrate intermediate performance for both yield and GPC parameters, providing no clear efficiency advantages over strategically timed single applications when total N rates remain equivalent. These results reject our third hypothesis, challenging conventional assumptions that dividing N inputs enhances uptake efficiency, and instead demonstrating that application timing precision may outweighs method complexity in determining agronomic outcomes under these conditions.


The mechanistic basis for single application performances likely involves optimal synchronization between N supply and crop physiological demand, potentially minimizing soil N losses during periods of low plant uptake while preventing early-season N immobilization in soil organic matter and microbial biomass (Woodley et al., 2025). In-season applications at early to mid-season timings (30–90 GDDs) achieved equivalent yields while producing higher GPC compared to both pre-plant and split applications. This possibly reflects improved temporal alignment with crop demand that reduces losses through leaching, denitrification, and volatilization (Wang et al., 2023).


The practical implications extend beyond agronomic performance to encompass operational efficiency. Single in-season applications reduce equipment passes, minimize labor requirements, and provide flexibility in timing, enabling producers to adjust N rates according to real-time assessments of crop growth stage, weather conditions, and yield potential (Ali et al., 2025). The superior performance of single applications across 75% of environments (6 of 8 site-years) under diverse precipitation patterns, soil types, and temperature regimes suggests robust reliability under Great Plains dryland conditions.


However, it is important to acknowledge that our findings are specific to the environmental and edaphic conditions of this study non-irrigated winter wheat production systems on silt loam to clay loam soils under moderate precipitation regimes (450–650 mm annually). Split application strategies may provide greater benefits in contrasting environments, including coarse-textured soils with high leaching potential (Tedone et al., 2018), irrigated systems where fertigation enables precise synchronization of N supply with crop demand (Preza-Fontes et al., 2021), or high-rainfall environments (>800 mm annually) where early-season N losses may be substantial (Schulz et al., 2015). Additionally, split applications may offer advantages when total N rates exceed 150 kg ha⁻¹, where single applications could increase lodging risk or exceed crop uptake capacity during critical growth stages. Therefore, while our results provide evidence for the efficiency of single in-season applications under Great Plains dryland conditions, producers should consider site-specific factors including soil texture, precipitation patterns, and total N requirements when selecting application strategies.








Conclusion


Our multi-environment study across eight site-years in the central Great Plains addressed three fundamental questions about N rate optimization, application method efficiency, and timing effects on dual yield-protein objectives in winter wheat production systems. Relative response patterns at 100 kg N ha⁻¹ were consistent with those at 200 kg N ha⁻¹ across 75% of environments. This supports our first hypothesis and suggests that timing research may be conducted efficiently at moderate rates with confidence in applicability to commercial scenarios. Application timing significantly influenced both grain yield and GPC relationships, confirming our second hypothesis: in-season applications at 90 GDD (late tillering, Feekes 5-6) achieved 4.3 Mg ha⁻¹ with 13.7% GPC compared to pre-plant applications, effectively balancing dual agronomic objectives. Contrary to our third hypothesis, split N applications provided no clear advantage over single in-season applications when total rates were equivalent. This suggests that single applications at optimized timings may achieve comparable outcomes while reducing operational complexity. These findings suggest that strategic timing precision at 90 GDD, rather than rate manipulation or application splitting, may be the primary driver of N use efficiency in central Great Plains dryland winter wheat systems. However, these recommendations are specific to non-irrigated systems under moderate precipitation regimes. Future research should investigate irrigation × timing interactions and economic analysis to further refine recommendations for sustainable wheat production systems.
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