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Abstract 

A major challenge for agronomists is developing cropping systems that exhibit superior 

performance across variable environmental conditions. Long-term field research trials provide a 

direct measure of the effect of environmental conditions within the context of treatment effects. 

Winter wheat (Triticum aestivum L.) is the most widely grown base crop in dryland systems of 

the semiarid central Great Plains, but grain yields are limited by nitrogen (N) and soil water 

availability. The goal of this research was to assess long-term cropping systems of winter wheat-

grain sorghum-fallow in dryland. The focus was to determine the effect of three tillage practices 

and rates of N fertilization rates effects on the efficiency of the management system and grain 

yields for 2015-2018, and evaluate the yield stability for both crops in a 53-year-old crop rotation 

and fertility experiment. 

In the first study we evaluated the long-term effects of three different tillage practices and 

four N fertilizer rates on grain yield, protein content, and N use efficiency indices of winter 

wheat and grain sorghum in 2015-2018. The experiment was conducted on a long-term plot 

initiated in 1965 in Hays, KS as a split-split-plot arrangement of rotation, tillage, and N fertilizer 

treatments with four replications in a randomized complete block design. The main plots were 

the crop phase (winter wheat, grain sorghum, or fallow), sub-plots were three tillage treatments 

[conventional tillage (CT), reduced tillage (RT), and no-tillage (NT)]. The sub-sub-plots were 

four N rates (0, 22, 45, and 67 kg N ha-1) later modified in the 2015 growing season to 0, 45, 90, 

and 134 kg ha-1.  

Results showed tillage × N rate interaction had no significant (P = 0.608) effect on grain 

yield. Year × tillage and year × N rate had significant (P < 0.0001) effect on grain yield. Across 

N rates, grain yield, NAE and ANR were more in soils under NT compared with CT or RT.  



  

Grain yield under NT increased by 8 kg ha-1 for every mm of growing season precipitation 

compared with 4 kg ha-1 with CT or RT. Nitrogen application significantly (P < 0.05) increased 

grain yield and protein concentration, but NAE and ANR decreased beyond 45 kg N ha-1. Our 

results showed NT is the best management practice to increased grain sorghum yields, N use 

indices and sustainability in dryland systems.  

Winter wheat yield with CT was greater than RT or NT, but tillage had no significant 

effect on ANR, NAE or N utilization efficiency (NUtE, kg grain/ kg total N uptake) averaged 

across the four-years. Grain yield, protein content, total N uptake, and NUtE of winter wheat 

increased with increasing N rates. But the NAE and RAN decreased at higher N rates. Tillage 

systems had little effect on the total N uptake and NUE indices. The benefits of NT can be 

realized with appropriate N fertilization. However, the extent of that benefit and the appropriate 

N fertilization rate depends on the amount and timing of precipitation during the growing season. 

That benefit also depends on the effectiveness of weed control practices. 

A second study was conducted to evaluate the long-term effects of three different tillage 

practices in four N fertilizer rates on yield of winter wheat and grain sorghum, yield trend, and 

yield stability from 1975 to 2014. We hypothesized that yield would be higher, more stable, and 

increase more over time in i) NT practices compared to most intensive tillage CT and RT 

systems, and ii) highest N fertilizer rate compared to unfertilized control and 20 kg N ha-1. The 

stability analysis showed grain yield with each tillage practice was more stable with increasing N 

fertilizer rates. The data created from this long-term experimental study of winter wheat-grain 

sorghum- fallow production systems showed temporal variability in yield for both crops, which 

was evident with all treatment combinations. An analysis of variances was shown that practices 

were a significant factor for predicting yield in 24 out of 31 years (77% of years) for winter 



  

wheat in 17 out 30 years (57% of years) for grain sorghum. N fertilizer rate was a significant 

factor for predicting yield in 31 out of 31 years (100% of years) for winter wheat in 27 out 30 

years (90% of years) for grain sorghum during the study periods at significant level of 0.05. 

Yield stability analysis indicated yields under NT responded poorly in winter wheat or equally in 

grain sorghum in low-yielding environments compared to the more intensive tillage practices of 

CT or RT. In high-yielding environments CT and RT produced greater yields than NT. In 

general, N fertilizer application resulted in more stable yields compared to unfertilized controls. 

This effect was more pronounced in low yielding environments for both crops. When fertilized, 

NT production in low yielding environments generated yields comparable to CT or RT 

treatments. The amount and distribution of precipitation throughout the growing season or during 

the fallow period preceding crop planting were the most important factors influencing yields of 

both crops, though that impact was influenced by N fertilization rate. Overall, yield stability 

analysis indicated that the use of RT or CT along with adequate N fertilization produced higher 

wheat yields across all yield environments compared to NT. 
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Abstract 

A major challenge for agronomists is developing cropping systems that exhibit superior 

performance across variable environmental conditions. Long-term field research trials provide a 

direct measure of the effect of environmental conditions within the context of treatment effects. 

Winter wheat (Triticum aestivum L.) is the most widely grown base crop in dryland systems of 

the semiarid central Great Plains, but grain yields are limited by nitrogen (N) and soil water 

availability. The goal of this research was to assess long-term cropping systems of winter wheat-

grain sorghum-fallow in dryland. The focus was to determine the effect of three tillage practices 

and rates of N fertilization rates effects on the efficiency of the management system and grain 

yields for 2015-2018, and evaluate the yield stability for both crops in a 53-year-old crop rotation 

and fertility experiment. 

In the first study we evaluated the long-term effects of three different tillage practices and 

four N fertilizer rates on grain yield, protein content, and N use efficiency indices of winter 

wheat and grain sorghum in 2015-2018. The experiment was conducted on a long-term plot 

initiated in 1965 in Hays, KS as a split-split-plot arrangement of rotation, tillage, and N fertilizer 

treatments with four replications in a randomized complete block design. The main plots were 

the crop phase (winter wheat, grain sorghum, or fallow), sub-plots were three tillage treatments 

[conventional tillage (CT), reduced tillage (RT), and no-tillage (NT)]. The sub-sub-plots were 

four N rates (0, 22, 45, and 67 kg N ha-1) later modified in the 2015 growing season to 0, 45, 90, 

and 134 kg ha-1.  

Results showed tillage × N rate interaction had no significant (P = 0.608) effect on grain 

yield. Year × tillage and year × N rate had significant (P < 0.0001) effect on grain yield. Across 

N rates, grain yield, NAE and ANR were more in soils under NT compared with CT or RT.  



  

Grain yield under NT increased by 8 kg ha-1 for every mm of growing season precipitation 

compared with 4 kg ha-1 with CT or RT. Nitrogen application significantly (P < 0.05) increased 

grain yield and protein concentration, but NAE and ANR decreased beyond 45 kg N ha-1. Our 

results showed NT is the best management practice to increased grain sorghum yields, N use 

indices and sustainability in dryland systems.  

Winter wheat yield with CT was greater than RT or NT, but tillage had no significant 

effect on ANR, NAE or N utilization efficiency (NUtE, kg grain/ kg total N uptake) averaged 

across the four-years. Grain yield, protein content, total N uptake, and NUtE of winter wheat 

increased with increasing N rates. But the NAE and RAN decreased at higher N rates. Tillage 

systems had little effect on the total N uptake and NUE indices. The benefits of NT can be 

realized with appropriate N fertilization. However, the extent of that benefit and the appropriate 

N fertilization rate depends on the amount and timing of precipitation during the growing season. 

That benefit also depends on the effectiveness of weed control practices. 

A second study was conducted to evaluate the long-term effects of three different tillage 

practices in four N fertilizer rates on yield of winter wheat and grain sorghum, yield trend, and 

yield stability from 1975 to 2014. We hypothesized that yield would be higher, more stable, and 

increase more over time in i) NT practices compared to most intensive tillage CT and RT 

systems, and ii) highest N fertilizer rate compared to unfertilized control and 20 kg N ha-1. The 

stability analysis showed grain yield with each tillage practice was more stable with increasing N 

fertilizer rates. The data created from this long-term experimental study of winter wheat-grain 

sorghum- fallow production systems showed temporal variability in yield for both crops, which 

was evident with all treatment combinations. An analysis of variances was shown that practices 

were a significant factor for predicting yield in 24 out of 31 years (77% of years) for winter 



  

wheat in 17 out 30 years (57% of years) for grain sorghum. N fertilizer rate was a significant 

factor for predicting yield in 31 out of 31 years (100% of years) for winter wheat in 27 out 30 

years (90% of years) for grain sorghum during the study periods at significant level of 0.05. 

Yield stability analysis indicated yields under NT responded poorly in winter wheat or equally in 

grain sorghum in low-yielding environments compared to the more intensive tillage practices of 

CT or RT. In high-yielding environments CT and RT produced greater yields than NT. In 

general, N fertilizer application resulted in more stable yields compared to unfertilized controls. 

This effect was more pronounced in low yielding environments for both crops. When fertilized, 

NT production in low yielding environments generated yields comparable to CT or RT 

treatments. The amount and distribution of precipitation throughout the growing season or during 

the fallow period preceding crop planting were the most important factors influencing yields of 

both crops, though that impact was influenced by N fertilization rate. Overall, yield stability 

analysis indicated that the use of RT or CT along with adequate N fertilization produced higher 

wheat yields across all yield environments compared to NT. 
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Chapter 1 - Introduction and Literature Review 

 Introduction 

Western Kansas and the western Great Plains are a productive region for winter wheat 

(Triticum aestivum L.) and grain sorghum (Sorghum bicolor (L.) Moench ssp. Bicolor), among 

other crops. However, the region recieves limited, highly variable amounts of rainfall. Success of 

rain-fed (dryland) crop production in the region requires careful management of soil moisture, 

which is acomplished with a focus on tillage intensity, residue management, and soil fertility.  

Variability in precipitation and poor soil fertility are the major factors limiting the 

productivity in dryland farming regions around the world due to the sensitively of crops to water 

and nutrient deficits during critical growth stages (Nawaz and Farooq, 2016; Fahad et al., 2017; 

Zhang et al., 2018). These dryland regions account for more than 40% of land area on Earth 

(Turner et al. 2011). Water limitation accounts for about 30-70% loss of productivity of field 

crops during the crop growth period (Kumaraswamy and Shetty, 2016; Lilliane and Charles, 

2020). Water deficiencies can result from low or unpredictable precipitation, as well as 

inefficient precipitation storage in the soil during fallow periods (Unger et al., 1997). There is 

growing interest in increasing productivity of dryland farming operations. Adoption of 

agronomic practices that increase productivity from rainfall is a critical aspect in the 

intensification of dryland farming, particularly in semiarid regions where water limitations are 

severe (Koohafkan and Stewart, 2008).  

Fahad et al., (2017) stated that wheat is impacted by drought stress and high temperature 

stress during all growth stages, but grain formation and the reproductive stage are the most 

critical stages. Wheat yield can decrease 1-30% during mild drought stress at post-anthesis, and 

yield can decrease up to an additional 90% under prolonged mild drought stress at flowering and 
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grain formation (Araus et al., 2002; de Oliveira et al., 2013). Improvement in precipitation use 

efficiency is of crucial importance for crop productivity in drylandagricultural systems. The term 

“water use efficiency” is often employed to quantify water productivity (Nielsen and Vigil, 2010; 

Zhang et al., 2018; Sun et al., 2019).  

 A common cropping system in the central Great Plains is winter wheat-summer crop-

fallow with no-till (NT) (Halvorson et al., 2004). However, there have been limited long-term 

nitrogen (N) fertilization studies conducted in this region. Nitrogen fertilizer applications are a 

key component in increasing agricultural production, and long-term studies are necessary to 

observe changes in nutrient dynamics in order to develop strategies for sustainable productivity 

and improving nitrogen use efficiency (NUE) and soil health (Antil and Raj, 2020). This would 

help avoid over- or under-applying N fertilizer, and will maintain soil health (Fageria et al., 

1991; Havlin et al., 2005). The N mineralization process is a key component of the soil N cycle, 

and is influenced by the crop production system, tillage practices, type of fertilizer, and fertilizer 

application method. N mineralization is mediated mainly by microbes, and involves the 

transformation of organic N into plant-available mineral forms - primarily nitrate and ammonium 

(Sainju et al., 2007; Montemurro, 2009). The availability of N from fertilizer depends on the 

placement and sources of fertilizer (Malhi et al., 1996), which, in turn, vary based on tillage 

practice. Several researchers have found that conservation agriculture (CA) systems (e.g., NT 

and reduced tillage, RT) and placement of N fertilizer were more important than the timing of 

fertilizer applications to reduce N fertilizer losses resulting from immobilization and 

volatilization (Malhi et al. 2001; Ladha et al. 2005; Grahmann et al. 2013). Additionally, N 

fertilizer application increases the production of dry matter of wheat crop production (Soon et al., 

2008), but over application of N fertilizer could decrease crop NUE (Habbib et al., 2017) . 
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Increased efficiency is vital for the economic sustainability of crop production systems (Yadav et 

al., 2017). Accorrding to Omara et al., (2019), winter wheat producers in the central Great Plains 

of the US currently practicing conventional tillage (CT) could improve the efficiency of surface-

applied fertilizer N and farm profitability by adopting NT. However, N fertilizer, subject to many 

different transformations, can cause challenges to environmental management such as soil 

denitrification, volatilization, leaching, surface runoff, plant uptake, immobilization, and gaseous 

plant emissions (Halvoson and Rule, 1994; Fageria and Baligar, 2005). 

Nitrogen is an essential nutrient for all plants, and is the main nutrient that limits 

agricultural production in arid and semiarid regions (Kant et al., 2011; and Wu et al., 2019). Due 

to chemical, physical, and biological soil properties, the form and quantity of N in the soil 

regularly fluctuates (Grahmann et al., 2013), which, in turn, effects N use by crops. Nitrogen 

management has become a critical part of sustainable agriculture (Goulding et al., 2008). 

Mineralization of N from soil organic matter and applied N by fertilizer are the most important 

sources to meet the N requirement of crops (Yadav et al., 2017). However, the proportion that 

comes from mineralization is less than that from most fertilizers due to slow rate of N 

mineralization, which in turn is due to many factors. Those factors include available moisture, 

soil temperature, aeration status, and microbial activity (Giller et al., 2004; and Yadav et al., 

2017); whereas those factors would effect by tillage practices and then nutrients availability 

particularly N (Silgram and Shepherd, 1999).  

Tillage practices greatly affect soil moisture and temperature, which in turn affect soil N 

dynamics (Torbet and Woods, 1992; Nadelhoffer et al., 1991). For example, N availability from 

mineralization can be reduced due to low soil moisture with mild temperature (Giller et al., 2004; 

and Yadav et al., 2017). Conversely, higher temperatures enhanced N uptake by plants by 
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increasing the availability of soil N (Sardans and Peñuelas, 2012). Instead, a higher temperature 

regularly results in a decline of plant N use efficiency (NUE, because higher temperatures 

increase plant-microbial competition for N and lead to more N becoming immobilized in 

microorganisms (Kuzyakov and Xu, 2013). The C:N ratio is an indictor of NUE; according to 

Zhang et al. (2020), reported that, plants with a higher C:N ratio promote NUE under strong N‐

limited conditions to ensure survival priority, when compared to plants with a lower C:N ratio. In 

nature, larger proportion of species with a high C:N ratio enabled communities to inhabit more 

N‐limited conditions. This would lead to a reduction of N utilization by crops and depresses 

yields (Rathke et al., 2006). Higher temperatures also increase the risk of N losses due to 

increasing N2O efflux (Ma et al., 2010) and decreasing NUE and crop biomass (Liu et al., 2013). 

The NUE can be defined and calculated in many ways (Goulding et al., 2008). The NUE 

and its components are indirect measurements of the sustainability of production systems 

(Pourazari et al., 2015; Yadav et al., 2017). Consequently, a strong emphasis is being placed on 

NUE in wheat production systems (Raun and Johnson,1999). Therefore, there is a need for new 

strategies aiming for higher crop NUE in combination with fewer N fertilizer inputs (Wu et al., 

2019). Long-term field research with nutrient management is critical to determine the complex 

soil-plant-climate interactions with possible benefits for improving NUE (Powlson et al., 2011). 

Measuring NUE is challenging because of the number of different ways in which the data can be 

presented and analyzed in combination with the inherent statistical issues associated with these 

measurements. There were a many definitions of NUE. NUE components, N uptake efficiency 

(NUpE), and N utilization efficiency (NUtE) have been typically used for characterizing newly 

developed cereal genotypes and are primary component of NUE (Moll et al., 1982; Samonte et 

al., 2006). However, those testing the N efficiency of agronomic practices have used other NUE-
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associated components due to a change in strategy targeting higher crop NUE in combination 

with the application of less N fertilizer (Wu et al., 2019). For example, about 88% of the yield 

difference was due to NUtE with high rate of applied N (Huggins and Pan, 1993). However, 

increasing doses of N fertilizer did not show a different increase in wheat N utilization; the N 

rate of 120 kg N ha-1showed the same values of N utilization indices as compared to 180 kg N 

ha-1 (Montemurro et al., 2007). Measuring the N agronomic efficiency (NAE), crop applied N 

recovery (ANR), and physiological efficiency of applied N (PEN) are recommended by 

Dobermann (2005) and Ladha et al. (2005). The AEN is the product of the recovered N by the 

plant, multiplied by the efficiency with which this N is converted into the crop´s part of 

economic interest (grain, for cereals). In general, these N ratios have shown a tendency to 

decrease as the N inputs were increased (Halvorson et al., 2004). 

 Literature Review 

This literature review will cover important contributions to the scientific literature related 

to sorghum and wheat production in two parts. It begins with soil management, tillage intensity, 

and nitrogen dynamics - concepts that directly influence carbon, nitrogen, and water dynamics in 

all agricultural systems, but that are particularly important in the central Great Plains. The review 

concludes with a focus on yield stability, which is influenced by many factors such as crop 

rotation, tillage practices, and N fertilization with different sources.  

 Effects of Soil Management Practices on Soil Water and Nitrogen 

Recent increased intensity of agriculture has raised the question of the long-term 

sustainability of agro-ecosystems (Liebig et al., 2004; Frison et al., 2011). Long-term 

experiments provide insight to sustainability of intensive production systems (Rasmussen et al., 

1998; Takahashi, and Anwar, 2007). Problems associated with intensification of agricultural 



6 

systems such as extreme weather events, drought, pollution, demand for plant biomass for 

biofuel production each are amplified at the regional to global scales. (Kozai, 2013). In addition, 

certain growing conditions for small grains can result in varying yield and grain quality. Such 

growing conditions are influenced by local climate, weather conditions, and soil properties such 

as available water-holding capacity, pH, and bulk density (Wilson et al., 1992; Hobbs et al., 

2008; López-Fando and Pardo, 2009). Cultivated soils are exposed to additional agronomic or 

environmental risks. Examples include increased use of chemical inputs that increase pollution; 

erosion leading to loss of topsoil, organic matter, and fertility; and soil compaction resulting in 

decreased infiltration and aeration (Aktar et al., 2009; Michael et al., 2020). These risks can be 

reduced through the incorporation of soil management practices such as NT, which has been 

shown to provide significantly increased crop yields, increased nutrient use efficiency, with 

decreased environmental risk (Zhang et al., 2011). The original intent of NT systems in the 

United States was to reduce erosion (Logan et al., 1991). However, climate change has brought 

increasing attention to carbon (C) storage in soils, because NT systems are known to increase C 

sequestration (Balesdent et al., 2000; Freibauer et al., 2004; Abbas et al., 2020). 

 Effects of Soil Management Practices 

Continuous research is critical in identifying superior soil and nutrient management 

practices for the limited water environments of the Great Plains, a region valued for wheat and 

sorghum production. The adoption of conservation tillage practices (NT and RT) led to reduced 

erosion, increased soil organic matter (SOM), and increased precipitation storage in the US Great 

Plains (Logan et al., 1991; Thomas et al., 2007; Triplett and Dick, 2008). Conservation 

agriculture practices also reduced the use of pesticides while increasing crop intensification and 

diversification (Anderson, 2009; Cochran et al., 2006; Hansen et al., 2015; and Hansen et al., 
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2016). In semi-arid regions intensifying the frequency of cropping systems is another 

conservation approach that led to higher yield performance (Halvorson et al., 2001). No-tillage 

and RT practices of ten years or longer are known to match or exceed wheat yields in CT 

systems (Pittelkow et al., 2015). However, integrating NT and RT practices in some systems has 

led to a reduction in crop quality and yield when compared with CT practices, which has been 

attributed to the effects of NT on N dynamics (Lundy et al., 2015; Pittelkow et al., 2015; Ruisi et 

al., 2016). Halvorson et al. (2001) reported that the residual NO3
- within 0 to 150 cm soil profile 

is higher with CT and RT compared to NT. They also revealed that soil NO3
- movement to the 

crop root zone tends to leach out with above-average precipitation. Additionally, Halvorson et al. 

(2001) noted that NT is a promising strategy for reducing residual soil NO3
- available for 

leaching compared to CT and RT. After 16 years of establishing a long-term wheat experimental, 

available N (NO3
-) was higher in upper 2.5 cm under NT compared to till plots, as mineralization 

of organic nutrients accumulates higher nutrients closer to the surface in the NT (Tracy et al., 

1990). López-Fando et al., (2007) found higher available N with the NT system compared to CT 

or RT in semi-arid Central Spain for the study examining different tillage practices with crop 

rotations. 

Continuous adoption of tillage management systems (as a long-term practice of NT or 

RT) must be used to influence the soil properties (physical, chemical, and biological) (Tarkalson 

et al., 2006; Van Eerd et al., 2014; Obour et al., 2017). Conservation tillage practices (e.g., NT) 

were noted for increasing soil water storage (Anderson, 2009; López-Fando and Pardo, 2009; 

Obour et al., 2015) and improvements in water and fertilizer use efficiencies (Triplett and Dick, 

2008). Furthermore, the most significant issues with the tillage practices were soil compaction 

and the related loss of structure, increase in bulk density, and a decrease in porosity. These 
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changes, in turn, result in reduced permeability to water and air and changes to overall root 

growth and development (Batey and McKenzie, 2006).  

Conservation tillage, including NT, improves aggregate stability and vertical macropore 

connectivity, which enhances water infiltration rates (Strudley et al., 2008). The increased 

concentration of organic matter/organic C in the soil is considered a result of different interacting 

factors (Fageria, 2012). These factors lead to a decrease in temperature at the soil's surface, 

enhanced residue return, less soil disturbance, and an increase in moisture content (Logan et al., 

1991; Blevins and Frye, 1993). Intense crop rotation, coupled with NT systems, significantly 

reduces the loss of organic matter in the soil and works at an optimal rate by limiting soil 

disturbance (West et al., 2002). There was a widespread system of root channels and 

macrospores in the soil due to different crop rotations that combined with minimal soil 

disturbance (Hobbs et al., 2008; Wright et al., 1999). Advantages of combinations of RT systems 

with reduced fallow frequency include more soil microbial biomass, potentially mineralizable N, 

water-stable aggregates, and higher total glomalin, which has been linked to higher soil C and 

better soil structure due to increased prevalence of arbuscular mycorrhiza (AM) fungi (Wright et 

al., 1999). While NT practice, combined with intense crop rotations, might have more impact on 

maintaining and increasing SOM (Liebig et al., 2006), AM fungi benefit soil by improving soil 

structure, soil aggregation, decreased erosion rates, and water infiltration because of increased 

residue on the soil surface (Frey et al., 1999; Hobbs et al., 2008).  

In dryland regions the variability of rainfall, low fertility of soils, and low availability of 

nutrients are major biophysical factors limiting crop productivity as it causes crop sensitivity to 

water and nutrient deficits throughout different critical stages (Fahad et al., 2017; Nawaz and 

Farooq, 2016). These dryland regions account for more than 40% of the earth's total surface land 
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area (Turner et al., 2011). Choosing the correct cropping management system can make a 

significant impact, especially if there is a water limitation, such as the case of the semiarid Great 

Plains. Water deficiencies can result from low or unpredictable precipitation, inefficient 

precipitation storage in the soil during fallow periods, or soil factors such as texture, profile 

depth, pH, fertility (Unger et al., 1997; Tarkalson et al., 2006). Long-term field research of 

nutrient management is critical to determine the complex soil-plant-climate interactions with 

possible benefits for improving NUE and decreasing nitrous oxide emission (Powlson et al., 

2011). Short-term studies determining the effect of treatments would not assist in improving and 

developing soil management practices as applied to the global food chain production, stability, 

and sustainability of agriculture. The purpose of long-term experiments is to provide a 

measurement of the effects crop management practices have on the environment over time, with 

consistent treatments.  

 Soil Water Storage 

The drought is usually more severe in dryland farming areas due to 85% or more is used 

for transpiration or 70% in more favorable regions resulting in evaporation losses (Stewart and 

Peterson, 2015). However, in dryland areas crop yield is determined by the effectiveness and 

distribution of precipitation during the growing season, rather than the total amount (Stewart and 

Peterson, 2015; Stewart and Liang, 2015). Conservation tillage practices minimized soil 

disturbance and reduced the rate of evaporation because of the surface residue influence, 

resulting in greater soil moisture conservation (Bhatt and Khera, 2006). Bhatt (2017) notes that 

this is also likely due to enhanced water infiltration rates resulting from long-term NT. 

In a comparison of CT, RT, and NT effects on evaporation, the NT plots had the lowest rates of 

evaporation resulting in greater soil moisture content (Bhatt, 2017). Arshad et al. (1999) recorded 
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a linear relationship between soil water storage and infiltration rate comparing NT to CT, which 

was a result of the redistribution of pore size classes into more small pores. Also, higher soil 

water storage was found when crop residue was retained (Liu et al., 2013). The results of soil 

tillage practice and retained crop residues practices on soil hydraulic conductivity infiltration was 

higher in NT with residue retention compared to CT and NT without retained residues (Verhulsta 

et al., 2010). Improvements in soil water storage in NT increased crop water use efficiency and 

crop productively (Sainju et al., 2009; Awale et al., 2018).  

 Nitrogen, Plant Growth, and Crop Production 

Understanding the characteristics and reactions of N in the soil is essential to understand 

crop production management better. Due to the chemical, physical, and biological soil properties, 

the form and quantity of N in the soil regularly fluctuates (Grahmann et al., 2013). Although 

total plant-available N is present in a small amount, and greatly depends on the quality and 

quantity of soil organic matter (Sheaffer and Moncada, 2012). Plants absorb nitrate (NO3
-) and 

ammonium (NH4
+), as well as small quantities of organic N, but not including amino acids, 

proteins, and amino sugars present in the soil (Grahmann et al., 2013); however, plants cannot 

use these organic N compounds, preventing N from being lost (Sheaffer and Moncada, 2012; 

Grahmann et al., 2013). Both inorganic forms of available NO3
- and NH4

+ are present in soil 

solution and bound to soil particles, respectively; NO3
- is more affected by leaching (Grahmann 

et al., 2013). Other forms of N found in soil and atmosphere are insoluble in water, and thus 

unavailable for plants. Some insoluble, unavailable N can be converted through fixation (by 

taking gaseous N2 and fixing it at NH3), ammonification, nitrification, and/or biological fixation 

to make available N for plant usage (Sheaffer and Moncada, 2012).  
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Halverson and Reule (1994) demonstrated that increased N supply resulted in increased wheat 

yield, dry matter grain production, and water use efficiency in dryland production systems. There 

are several ways to increase residual N in the soil. One strategy to increase residual N is to 

reduce N losses. According to Sainju et al. (2009), reducing N losses through erosion, leaching, 

volatilization, surface runoff, and green gaseous N emissions (e.g., NO, NO2, or N2) are 

necessary for reducing N loss. Increasing SOM is another strategy to increase residual N 

(Grahmann et al., 2013), though the ability to increase SOM is influenced by soil properties and 

climatic factors (Fageria el at, 1991) and management practices (Sainju et al., 2009). Increasing 

SOM can take years to decades particularly in dryland systems (Schmidt et al., 2011). In 

addition, SOM is not always available to plants, as microbes facilitating mineralization require 

warm soil temperatures and adequate moisture (Ju and Li, 1998) to convert it to usable forms for 

plant uptake. Due to soil aeration, water content, and NH4
+ quantity from both soil and 

fertilizers, which could be quickly transformed into NO3
- was more important compared to NH4

+ 

in regard to supplying N to plants/crop, especially in dryland region (Li et al., 2009). Many 

researchers reported that the nitrification rate was linearly correlated with soil volumetric water 

content from 12% to 27%, revealing that nitrification reached the maximum. While with water 

content ranged from 50% to 70% of field capacity, that it is limited by oxygen when water is 

above or below these water content (Malhi and McGill 1982; Flower and Challagha, 1983; Ju 

and Li, 1998; Li et al., 2009). 

The synthetic fertilizers contribute most likely just over two-fifths of all inputs N, and it 

is a fifth most abundant element in our solar system (Smil, 1991 and 2001), and composes 78% 

of the atmosphere (Canfield et al., 2010). However, N is a limiting nutrient in cereal grain 
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production due to the limited availability of N fixed in plant-available forms (Rahimizadeh et al., 

2010).  

Researchers and farmers have sought N fertilizer since the early 1800s. In the 1820s, vast 

deposits of sodium nitrate, known as Chilean nitrates, were discovered in the arid highlands of 

northern Peru (Follett, 2008). Similarly, dried bird excrements located off the west coast of 

South America were imported to Europe as an N fertilizer, though the source was exhausted by 

1890 (Smil, 2001). By the latter half of the 1800s, sights were set on developing a synthetic N 

fertilizer. Smil (2001) described the development of the Haber-Bosch process, beginning first in 

1909 with Fritz Haber successfully fixing atmospheric N (N2) into ammonia. The process was 

later scaled to industrial-scale production by Carl Bosch and termed the Haber-Bosch Process. 

The Haber-Bosch process was credited as one of the most important discoveries of the 20th 

century due to the impact on agricultural productivity and N fertilization (Smil, 1991). 

Delogu et al. (1998) demonstrated both grain yield and crop quality are directly related to 

N uptake. However, there is a need for further research examining the significant effect of N on 

plant growth, productivity, and grain quality. In addition, excess nitrogen can have 

environmental impacts. Increased use of N fertilizer led to dramatic yield gaps of the major 

cereal crops (Krupnik et al., 2004) as well as increasing crop yield and enhancing drought 

resistance of crops in arid and semiarid regions (Liu et al., 2013). However, excessive 

application of N fertilizers resulted in environmental impacts (e.g., greenhouse gas emission, 

water pollution, soil quality degradation, and accumulation of soil NO3
- in soil profile) and 

significantly lower NUE (Malhi et al., 1996; Huang et al., 2015; Zhang et al., 2015).  

As a cereal crop, grain sorghum needs substantial amounts of N; however, sorghum is 

also considered a "low input crop" in comparison to other crops. Thus, N management for grain 
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sorghum production has received less attention, which has consequently limited yields (Panhwar 

et al., 2019). Nutrient uptake from soil is highly dependent on the growth and development of the 

plant root system. Application of the right amount of N fertilizer at the proper depth, along with 

adequate water supply to the crop, will have a significant impact on the development of the 

crop's root system due to increased root density and water uptake (Plett et al., 2020). 

Correspondingly, Halvorson and Reule. (1994), reported that wheat receiving adequate N was 

able to remove water efficiently from the soil at a higher N rate or sufficient available N than this 

crop that did not have N fertilizer applied. López‐Bellido et al. (1996), reported there was not N 

fertilizer respond in wheat when rainfall was below 450 millimeter over the growing season. 

This is due to N being acquired by mass flow, which requires sufficient soil moisture (Panhwar 

et al., 2019). Robertson and Vitousek (2009) also noted that synthetic N sustained and increased 

crop yields as a universal and fundamental feature of modern crop management.  

Plant N-absorption is affected significantly during its growth stage through plant-

available N in the soil and water (Mokhele et al., 2012). Li et al. (2012) showed that heavy N 

application might not be necessary during the early stages of plant growth. This implies that N is 

required uniformly throughout the various stages of crop growth and development to achieve the 

best yield/results. Li et al. (2012) support that increasing N fertilizer application during middle 

and later stages of plant growth directly impact its absorption and uptake, thereby increasing 

grain yield. Reforming N management practices by decreasing initial N application rates in 

wheat crop and then applying N fertilizer at jointing can increase ear-bearing tillers by up to 

60%, where this amount was reduced by 25% when N fertilizer application was increased in the 

early stage of the crop's growth cycle (Li et al., 2012). Excessive yield largely depended on dry 

matter and N accumulations after heading. 
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The average N recovery efficiency for cereal production is approximately 33%, and the 

unaccounted 67% represented approximately $15.9 billion annual loss of N fertilizer as of 1999 

(Raun and Johnson, 1999). Erosion and leaching on agricultural lands with excess fertilizer cause 

surface and groundwater pollution (Aulakh et al., 1992). For this reason, efficient management 

of N through accurate application using agronomic rates is both economically and 

environmentally beneficial.  

 Soil Nitrogen Losses, Nitrogen Mineralization, and Soil Management 

Nitrogen loss can encourage adjustments to N fertilizer rates and timing in tillage and 

cropping systems. Nitrogen cycling in the soil is complex and can involve relatively rapid 

conversion from one N form to another, each with different characteristics (Scharf, 2015). 

Simultaneously, when organic and synthetic N fertilizer are applied the nitrogen rapidly 

undergoes chemical transformations and is exposed to different loss pathways, making N 

management in any crop a challenge (Wychoff, 2012). These dynamics are further complicated 

by tillage practices which vary in how each practice redistributes plant residues and changes the 

physical, chemical, and biological soil quality (Verhulst et al., 2010; Grahmann et al., 2013). 

Urea of synthetic N is exceptionally susceptible to N loss when exposed on or near the soil 

surface, which has many advantages and disadvantages. Urea N loss rate might vary from 50-

90% of the total Urea N within 48 hours after surface application (Hefley, 2016). Thus, 

understanding the potential losses of N throughout the process and transformation (leaching, 

surface runoff, and volatilization) (Raun and Johnson, 1999) and immobilization by 

microorganisms into the system of agricultural soil is essential for the development of a soil test 

for available N (Dahnke and Vasey, 1973) and efficient N management (Wychoff, 2012). In 

reducing the intensity of tillage (e.g., NT or spring till), N loss (e.g., leaching, volatilization, or 
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denitrification) decreased compared to a CT system (e.g., spring till wheat-fallow). It also 

increased soil surface residue N, N storage, and potential N mineralization (Sainju et al., 2009).  

 Denitrification 

The definition of soil denitrification is the nitrogen oxides. Gayon and Dupetit (1882) 

noted that denitrification occurs when a microbial activity (denitrification) or a nitrite chemical 

reaction (chemodenitrification) reduces nitrate (NO3
-) or nitrite (NO2) to nitrous oxide (N2O), 

nitric oxide (NO), nitrogen dioxide (NO2), and/or N gas (dinitrogen, N2) (Hefley, 2016). 

Denitrification is an opposing biological process to biological fixation in which NO3
- and NO2 

are reduced to NO, N2O, NO2, or N2 by reductase enzymes and then form gaseous oxides 

(Grahmann et al., 2013). This process can also be a mechanism of significant loss of fertilizer 

and soil N from agricultural fields (Scharf, 2015).  

Both nitric oxide and nitrous oxide produced during the denitrification process are 

considered significant greenhouse gasses which contribute to global warming (Snyder et al., 

2009). Therefore, decreasing soil denitrification would also benefit the environment. Tillage 

systems have been shown to have a less significant effect on N2O emissions compared to crop 

rotation and N fertilizer rate, where N2O emission from N fertilizer application ranged from 

0.30% to 0.75% of N applied (Halvorson et al., 2008). Additionally, within one month after N 

fertilizer in the sorghum phase nearly 50% of the total emissions occurred. Preza-Fontes et al. 

(2020) proposed cover crops after harvesting winter wheat was a potential strategy to reduce 

emissions of N2O, especially when residual N accumulation and N2O emissions are expected to 

be high. However, they found that emissions of N2O were significantly higher in sorghum 

following cover crops than that of sorghum following fallow. In a meta-analysis of cover crop 

management practices, Basche et al. (2014) noted that N2O emissions from the soil surface were 



16 

reduced when nonlegume cover crop species were used and residues were not incorporated into 

the soil. 

Various models and approaches for estimating denitrification significantly depend on soil 

characteristics such as pH, soil texture, organic matter or organic C, cation exchange capacity, 

mineral N supply, soil oxygen (O2), soil water status, and soil temperature (Mosier et al., 2002; 

Huang et al., 2011). These characteristics may be considered complex and difficult to manage 

under field conditions because of their potential interactions. Generally, denitrification rates will 

be higher in warm and wet soils because the microorganisms regulate the reactions and are 

temperature- and pH-sensitive. For example, most denitrifying bacteria have optimum growth in 

alkaline soils where pH ranges between 6 and 8 and are more active in warm soils than in cold 

soils (Aulakh et al., 1992). Therefore, the main factors affecting soil denitrifications are soil 

oxygen content and microbial activity in the soil (Wychoff, 2012). Hilton et al. (1994); Raun and 

Johnson, (1999) reported that denitrification rates of 10-22% for the application of N fertilizers 

in corn. Aulakh et al. (1982); and Raun and Johnson, (1999) noted that as much as 9.5% of N 

losses occurred in winter wheat because of denitrification. 

One strategy to limit denitrification that is growing in popularity is to use nitrification and 

urease inhibitors, which control nitrification of converting ammonium in soils is to nitrate by 

impeding the metabolism of Nitrosomonas bacteria (Coyne et al., 2018). Nitrification and urease 

inhibitors are proposed as a means to reduce N losses, thereby increasing crop nitrogen use 

efficiency. But the effect of nitrification and urease inhibitors on crop yield is inconsistent 

(Abalos et al., 2014).  

On the other hand, there is not a clear positive or negative response or impact for the 

mitigation of greenhouse gas emissions using conservation (e.g., RT or NT) practices compared 
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to conventional tillage. Production systems using RT or NT rather than CT in some regions 

benefit from increased SOM and carbon storage to a greater degree than any potential increase in 

N2O emissions (Snyder et al., 2009). Malhi et al. (2006), reported the amount of N lost as N2O 

was greater from CT than NT. Similarly, Venterea et al. (2005) reported emissions of N2O were 

higher under NT compared to CT, especially when N was applied post-emergence as broadcast 

urea, but completely different tillage effects occurred when N was applied pre-plant as either 

injected anhydrous ammonia or broadcast urea–ammonium nitrate. Therefore, different N 

fertilizer source and tillage interactions could result from differences in soil water content and 

bulk density, differences in soil nitrate accumulation among N sources, and may depend on 

whether nitrification or denitrification dominates in the crop and soil system (Venterea and 

Stanenas, 2008; and Snyder et al., 2009). Generally, N2O emission was highly variable and 

depend on a complex interaction of soil properties (Soane et al., 2012). 

 Leaching 

Soil NO3
- leaching is defined as percolated excess NO3

- in soil solution through the soil 

profile and out of reach by plant roots by water percolation and flows (Grahmann et al., 2013). 

Leaching occurs when there is an imbalance between the supply and demand in a cropping 

system (Teixeira et al., 2016). Since the 1970s, NO3
- leaching from croplands has become a 

significant concern because of its direct impact on water quality (Rivett et al., 2008). In 

environments where precipitation exceeds evapotranspiration, the excess water will percolate 

down through the soil profile, thereby moving NO3
- to groundwater, drainage tile lines, or nearby 

drainage ditches and streams, typically leaching ranged from 10 to 30% of the total applied N 

input (Meisinger and Delgado, 2002; Delgado et al., 2010; Scharf, 2015). Quemada et al. (2013) 

states that excessive water application in irrigated agriculture increases NO3
- leaching. This can 
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result in low crop N availability necessitating higher N fertilizer rates, thus increasing the 

probability of groundwater pollution. 

The NO3
- leaching from agricultural soils is a complex process that depends on many 

factors, such as soil properties (e.g., soil texture), climatic variables (e.g., precipitation), and 

management aspects (e.g., timing of N fertilizer application) (Dinnes et al., 2002; Plaza-Bonilla 

et al., 2015). More leaching is expected on coarse-textured soils, soils with low SOM, and 

irrigated soils (Zhou and Butterbach-Bahl, 2014). Keeney and Follet (1991) reported that in most 

cases where N fertilizer causes NO3
- pollution, it is due to excessive application or poor 

management practices. According to Power and Peterson (1998) and Grahmann et al., (2013), 

NO3
- leaching could be potentially reduced with NT due to higher soil moisture and snow 

preservation causing slower nitrification, mineralization, and immobilization rates during fallow 

periods. This is due to lower soil temperature, slower soil warming, and slower microbial activity 

in spring and winter fallow time (Grahmann et al., 2013).  

It is also important to consider seasonal precipitation. Williams and Kissel (1991) 

described a dryland system where precipitation was less than 406 mm and reported an analysis of 

soil hydrology and N loss interactions revealed leaching of NO3
- was zero or very minimal. 

Quemada et al. (2013) observed that adjusting water application to crop needs reduced NO3
- 

leaching by 40%, and noted the best relationship between yield and leaching of NO3
- was 

obtained when the recommended N fertilizer rate was applied. According to Delgado et al. 

(2010), the loss of NO3
- due to leaching during the corn growing season differs depending on the 

timing of the precipitation. They noted minimal N losses (< 15 NO3
- ha-1 y-1) when most of the 

precipitation occurred during the growing season, and significant increase of N losses (> 85 NO3
- 

ha-1 y-1) when most of the precipitation occurred before planting. Reducing the potential leaching 
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of available NO3
- during the winter months can lead to decreased exposure (Meisinger and 

Delgad, 2002; Delgado et al., 2010). 

A meta-analysis of NO3
- leaching from corn and wheat cropping systems by Zhou and 

Butterbach-Bahl, (2014), revealed that area-scaled NO3
- leaching losses for corn cropping 

systems were approximately two times higher than those found in wheat cropping systems. The 

higher NO3
- leaching losses from corn cropping systems were driven mainly by increased N 

fertilizer application, and the wetter and warmer natural climate conditions during corn 's 

growing seasons. On average, 15% and 22% of the N fertilizer applied to corn and wheat 

cropping systems worldwide is leached in the form of NO3
-, respectively. The average area-

scaled NO3
- leaching loss for corn (57 kg N ha-1) was close to two times higher than the loss for 

wheat (29 kg N ha-1). However, when scaled to crop yields, the average yield scaled NO3
- losses 

were comparable between corn (5.40 kg N Mg-1) and wheat (5.41 kg N Mg-1) systems. The 

lowest yield-scaled NO3
- leaching losses were observed at slightly suboptimal fertilization rates, 

corresponding to 90% and 96% of maximum corn or wheat yields, respectively, when compared 

across all sites (Zhou and Butterbach-Bahl, 2014). Thus, controlling N input and improving NUE 

reduces the potential leaching of NO3
- (Wychoff, 2012). 

 Volatilization 

Ammonia is a gas at atmospheric pressure and exists in equilibrium with NH4
+ in the soil. 

Ammonia can be lost from the soil to the atmosphere through NH3 volatilization, which can 

occur rapidly since NH3 is in a gaseous state (Fageria and Balinger, 2005). The proportion of N 

lost from urea-based N fertilizers due to NH3 volatilization may range from one percent to more 

than 50%, depending on fertilizer type, fertilizer incorporation, environmental conditions 

(temperature, wind speed, and rain), and soil chemical properties (clay content, calcium content, 
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cation exchange capacity, and pH) (Sommer et al., 2004; Wychoff, 2012). Scharf (2015) notes 

that when urea from animal urine or a urea-based fertilizer is applied to the soil surface, the first 

reaction breaks down urea into NH4HCO3 and then the urease enzyme, and then produces NH3. 

Conditions such as high winds and temperatures, moist surface soil, and low plant cover height 

lead to increased NH3 volatilization (Chien et al., 2009). Volatilization rates can also be elevated 

with high soil pH, presence of crop residue, and initially wet soils followed by drying 

(Grahmann et al., 2013). Volatilization rates can also be elevated when there is a high proportion 

of NH3 gas in the equilibrium between NH3 and NH4
+, especially when urea-based fertilizers are 

applied at the soil surface and not incorporated by tillage, precipitation, or irrigation (Scharf, 

2015).  

Regardless of the cropping system process and natural or synthetic N fertilizer usage, the 

process of NH3 volatilization poses problems for producers. NH3 volatilization is highest when N 

fertilizer is applied in a broadcast/surface and unincorporated manner, and then left with little or 

no irrigation or accumulation of proper precipitation (Sanz-Cobena et al., 2011). According to 

Keller and Mengel (1986), more than 30% of N loss by volatilization of NH3 occurs when 

granular urea N fertilizer is applied to the soil surface of NT corn cropping with nearly 60% of 

the soil surface covered by corn residues. Additionally, the occurrence of rainfall in the first five 

days after fertilization was a factor lead to decreasing N losses in the summer (Viero et al., 

2014). In cold-weather conditions such as those in Montana, Engel and Wallander (2011) 

observed more than 40% N losses in winter wheat by NH3 volatilization occurs when urea is 

surface-applied to frozen soils. Further, Palma et al. (1998) noted slightly higher NH3 

volatilization loss was reported under NT (12%) compared to CT (9%) of broadcast urea and 

cropped by corn in dry seeded time. In that study, cumulative NH3 volatilization was three times 
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higher under the NT system than the CT system with the application of solution urea-ammonium 

nitrate. However, this solution urea-ammonium nitrate application reduced N infiltration and 

leaching because of crop residues in the soil surface of NT systems (Al-Kanani and Mackenzie, 

1992). When two different N sources were used, urea and urea ammonium nitrate, along with 

two practices of residue management (retained and burned), they found that three to four weeks 

after both N sources were applied, the average seasonal soil NH3 volatilization was significantly 

higher under urea plots. The urea plots had at least two times greater volatilization loses 

compared to the urea ammonium nitrate plots (2.4 to 5.6% vs. 1.2 to 1.7%).  

 Surface Runoff 

Delgado et al. (2010) defined soil surface runoff as a transportation process caused by 

excess irrigation or intense precipitation into a cropping system, in which soil particles, SOM, 

organic N, and clay-bound N or N dissolved in water can be transported off-site and lost from the 

system. Shaver et al. (2002) stated that improved soil structure and increased residue in NT crop 

systems exhibit increased infiltration and decreased runoff (Shaver et al., 2002). Hansen et al. 

(2012) also noted a decrease in the runoff of NT management systems as residue cover 

increased. Endale et al. (2015) noted that CT watersheds exhibited a greater proportion of rainfall 

lost as runoff compared to NT watersheds in a 39-year experiment. The CT watersheds averaged 

19% of rainfall being lost as runoff compared to 7% from NT watersheds. However, for a 10-

year experiment in the northwestern Corn Belt, Lindstrom and Onstad (1984) reported that NT 

decreased rainfall infiltration and increased runoff. There is some disagreement in the literature 

though. Norvell et al. (2008) showed nearly the same annual runoff from both CT and NT 

production systems in an eastern Colorado example. Jones et al. (1994) observed an increase in 

runoff and reduced infiltration with NT management under semiarid dryland conditions revealed 
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in a 10-year wheat-sorghum-fallow rotation study in Bushland Texas. Nevertheless, more 

precipitation was stored as soil water content when NT residue management was used rather than 

CT management.  

 Mineralization, Immobilization, and Mineralization-Immobilization 

Soil mineralization and immobilization are important components of the N cycle. They 

are generally considered separate transformations rather than coupled transformations (Keeney 

and Hatfield, 2008). Mineralization is the microbially-mediated conversion of organic N to 

mineral N (Mahal et al., 2019). Through mineralization, microbes transform organic N from 

SOM, crop residue, and organic fertilizer (e.g., manure) into inorganic N, namely NH4
+ and NO3

- 

(Grahmann et al., 2013; Chen et al., 2014).  

The immobilization process consists of soil microorganism removing available inorganic 

N from the soil solution or exchangeable N (Wychoff, 2012; Grahmann et al., 2013; Chen et al., 

2014). That N is incorporated into the cells of microbes and other soil organisms as they 

decompose low quality (high C:N ratio) substrates (Grahmann et al., 2013). According to Chen 

et al. (2014), mineralization occurs when C:N ratios range from 9.4 to 22 as a result of the plant 

residue decay, including green manure, leguminous crops, and vegetables. Typically, only plant 

residues with C:N ratios under 24 increased the inorganic N concentration compared to soils 

without plant residues (Chen et al., 2014).  

Chen et al. (2014) note three processes that determine the effects of returning plant 

residue in soils using NT or RT management: (i) immobilization, (ii) immobilization-

mineralization, (iii) and mineralization. These processes are differentiated based on the duration 

and occurrence of net immobilization over time. No net immobilization occurs in the 

mineralization process. In contrast, net immobilization occurs during the early stages of the 
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immobilization-mineralization process, followed by net mineralization finishing the process. The 

immobilization-mineralization process is characterized by net mineralization occurring at the end 

of the experiment following a long period of net immobilization at the beginning. No net 

mineralization occurs in the immobilization process. Wood et al. (1990) reported decreasing 

NO3
- content in the soil profile was due to an increase in cropping systems intensity, resulting in 

greater N immobilization. The immobilization-mineralization and immobilization processes 

occur when plant residues have C:N ratios of 30-136 and 47-99, respectively. For example, a 

wheat residue with a C:N ratio of 79, which results in an immobilization process demand if there 

is a shortage of inorganic N in the system (Mohanty et al. 2010). However, a wheat residue with 

a C:N ratio of 136 results in an immobilization-mineralization process demand (Hadas et al. 

2004). When there is more N in the plant residues than the N demand of the microbial population 

during plant residue decomposition, N mineralization becomes dominant. Inversely, if the N 

concentrations in the plant residues are low, all the inorganic N will be used by the 

microorganisms, and microbial immobilization becomes dominant (Chen et al., 2014). 

Tillage systems determine the placement of crop residues. When CT is used, crop 

residues are incorporated into the soil. In contrast, crop residues remain on the soil surface when 

using NT and RT, which influences the chemical, physical, and biological soil processes, and 

thereby enhances the biological activity, improves physical properties, and increases nutrients' 

availability (Hadas et al., 2004; Nunes et al., 2020). Usually, incorporating plant residues into the 

soil with tillage accelerates and stabilizes C and N mineralization compared to removed residues 

by making SOM within the macroaggregates more available to microorganisms and by retaining 

only 30 to 50% of the organic residues (Lichter et al., 2008). Soil organic C is significant similar 

in CT to NT when crop residues were removed but when crop residues were retained, NT was 
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greater compared to CT (Dendooven et al., 2012). Instead, when residues stay on the surface of 

the soil, it is less likely to be broken down by microbes. Microbial growth is limited after crop 

residues with low N concentrations (C:N >30) cause temporary net N immobilization into the 

end of the growing season because of potential C mineralization is increased to faster rates under 

CT compared to NT after harvest of each crop (Franzluebbers et al., 1995). Franzluebbers et al. 

(1995), investigated the C and N dynamics in CT versus NT for residue retention in monoculture 

wheat, sorghum, and soybean. In the CT plots, the authors found temporary N immobilization 

and stated that seasonal changes in the soil N pool; this may be caused by rhizodeposition in 

combination with residue incorporation. These changes were smaller under NT, and therefore, 

the N dynamics were more stable. In the initial years of conversion from CT to NT or RT, short-

term N immobilization can be compensated for by increasing the application of N fertilizer.  

 Nitrogen Use Efficiency 

The NUE was initially defined as the inverse of N concentration in the plant tissue 

(Chapin, 1980). Moll et al. (1982) later defined NUE as the weight of grain yield per unit of 

available N in the soil. More recently, Johnston and Poulton (2009) define NUE as the ratio 

between the amount of N removed from the field by the crop and the initial quantity of N 

contained in the soil as well as the amount of fertilizer N application applied. Raun and Johnson 

(1999) derived the equation for calculating NUE as the difference of N uptake in the treated 

plot(s) and N uptake in the untreated plot(s) divided by the total applied N rate. However, there 

are numerous other definitions and methods used to estimate, calculate, and compute NUE 

(Barraclough et al., 2010). In the late 1990s, the average of NUE was about 50% and as low as 

33% for various cereal crops grain of receiving applied N fertilizer (Raun and Johnson, 1999). 

NUE can also decrease as N fertilizer rates increased (Raun and Johnson, 1999). Additionally, 
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higher N fertilizer application can lead to decrease in NUE because of N losses through 

volatilization and leaching, which, in turn, is responsible for environmental contamination 

(Meisinger and Delgad, 2002; Delgado et al., 2010).  

 Factors influencing NUE 

Loss of N fertilizer through gaseous emissions, soil denitrification, surface runoff, 

volatilization, and leaching cause decreased NUE. Similarly, conservation agriculture, such as 

reduction of tillage intensity and increased crop residue, can also result in N loses through 

immobilization (Grahmann et al., 2013; Awale et al., 2018). Increased cereal NUE is unlikely 

unless the system uses high harvest index, incorporated NH4
+ fertilizer, application of prescribed 

rates consistent within-field variability using sensor-based systems within production fields, low 

N rates applied at flowering, or forage production systems (Raun and Johnson, 1999; Wychoff, 

2012; Chen et al., 2014; Scharf, 2015). NUE increases can also come from changes in fertilizer 

management practices, time delay between N application and N plant uptake, , avoiding excess 

N fertilizer applications, and using N source reduce losses (e.g., nitrification and urease 

inhibitors) (Smith et al., 2008; Abalos, et al., 2014). 

Increasing N application rates enhances crop yields and water use efficiency, but it can 

also result in excess biomass production, which uses up stored soil water needed for grain 

production (Halvorson et al., 2004; Nielsen and Halvorson, 1991). This would cause a need for 

increased precipitation use efficiency (PUE) when N rates are more than 56 kg ha-1 (Halvorson et 

al., 2004). However, more often, it merely increases N loss, especially with overdose fertilizer 

application rates (Zhou and Butterbach-Bahl, 2014). Therefore, the improvement of NUE in 

agricultural systems is more than just a matter of using more or less fertilizer and knowing the 

type of N fertilizer; it requires a deep understanding on how nutrients, plants, and soil interact in 
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a cropping system with different tillage practices to avoid losses. For example, increasing the N 

fertilizer rate from 84 kg N ha-1 to 112 kg N ha-1 did not show any yield benefits in a study 

conducted in the Great Plains, while more than 84 kg N ha-1 showed higher rates of NO3
- 

leaching (Halvorson et al., 2004).  

There was significant impact on NUE when increasing N rate (Grahmann et al., 2013). 

Therefore, the extreme dependence on inorganic/organic fertilizers resulted in environmental 

degradation issues such as NO3
- leaching to groundwater and gaseous loss through NH3 

volatilization, in addition to denitrification and immobilization within the soil system. The 

difficulties in soil nutrition management in organic cropping systems often result in lower, 

variable yields, and lower NUE because of the limits on plant uptake. The utilization of 

beneficial soil microorganisms is fundamental to optimize the availability of soil N. Estimates of 

SOM mineralization made by prediction models may be useful to enhance NUE, if the models 

are calibrated for target environments (Sparks, 2012; Sparks and Banwart, 2017). However, the 

applied N fertilizer is often used as available N because of the difficulties associated with 

measuring available plant N from mineralization through soil microbial activities (Kubota et al., 

2018). For example, Baker and Saxton (2007) and Baker et al., (1996) describe snow retention 

by residues resulting in higher winter soil temperatures in temperate zones. Since soil 

temperature influences the activity of soil microbes, this additional residue and snow catch 

contributed to changes in the rate of N fertilizer mineralization and immobilization, and plant 

uptake of nitrogen. Instead, it was shown that N mineralization rate increased as organic N 

uptake exceeded microbial growth demand (Zhang et al., 2019). Consequently, microbial 

populations controlling soil N mineralization are affected by wetting and drying cycles (Borken 

and Matzner, 2009; Zhang et al., 2019). Mineralization rates and N uptake were commonly 
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reduced under temperate conditions compared to tropical (Baker et al. 1996). However, 

microbial activity and formation of mineralizable N rate were enhanced with high soil moisture 

(Borken and Matzner, 2009) 

The type/amount of crop residue left by the previous crops in the soil can also affect NUE 

(Rahimizadh et al., 2010). Rahimizadh et al. (2010) found that wheat grown following a non-

wheat crop increases NUE up to 24% compared to wheat following another wheat crop. This 

suggests that crop rotation plays a pivotal role in increasing grain yields by increasing NUE.  

The N losses can be reduced with better management of N application by matching N 

availability to crop uptake patterns, paying attention to crop uptake needs under stress, and the 

ability to obtain soil N at low concentration (Dawson et al., 2008). For example, Fatima et al. 

(2018) demonstrated that splitting N into three applications was successful for all of the selected 

winter wheat and summer cereals. According to Rosolem et al. (2017), a majority of annual 

crops take up less than 5% of their N at the seedling stage, between 70 to 80% during the 

vegetative stage, and 15 to 25% in the reproductive stage. Commonly, the N uptake rate is at its 

maximum from 35-40 to 80-90 days after plant emergence. Thus, having excess N early in the 

cycle or during the reproductive stage will result in transporting nitrates farther down in the soil 

profile and increasing the chances of NO3
- leaching. Conversely, if not enough N is available 

during the vegetative stage when the uptake rate is at its maximum, there will be a decreased 

crop yield. For example, mineral N fertilizer is applied during peak N demand of the plant, 

immobilization and losses from the soil-plant system are reduced, and NUE is increased (Torbert 

et al., 2001; Verachtert et al., 2009; Rosolem et al., 2017).  

Delgado and Fellett (2002) recommended that C management should be an integral part 

of nutrient management because of its positive effects on porosity, available water holding 
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capacity, cation exchange capacity, and ability to reduce toxicities from certain elements. The 

management of N and C is critical because of the effects they can have on increasing SOM. 

Management practices that increase SOM also reduce the amount of required N input because of 

the higher NUE generated by the increase in N cycling, which overall reduces the potential for 

NO3
- leaching and N losses. Additionally, SOM is essential as it contributes to favorable soil 

physical and chemical characterizations, improving soil productivity and nutrient use efficiency 

(Triplett and Dick, 2008; Anderson, 2009; López-Fando & Pardo, 2009). For example, on 

average, N mineralization was about 45 kg N ha-1 for every one percent of SOM; therefore, if the 

SOM content increased from one to three percent, then N release would increase from 45 to 135 

kg N ha-1 (Vigil et al., 2002). This increase in SOM would increase the amount of N available for 

crop uptake and reduce the need for N input (Delgado et al., 2010). Both cropping systems and 

NT and RT would increase SOM-C and SOM-N by reducing soil erosion (Havlin et al., 1990). 

However, according to Grahamnn et al. (2013), their results showed an inconsistent effect on 

NUE by NT and RT managements. Instead, after analyzing the rotation of winter wheat-summer 

crop-fallow with proper N fertilization in a long-term NT system, soil available N plus fertilizer 

N level of 124 to 156 kg N ha-1 was found, which was sufficient to optimize winter wheat yields 

in most years in both rotations (wheat- sorghum or corn-fallow) (Halvorson et al., 2004). 

Correspondingly, low crop NUE and yields reduced were clearly shown with increased of crop 

residues, which caused a high C/N ratio (e.ge., < 80 for wheat straw) more often than would 

immobilize inorganic N from both fertilizer N applied and available N at soil (Rasmussen et al., 

1980; Halvorson et al., 2002; Awale et al., 2018).  
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 Yield Stability 

A system that is deemed “stable” exhibits the least changes in response to changes in 

environmental conditions (Lightfoot et al., 1987). Stability analyses can be useful for 

continuous-site experiments where treatments are applied to the same-plot location year-to-year 

(Ruan et al., 1993). Assessment of the effectiveness of sustainable agriculture practices requires 

long-term field and laboratory experiments, capable of determining the complex soil-plant-

climate management interactions. Long-term field experiments play an essential role in 

understanding the complex plant-soil-climate interactions and potential effects on crop yields 

(Army and Kemper, 1991). Compared to other kinds of research, agricultural studies are usually 

based on short-term studies, but sustainable agriculture practices requires long-term field 

experiments to determine complex soil-plant-climate management interactions and important 

tools to help to understand the agronomic treatment effects on yield stability and sustainability of 

such as wheat in different cropping systems (Karlen et al. 2013; Van Eerd et al., 2014; Macholdt 

and Honermeier, 2019; Han et al., 2020). Long-term field experiments play an essential role in 

understanding plant-soil-climate interactions and their effect on crop yields (Army and Kemper, 

1991).  

Stability analysis is regularly used in plant breeding studies to evaluate the yield stability 

of cultivars or genotypes as well as it is carried out at several locations, or in many of study 

years, (Yates and Cochran, 1938; Eberhart and Russel 1966; Piepho, 1998). Eberhart and Russel 

(1966) utilized the popular methodology of regression to estimate the treatment stability), which 

they estimated the coefficient (b) by placing treatment means onto an environmental index, 

which was estimated as the mean of all the treatments in a test year. Coefficients (i) approach 

unity (1.0) that were above unit indicate treatments with greater specific adaptability in high 



30 

yielding test years, while the coefficient values below 1.0 describe better specific adaptability in 

low-yielding test years. Finlay and Wilkinson (1963) suggested that slopes played a role in 

adaptation; those with i < 1.0 would better adapt to poor environments, while those with i > 

1.0 grow best in superior environments. There is a random, unpredictable element in the 

performance of the crop system, just as the notion of stability implies. 

The bigger the random component is, the smaller the stability of the system. The two 

main parameters that describe the response of a cropping system are the mean or systematic 

effect and the variance or random effect (Piepho, 1998).  

Lin and Binns (1988) discovered that using traditional analysis of variance is difficult to 

do on long-term experiments due to the complex factors that influence the environment; 

however, they noted that the data could be interpreted easily using stability analysis. Treatment-

by-environment interactions can be divided into two sections: variation associated with the site 

(fixed variation) and variation related to yearly differences within a location (random variation). 

Treatments at locations with less variation over time are deemed more stable.  

Raun et al. (1993) analyzed the stability of long-term wheat and corn yield using the 

linear regression technique on the location/year, environment, and mean yield. The Magruder 

plots from the wheat data showed that bovine manure applications (269 kg N ha-1) had poor 

performance compared to nitrogen-phosphorus-potassium (NPK) applications if environmental 

means were low (< 2.0 Mg ha-1) or high (> 2.0 Mg ha-1). Similarly, Berzsenyi et al. (2000)'s 

long-term crop rotation experiment studied the yield stability of corn-corn and wheat. In using 

both stability analysis and conventional analysis of variance procedures, the study found that 

crop rotation increased the yields in both corn corn-corn and wheat compared to monoculture. 

The higher the level of NPK fertilization, the higher the yields were, especially where the 
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proportion of corn-corn or wheat was 50% or higher. The stability of various crop sequences 

differs significantly from those of monoculture, as shown by the regression method of stability 

analysis. This difference is mainly attributed to the difference between the intercepts. According 

to Berzsenyi et al. (2000), reported stability analysis is a suitable method for the interpretation of 

the environment and treatment interactions observed in analysis of variance models of long-term 

crop rotation experiments. The stability of experimental treatments in various environments is 

found using both variance and regression methods.  

Blaise et al. (2006) conducted an experiment from 1985–1986 and again in 2002–2003 on 

vertosols under rain-fed conditions to evaluate the long-term effects, trends, and stability 

analyses of various cropping systems, application of fertilizers, and manure may have on seed 

cotton yield. The highest mean yield (1218 kg ha-1) resulted from the combined application of 

manure and fertilizer coupled with a high slope. Also, in the manure-added plots, a more 

considerable nutrient status imparted a higher degree of yield stability. The study also showed 

that when compared to trend analysis, stability analysis is more sensitive in recognizing 

treatment × environment interaction. Similarly, Ming- De et al. (2007) used regression and 

stability analysis to investigate the effects of long-term chemical fertilizer applications on wheat 

yields and the yield stability on the Loess Plateau. Results showed that in the unfertilized control 

or N-only or Phosphorus (P)-only applications, though not statistically significant, wheat yields 

declined. Together stability analysis and trend analysis showed that to increase and sustain the 

productivity of rain-fed winter wheat, integrated use of N and P fertilizer was preferable to the 

individual application.  

Researches documented that climate change was predicted to cause temporal fluctuation 

in crop yields (Dai et al, 2001; Lightfoot and Tayler 2008). It is possible that plants such as 
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wheat can exploit the prevailing growing conditions better and be more resilient to 

environmental stress specially under conditions of sufficient plant-available N supply and higher 

accumulated soil N content with related higher mineralization rates (St-Martin et al., 2017; 

Macholdt et al., 2020). The stability of any agricultural system in response to environmental 

changes can be evaluated by crop yield as influenced by the temporal changes (Lightfoot and 

Tayler 2008; Chen et al, 2018). Where the stable agricultural system has less yield variations in 

response to the environmental changes compared with an unstable system (Lightfoot and Tayler 

2008; Romero-Perezgrovas et al, 2014; Chen et al, 2018). Guretzky et al. (2010) studied the 

effects of fertilizer rates on the stability of Midland Bermuda grass in southern Oklahoma. 

Stability analysis revealed that yields responded positively to N fertilization during favorable 

weather conditions and negatively during adverse weather conditions. The best yield stability 

and mean annual forage yield of the treatments was with the application of 112 kg N ha-1.  

Ma et al. (2012) studied the effects of varying nutrient management, rainfall, and crop 

rotation on corn yields and stability. Findings revealed that under nutrient absence conditions, 

recycled manure improved yield stability. Yield stability was also substantially improved with 

crop rotation. The typical environment in this region includes an arid index ranging from 1.08 to 

1.16, with high, stable yields obtained during that time. The recommended fertility regimen for 

this region is recycled manure, as it achieved high and stable yields. Micskei (2012) discovered 

that the yields produced from the farmyard manure (FYM) plus NPK fertilizer combination did 

not differ significantly from that of NPK fertilizer alone. Yield stability was the smallest for the 

control treatment and the high dose of NPK fertilizer alone, while it was most significant for the 

low fertilizer rates and 70 Mg ha-1 FYM.  
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Srdan Seremesic et al. (2013) used stability analysis to determine year-by-year treatment 

interaction by comparing selected treatments versus yield differences of specific cropping 

systems. Stability analysis showed that the corn yield had a significant response to the agro-

ecological mean yield if linear regression was applied. There was the inversely proportional ratio 

for the corn yields from crop rotation and corn yields in sequence. Relative stability revealed that 

corn monoculture had higher yield sensitivity to favorable climatic conditions (r = 0.76). 

Unfertilized rotations showed a decreasing yield trend as the mean agro-ecological yield 

increased. The results also showed that stability analysis could help the selection of corn 

technology and the interpretation of the environment and treatment interaction observed in long-

term experiments. 

Nevertheless, previous research on yield stability analysis primarily focused on crop 

genotypes across environments and their interaction (Yate and Cochran, 1938; Finlay and 

Wilkinson, 1963; Eberhart and Russel, 1966). However, stability analysis is becoming more 

commonly used in long-term fertility experiments. Raun et al. (1993) conducted two long-term 

experiments on wheat and corn fertility trials using stability analyses to determine that wheat 

responded poorly to beef manure (338 kg N/ha) as an N source compared to a chemical fertilizer 

treatment. They also used stability analysis in an irrigated corn experiment to determine that 

side-dressing with anhydrous ammonia resulted in higher yield compared to side-dressing or pre-

planting with urea-ammonium nitrate (Raun et al., 1993). Daigh et al. (2018) examined long-

term tillage management and crop rotations in multiple locations in the Midwest. Using stability 

analysis, they concluded there is no significant difference in yield between chisel-plow (CP) and 

NT managed corn/soybean. Further, yield stability analysis of environmental conditions showed 

no differences between CP and NT yield stabilities over time (Daigh et al., 2018). In a 24-year 
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study, Nielson and Vigil (2018) reported that wheat yield stability was more stable for NT 

wheat-fallow when compared to CT wheat-fallow, and both NT wheat-fallow and CT wheat-

fallow were more stable than more intensive crop rotations.  

 Summary 

Conservation tillage practices (e.g., NT or RT) have shown great potential for increasing 

SOM and conserving soil moisture. This is due to improvements in soil chemical, physical, and 

biological properties. It is clear that N management is an important consideration for successfully 

implementing conservation tillage in the Central Great Plains. Conservation tillage practices 

have the potential to reduce N losses and enhance N utilization by reducing N losses and 

increasing NUE. More research is required as NUE with regard to long-term experiments using 

CT, RT, and NT practices combined with varying N fertilizer rates is rarely documented in the 

literature. Therefore, a study examining the long-term effects of these three tillage practices 

overlaid with varying nitrogen rates can be a valuable tool to gain understanding of these 

agricultural practices common to the Central Great Plains. Further, as the world population 

increases it stresses the efficiency, safety, and sufficiency of our food production systems. 

Effective use of inorganic fertilizers is required to optimize crop yield and quality while 

minimizing environmental damage. As N is the nutrient most limiting crop production in vast 

areas of the world, its efficient use is essential for the long-term sustainability and stability of 

crop production. The overall efficiency of applied N has been approximately <50% and our 

understanding of enhancing NUE in various ecosystems and management is still deficient. 

Reducing N losses due to volatilization, immobilization, denitrification, and leaching will lead to 

improved productivity of N use by crops. The effects of tillage intensity and nitrogen fertilizer 
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application rates on grain sorghum and winter wheat yields and NUE will be a focus of Chapters 

2 and 3 respectively. 

In addition, research is needed to increase our understanding of tillage intensity and N 

fertilizer application on the yield stability of winter wheat and grain sorghum yields as cropping 

systems production rotation in the Central Great Plains. This will be the focus of Chapter 3, in 

which annual yield, precipitation, and its impact on yield of both crops data will be used to 

explore the yield stability from 1975 to 2014 years study period. That will be accomplished using 

linear regression of yield and environments index and then separating the treatments response as 

a function of different environments/years throughout the study period. 
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Chapter 2 - Long-Term Tillage and Nitrogen Rates Influenced 

Sorghum Yield in Dryland Wheat-Sorghum Rotation 

 Abstract 

Winter wheat (Triticum aestivum L.) and grain sorghum (Sorghum bicolor (L.) Moench 

ssp. Bicolor) rotation are common in dryland farming operations in semi-arid regions. However, 

little is known about the long-term effects of tillage intensity and nitrogen (N) fertilization in this 

system. This study explored impacts of tillage intensity on grain yield, N agronomy efficiency 

(NAE), and applied N recovery (ANR) in the sorghum phase of the rotation, using a field 

experiment initiated in 1965 in Hays, KS. The experimental design was a split-split-plot 

arrangement of rotation, tillage, and N fertilizer treatments with four replications in a 

randomized complete block design. The main plots were the crop phase (winter wheat, grain 

sorghum, or fallow), sub-plots were three tillage treatments [conventional tillage (CT), reduced 

tillage (RT), and no-tillage (NT)]. The sub-sub-plots were four N rates (0, 22, 45, and 67 kg N 

ha-1), which were later modified in the 2015 growing season to 0, 45, 90, and 134 kg ha-1. 

Results showed tillage × N rate interaction had no significant (P = 0.608) effect on grain yield. 

Year × tillage and year × N rate had significant (P < 0.0001) effect on grain yield. Across N 

rates, grain yield, NAE and ANR were more in soils under NT compared with CT or RT. Grain 

yield under NT increased by 8 kg ha-1 for every mm of growing season precipitation compared 

with 4 kg ha-1 with CT or RT. Nitrogen application significantly (P < 0.05) increased grain yield 

and protein concentration, but NAE and ANR decreased beyond 45 kg N ha-1. Our results 

showed NT is the best management practice to increased grain sorghum yields, N use indices and 

sustainability in dryland systems.  
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 Introduction 

Winter wheat (Triticum aestivum L.) and grain sorghum (GS) (Sorghum bicolor L. 

Moench ssp. Bicolor) rotation are common in rain-fed (dryland) production fields in the semiarid 

Great Plains of the USA, including western Kansas (Obour et al., 2017; Schlegel et al., 2018). 

Grain sorghum is an important crop in dryland crop rotations due to its drought and high-

temperature tolerance (Torres et al., 2013). It is well adapted to most parts of the central and 

southern Great Plains, a region that exhibits high summer temperatures and low precipitation 

where other crops are more likely to fail or become unprofitable (Torrest et al., 2013; Mahama et 

al., 2016). Grain sorghum produces greater grain yield and economic advantage under dry and 

warm growing conditions than maize (Zea mays) in dryland systems because of better drought 

and high-temperature tolerance and is often grown in environments where water stress is 

anticipated (Staggenborg et al., 2008; Assefa et al., 2010). 

Nitrogen (N) is one of the most limiting nutrients in crop production (Sinclair and Rufty, 

2012) and its availability heavily influences the sustainability and economic viability of 

agriculture systems worldwide (Delgado et al., 2010). Nitrogen fertilizer application can increase 

grain sorghum yield by enhanced growth of aboveground biomass and increased drought 

resistance in semiarid regions (Tamang et al., 2011; Ding et al., 2018). Furthermore, Guarda et 

al. (2004) showed that both yield and quality are directly related to N uptake and effective 

partitioning by crops. Despite the aforementioned positive effects of N fertilizer to increase 

productivity, N immobilization in crop residues and volitilization losses can decrease N 

availability to crops resulting in lower yield (Jug et al., 2019; Sainju et al., 2020). The N use 

efficiency (NUE) of cereal grains are generally reduced by over application of N fertilizer 

causing undesirable environmental impacts. These include greenhouse gas emissions, pollution 



64 

of surface and groundwater, accumulation of NO3
- in the soil profile and soil acidification 

(Cassman et al., 2003; Sommer et al. 2004; Reay et al., 2012; Zhou et al., 2016; Obour et al., 

2017; Sainju et al., 2020). Environmental concerns emanating from excess application of N 

fertilizer are urgent, and management practices aimed at increasing NUE is critical to improve 

the sustainability of agricultural systems while reducing N losses. 

The adoption of conservation tillage practices such as no-tillage (NT) and reduced tillage 

(RT) can lead to reduced erosion, increased soil organic matter and increased precipitation 

storage efficiency in the Great Plains (Thomas et al., 2007; Obour et al., 2017). Although NT 

does not always out-yield conventional tillage (CT), recent meta-analysis suggested that the 

greatest advantage of NT occurred in dryland systems in semiarid regions (Pittelkow et al., 2015) 

which characterize the majority of grain sorghum growing regions. Previous research suggested 

that long-term use of NT improves the quality and productivity of soils under dryland cropping 

conditions (Thomas et al., 2007; Triplett and Dick, 2008; Blanco-canqui et al., 2011). However, 

in practice, farmers generally believe that high-yield cropping systems and conservation tillage 

practices require high amounts of N fertilizer and tend to apply more N to maximize yields (Cui 

et al., 2010). In the aspect of environmental and economic constraints, improvements in NUE 

rather than increased N fertilizer application are needed to increase food production while 

maintaining environmental stewardship (Matson et al., 1998; Tilman et al., 2002). Given the low 

NUE of major cropping systems (Raun and Johnson, 1999), devising fertilizer management 

practices and tillage systems that optimize N fertilizer application and crop residue retention to 

increase grain yield is warranted in dryland environments.  

 Grain sorghum can be managed with low fertilizer rates due to its high NUE, but grain 

yield could increase with greater fertilizer rates (Buah et al., 2012). Nevertheless, previous 
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research showed that grain sorghum response to N fertilizer application varies because of soil N 

supply and differed with weather conditions or tillage practices (Muchow, 1998; Cui et al., 

2010). Other studies in the Great Plains have compared the performance of cereal crops grown 

with CT and NT (Dickey et al., 1994; Stone and Schlegel, 2006; Tarkalson et al., 2006; Schlegel 

et al., 2018). However, few experiments have investigated the combined effects of tillage and N 

rate on grain sorghum yield and NUE indices in the semiarid regions of the Great Plains. These 

NUE indices would be influenced by management practices and environment factors such as 

temperture and or precipitation. Long-term experiments provide opportunity to improve and fine-

tuned N fertilizer recommendations and soil management practices (e.g., Lollato et al., 2019), 

with the ultimate goal of increasing N uptake efficiency. The current study reports grain yield 

and NUE from 2015 to 2018 in this long-term experiment. The hypothesis of this study was that 

decreasing tillage intensity will increase grain sorghum yields and NUE compared with CT in a 

dryland winter wheat-grain sorghum-fallow (W-GS-F) rotation system. The objectives of this 

study were to i) quantify the relationship between tillage intensity and N fertilizer application on 

grain yield, protein content, and grain N removal; and ii) determine applied N recovery and N 

agronomy efficiency as influenced by tillage practices and N fertilizer rates in a W-GS-F 

rotation.  

 Materials and Methods 

 Site Description and Experimental Design 

This research was conducted using long-term experimental plots initiated in the fall of 1965 

at the Kansas State University Agricultural Research Center near Hays, Kansas (38°86′ N, 99°27′ 

W, 609.6 m elevation) to investigate tillage intensity (CT, RT, and NT) effects on crop yields in 

a W-GS-F crop rotation system. The soil at the study site was a Harney silt loam (fine, 
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montmorillonite, mesic Typic Agriustoll) (Soil Survey Staff, 2010). The experiment was 

modified in 1975 by adding N fertilizer treatments in a split-split-plot arrangement of crop phase, 

tillage, and N application rates with four replications in a randomized complete block design. 

Each phase of the crop rotation and tillage treatment was present in each block in each year of 

the study. The main plots were the crop phase, which consisted of either winter wheat, grain 

sorghum, or fallow (sorghum stubble). Tillage practice was the subplot factor, and N rate was the 

sub-sub plot factor. Each block measuring (60.4 m × 30.5 m) contained the three tillage 

treatments (CT, RT, and NT plots). Each tillage practice (20.4 m × 30.5 m) was subdivided into 

six sub-plots (3.4 m × 30.5 m), that were assigned to four N fertilizer application rates (0, 22, 45, 

and 67 kg N ha-1) with two unfertilized alleys between tillage treatments. The entire study site 

contained 144 plots. The N rates were increased to 0, 45, 90, and 134 kg N ha-1 starting in the 

2015 growing season to reflect current N fertilizer amounts that growers apply to dryland winter 

wheat and grain sorghum across the central Great Plains. The entire study site has not been 

amended with lime or phosphorus fertilizer since its establishment in 1965. Specifics regarding 

field operations and crop management were presented previously in Thompson and Whitney 

(2000), and Obour et al., (2017). 

Weather Influence on Grain Sorghum Yield 

Weather data including precipitation and temperature across years and growing seasons 

(Table 1) were recorded from the Kansas State University weather station located approximately 

2.4 km from the plots. The precipitation information was grouped into different periods of grain 

sorghum production; growing season precipitation (PG, precipitation from June through 

October), and total precipitation of the fallow period (PF, precipitation after wheat harvest 

through fallowing year June where grain sorghum was sowed).  
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 Sorghum Crop Yield 

The current study reports grain sorghum yield from 2015 to 2018. However, the plots and 

treatments have been going and maintained throughout the 53-yr study period (1965 through 

2018). Grain sorghum yield was determind by harvesting an area of 1.7 m wide by 30.5 m long 

from the center of each plot using a Massey Ferguson 8XP small plot combine harvester (Massey 

Ferguson, Duluth, GA). The grain moisture content was determined using a DICKEY-john grain 

moisture tester (DICKEY-john Inc., Auburn, IL), and then grain yield adjusted to 13.5% 

moisture content. The grain samples were finely ground and analyzed for N concentration by dry 

combustion using a LECO CN analyzer (LECO Corporation, St. Joseph, MI). The crude protein 

content of grain samples was determined by multiplying the grain N concentration by a crop 

factor of 6.25 (Virupaksha and Sastry, 1968). Grain sorghum N removal (GNR, kg ha-1) was 

estimated by multiplying the N concentration by the weight of grain yield for each plot.  

 Calculations of Nitrogen use Efficiency Indices 

Nitrogen use efficiency indices were computed annually for each tillage and N rate 

treatment similar to previously reported (Lopez-Bellido and Lopez-Bellido, 2001) as follows: 

𝑵𝑨𝑬 = (𝑮𝒀𝑵𝒓𝒂𝒕𝒆 − 𝑮𝒀𝑪𝑲)/𝑵 𝒓𝒂𝒕𝒆)  Eq 2.1 

                         

𝑨𝑵𝑹 = ( 
𝐆𝐍𝐑𝑵𝒓𝒂𝒕𝒆 − 𝐆𝐍𝐑𝑪𝑲 

𝑵 𝒓𝒂𝒕𝒆
 ) ∗ 𝟏𝟎𝟎  Eq 2.2                            

Where, NAE is N agronomic efficiency (NAE, kg grain /kg N applied), and ANR is applied N 

recovery in percentage (%). GYNrate and GYCK is grain yield for the N fertilizer treatment and 

unfertilized control, respectively, (kg ha-1), GNRNrate and GNRCK (kg ha-1) represent the N 

removal at a particular N fertilizer rate and unfertilized control, respectively. 
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 Statistical Analysis Methods 

Statistical analysis to assess sorghum responses to tillage and N fertilizer application over 

the 5-yr study was performed using PROC MIXED procedure in SAS 9.4 (SAS Institute, 2017) 

with tillage, N rate and year as main plots, split, and split-split-plot, respectively. Tillage 

practices, N fertilizer rates, and years were modeled as fixed effects, and blocks (replications) 

along with the interactions were considered as random effects. The LSMEANS procedure in 

PROC MIXED along with adjusted Tukey was used for mean comparisons. Interactions and 

treatment effects were considered significant when F test P values were ≤ 0.05.  

Furthermore, multiple linear regression analysis was performed with the Proc Reg 

procedure in SAS (SAS Institute., 2017) to investigate the relationship between grain yield and 

weather variables and N fertilizer rates for each tillage practice. The model to explain grain yield 

variability was generated by first screening and selecting relevant explanatory weather variables 

(including total HTC, fallow precipitation from June to October, January to April, growing 

season precipitation from June through August, June to September,  June to October, and June to 

July) for potential inclusion in the model. Multicollinearity among the variables was explored 

using the VIF option in SAS (SAS Institute., 2017), and variables with high collinearity 

(variables with Variance Inflation Factor (VIF) > 5) were removed. Finally, the Mallows Cp 

statistic was used to select the best predictive equation (Cp < 5 as good model) for each tillage 

practice using “selection = CP” function in SAS (SAS Institute, 2017).  
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 Results  

 Grain Sorghum Yield 

Grain sorghum yield was significantly affected by a year × tillage interaction (Table 2.2). 

This interaction occurred because grain yield was significantly greater with NT compared to RT 

and CT in 2016. No significant differences were observed among tillage treatments in 2015, 

2017, and 2018 (Table 2.2). Across tillage and N rates, sorghum grain yields varied by year with 

greatest yields in 2018 and least in 2015 (Table 2.2). These differences were mostly due to 

differences in growing season precipitation and temperature over the four-year study. For 

example, 2015 had the lowest growing season precipitation and the highest average air 

temperature compared to the rest of study years (Table 2.1). However, results from the multiple 

regression analysis showed grain sorghum yield response to growing season precipitation (PG) 

or fallow precipitation (PF) varied with tillage practice. For example, every mm increase in PG 

increased grain sorghum yields by 8.1, 4.3, and 4.4 kg ha-1 for sorghum under NT, RT, or CT, 

respectively, (Table 3). Futhermore, grain yields under NT increased by 6.7 kg ha-1 for every mm 

increase in PF. However,  PF had no significant effect on sorghum grain yield under CT or RT 

(Table 2.3). Averaged across year and N rates, grain sorghum yields under NT was greater than 

CT or RT (Table  

The N rate × year interaction had significant effect on GS yield (Table 2.2). Nitrogen 

fertilizer application had no effect on grain sorghum yield in 2015, possibly because of the 

limited precipitation over the growing season. In 2016, applying N fertilizer increased sorghum 

grain yields compared to the unfertilized control, but there were no differences in grain yield 

beyond 45 kg N ha-1 (Table 2.2). Nitrogen application effects were more evident in 2017. The 

134 kg N ha-1 exhibited the greatest grain yield compared with other N rate treatments. Over the 
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four-year study, increasing N fertilizer rates increased grain sorghum yield over the unfertilized 

control (Table 2.2). Averaged across tillage, grain yield ranged from 2.63 Mg ha-1 for the 

unfertilized control to 4.55 Mg ha-1 for 134 kg N ha-1. Regression analysis of data across the 

four-year study showed  differences in N fertilizer response under the different tillage practices 

(Table 2.3). Grain sorghum yeild response to N fertilizer was highly singnificant under NT (16 

kg grain ha-1 for one kg N ha-1 added) compared to CT (13 kg grain ha-1 for one kg N ha-1 added) 

or RT (13 kg grain ha-1 for one kg N ha-1 added) (Table 2.3). The year-to-year variability in grain 

yield was mostly because of variations in growing season precipiation typical of semiarid regions 

of the Great Plains. However, grain yield variability was different among tillage and fertilizer 

regime. For example, grain yield response under NT was more variable at higher N rates 

compared to CT (Figure 2.1a). Across years and N rates, there was more yield variability under 

NT compared to more intensive (CT and RT) tillage treatments (Figure 2.1c). Likewise, addition 

of N fertilzer resulted in a linear increase in yield variability over the 4-yr study (Figure 2.1d). 

However, increasing growing season precipitation decreased grain yield variability. For instance, 

the 2015 growing season had the least total GP which resulted in signficant yield variability 

compared to the remianing years of the study (Figure 2.1b), because sorghum grain yield 

depends on both GP and N fertilizer fertilizer application irrespective of tillage practice (Table 

2.3 ).  

Sorghum Grain Protein and Grain N Removal 

Sorghum grain protein content was significantly affected by year × tillage interaction 

(Figure 2.3a). Protein content was significantly less with NT compared to RT and CT in 2015, 

but no differences among tillage treatments were observed in 2016 and 2018 (Figure 2.3a). In 

2017, grain sorghum protein content was the lowest with RT compared to CT and NT. 
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Regardless of N rates, grain protein content was highest in 2015 but least in 2018 for all the 

tillage practices (Figure 2.3a). N rate × year interaction had significant effect on grain protein 

content (Figure 2.3b). In 2015 and 2017, grain protein content was lowest for the unfertilized 

control (Figure 2.3b). However, in 2016 and 2018, protein content of the unfertilized control was 

not different from the 45 or 90 kg N ha-1 application rates. In general, the highest N rate of 134 

kg N ha-1 exhibited the greatest grain protein content over the study period. Across the four-year 

study period, increasing N application rates increased grain protein content over the unfertilized 

control (Figure 2.3b). Averaged across tillage, grain protein content ranged from 9.5% for the 

unfertilized control to 13.6% for 134 kg N ha-1. 

Grain N removal was significantly affected by the year × tillage interaction (Table 2.2). 

The GNR with NT was less than RT and CT in 2015, but GNR in 2016 with NT was 

significantly greater compared to RT and CT (Table 2.2). Meanwhile, in 2017, GNR was the 

least with RT compared to NT, however the GNR was not different between CT and RT. Tillage 

had no effect on GNR in 2018 (Table 2.2). Nitrogen removal was not different among years, 

ranging from 66 kg ha-1 in 2017 to 73 kg ha-1 in 2018. Similarly, the N rate × year interaction had 

significant effect on GNR (Table 2.2). Nitrogen fertilizer application increased GNR in 2015 but 

no differences beyond 45 kg N ha-1 (Table 2.2). Similarly, in 2016, applying N fertilizer 

increased GNR over the unfertilized control, but there were no differences between 90 and 134 

kg N ha-1 (Table 2.2). Nitrogen application effects were more pronounced in 2017 and 2018 

where the highest N rate of 134 kg N ha-1 had the greatest GNR compared with the other N rates. 

Across the four-year study, average GNR ranged from 40 kg ha-1 for the unfertilized control to 

95 kg ha-1 for 134 kg N ha-1 (Table 2.2). 
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 Nitrogen Use Efficiency  

The main effects of tillage, N fertilizer application rate, and year on NAE and NAR are 

shown in Table 2.4. Averaged over the 4-year study period, NAE ranged from 17 kg kg-1 for CT 

to 26 kg kg-1 with NT. Nitrogen agronomic efficiency was significantly affected by year × tillage 

interaction (Table 2.4). The NAE with NT was greater than CT or RT in 2015 and 2016 growing 

seasons (Table 2.4). No significant differences in NAE were observed among tillage treatments 

in 2017 and 2018 (Table 2.4). Across tillage and N rates, NAE varied by year with greatest NAE 

in 2016 and 2018 but least in 2015 (Table 2.4). Similarly, the N rate × year interaction had 

significant effect on grain sorghum NAE (Table 2.4). In general, the increase in N rates 

decreased NAE irrespective of the growing season. Nitrogen fertilizer application had no 

significant effect on NAE in 2015. However, NAE associated with 45 kg N ha-1 was greatest 

compared to 90 or 134 kg N ha-1 in 2016, 2017, and 2018 (Table 2.4). Over four-year study 

period, applying 45 kg N ha-1 increased NAE over the higher N fertilizer treatments (Table 2.4). 

Across the 4-yr, average NAE ranged from 14 kg kg-1 for the 134 kg N ha-1 to 30 kg kg-1 for the 

45 kg N ha-1. 

The ANR was significantly affected by the year × tillage interaction (Table 2.4). Applied 

N recovery was significantly greater with NT compared to CT or RT in 2016 (Table 2.4). There 

was no significant differences in ANR among tillage treatments in 2015, 2017 and 2018 (Table 

2.4). Across tillage and N rates, ANR was greatest in 2016 and least in 2015 (Table 2.4). Across 

the four-year study, mean ANR was greater under NT (59%) compared to CT (47%) and RT 

(46%). Furthermore, the N rate × year interaction had significant effect on ANR (Table 2.4). 

Irrespective of year, the increased in N rates generally decreased ANR. Over the four-year study 
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period and across tillage, ANR ranged from 41% for the 134 kg N ha-1 to 67% for for the 45 kg 

N ha-1. 

 Discussion 

The overall findings of this four-year study supported our hypothesis, suggesting NT 

tended to increase grain sorghum yields mostly through increased fallow and growing season 

precipitation storage efficiency in this semiard environment. Compared to NT, grain yield 

decreased significantly with increasing tillage intensity by approximately 8% and 11% for RT 

and CT, respectively. Although not directly measured in this study, greater yields under NT was 

possibly due to increased water storage (Bordovsky et al., 1998; Tarkalson et al, 2006). In the 

present study, grain sorghum yields under CT and RT were only affected by PG (Table 2.3). 

However, grain yield under NT was positively affected by both PF and PG. The soils under CT 

and RT were tilled ahead of sorghum planting and evaporative loss following the tillage 

operation could reduce soil water storage, a plausible reason why PF had no effect on grain 

yields with CT or RT. This finding agrees with previous studies which concluded that in semi-

arid environments, growing season precipitation plus soil water at planting is the most limiting 

factor for dryland crop production (Stone and Schlegel, 2006; Schlegel et al., 2018). 

Furthermore, previous research from this long-term experiment reported significantly greater soil 

organic matter concentration in the soils under NT (Obour et al., 2017), which improved soil 

structure (Blanco-Canqui et al., 2011) and could potentially increase water storage under NT. 

Schlegel et al. (2018) reported greater residue cover and more fallow water capture in NT 

provided available water for in-season crop use and reduced moisture stress in sorghum grown 

under NT compared to CT or RT in southwest Kansas. Reducing tillage intensity benefits 

sorghum grain yields and water productivity in the following order NT > RT > CT (Schlegel et 
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al., 2018). Others have shown that crop residue under NT mangement increased soil water 

capture compared to other tillage practices (Shaver et al., 2002; Baumhardt et al., 2012). This 

findings are consistent with our results that showed total PF had significant effect on grain yield 

under NT, but not so under CT or RT (Table 2.3) due to limited residue to increase precipitation 

storage with tillage. Similar to the present study, a long-term dryland maize study in Mexico 

reported more soil moisture under NT than CT, which resulted in greater crop yields under NT in 

drier years (Verhulst et al., 2011). Similarly, Pittelkow et al. (2015) concluded that in dry 

evironments, NT practice performed better with yields being equal to or greater than CT 

practices. In general, greater soil moisture storage and enhanced residue cover in arid and 

semiarid environments was demonstrated to increase grain sorghum yields under NT (Bordovsky 

et al., 1998; Tarkalson et al, 2006; Schlegel et al., 2018).  

Nothwithstanding, results of the present study disagreed with findings by Fanzluebbers et 

al. (1995), which concluded no differences in grain sorghum yields under NT or CT after 11-yr 

in southcentral Texas. This disparity was possibly because of significantly greater precipitation 

(~1000 mm per anum ) in southcentral Texas that limits advantage of NT over CT in 

environments that receive more rainfall (Pittelkow et al., 2015). Grain sorghum generally 

required 450 to 650 mm of water in the growing season to produce sufficient grain yields (Assefa 

et al., 2010). In the present study, the 2018 growing season had approximately 600 mm PG and 

resulted in a correspindingly greatest grain yield over the four-year study. Similary, PG in 2015 

was 181 mm, which resulted in significantly less grain yield compared to the remaining years of 

the study (Table 2.2). However, less grain sorghum yield response to N fertilizer was observed in 

2018 which was surprising and could be possibly due to relatively cooler temperatures in 

September of 2018 (Table 2.1). For example, the LTA temperature in September was 24.3 OC 
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compared to average temperature of 20OC in September of 2018. Lower temperatures which 

coincided with sorghum grain filling period in September could reduce grain yield. Grain 

sorghum yields are known to be limited by temperature and raditation even where water and N 

are adequatly supplied (Muchow et al., 1990; Muchow, 1998). On the other hand, high 

temperatures or low precipitation, such as that experienced in the 2015, could reduce nutrient 

uptake by roots through decreased diffusion rates of nutrients from soil to the roots (Alam, 1999; 

Assefa et al., 2010) which could create nutrient deficiency and subequently decreased grain 

yield.  

In the present study, the tillage × N rate interaction had no signifcant effect on sorghum 

grain yield. This suggest that N fertilizer rates for grain sorghum under dryland conditions was 

not different among tillage practices. Sorghum grain yield generally responded positively to 

increased N application rates, similar to previous research reported by Varvel and Wilhelm 

(2003) and Wortmann et al. (2007). However, in 2015, grain yield did not respond to N fertilizer, 

which was not surprising because of drought conditions that made moisture the more limiting 

factor than N for grain sorghum production. Similar to our findings but for other cereals, Lollato 

et al (2019) suggested a greater response to N in higher yielding conditions as compared to dry 

years. Previously, Abunyewa et al., (2017) reported that relatively low grain sorghum response 

to N rate was because of low growing season precipitation, which also resulted in no significant 

differences in yield among tillage practices. In general, grain yield response to N fertilizer was 

significantly greater under NT compared with CT or RT (Table 2.3). This was possibly because 

of greater water storage under NT increasing efficiency of using PG and total PF for grain 

production.  
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Sorghum grain protein content expectedly increased with applying N fertilzer over the 

four-year study. however, irrespective of tillage or N fertilzer treatments, protein concentration 

was considerably more in drier years of the study (Figure 2.3). This was possibly because of a 

dilution effect (Greenwood et al., 1990), a phenomenon where increased grain yield tended to 

decrease grain protein concentration. Regardless of tillage and N fertilzer rates, grain protein 

content was greatest in 2015 and least in 2018 (Figure 2.3), which was inversely related to the 

corresponding grain yield obtained in the two years (Table 2.2). Across the four-year study 

period, protein content increased with increaseing N fertilizer rates compared to the control. 

However increasing the N rate to 134 kg ha-1 did not increase sorghum protein content more than 

that obtained applying 90 kg N ha-1 in two years out of the four-year study. Across the four-year 

study GNR was not significantly (P < 0.05) influenced by the tillage practices, but GNR 

increased with N fertilizer application (Table 2.2). Our results agreed with those from Sainju et 

al., (2007) who reported increasing rates of N fertilizer positivlty increased the GNR in cotton-

sorghum rotation in Georgia, USA. In the present study, greater GNR, NAE, and ANR 

accompanied the high yields in 2016 and 2018 growing seasons. The least grain yield in 2015 

resulted in the smallest GNR, NAE and ANR. This finding agreed with Muchow (1998) and 

Lollato et al. (2019), that observed NUE was positively associated with grain yield in cereal 

grains. Muchow (1990), reported higher NUE was associated with greater grain yield but lower 

grain N concentration, suggesting that increases in NUE at the same yield level comes at the 

expense of grain N concentration, similar to reports for other cereals (de Oliveira Silva et al., 

2020).  

The NAE is used as a short-term indicator of the impact of applied nutrients on 

productivity; as this parameter indicates how much grain yield improvement resulted from added 
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N fertilizer (Wortmann et al., 2007). Average NAE was 35 and 23% higher under NT compared 

to CT and RT across all four-year study periods. The average NAE range measured in the 

present study (~ 10 to 49 kg kg-1) was greater than values reported for grain sorghum in 

Nebraska (Wortmann et al., , 2007) but similar to sorghum NAE values of 17 to 47 kg kg-1 

reported in Uganda (Kaizzi et al., 2012). In the present study, averaged across N application 

rates, NAE under NT was 26 kg kg-1, greater than 17 and 20 kg kg-1, respectively, under CT or 

RT (Table 2.4). These findings showed that NT is best soil management option to improve NAE 

for grain sorghum production in dryland systems. Regardless of N fertilizer rates and tillage 

practices, the NAE ranged from 5 to 18 kg kg-1 for years with the least growing season 

precipitation (2015 and 2017), while the NAE ranged from 29 to 32 kg kg-1 for 2016 and 2018, 

respectively, years with greater precipitation during the growing season (Table 2.4). Similar to 

previous studies, increasing N rates resulted in decreased in NAE (Roberts, 2008, Mahama et al., 

2016; Belete et al., 2018). This suggest the importance of balancing the N application with yield 

goal to improve NAE, which in dryland environments is dictated by growing season, and to 

some extent fallow precipitation as shown in the present study (Table 2.3).  

Applied N recovery can be improved through timing of fertilizer application, placement, 

crop rotation, and applying the right amounts of N fertilizer to the crop (Yadav et al., 2017). In 

the present study, increasing N application rates beyond 45 kg N ha-1 decreased ANR by 36% 

and 39% where 90 and 134 kg N ha-1 was applied , respectively (Table 2.4). According to 

Fageria et al. (2005), fertilizer N recovey efficiency depends on the relationship between plant N 

requirement and the amount of N supplied. However, grain yield and ANR can be affacted by 

precipitation amounts over the growing season (Muchow, 1998; Belete et al., 2018). For 

example, ANR with NT in 2016 (with growing season precipitation of 320 mm) was 
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significantly greater compared to CT or RT. However, when the growing season precipiation 

was less or greater than 300 mm, there was not signifigant differences among the tillage practices 

(Table 2.4). In general NAE and ANR was signicanlty greater with NT and decreased with 

increasing N rates averaged across the four-year study. The ANR values commonly reported in 

the literature ranged between 30 to 50%, while 50% to 80% indicated well managed systems 

(Fageria et al., 2005; Betele et al., 2018). In our study, ANR with NT averaged 59% and ranged 

from 43 to 67% with 90 and 45 kg N ha-1, respectively. This suggested that NT management 

combined with N application from 45 to 90 kg N ha-1 can optimize sorghum grain yield and 

ANR, especially when the growing season precipitation was more than 300 mm. 

 Conclusion 

Results from this study showed grain sorghum yield, protein content, GNR, and NUE indices 

were independly affected by tillage practices and N rates. Therefore, fertilzer rates for grain 

sorghum production will be similar regardless of tillage practice. Applying N fertilzer increased 

grain sorghum yields more under NT than CT or RT, resulting in significantly greater GNR, and 

NAE or ANR in soils under NT. The year-to-year variability in grain sorghum responses showed 

the significant impact of growing season precipitation on crop yield, a common occurance in 

semiarid regions of the central Great Plains. However, effect of precipitation varied with tillage, 

increasing grain yields by 8.1 kg ha-1 for every mm of precipitation received comapred with only 

4 kg ha-1 yield increase with CT or RT. Applying N fertilizer generally increased grain yield but 

NAE and ANR decreased beyond 45 kg N ha-1. We conclude NT increased grain sorghum yields 

and NUE’s indices with optimum N rates of 45 to 90 kg ha-1 which depends on yield potential 

for the growing season.  
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Table 2.1 Average monthly precipitation and temperature over four grain sorghum growing seasons at Hays, KS 

Yr/ Month Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Total / 

Average 

§PF §PG/TG 

 Summed Precipitation (mm) 

2015 17 4 1 21 153 16 102 10 10 43 38 29 445 197 138 

2016 9 5 11 176 69 80 79 118 33 16 29 10 635 271 310 

2017 29 2 33 135 100 40 39 82 47 51 2 0 559 299 207 

2018 1 1 8 17 92 94 199 142 87 78 12 43 775 200 522 

LTA‡ 14 19 42 59 82 73 92 76 50 39 24 18 588 213 331 

 Average Temperature (oC)  

2015 0 0 8 13 16 25 26 25 24 15 7 2 13 - 22.9 

2016 0 4 9 12 16 25 27 24 21 16 9 -2 13 - 22.7 

2017 0 5 8 13 16 24 27 23 22 13 7 -1 13 - 21.6 

2018 -1 0 7 8 21 25 25 24 20 11 3 0 12 - 21.1 

‡Long-term average (LTA) (43 years, 1975 to 2018). 
§Total precipitation during fallow from January to May (PF); growing season (PG) from June to September; average growing season 

temperature (TG).           
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Table 2.2 Sorghum grain yield and grain N removal (GNR, kg ha-1) influenced by tillage (conventional tillage, CT; reduced tillage, 

RT; and no-tillage, NT), and N fertilizer rates over four growing seasons at Hays, KS 

 2015 2016 2017 2018 mean 2015 2016 2017 2018 mean 

Tillage Grain sorghum yield (Mg ha-1)  GNR (kg ha-1) 

CT 3.00 A†c 3.25 Bbc 3.63 Ab 4.78 Aa 3.67 B 73 Aa‡ 62 Ba 68 ABa 71 Aa 69 A 

RT 3.11 Ab 3.65 Bb 3.58 Ab 4.85 Aa 3.80 B 77 Ab 68 Bab 60 Bb 72 Aab 69 A 

NT 2.72 Ac 4.68 Aa 3.78 Ab 5.20 Aa 4.10 A 59 Bb 84 Aa 71 Aab 77 Aa 73 A 

HSD¶ 0.41 0.67 0.31 0.67 0.27 11 15 9 13 7 

----------------------------------------------------------------------------------------------  PR > F ----------------------------------------------------------------------------------------------- 
 0.0718 <.0001 0.2718 0.2754 0.0008 0.0007 0.0042 0.0074 0.4309 0.2830 

N Rate 

(kg ha-1) 
Grain sorghum yield (Mg ha-1)  GNR (kg ha-1)  

0 2.73 Aab  2.16 Bb 2.56 Cab 3.09 Ba 2.63 C 46 B†a‡ 35 Cb 36 Cb 41 Cab 40 C 

45 3.00 Ac 3.93 Ab 3.66 Bb 5.21 Aa 3.95 B 71 Aa 70 Ba 63 Ba 73 Ba 69 B 

90 3.10 Ac 4.65 Ab 3.94 Bb 5.44 Aa 4.28 AB 82 Aa 82 ABa 68 Ba 79 Ba 78 B 

134 2.94 Ac 4.71 Ab 4.51 Ab 6.04 Aa 4.55 A 80 Aa 98 Aa 99 Aa 101 Aa 95 A 

HSD¶ 0.53 0.85 0.40 0.85 0.34 14 19 11 167 9 

----------------------------------------------------------------------------------------------  PR > F -----------------------------------------------------------------------------------------------  
 0.3387 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001 

Year  2.94 c 3.86 b 3.67 b 4.94 a 3.85 70 a 71 a 66 a 73 a 70 
† Tillage or N rate means followed by same uppercase letter (s) within each year are not different using the Tukey’s Honest Significant Difference for mean 

comparisons at P < 0.05 

‡ Lowercase letters represent tillage and N rate comparisons across years using Tukey’s Honest Significant Difference Test at P < 0.05.
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Table 2.3 Multiple linear regression analysis of grain sorghum yields as a function of N fertilizer rate (N rate, kg N ha-1), total fallow 

precipitation (PF, mm, from January through May) and growing season precipitation (PG, mm, from June through September) for 

each tillage practices (CT, RT, and NT) over four growing seasons at Hays, KS 

Tillage Variables Regression coefficient p-value Regression statistic 

CT Intercept 1523 <.0001  

N rate 12.7 <.0001  

PG 4.4 <.0001  

R2†   0.58 

p‡   <.0001 

Cp¶   2.06 

RT Intercept 1676 <.0001  

N rate 12.8 <.0001  

PG 4.3 <.0001  

R2†   0.56 

p‡   <.0001 

Cp¶   2.05 

NT Intercept -833 0.2583  

N rate 15.8 <.0001  

PF 6.7 0.0022  

PG 8.1 <.0001  

R2†   0.66 

p‡   <.0001 

Cp¶   4.00 

† The Coefficient of determination. ‡ The probability that the regression or regression coefficient was significant. ¶ The Cp is Mallows’ Cp statistic.
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Table 2.4 Means of sorghum grain nitrogen agronomic efficiency (NAE, kg grain /kg applied N) and applied N recovery (ANR,%) 

influenced by years of study (2015, 2016, 2017, and 2018), tillage (T) practices (conventional tillage, CT; reduced tillage, RT; and no-

tillage, NT), and N fertilizer rates (0, 45, 90, and 134 kg N/ha) 

 2015 2016 2017 2018 Mean 2015 2016 2017 2018 Mean 

Tillage NAE (kg kg-1)   ANR (%)  

CT 0.3 B†c 21.6 Bab 19.6 Ab 29.7 Aa 17 B 41 Aa‡ 50 Ba 51 Aa 48 Aa 47 B 

RT 6.6 ABc 24.1 Bab 17.8 Ab 32.3 Aa 20 B 39 Aa 50 Ba 43 Aa 52 Aa 46 B 

NT 11.2 Ab 40.5 Aa 16.8 Ab 34.8 Aa 26 A 50 Ab 77 Aa 51 Ab 57 Aab 59 A 

HSD¶ 8.9 10.4 6.4 9.1 5 25 24 12 19 11 

---------------------------------------------------------------------------------------------- PR > F -----------------------------------------------------------------------------------------------  
 0.0241 0.0002 0.5529 0.3320 <.0001 0.4789 0.0100 0.2357 0.4686 0.0086 

N Rate 

(kg ha-1) 
NAE (kg kg-1)  ANR (%)  

45 9.3 Ac 39.5 Aa 24.3 Ab 48.7 Aa 30 A 60 Aa 78 Aa 61 Aa 71 Aa 67 A 

90 5.9 Ac 26.8 Ba 15.3 Bb 26.8 Ba 19 B 43 ABa 53 Ba 36 Ba 42 Ba 43 B 

134 2.8 Ab 18.9 Ba 14.6 Ba 21.3 Ba 14 C 27 Bb 47 Ba 48 Ba 44 Ba 41 B 

HSD¶ 8.7 10.4 6.4 9.0 5 25 24 12 19 22 

---------------------------------------------------------------------------------------------- PR > F -----------------------------------------------------------------------------------------------  
 0.1876 0.0002 0.0011 <.0001 <.0001 0.0115 0.0081 <.0001 0.0011 <.0001 

Year  5 c 29 a 18 b 32 a 21 42 b 59 a 48 ab 52 ab 50 
† Tillage or N rate means followed by same uppercase letter (s) within each year are not different using the Tukey’s Honest Significant Difference for mean 

comparisons at P < 0.05 

‡ Lowercase letters represent tillage and N rate comparisons across years using Tukey’s Honest Significant Difference Test at P < 0.05. 
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Figure 2.1 Grain sorghum yield variability as affected by tillage × N fertilizer rates (a); years of study (2015 through 2018) (b), tillage 

practice (conventional tillage, CT; reduced tillage, RT; and no-tillage, NT) (c), and N fertilizer rate (d) in Hays, KS. Means followed 

by same letter (s) are not different using Tukey’s Honest Significant Difference Test at P < 0.05 
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Figure 2.2 Sorghum grain protein concentration as affected by tillage (a) and N fertilization rates 

(b) over four study years in Hays, KS. Tillage and N rate means followed by same uppercase 

letter (s) within a given year are not different.  Lowercase letters represent tillage and N rate 

comparisons across years. All mean comparisons done using Tukey’s Honest Significant 

Difference Test at P < 0.05 
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Chapter 3 -  Long-Term Tillage and Nitrogen Rates Influenced 

Winter Wheat Yield in Dryland Wheat-Sorghum Rotation  

ABSTRACT 

Winter wheat (Triticum aestivum) is the most widely grown base crop in dryland systems 

of the semiarid central Great Plains, but grain yields are limited by nitrogen (N) and soil water 

availability. We investigated the impacts of tillage intensity and N fertilization, on winter wheat 

grain yield, protein content, total N uptake, N utilization efficiency (NUtE), N agronomy 

efficiency (NAE), and applied N recovery (ANR) in a long-term wheat-sorghum-fallow rotation. 

The experimental design was a split-split-plot arrangement of rotation, tillage, and N application 

treatments in a randomized complete block design. The main plots were the crop phase (winter 

wheat, grain sorghum, or fallow), sub-plots were three tillage systems (conventional tillage (CT), 

reduced tillage (RT), and no-tillage (NT)). The sub-sub-plots included four N rates (0, 22, 45, 

and 67 kg/ha), which were later modified in fall 2014 for the winter wheat 2014-2015 growing 

season to 0, 45, 90, and 134 kgha-1. Results showed winter wheat yield with CT was greater than 

RT or NT, but tillage had no significant effect on ANR, NAE or NUtE averaged across the four 

years. Grain yield, protein content, total N uptake, and NUtE of winter wheat increased with 

increasing N rates. However, NAE and ANR decreased at higher N rates. Our results indicated 

that tillage systems had little effect on the total N uptake and NUE's indices. The benefits of NT 

can be realized with appropriate N fertilization. However, the extent of that benefit and the 

appropriate N fertilization rate depends on the amount and timing of precipitation during the 

growing season. 
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 Introduction 

In a semiarid region of the United States central Great Plains, winter wheat 

(Triticum aestivum L.) is the most widely grown and valuable base crop (Nielsen and Vigil, 

2018; Holman 2018), and the availability of water and N is usually the most limiting factor 

affecting dryland crop production (Lollato et al., 2017; 2019a). Whereas N fertilizer can be 

applied to supplement soil N, water availability depends on growing season precipitation and 

stored soil moisture (Halvorson et al., 2001; Torbert et al., 2001; Soon et al., 2008). In most 

production systems, 50% of the applied N inputs are recovered in harvested crops and their 

residues (Smil, 1999). The residual in the soil can potentially be lost through runoff, leaching or 

denitrification and volatilization (Cameron et al., 2013), which can have a detrimental impact on 

the environment (Erisman et al., 2013; Galloway et al., 2013). Efficient crop management 

practices are necessary to improve crop yield and fertilizer use efficiency to reduce nutrient loss. 

Practices that improve wheat grain yields, grain quality, and resource use efficiency is necessary 

for sustainable production. This further ensures food availability to the growing population 

(Lüder et al., 2020) as well as increase N use efficiency in wheat (Habbib et al., 2017).  

In the absence of mineral fertilizer, differences in tillage intensity have been recognized 

to affect nutrient availability and yield of grain crops (Machado et al., 2007). Previous research 

have reported soils under NT or RT tend to increase short-term immobilization and decrease N 

mineralization because of slower plant decomposition process when tillage is limited (Gilliam 

and Hoyt, 1987; Grahmann, et al., 2013; Jug et al., 2019). It has been suggested soils under NT 

might require greater N inputs than under CT (Randall and Bandel, 1991; Torbert, et al., 2001; 

Grahmann, et al., 2013). Notwithstanding, as adoption of NT practices conserve soil water and 

have helped to intensify the frequency of cropping in the semi-arid region compared to the 

https://dl.sciencesocieties.org/publications/aj/articles/110/2/594#ref-19
https://dl.sciencesocieties.org/publications/aj/articles/110/2/594#ref-19
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traditional crop–fallow system (Halvorson et al., 2001). With appropriate crop management, the 

long-term crop yields achieved from NT or RT can be comparable to those achieved from CT 

soils (Soane et al., 2012). 

Commonly, in NT or RT systems, fertilizer N rates have been increased as much as 25% 

to compensate yield limitations from short-term immobilization (Randall and Bandel, 1991; 

Torbert, et al., 2001). This short immobilization could affect the N availability to the crop. This 

further helps to reduce losses and then increasing and improving NUE by reduced of different N 

losses (Goulding et al., 2008; Yadav et al., 2017); while N fertilizer management can be greatly 

affected by tillage practices (Torbert, et al., 2001). However, this short N immobilization is not 

an issue, but the increase N rates associated with NT might be an attributing factor to reduce this 

effect; but after 11 years of continual NT, the N fertilizer requirement became similar to that 

under CT as potential benefits of the reduced fertilizer requirements with long-term NT 

(Franzluebbers et al., 1995). It is therefore critical to develop soil management practices to 

provide for upper limit availability of nutrients for optimal plant nutrition during the during 

critical growth periods (eg. flowering and grain fill), to NUE and reduce N losses (Goulding et 

al., 2008; Yadav et al., 2017).  

There are published reports on long-term tillage combined with N fertilizer rates, that 

showed significant increase of soil organic matter with less intensive tillage compared to more 

intensive (Obour et al., 2017). However, according to Rieger et al. (2008), no interaction 

occurred between N supply and tillage intensity. Also the authors reported a nominal overall 

reduction in winter wheat grain yield without N fertilization under NT compared to RT or CT. 

Environmental factors including temperature and rainfall, coupled with soil management 
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determine crop response to applied N fertilizer consequently determining final grain yield 

(Halvorson et al., 2001; Omara et al., 2020).  

Nutrient use efficiency can be affected by fertilizer administration as well as soil and 

plant-water relationships (Baligar, et al., 2001). However, the response of NUE to the tillage 

practices was not compared and uncleared in the Great Plains region. Comparisons of effects of 

tillage intensity on the yield and NUE indices of winter wheat as rotation with grain sorghum 

have not been quantified in the central Great Plain region. Therefore, there is an important need 

to assess optimum soil management for maximum availability of nutrients and water for plants 

for higher crop yield in combination with the application of less N fertilizer. Here, we wanted to 

investigate grain yield and NUE from 2015 to 2018 in a long-term tillage and N fertility 

experiment. The objectives of this study were to i) quantify grain yield, protein content, and total 

N uptake, and ii) determine N utilization efficiency (NUtE), applied N recovery (REN), and N 

agronomy efficiency (NAE) as influenced by tillage practices, and N fertilizer rates in a long-

term winter wheat-grain sorghum-fallow rotation.  

 Materials and Methods 

 Site Description and Experimental Design 

This research was conducted utilizing long-term experimental plots (established fall of 1965) 

at the Kansas State University Agricultural Research Center near Hays, Kansas (38°86′ N, 99°27′ 

W, 609.6 m elevation) to investigate tillage intensity (CT, RT, and NT) effects on crop yields in 

a winter wheat-grain sorghum-fallow crop production system. The soil at the study site is a 

Harney silt loam (fine, montmorillonite, mesic Typic Agriustoll) (Soil Survey Staff, 2010). The 

experiment was modified in 1975 by adding N fertilizer treatments in a split-split-plot 

arrangement of crop phase, tillage, and N application rates in a randomized complete block 
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design with four replications. Each phase of the crop rotation and tillage treatment was present in 

each block in each year of the study. The main plots were the crop phase, which consisted of 

either winter wheat, grain sorghum, or fallow (sorghum stubble). Tillage practice was the subplot 

factor, and N rates were the sub-sub plot factor. Each block measuring (60.4 m × 30.5 m) 

contained the three tillage treatments (CT, RT, and NT plots). Each tillage practice (20.4 m × 

30.5 m) was subdivided into six sub-plots (3.4 m × 30.5 m), that were assigned to four N 

fertilizer application rates (0, 22, 45, and 67 kg N ha-1) with two unfertilized alleys between 

tillage treatments. Nitrogen rates were increased starting in fall 2014 (2014-2015 growing 

season) to 0, 45, 90, and 134 kg N ha-1 to reflect current producer N fertility practices. While the 

entire study site has not been amended with lime or phosphorus fertilizer since establishment in 

1965. Specifics regarding field operations and crop management were presented previously in 

Thompson and Whitney (2000), Obour et al., (2015), and Obour et al., (2017). In Brief, the study 

was conducted in a WSF rotation with three tillage intensities, CT, RT, and NT plots. The CT 

system was tilled as needed to control weed growth during the fallow periods. On average, this 

resulted in four to five tillage operations prior to each crop, using a sweep plow for most tillage 

operations. The depth of tillage CT plot was plowed and disked to 15 cm soil depth to 

incorporate crop residue using a tandem disk, a one-way plow, and a mulch treader, which 

involves mixing soil and incorporating crop residue to approximately 15 cm depth. The RT 

system originally used tillage operations and were done with a V-blade or sweep plow to control 

weed growth during the fallow period before each crop. Whereas nearly three to four tillage 

operations were performed in the fallow phase prior to winter wheat planting in CT treatment 

plots while two operations occurred in the RT treatment plots. Only, one tillage operation was 

usually performed in both tillage treatments of CT and RT plots prior to sorghum planting. The 
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NT system relied solely on herbicides to control weed growth during the growing season and 

fallow periods. Herbicide selection varied year to year due to the weed type for each particular 

year.  

Weather data including precipitation and temperature across years and growing seasons 

(Table 1) were recorded in a weather station pertaining to the Kansas Mesonet (Patrignani et al., 

2021) located approximately 2.4 km from the plots.  

 Wheat crop yield and Biomass  

The current study reports winter wheat grain yield from 2015 to 2018 of harvest seasons. 

However, the plots and treatments have been going and maintained throughout the 53-yr study 

period (1965 through 2018). Total aboveground biomass was measured from 58 to 69 growth 

stages (Zadoks et al., 1974) by hand sampling a c.a., 0.50 m2 area from each experimental unit 

during the in 2015 to 2018 harvest seasons. The harvested samples were oven dried at 65 oC until 

constant weight to determined aboveground dry matter yield for each plot. Wheat grain yields 

were determined by harvesting an area of 1.7 m wide by 30.5 m long from the center of each plot 

using a Massey Ferguson 8XP small plot combine harvester (Massey Ferguson, Duluth, GA). 

Winter wheat grain moisture content was determined using a DICKEY-john grain moisture tester 

(DICKEY-john Inc., Auburn, IL), and then grain yield adjusted to 13.5% moisture content. 

Wheat grain samples and plant biomass samples were finely powder ground and analyzed for N 

concentration by dry combustion using a LECO CN analyzer (LECO Corporation, St. Joseph, 

MI). Then crude protein content of grain samples was determined by multiplying the grain N 

concentration by a crop factor of 5.7 (Wollmer et al., 2018). Winter wheat total N uptake (TNUp, 

kg ha-1) was estimated by summed of grain N remove and N uptake by biomass for each plot.  
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 Calculations of Nitrogen use efficiency indices 

Nitrogen efficiency indices were computed annually for each tillage and N rate treatment 

similar to other studies (Zhang et al., 2016; Lüder et al., 2020) as follows:   

𝐍𝐔𝐭𝐄 = (𝐆𝐘𝐍𝐫𝐚𝐭𝐞/𝐓𝐍𝐔𝐩𝐍𝐫𝐚𝐭𝐞)  Eq. 3.1 

𝐍𝐀𝐄 = ((𝐆𝐘𝐍𝐫𝐚𝐭𝐞 − 𝐆𝐘𝐂𝐊)/𝐍 𝐫𝐚𝐭𝐞)  Eq. 3.2 

𝐀𝐍𝐑 = (( 
𝐆𝐍𝐑 𝐍𝐫𝐚𝐭𝐞− 𝐆𝐍𝐑 𝐂𝐊 

𝐍𝐫𝐚𝐭𝐞
 ) ∗ 𝟏𝟎𝟎)   Eq. 3.3 

Where, NUtE is N utilization efficiency (kg grain/ kg total N uptake), NAE is N agronomic 

efficiency (NAE, kg grain /kg N applied), and ANR is applied N recovery in percentage (%). 

TNUp is total N uptake by grain and biomass, GYNrate and GYCK is grain yield for the N fertilizer 

treatment and unfertilized control, respectively, (kg ha-1), GNRNrate and GNRCK (kg ha-1) are N 

removal by the grain at a particular N fertilizer rate and unfertilized control, respectively.  

 Statistical Analysis  

Statistical analysis was performed using PROC MIXED procedure in SAS (SAS version 

9.4; SAS Institute., 2014) to assess differences in winter wheat responses to tillage and N 

fertilizer rates from 2015 to 2018. Tillage practices, N fertilizer rates and years were modeled 

and along with the interactions were considered as fixed effects, and blocks (replications) along 

with the interactions were considered as random effects in the mixed model to fit this split split-

plot design. The final mixed model is selected based on Akaike Information Criterion (AIC) 

(Darlington 1968). The mean comparisons were done using Tukey’s Honest Significant 

Difference (SAS Institute, 2014) with an alpha (α) of ≤ 0.05. With the significant result showing 

potential environmental (year) effect, we further investigated the association between grain yield 
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and weather variables and N fertilizer rates for each tillage practice. The initial screening process 

was done based on selecting relevant explanatory variable and detecting multicollinearity among 

variables and to remove overlapping information associated with variables with high collinearity 

using the Variance Inflation Factor (Allison, 1999). A multiple linear regression model was 

developed using PROC REG procedure in SAS to assess detailed impact of the weather variables 

change on the winter wheat yield under each tillage practices. The Mallows’ Cp statistic (<5 for 

a “good” model with an intercept) (Sherrod et al., 2014) was used to select the best model for 

each tillage practices.  

 Results 

 Winter Wheat Yield 

Winter wheat yield was substantially affected by year × tillage interaction (Table 3.2). 

This interaction occurred because wheat yield was significantly lower with RT compared to CT 

in 2015. Overall wheat yield under CT averaged 2.47 Mg ha-1, which was greater than RT (2.20 

Mg ha-1) or NT (2.26 Mg ha-1). Wheat yield under NT was similar to CT in three-out of the four 

years study. However, winter wheat yield varied by year with greatest yields in 2017 and least in 

2018. Wheat yield was not different among tillage treatments in 2016, but RT had significantly 

lower grain yield compared to CT and NT in 2015 and 2017. However, yields under NT were 

lower than RT or CT in 2018 (Table 3.2).  

Nitrogen rate × year interaction had significant effect on wheat grain yield (Table 3.2). 

Nitrogen fertilizer application had effect on wheat yield over the unfertilized control in 2015, but 

there were no differences in yield beyond the 45 kg N ha-1. In 2016, grain yields with the higher 

N rates were significantly greater than that achieved with 45 kg N ha-1. Nitrogen application 
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effects were more evident in 2017 and 2018, where the 134 kg N ha-1 exhibited the greatest grain 

yield compared with other N rate treatments. Over 4-yr study periods, increasing N fertilizer 

application rates linearly increased wheat yield over the unfertilized control. Averaged wheat 

yield ranged from 1.21 Mg ha-1 for the unfertilized control to 3.17 Mg ha-1 for 134 kg N ha-1. 

Regression analysis of data across the four-year study showed differences in N fertilizer response 

under the different tillage practices (Table 3.3). Winter wheat yeild response to N fertilizer was 

slightly higher under NT (15.1 kg grain ha-1 for one kg N ha-1 added) compared to CT (14.8 kg 

grain ha-1 for one kg N ha-1 added) or RT (14.1 kg grain ha-1 for one kg N ha-1 added) (Table 

3.3). Winter wheat yield under CT, RT, NT responded to growing season precipitation of Pfall 

and Pwinter (from October to Decebmer and from Jaruanry to March, respectively, (Table 3.3). 

 Winter Wheat Protein Content 

Winter wheat protein content was significantly affected by year × tillage interaction 

(Table 3.2). Protein content was significantly lower with CT compared to RT, but there was no 

significant difference between NT and RT or CT in 2018. However, there was no differences in 

winter wheat protein content among tillage treatments in 2015, 2016, and 2017 and as well as 

across the 4-yr study periods. Regardless of tillage and N rates, protein content was the most in 

2018 and least in 2017. 

N rate × year interaction had significant effect on winter wheat protein content (Table 

3.2). Nitrogen fertilizer application had significant effect on protein content in all the study 

years. In 2015 and 2016, protein content of winter wheat was least with the unfertilized control. 

While protein content of winter wheat was greatest with N-rate of 0 and 134 kg N ha-1 compared 

to 45 and 90 kg N ha-1 in 2017. In 2018, protein content was only significant from unfertilized 

control when 134 kg N ha-1 was applied. However, the 134 kg N ha-1 exhibited the greatest 
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protein content compared with other N rate treatments among the study year periods but 

increasing N fertilizer application rates increased protein content. Averaged across the four-year 

study, winter wheat protein content ranged from 13.4% for the unfertilized control to 14.8% for 

134 kg N ha-1 (Table 3.2). 

 Winter Wheat Total N Uptake 

Winter wheat total N uptake (TNUp) was significantly affected by year × tillage 

interaction (Table 3.4). Total N uptake with RT were less than CT in 2015, but TNUp with NT 

was not different compared with CT or RT. The TNUp in 2016 and 2017 was different among 

the tillage practices. As shown in Table 3.4, the TNUp was lower with NT when compared to CT 

in the year 2018. Irrespective of N rates, TNUp was not different among tillage practices over the 

four years. Across tillage and N rates, TNUp was greatest in 2015 and least in 2018.  

N rate × year interaction had significant effect on winter wheat TNUp (Table 3.4). 

Nitrogen fertilizer application had effect on TNUp compared to the unfertilized control in 2015, 

but there was no significant change on TNUp further than the 45 kg N ha-1. Over the four study 

years, average TNUp ranged from 55 kg ha-1 for the unfertilized control and 140 kg ha-1 for 134 

kg N ha-1 (Table 3.4). 

 N use efficiency indicators  

Tillage x N rate interaction had no signficant effect on NAE, NAR, or NUtE. The main 

effects of tillage, N fertilizer application rate, and year on NAE, NAR, and NUtE are presented 

in Table 3.4 and 3.5. The NUtE of winter wheat was significantly affected by year × tillage 

interaction (Table 3.4). The NUtE was not different among the three tillage practices in all the 

study periods only in 2018. However, NUtE under NT was less than CT in 2018. Averaged 
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across years, mean NUtE did not change significantly among tillage practices. Regredless of 

tillage and N rates, NUtE varied by year and was greatest in 2017 and least in 2015. Winter 

wheat NUtE across the four-year followed the order 2015 <2016 <2018 <2017. Across tillage 

and N rates, NUtE ranged from from kg ha-1 17.5 kg kg-1 in 2015 to 30.9 kg kg-1 in 2017 (Table 

3.4).  

Nitrogen rate × year interaction had significant effect on NUtE (Table 3.4). Applying N 

fertilizer decreased NUtE significantly as N fertilizer rate increased. For example, in 2015, NUtE 

decreased signifianctly with the highest N rate (134 kg N ha-1) as well as 90 kg N ha-1 compared 

to unfertilizered control. However, no significant differences was observed between N rates of 

45 and 90 kg N ha-1. But in 2016, NUtE decreased signifianctly with the highest N rate (134 kg 

N ha-1) compared to 45 kg N ha-1 and unfertilizered control N rate; whereas no significant 

differences was observed between N rates of 90 and 134 kg N ha-1. Nitrogen fertilizer rate had 

significant effect on NUtE in 2017 and 2018, whereas the unfertilizered control N rate was 

showed lowest values of NUtE compared to 45 to 134 kg N ha-1. No significant differences in 

NUtE was observed among the 45 to 134 kg N ha-1 rates. While, unfertilized control N rate was 

significantly higher on NUtE compared to 134 kg N ha-1, but there was not significant difference 

among the rate of 0, 45, and 90 kg N ha-1 in 2015 and 2016. Over the 4-yr study periods, 

increasing N fertilizer application rates beyond 45 kg N ha-1 decreased NUtE. Averaged NUtE 

ranged from 22.7 kg kg-1 for the unfertilized control to 38.4 kg kg-1 for the 134 kg N ha-1 (Table 

3.4). 

Nitrogen agronomic efficiceny (NAE) was significantly affected by year × tillage 

interaction (Table 3.5). The NAE with NT was greater than CT and RT in 2015 growing season. 

But no significant differences in NAE was observed between CT tillage treatments compared to 
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RT or NT and CT in 2016. However, the NAE under RT was significantly less compared to CT, 

whereas NAE with NT was not significiantly different compared to RT or CT in 2017. The NAE 

with CT was greater than RT and NT in 2018 growing season. Average over the 4-yr study 

periods, NAE was not significant different among tillage practices. The NAE was significant 

among years, ranging from 15.9 kg kg-1 in 2016 to 27.1 kg kg-1 in 2017 (Table 3.5).    

N rate × year interaction had significant effect on NAE. In general, increasing N fertilizer 

rates decreased NAE irrespective of growing season. Nitrogen fertilizer application had no 

significant effect on NAE in 2015 and 2016. But NAE with 45 kg N ha-1 was greatest compared 

to 134 kg N ha-1 in 2017. Similarly, NAE with 45 kg N ha-1 was greatest compared to 90 and 134 

kg N ha-1 in 2018. Over 4-study years, decreasing N fertilizer application rates increased NAE 

over the highest N rate fertilized treatment (Table 3.5).  

Similarly, year × tillage interaction had an effect on ANR (Table 3.5). Applied N 

recovery was significant greater with NT compared to CT or RT in 2015. In 2016, there was no 

significant differences in ANR among tillage treatments. While, the ANR with RT was lowest 

than CT and NT, no differences in ANR was observedbetween CT or NT in 2017 growing 

season. In 2018, ANR with NT was lowest compared to CT and RT. While there was no 

significant differences in ANR among tillage practices across the 4-yr study period. Across 

tillage and N rates, ANR was greatest in 2017 and 2018 but least in 2015. The ANR averaged 

27% in 2015 to 55% kg kg-1 in 2018.   

Nitrogen rate × year interaction had significant effect on ANR (Table 3.5). Irrespective of 

year, increasing N fertilizer rates generally decreased ANR. Applied N recovery was greatest 

with 45 kg N ha-1 compared to 90 and 134 kg N ha-1 in 2015. But there was no effect of N 
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fertilizer rate on ANR in 2016. The ANR with 90 kg N ha-1 was greater than 45 kg N ha-1, but 

ANE under 134 kg N ha-1 was not different compared to 45 or 90 kg N ha-1 in 2017 growing 

season. But in 2018, ANR with 134 kg N ha-1 was lower compared to 45 kg N ha-1. Over the 4-

study year periods, average ANR ranged from 40 % for the 134 kg N ha-1 to 47% for for the 45 

kg N ha-1, but no significant differences among the N rate (Table 3.5). 

 Discussion 

The individual effect of year, tillage practices, N fertilizer application rates, and their 

interactions with year on winter wheat grain yield were significant in majority of cases. In 

general, grain yield of winter wheat with NT was less than that under CT in one out of the four 

years while yields with RT were less than CT in two out of the four years. Averaged across the 

four years, winter wheat yield decreased with RT and NT was approximately 11% and 9%, 

respectively, compared to CT (Table 3.2). The decrease in wheat yield under NT and RT may be 

increased competition of grass weeds and poor plant stands in the less intensive tillage treatments 

due to drier soils at the time of planting. This is consistent with previous results from this 

experiment field that reported poor control of herbicide tolerant tumblegrass [Schedonnardus 

paniculltus (Nutt.) Trel] and windmillgrass (Chloris verticillata Nutt.) in the NT plots compared 

to CT caused significant yield reductions in the NT system (Thompson and Whitney, 1998; 

Obour et al., 2015). Additionally, the increase in incidence and severity of root diseases are 

among the major constraints to adoption of NT in semi-arid regions where cereals predominate 

(Paulitz et al., 2002). Although we did not quantify disease incidence in this research, it could 

have potentially contributed to poorer plant stands in the NT treatment. 

The findings of the present study are in agreement with others that concluded winter 

wheat yields with NT are less than those reported from CT systems (Sharpley and Smith, 1994; 
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López-Bellido and López-Bellido, 2001; Halvorson et al., 2001; Camara et al., 2003). Sharpley 

and Smith, (1994), reported that even with more than 25% increase available soil water in the 

NT, there was average reduction of winter wheat yield by 33% compared to CT, because of 

lower availability of surface-applied fertilizer and weed problems in NT. Similarly, the lack of 

downy brome (Bromus tectorum) weed control in NT systems caused a significant wheat yield 

reduction compared to NT (Camara et al., 2003). 

Nevertheless, our results are in contrast with the finding reported by Schlegel et al. 

(2018), who concluded that reduced tillage intensity benefits wheat yields and water productivity 

in the following order NT > RT > CT. However, that was performed in a more semi-arid region 

than the current study (annual precipitation of c.a. 380 mm versus c.a. 600 mm; Lollato et al., 

2020), case in which there is evidence for improved performance of wheat under no-till 

(Pittelkow et al., 2015). This is an agreement with Soon et al, (2008), who reported that higher 

yield was with NT than CT, that is likely due to improved soil moisture conservation under NT. 

However, there are many other possibilities why winter wheat grain yield with CT was greater 

than NT. For example, CT can cause an increase in soil aeration, residue decomposition, organic 

N mineralization, and the availability of N for plant use (Halvorson et al., 2001; Dinnes et al., 

2002). Likewise, NT can increase surface soil compaction, restricting root growth and preventing 

adequate drainage (Howeler et al., 1993). Our results are in agreement with Guan et al. (2015), 

that CT can be feasible tillage practice for winter wheat production under the rainfall condition 

in the North China Plain. This could be mainly due to reduced soil bulk density and penetration 

resistance, which in turn leads to greater root weight density, root length density, and root 

surface density as reported elsewhere (Guan et al., 2015). The CT is known to reduce 

NO3
- losses to the groundwater due to greater water use efficiency, which results in greater N 
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uptake and higher yield. This phenomenon is more common in drier or non-irrigated conditions 

of the Great Plains (Randall and Bandel, 1991). In our study, grain yield of winter wheat was 

affected by seasonal weather conditions. Accordingly, there was not clear pattern of tillage 

effects in each study year period on winter wheat yield; which was mostly due to varied 

precicpation timing and distribution (Table 3.1). While winter wheat yield under NT responded 

more by summed of growing season precipitation PWinter and PFall compared to yield under CT 

or RT (Table 3.1). Then these period precipitations were the most and significant factor of 

determining winter wheat yield for all the tillage practices (Table 3.3).  

In general, increasing N fertilizer rate is directly proportional to wheat TNUp. The N 

fertilizer rates effect on wheat TNUp differed across years and the responses to fertilizer 

application also different among years. That matched the results found by Lollato et al. (2019), 

who reported an increase in N uptake with an increase in N application rate. 

The N efficiency component analysis is valuable for evaluating improvements in N 

efficiency could lead to greater grain N (Huggins and Pan, 1993). The protein content quality of 

wheat is influenced by the N fertilizer rate, which is dominated by the yearly weather conditions 

and by the remaining mineral N appear in the soil (López-Bellido and López-Bellido, 2001) 

whereas they reported that soil NO3
-
 was significantly higher with CT than NT at sowing and 

harvesting time. Both water stress and residual soil NO3
- would contribute to high protein 

content level (Long et. al., 2017). Our results showed that are no significant differences in grain 

protein content of winter wheat among tillage practices regardless of N fertilizer rates and years. 

This agrees with the results reported by Lüder et al., (2020), that wheat grain protein was not 

different with tillage practices when N fertilizer was adequate; but there was higher grain protein 

content in NT than in CT at the unfertilized control plots and at the rate of 50 kg N ha-1. The 
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decrease in grain protein content at lower N fertilizer rate is due to a dilution effect (Wikström, 

1994; Triboi et al., 2006). In the present study across the N rates and years, the term of NUE 

indices under CT, RT, and NT, were not different, which agrees with Montemurro, (2009) who 

reported NUE was not different between conventional and minimum tillage. In contrast, greater 

NUE was recorded with CT than NT system, which indicated that increasing intensity of the 

tillage was an efficiency pathway to improve the NUE (López-Bellido, and López-Bellido, 

2001), possibly due to greater N mineralization or supply and available in soil under CT 

compared to NT (Huggins and Pan, 1993; Silgram and Shephred, 1999). The process of 

decomposition and mineralization are greater in CT than NT (Marahatta et al., 2014). This is due 

to the fact that greater immobilization is always impacted by the leftover residues of 

conservation practices such as RT and or NT (Rice and Smith, 1984; Gramman et al., 2013). 

Late moisture stress during grain filling plays a major role in limiting N translocation leading to 

reduction in starch accumulation and grain protein content (Campbell et al., 1981; Altenbach et 

al., 2003). Also, limitation of NUtE (N mobilization and redistribution) would in turn lead to 

high N concentration in residual plant parts and then that leads to low NUE (Masclaux-

Daubresse et al., 2010). The measured NUtE values in our study reflected well the range in 

wheat NUtE recently reported in a global synthesis (de Oliveira Silva et al., 2020). Our results of 

NUtE in 2018 was higher under CT than NT, which is in agreement with previously reported 

study by Huggins and Pan (1993), that spring wheat with CT generally having higher efficiency 

values than NT because of higher yields. This is possibly due to low N uptake associated with 

low dry weight biomass (data not shown) by drought affected wheat. This observation is in 

agreement with earlier research conducted by Soon et al., (2008). The results from tillage 

practices of our research had little effect on wheat N accumulation and remobilization as per 
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Soon et al., 2008. This is attributed to improving N supply by N fertilizer along with reduced N 

utilization efficiency relative to unfertilized control. However, in contrast to Soon et al. (2008), 

the CT resulted in higher NUtE than NT in 2018 from our research, which is because of the grain 

yield of winter wheat was higher under CT than NT practices.  

Applied N recovery (ANR, %) varied significantly according to year and it’s interaction 

with tillage and N rate. Instead, in 2015, ANR under NT was significantly higher (43%) than 

ANA under CT either RT (23 or 15%, respectively); which was possibly due to lower grain yield 

of winter wheat under NT with unfertilized control plot. Meanwhile, in 2018 showed opposite 

response of NAR under tillage practices compared 2015. Whereas intensive tillage (CT and RT) 

had a higher value of ANR (64 and 59 %, respectively) than NT (42%). Our results supported by 

other findings that showed a reduction in NUE with increasing N supply. That could be due to a 

decline in N utilization and N availability efficiencies (Huggins and Pan, 1993; Sowers et al., 

1994). They also reported that N uptake efficiency was not related to a decreased NUE. Nitrogen 

use efficiency would be more reasonably evaluated if loss of N during crop senescence is 

considered. In general, our results of NAE decreased as N fertilizer rates increase agrees with 

findings (Roberts, 2008). According to Craswell and Godwin, (1984), reported that a greater 

value of NAE could be achieved when the yield increment per unit N applied was higher due to 

the increasing N uptake as well as reduced losses. 

 Conclusion 

Winter wheat grain yield, protein content and N uptake, and NUE indices were affected 

by years, tillage practices and N rates, however, these responses were not consistent during the 

four-year study. In the Central Great Plains (Hays, KS), precipitation is limited and more 

variable across the season, which affected winter wheat yield. Notwithstanding, averaged winter 
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wheat yields across the four years under CT was more than RT and or NT practices. However, 

winter wheat yields with responses were impacted by growing season timing and distribution of 

precipitation. Results showed averaged NUtE, NAE, and RAN with CT was not greater than RT 

or NT, but they were varied year-to-year, especially in 2018. Grain yield, protein content, total N 

uptake, and NUtE of winter wheat increased with increasing N rates. However, the NAE and 

ANR decreased at higher N rates. Our results indicated that tillage systems had little effect on the 

total N uptake then NUE's indices. The benefits of NT can be realized with appropriate N 

fertilization. However, the extent of that benefit and the appropriate N fertilization rate depends 

on the amount and timing of precipitation during the growing season.  
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Table 3.1 Total and average monthly and growing season periods of precipitation and temperature of winter wheat growing season for 

2015, 2016, 2017, and 2018 at Hays, KS  

Yr/ 

Month 

Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. Total / 

Average 

§PF/TF §PG/TG  §PFall/ 

PWinter 

 Summed Precipitation (mm) mm 

2015 17 4 1 21 153 16 102 10 10 43 38 29 455 462 318 105 

2016 9 5 11 176 69 80 79 118 33 16 29 10 635 395 445 110 

2017 29 2 33 135 100 40 39 82 47 51 2 0 559 648 393 55 

2018 1 1 8 17 92 94 199 142 87 78 12 43 775 545 267 53 

LTA‡ 14 19 42 59 82 73 92 76 50 39 24 18 588 578 367 80 

 Average Temperature (oC)  mm 

2015 0 0 8 13 16 25 26 25 24 15 7 2 13 13.0 13.0 22 

2016 0 4 9 12 16 25 27 24 21 16 9 -2 13 13.0 13.7 25 

2017 0 5 8 13 16 24 27 23 22 13 7 -1 13 13.7 13.0 64 

2018 -1 0 7 8 21 25 25 24 20 11 3 0 12 13.0 12.2 11 

‡Long-term average (LTA) (43 years, 1975 to 2018). 
§Total precipitation during fallow (PF, Nov. to Sept.); growing season (PG, from Oct to June); average growing season and during fallow temperature (TG and 

TF); total precipitation of PFall (Oct. through Dec.) and PWinter (Jan. through March). 
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Table 3.2 Means of winter wheat yield and grain protein concentration influenced by years of study (2015, 2016, 2017, and 2018), 

tillage (T) practices (conventional tillage, CT; reduced tillage, RT; and no-tillage, NT), and N fertilizer rates (0, 45, 90, 134, kg N/ha), 

and their interaction 

 2015 2016 2017 2018 mean 2015 2016 2017 2018 mean 

Tillage  Winter wheat yield (Mg ha-1)     Protein (%) 

CT 2.58 A†a‡ 2.53 Aa 2.78 Aa 1.97 Ab 2.47 A 14.70 A†b‡ 13.41 Ac 11.37 Ad 15.90 Ba 13.83 A 

RT 2.24 Ba 2.41Aa 2.39 Ba 1.75 Ab 2.20 B 14.68 Ab 13.10 Ac 11.35 Ad 16.67 Aa 13.95 A 

NT 2.33 ABb 2.49 Aab 2.74 Aa 1.46 Bc 2.26 B 14.27 Ab 13.48 Ac 11.56 Ad 15.99 ABa 13.83 A 

HSD¶ 0.27 0.38 0.29 0.25 0.16 0.45 0.57 0.53 0.73 0.30 

----------------------------------------------------------------------------------------------  PR > F -----------------------------------------------------------------------------------------------  
 0.0120 0.7170 0.0029 <.0001  0.0368 0.2402 0.6035 0.0263  

N Rate  Winter wheat yield (Mg ha-1)    Protein (%)  

0 1.98 B†a‡  1.48 Cb 0.87 Dc 0.53 Dd 1.21 D 13.02 C†b‡ 12.53 Cbc 12.09 Ac 16.05 Ba 13.43 C 

45 2.41 Aa 2.18 Ba 2.19 Ca 1.57 Cb 2.09 C 14.78 Bb 12.58 Cc 10.26 Cd 15.83 Ba 13.36 C 

90 2.43 Ab 3.05 Aa 3.39 Ba 2.16 Bb 2.76 B 14.93 ABb 13.51 Bc 11.20 Bd 15.88 Ba 13.88 B 

134 2.72 Ac 3.21 Ab 4.10 Aa 2.65 Ac 3.17 A 15.46 Ab 14.71 Ac 12.15 Ad 16.99 Aa 14.81 A 

HSD¶ 0.34 0.48 0.36 0.32 0.20 0.57 0.72 0.68 0.93 0.38 

---------------------------------------------------------------------------------------------- PR > F -----------------------------------------------------------------------------------------------  
 <.0001 <.0001 <.0001 <.0001  <.0001 <.0001 <.0001 0.0078  

Year  2.39 b 2.48 ab 3.64 a 1.73 c  14.55 b 13.33 c 11.43 d 16.17 a  
† The different uppercase letters within each year represent significant differences (P < 0.05) among tillage or N rate treatments 

 ‡ The different lowercase letters within each Tillage and N-rate represent significant differences (P < 0.05) among the years 
¶ Tukey’s Honest Significant Difference for mean comparisons with an alpha (α) of 0.05.  

 



112 

Table 3.3 Linear regression analysis over 4-yr study periods (2015 through 2018) of winter 

wheat yields as a function of N fertilizer rate (N rate, Kg N ha-1), PFall (Oct. through Dec.), 

PWinter (Jan. through March) by each tillage practices (CT, RT, and NT)   

Tillage Variables 
Regression 

coefficient 
p-value 

Regression 

statistic 

CT   

Intercept 450 0.1581  

N rate 14.8 <.0001  

PFall 7.1 0.0158  

PWinter 14.7 0.0003  

R2†   0.67 

p‡   <.0001 

Cp¶   3.3774 

RT 

Intercept 246 0.4051  

N rate 14.1 <.0001  

PFall 8.0 0.0040  

PWinter 11.8 0.0016  

R2†   0.67 

p‡   <.0001 

Cp¶   3.2286 

NT 

Intercept -464 0.1246  

N rate 15.1 <.0001  

PFall 12.1 <.0001  

PWinter 24.0 <.0001  

R2†   0.74 

p‡   <.0001 

Cp¶   3.0199 

† The Coefficient of determination 
‡ The probability that the regression or regression coefficient was significant 
¶ The Cp is Mallows’ Cp statistic. 
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Table 3.4 Means of winter wheat total N uptake (TNUp, kg ha-1) and N utilization efficiency (NUtE, kg grain/ kg N applied)  

influenced by years of study (2015, 2016, 2017, and 2018), tillage (T) practices (conventional tillage, CT; reduced tillage, RT; and no-

tillage, NT), and N fertilizer rates (0, 45, 90, 134, kg N/ha) and their interaction 

 2015 2016 2017 2018 Mean 2015 2016 2017 2018 Mean 

Tillage  TNUp (kg ha-1)  NUtE (kg kg-1)  

CT 150 A†a‡ 116 Ab 85 Ac 66 Ad 104 A 17.5 A†d‡ 23.2 Ac 31.7 Aa 28.2 Ab 25.1 A 

RT 132 Ba 116 Ab 81 Ac 61 ABd 98 A 17.5 Ac 22.0 Ab 29.2 Aa 26.3 ABa 23.8 A 

NT 139 Abba 111 Ab 84 Ac 55 Bd 97 A 17.5 Ac 23.7 Ab 31.7 Aa 25.6 Bb 24.6 A 

HSD¶ 16 18 11 6 7 2.4 3.9 3.6 2.2 0.9 

                               --------------------------------------------------------------------------------------------------  PR > F -----------------------------------------------------------------------------------------------  
 0.0310 0.6799 0.5461 0.0009  0.9993 0.5727 0.1595 0.0170  

N Rate  TNUp (kg ha-1)  NUtE (kg kg-1)  

0 98 C†a‡ 59 Db 38 Dbc 26 Dc 55 D 20.5 A†b‡ 26.2 Aa 23.6 Bab 20.6 Bb 22.7 C 

45 135 Ba 88 Cb 63 Cc 55 Cc 85 C 17.9 ABc 24.9 Ab 35.1 Aa 28.0 Ab 26.5 A 

90 157 Aa 144 Bb 103 Bc 71 Bd 119 B 15.5 Bc 21.5 ABb 33.1 Aa 30.3 Aa 25.1 AB 

134 171 Aa 167 Aa 130 Ab 91 Ac 140 A 16.1 Bd 19.3 Bc 31.7 Aa 27.9 Ab 23.8 BC 

HSD¶ 20 22 13 8 9 3.1 5.0 4.5 2.7 1.1 

                               ------------------------------------------------------------------------------------------ -------- PR > F -----------------------------------------------------------------------------------------------  
 <.0001 <.0001 <.0001 0.0187  0.0004 0.0023 <.0001 0.0062  

Year  140 a 114 b 83 c 61 d  17.5 d 23.0 c 30.9 a 26.8 b  
† The different uppercase letters within each year represent significant differences (P < 0.05) among tillage or N rate treatments 

 ‡ The different lowercase letters within each Tillage and N-rate represent significant differences (P < 0.05) among the years 
¶ Tukey’s Honest Significant Difference for mean comparisons with an alpha (α) of 0.05.  
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Table 3.5 Means of winter wheat nitrogen agronomic efficiency (NAE, kg grain /kg applied N) and applied N recovery (ANR,%)  

influenced by years of study (2015, 2016, 2017, and 2018), tillage (T) practices (conventional tillage, CT; reduced tillage, RT; and no-

tillage, NT), and N fertilizer rates (0, 45, 90, and 134 kg N/ha) and their interaction 

 2015 2016 2017 2018 Mean 2015 2016 2017 2018 Mean 

Tillage NAE (kg kg-1)  ANR (%)  

CT 4.6 B†c‡ 16.3 ABb 28.9 Aa 23.6 Aa 18.4 A 23 B†c‡ 43 Ab 55 Aab 64 Aa 46 A 

RT 2.3 Bc 17.8 Ab 24.0 Ba 19.6 Aab 15.9 A 15 Bc 42 Ab 45 Bab 59 Aa 40 A 

NT 13.3 Ab 11.9 Bb 28.5 ABa 14.3 Bb 17.0 A 43 Aab 32 Ab 57 Aa 42 Bab 44 A 

HSD¶ 5.5 5.4 4.7 4.7 2.7 14 12 8 15 7 

                               --------------------------------------------------------------------------------------------------  PR > F ----------------------------------------------------------------------------------------------- 
 0.0001 0.0308 0.0288 0.0002  0.0002 0.0481 0.0024 0.0034  

N Rate NAE (kg kg-1)  ANR (%)  

45 9.7 A†c‡ 15.5 Abc 29.3 Aa 23.3 Aab 19.4 A 39 A†b‡ 35 Ab 47 Bab 65 Aa 47 A 

90 4.9 Ac 17.6 Ab 28.1 ABa 18.3 Bb 17.2 AB 21 Bb 45 Aa 58 Aa 52 ABa 44 A 

134 5.6 Ac 13.0 Ab 24.1 Ba 15.9 Bb 14.7 B 22 Bc 38 Ab 53 ABa 49 Bab 40 A 

HSD¶ 5.5 5.4 4.7 4.7 2.7 14 12 8 15 7 

                               ------------------------------------------------------------------------------------------------ -- PR > F -----------------------------------------------------------------------------------------------  
 0.0859 0.1273 0.0299 0.0021  0.0056 0.1158 0.0189 0.0229  

Year  6.7 d 15.4 c 27.1 a 19.2 b  27 c 39 b 52 a 55 a  
† The different uppercase letters within each year represent significant differences (P < 0.05) among tillage or N rate treatments 

 ‡ The different lowercase letters within each Tillage and N-rate represent significant differences (P < 0.05) among the years 
¶ Tukey’s Honest Significant Difference for mean comparisons with an alpha (α) of 0.05.  
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Chapter 4 - Crop Yield Stability as Affected by Long-Term Tillage 

and Nitrogen Fertilizer Rates in Dryland Wheat and Sorghum 

Production Systems 

 Abstract 

A major challenge for agronomists is developing cropping systems that exhibit superior 

performance across variable environmental conditions, especially precipitation. Long-term field 

research trials provide a direct measure of the effect of environmental conditions within the 

context of treatment effects. Here we investigated the impact of tillage practices and nitrogen (N) 

fertilization rates on yields for dryland winter wheat (Triticum aestivum L.) and grain sorghum 

(Sorghum bicolor L. Moench ssp. Bicolor) as influenced by weather and precipitation. This 

study reviewed the yields of a 40-year experiment encompassing varying tillage intensity and 

nitrogen fertilizer application rates starting in 1975. A split-split-plot arrangement of rotation 

(winter wheat, grain sorghum, fallow) with three tillage systems (conventional tillage, CT; 

reduced tillage, RT; and no-tillage, NT), and four N application rates (0, 22, 45, and 67 kg N ha-

1) were applied in a randomized complete block design. An analysis of variances was shown that 

practices were a significant factor for predicting yield in 24 out of 31 years (77% of years) for 

winter wheat and in 17 out 30 years (57% of years) for grain sorghum. N fertilizer rate was a 

significant factor for predicting yield in 31 out of 31 years (100% of years) for winter wheat and 

in 27 out 30 years (90% of years) for grain sorghum during the study periods at significant level 

of 0.05. Yield stability analysis indicated yields under NT responded poorly in winter wheat or 

equally in grain sorghum in low-yielding environments compared to the more intensive tillage 

practices of CT or RT. In high-yielding environments CT and RT produced greater yields than 
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NT. In general, N fertilizer application resulted in more stable yields compared to unfertilized 

controls. This effect was more pronounced in low yielding environments for both crops. When 

fertilized, NT production in low yielding environments generated yields comparable to CT or RT 

treatments. The amount and distribution of precipitation throughout the growing season or during 

the fallow period preceding crop planting were the most important factors influencing yields of 

both crops, though that impact was influenced by N fertilization rate. Overall, yield stability 

analysis indicated that the use of RT or CT along with adequate N fertilization produced higher 

wheat yields across all yield environments compared to NT. 

 Introduction 

Crop production systems are very sensitive to the weather experienced during the 

growing season, with quantity and distribution of rainfall accounting for a large proportion of the 

year-to-year variability in crop yield (Boyer, 1982). This is especially important in semi-arid 

regions, where the year effect might account for up to 40% of crop yield variability even in 

relatively small homogenous regions owing to the erratic nature of precipitation (Munaro et al., 

2020), as compared to c.a., 4% in more stable sub-humid cropping systems (Rattalino Edreira et 

al., 2017). The Great Plains region in the United States (US) is an example of a semi-arid region 

with significant winter wheat (Triticum aestivum L.) and grain sorghum (Sorghum bicolor (L.) 

Moench ssp. Bicolor) production usually in a wheat-sorghum-fallow rotation, and with high 

year-to-year yield variability (Schlegel et al., 1999). West-central Kansas, like the rest of the US 

Great Plains, is primarily limited by water availability and distribution (Obour et al., 2015; 

Lollato et al., 2017; Schlegel et al 2018). Thus, developing crop production systems that can 

increase water storage in dryland is of utmost importance, as soil water storage plays a crucial 

role in stabilizing and increasing crop yields (Unger et al., 1997; Nielsen and Vigil, 2010). 
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Conservation tillage, defined as not inverts, the soil with a no or less moldboard plow and also 

calls the soil with less disruptive, leaving at least 30% of the previous crop residue (Troeh et al., 

1980; Hobbs et al., 2008); that is a highly effective mechanism to conserve soil water because of 

the surface residue cover and improved soil structure (Unger et al., 1997). No-tillage or RT has 

led to reduced erosion, increased soil organic matter, and increased precipitation storage in the 

US Great Plains (Logan et al., 1991; Thomas et al., 2007; Triplett and Dick, 2008; Obour et al., 

2017).   

Nitrogen (N) is the most limiting nutrient for crops and is a key component to increasing 

crop yield (Nielsen and Halvorson, 1991; Halvorson and Reule, 1994; Halvorson et al., 2001). 

Because plants acquire N through mass flow, water availability and nitrogen availability are 

intrinsically linked (Plett et al., 2020) and can co-limit crop production (Cossani and Sadras, 

2018). Soil N availability is further regulated by the N cycle and microbial-mediated 

mineralization of organic N into plant-available mineral nitrogen such as nitrate and ammonium 

(Montemurro, 2009; Plett et al., 2020). The mineralization process is influenced by the crop 

production system, tillage, and N fertilizer application method (Wienhold and Halvorson, 1999; 

McConkey et al., 2002). Improved management practices that promote efficient N cycling, such 

as crop rotation, no-tillage (NT), and adequate N fertilizer application can increase cropping 

system nitrogen use efficiency, reduce N loss, and enhance agronomic performance and 

environmental sustainability (Pieri et al., 2011; Sainju et al., 2012; 2014; 2019). Different N 

fertilization strategies have also shown to affect crop yield stability (Raun et al., 1993).  

While yield stability analysis has primarily been developed and used in plant breeding for 

evaluating crop cultivars or genotypes across environments (Yate and Cochran, 1938; Finlay and 

Wilkinson, 1963; Eberhart and Russell, 1966; Crossa, 1988), it has also been used to explore 
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agronomic practices and concepts, including the effects of NT and permanent bed planting on 

yield stability of corn (Zea mays L.) and wheat (Piepho, 1998; Govaerts et al. 2005); the impact 

of soil organic matter on yield stability of cereals (Pan et al. 2009); the impact of different crop 

intensification management practices on wheat grain yield (Jaenisch et al., 2019); the impact of 

fertility management on corn yield stability (Grover et al. 2008); as well as effects of cropping 

sequence diversification on yield stability of corn and soybean (Glycine max) (Gaudin et al. 

2015). Raun et al., (1993) used yield stability analyses in two long-term fertility experiments on 

wheat and corn to determine that beef manure as a N source resulted in a poor wheat response 

compared to a chemical fertilizer treatment particularly when environment means were less than 

2 Mg ha-1. They also used yield stability analysis in an irrigated corn experiment and determined 

that sidedressing with anhydrous ammonia resulted in higher yield more stable as well compared 

to sidedressing or preplanting with urea-ammonium nitrate (Raun et al., 1993).  

Few research studies have focused on the yield stability to explore the effects of long-

term tillage management, crop rotations, and their interaction with fertilization rates. Daigh et al. 

(2018) used stability analysis to conclude that there was no significant difference in yield 

between chisel-plow (CP) and NT managed corn and soybean. Further, yield stability analysis of 

environmental conditions did not show differences between NT and CP among years (Daigh et 

al., 2018). In a 24-year study, Nielson and Vigil (2018) reported that wheat yield was more stable 

for NT wheat-fallow compared to CT wheat-fallow, and that both NT wheat-fallow and CT 

wheat-fallow were more stable than more intensive crop rotations. However, to our knowledge, 

there has been no explicit attempt to quantify yield stability in wheat-sorghum-fallow rotations 

as affected by tillage system and its interaction with N rate in the semi-arid US Great Plains. 
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A stable agronomic system is one in which changes in response to environmental 

conditions are minimized (Lightfoot et al., 1987). Long-term field experiments can help clarify 

the complex plant-soil-climate interactions and their effect on crop yield as well as define the 

most common crop response to different management practices (Lollato et al., 2019). Thus, yield 

stability analysis of long-term studies thus serve an important role for better understanding the 

effects of agronomic practices in different cropping systems that might result from improvements 

to soil quality and storage of C and N (Karlen et al. 2013; van Eerd et al. 2014), as well as the 

year-to-year effects within treatments due to different weather conditions. However, 

interpretation of interaction effects using conventional analysis methods (e.g. analysis of 

variance) is difficult because of the complexity of environmental factors. Particularly, long-term 

field experiments have led to the assumption that agronomic treatments, such as crop rotation 

and fertilization affect the yield stability of wheat, and that higher N fertilization rates result in 

more stable grain yields of winter wheat (Macholdt and Honermeier, 2019). Stability analysis 

thus allows performance of management practices to be evaluated for environmental factors that 

change over time within a given location.  

The agronomic focus is shifting from targeting only high grain yields to more 

ecologically stable wheat cropping systems (Macholdt and Honermeier 2019). Thus, a reliable 

and stable yield under various environmental and agronomic conditions will become increasingly 

relevant. This is particularly the case for the US Great Plains region and its semiarid climate and 

high year-to-year yield variability (Lollato et al., 2017). The study presented here evaluated data 

from a long-term field experiment initiated in 1965 in Western Kansas to evaluate the effects of 

tillage intensity and N fertilizer application rates on wheat and grain sorghum yield and yield 

stability. We hypothesized that increasing N application rates and reducing tillage intensity 
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would increase grain yield and yield stability. The objective of this study was to investigate the 

impact of tillage systems (CT, RT, and NT) combined with different nitrogen fertilization rates 

over  45 years to i) determine the main sources contributing toward yield variability and grain 

yield variation of winter wheat and grain sorghum, ii) explore effects of CT, RT, and NT and N 

fertilization rates on yield stability of winter wheat and grain sorghum. 

 Materials and Methods 

 Site Description and Experimental Design 

This research was conducted using long-term experimental plots initiated in the fall of 

1965 at the Kansas State University Agricultural Research Center near Hays, Kansas (38°86′ N, 

99°27′ W, 610 m elevation) to investigate tillage intensity (CT, RT, and NT) effects on crop 

yields in a winter wheat- grain sorghum-fallow crop rotation system. The soil at the study site 

was a Harney silt loam (fine, montmorillonite, mesic Typic Agriustoll) (Soil Survey Staff, 2010). 

The experiment was modified in 1975 by adding N fertilizer treatments in a split-split-plot 

arrangement of crop phase, tillage, and N application rates with four replications in a randomized 

complete block design. Each phase of the crop rotation and tillage treatment was present in each 

block in each year of the study. The main plots were the crop phase, which consisted of either 

winter wheat, grain sorghum, or fallow (sorghum stubble). Tillage practice was the subplot 

factor, and N rate was the sub-sub plot factor. Whole plot measuring (60.4 m × 30.5 m) 

contained the three tillage treatments (CT, RT, and NT plots). Each tillage practice (20.4 m × 

30.5 m) was subdivided into six sub-plots (3.4 m × 30.5 m), that were assigned to four N 

fertilizer application rates (0, 22, 45, and 67 kg N ha-1) with two unfertilized alleys between 

tillage treatments. The entire study site has not been amended with lime or phosphorus fertilizer 

since its establishment in 1965. Specifics regarding field operations and crop management were 
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presented previously in Thompson and Whitney (2000); and Obour et al., (2015 and 2017). In 

brief, the study was conducted in a WSF rotation with three tillage intensities, CT, RT, and NT 

plots. The CT system was tilled as needed to control weed growth during the fallow periods. On 

average, this resulted in four to five tillage operations prior to each crop, using a sweep plow for 

most tillage operations. The depth of tillage CT plot was plowed and disked to 15 cm soil depth 

to incorporate crop residue using a tandem disk, a one-way plow, and a mulch treader, which 

involves mixing soil and incorporating crop residue to approximately 15 cm depth. The RT 

system originally used tillage operations and were done with a V-blade or sweep plow to control 

weed growth during the fallow period before each crop. Whereas nearly three to four tillage 

operations were performed in the fallow phase prior to winter wheat planting in CT treatment 

plots while two operations occurred in the RT treatment plots. Only, one tillage operation was 

usually performed in both tillage treatments of CT and RT plots prior to sorghum planting. The 

NT system relied solely on herbicides to control weed growth during the growing season and 

fallow periods. Herbicide selection varied year to year due to the weed type for each particular 

year.  

 Weather Influence on Crop Yields  

Weather data including precipitation across years and growing seasons of winter wheat 

and grain sorghum (Figure 4.1 a and b, respectively) were recorded in a weather station 

pertaining to the Kansas Mesonet weather monitoring network (Patrignani et al., 2020). For grain 

sorghum, the precipitation information was grouped into growing season precipitation (PG, 

precipitation from June through October) and total precipitation of the fallow period (PF, 

precipitation in a given year, through March to May). For winter wheat, precipitation information 

was grouped into growing season precipitation (PG, precipitation from October through June), 
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total precipitation during the fallow period (PF, precipitation after grain sorghum harvest 

(October) through October of the following year when winter wheat was sowed), cumulative 

precipitation into fall period (PFall, from Oct. to Dec), into winter period which that affects 

winter survival (Pwinter, from January to March), April which that represents a critical period 

which that affects kernel number determination (PApril), May to June as a grain filling period 

which that affects grain weight (PGFP).  

 Wheat and grain sorghum crop yield 

The data on grain yield for winter wheat and sorghum have been recorded from 1975 to 

2003 for wheat and 1975 to 2002 for sorghum, and from 2013 to 2014 for both crops. There were 

no yield data for wheat or sorghum from 2003 to 2012 or 2002 to 2012, respectively, due to 

changes in research personnel; however, the plots and treatment were maintained throughout the 

study period. Grain yield of both crops was determined by harvesting of 1.7 m wide by 30.5 m 

long from the center of each plot using a Massey Ferguson 8XP small plot combine harvester 

(Massey Ferguson, Duluth, GA). Grain moisture content at harvest was determined using a 

DICKEY-john grain moisture tester (DICKEY-john Inc., Auburn, IL) and then grain yield 

adjusted to 135 g kg-1 water basis. 

 Statistical Analysis Methods 

 Analyses of Variance (ANOVA) 

Data for winter wheat and grain sorghum yield in all years throughout 1975 to 2014 (data 

was missing from 2004 for wheat and 2003–2012 for sorghum) were analyzed for variance 

(ANOVA) using the PROC MIXED procedure in SAS (v. 9.4, SAS Inst., Cary, NC). The Tukey’s 

Honest Significant Difference was used for mean comparisons with an alpha (α) of 0.05. A 

repeated measure analysis was conducted to test the effects of tillage and N fertilizer rates on yield 
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of winter wheat or grain sorghum in the PROC MIXED procedure in. The model included yield 

of winter wheat or grain sorghum as a response variable; tillage practices, N fertilizer rates and 

years as variables; and the interaction of tillage x N fertilizer rate as a fixed effect. The replications 

and replication x tillage and replication x tillage x N fertilizer rates were considered as random 

effects in the mixed model to fit this split-plot design. The final mixed model was selected based 

on Akaike Information Criterion (AIC) (Darlington 1968). Mean separation tests were conducted 

using Tukey’s Honest Significant Difference (HSD) test when there were significant treatment 

effects (P < 0.05). 

Variability of yields  

We also compared the variability of the grain yields of both crops by calculating the 

coefficient of variation (CV) over time for the three tillage practices and N fertilizer rate 

treatments. Analysis of variance was conducted on CV using the output of PROC CAPABILITY 

procedure of SAS (SAS Institute, 2014). Mean CV ‘s of wheat and grain sorghum yields among 

the three tillage practices and four N fertilizer rates, and their interaction were reported along 

with standard error, mean, maximum, and minimum. 

With the significant result showing the potential environmental effect, we further 

investigated the association between grain yield with the weather variables and N fertilizer rates 

that affected yield under each tillage for both crops. The initial screening process was done based 

on Variance Inflation Factors (VIF, Allison, (1999)) for detecting multicollinearity among 

weather variables to remove some overlapping information in the regressors. Then PROC 

GLMSelected in SAS was applied for model selection by including both treatment variables and 

weather variable in the general linear models. The stepwise variable selection procedure (Mantel, 

1970) was used, and the terminating criteria is based on minimizing the predicted residual sum of 
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squares in leave-one-out cross validation (Stone, 1974). The selected influential variables are 

interaction of winter wheat yield under tillage practice with total precipitation of PF, PG, PFall, 

PWinter, PApril, and PGFP. The selected influential variables are interaction of grain sorghum 

under tillage practice with total precipitation of PG and PF. This a multiple linear regression 

model fitting showed the a different period of total precipitation periods and N fertilizer effect 

varies over different tillage practices, by fixing tillage practices, a multiple linear regression 

analysis is conducted to specify the detailed impact of the weather variables change on the winter 

wheat and grain sorghum yields under each tillage practices. 

 Stability Analysis of both Crop Yields 

The stability analysis used in this study is based on a similar analysis described by Raun 

et al., (1993) and adapted from Eberhart and Russell (1966). Stability analysis was used to 

compare yield stability of winter wheat and grain sorghum under three tillage practices, CT, RT, 

and NT, within four N application rates of 0, 22, 45, and 67 kg N ha-1 for 30 years. The models 

regressed yield from each treatment (individual and combination of tillage practices and N 

fertilizer rates) linearly over an environmental index to determine stability within tillage 

practices, N fertilizer rates, and their interaction. The environmental index (Ij) was calculated as 

the mean of all treatments in each year minus the grand mean of all treatments across years. 

The grand mean was calculated as a mean yield average across all the ith treatments and jth years. 

The grand mean could be lower or higher than the mean yield of the specific treatments in a 

given year. Therefore, the environmental index (Ij) value could be negative or positive depending 

on the mean yield of a given year. 

The year or environmental index (Ij) was calculated as follows: 
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𝑰𝒋 =
∑ 𝒀𝒊𝒋𝒊

𝒕
−

∑ ∑ 𝒀𝒊𝒋𝒋𝒊

𝒕𝒚
   Eq. 4 

Where Y represents yield of crops, t represents number of treatments, and y represents the 

study period (years). Steps to determine differences in slope and intercept components for linear 

equations from the stability analysis were derived from Student’s t-test (Zhuang et al., 2008).  

 Results and Discussion 

 Yield Response  

The combined analysis of variance indicated significant effects of year, tillage practice, 

and N fertilizer rate in winter wheat grain yield (Table 4.1). The interactions between year x 

tillage x N fertilizer as well as tillage x N fertilizer were also statistically significant. The 

combined analysis of variance indicated significant differences in grain sorghum yields for the 

year and N fertilizer rates (Table 4.1). There was not significant overall effect of tillage practices. 

The interactions between year x tillage x N fertilizer and tillage x N fertilizer were also 

significant.  

During the study period, winter wheat yield was not significantly (P > 0.05) influenced 

by tillage practices in only seven out of the 31 years (Table 4.2). Yield with CT was superior to 

yield with NT for 21 of the 24 years. Yield under NT was superior to yield under CT in only one 

year of the 24 years. Potential explanations for the increased yield with year of the study may 

include the different varieties adopted in different years of the study and a greater yield potential 

of modern genotypes (Maeoka et al., 2020), improved management practices, and favorable 

weather. Other researchers have indicated that temporal variability in yields may simply be 

caused by environmental factors, such as precipitation and temperature (Hu and Buyanovsky, 

2003; Tannura et al., 2008). 
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Throughout the study period, sorghum yield was not significantly (P>0.05) influenced by 

tillage practices in 13 out of 30 years (Figure 4.3). Grain sorghum yield with CT was superior to 

yield with NT for 11 out 17 years. Yield under NT was superior to yield under CT for only three 

years out 17. CT and NT yield were similar for two years. That could be possible due to soil 

conditions with differing soil water content, NT had greater connecting pores in the soil profile 

and greater infiltration, resulting in higher water retention in the soil; which would indicate that 

higher N fertilization would have more of an impact on yield and its stability then than might be 

different (Smith and Kucera, 2018).  

The decrease in wheat yield under NT and RT may be related to increased competition 

from grass weeds and poor plant stands in the less intensive tillage treatments, due to drier soils 

and heavier residue levels at the time of planting, which warrant greater seeding rates and N rates 

(Staggenborg et al., 2003; Hofmeijer et al., 2019). The findings of this study agree with others 

that concluded that winter wheat yields with NT are less than those reported from CT systems 

(Sharpley and Smith, 1994; López-Bellido and López-Bellido, 2001; Halvorson et al., 2001; 

Camara et al., 2003). These results are also consistent with previous results from this experiment 

field that reported poor control of herbicide tolerant tumble grass [Schedonnardus paniculltus 

(Nutt.) Trel] and windmill grass (Chloris verticillata Nutt.) in the NT plots compared to CT. The 

tumble grass and windmill grass caused significant yield reductions in the NT system 

(Thompson and Whitney, 1998; Obour et al., 2015). At this study, that showed positive influence 

that associated with the summed of April precipitation; with an average 5 kg ha-1 per one mm 

observed for the winter wheat for all CT, RT, and NT (Table 4.7). Winter wheat under CT and 

RT responded to the total precipitation during the fallow period (1.4 and 1.2 kg ha-1 per one mm-

1, respectively) compared to NT, which was less than one kg ha-1 per one mm. Although our 
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treatment of tillage practices was responded very differently to the sum of PWinter precipitation. 

Yield of winter wheat under RT was showed highest by one kg ha-1 for each mm compared to 

CT and two kg ha-1 for each mm compared to NT (Table 4.7). For grain sorghum, yield 

responded to total precipitation during the growing season PG and PF (Table 4.8). At this study, 

that showed positive influence that associated with the summed of PG; with an average 5 kg ha-1 

per one mm observed for the grain sorghum for all CT, RT, and NT. Whereas, the yield of grain 

sorghum with CT and RT were responded to PF (of March to May; with an average 3 kg ha-1 per 

one mm observed (Table 4.8). Likewise, NT can increase surface soil compaction, restricting 

root growth and preventing adequate drainage (Howeler et al., 1993). 

Several factors may have contributed to the advantage of CT as compared to NT. For 

instance, either improved N mineralization rate and its availability with CT compared to NT, or a 

slower rate of net N mineralization from organic matter under NT, may have increased yields in 

CT in this study which likely were N limited (McConkey et al., 2002). Another factor may have 

been increased temporal losses of N by immobilization (Rice and Smith, 1984). Also, lower 

herbicide efficacy because of crop residues may also have led to CT being favorably compared 

to NT (Teasdale and Rosecrance, 2003; Chauhan et al., 2012). These differences in yield of 

winter under treatment of tillage practices were mostly due to differences in growing season 

precipitation distribution of timing and quantity over the long-year study as well as its 

responded. While winter wheat yield under NT responded less by summed of growing season 

precipitation PF, PWinter, and PApril compared to yield under CT or RT (Table 4.7). Then these 

period precipitations were the most and significant factor of determining winter wheat yield for 

all the tillage practices.  
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During the study period, winter wheat and grain sorghum yields were significantly 

influenced by N fertilizer rates in 31 out of 31 years and 27 out of 30 years, respectively (Table 

4.2 and 4.3). Also evident in this study was that increasing N fertilizer rates led to increased 

winter wheat and grain sorghum yields. The highest yield was obtained with 67 kg N ha-1 and the 

lowest yield was with the unfertilized control for both crops (Table 4.4 and 4.5). The fact that the 

highest N rate was the one usually resulting in greatest grain yield suggests that the N rates 

evaluated in this study were likely still limiting yields. These results align with previous research 

summarizing 155 site-years of field experiments in a neighboring state in which the optimum N 

rate for wheat yield was c.a., 90 kg N ha-1 (Lollato et al., 2020). Additionally, winter wheat 

responded more to N fertilizer rate under NT (16 kg ha-1 for each kg N ha-1) compared to CT or 

RT (13 kg ha-1 for each kg N ha-1) (Table 4.7). Grain sorghum yield response to N rate was 18 kg 

ha-1 for each kg N ha-1 with RT or NT compared to CT 15 kg ha-1 for each kg N ha-1 (Table 4.8). 

Several factors may have contributed to the advantage of CT as compared to NT. For 

instance, either improved N mineralization rate and its availability with CT compared to NT, or a 

slower rate of net N mineralization from organic matter under NT, may have increased yields in 

CT in this study which likely were N limited (McConkey et al., 2002). Another factor may have 

been increased temporal losses of N by immobilization (Rice and Smith, 1984). As well as lower 

herbicide efficacy because of crop residues may also have led to CT being favorably compared 

to NT (Teasdale and Rosecrance, 2003; Chauhan et al., 2012). 

 Stability Analysis 

This study demonstrated that tillage practices and N fertilizer rates can influence the 

temporal variability and stability of wheat and sorghum grain yields. It is difficult to determine 

the exact cause of these differentials.  
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When averaged across the four N fertilizer rates treatments, CV of winter wheat yields 

under NT was 34% higher than CT and similar to RT at 33% (Table 4.4). The CV of grain 

sorghum yields with NT was 41% higher than CT and RT, whereas the CT and RT were 37% 

(Table 4.5). NT yields had the most variable yields across three tillage practices in both crops. 

That was agreed with Pittelkow et al. (2015), who found significant annual variability of yield 

was shown with NT or retention crop residues.  

This study demonstrated that N fertilizer can influence the temporal variability of crop 

yields. In the CV analysis, applying N rates of 22 to 67 kg N ha-1 produced the least variable 

winter wheat yields. The control unfertilized treatment variability was the highest at 32%; the 

variability of the rest of the N application rates was 29%. For grain sorghum, the CV of the 

unfertilized control and 45 kg N ha-1 were 37%. The CVs of 22 kg N ha-1 and 67 kg N ha-1 were 

36% for grain sorghum yields (Table 4.5).  

A comparison of the yield CVs of tillage practices into each N rate showed that NT in 22 

kg N ha-1 to 67 kg N ha-1 had lower CVs (c.a., 26 to 28%) than CT or RT for winter wheat yield 

(c.a., 28 to 30%) (Table 4.4). The opposite was true for grain sorghum yields, in which NT in 22 

kg N ha-1 to 67 kg N ha-1 have highest variation (CV = 39%) when compared to CT or RT (Table 

4.5). This study showed less variability of winter wheat yield with an increasing N fertilizer rate, 

which agrees with Macholdt et al. (2020), who reported that mineral N fertilization led to lower 

yield variability of winter wheat.  

The stability analysis provided a valid means of assessing this dataset and visualizing 

treatment interactions with the environment index (Figure 4.2 and 4.3 and Table 4.6). Yield was 

significantly correlated with the environmental index at all cases, and the variability about the 

intercept and slope components increased as N rate increased for both winter wheat (Table 4.4 
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and 4.6) and grain sorghum (Table 4.5 and 4.6). This indicates that increases in N rate increased 

mean yield (intercept) and yield increases were greater at higher yielding environments (slope). 

Likewise, intensity of tillage practices increased the variability in the intercept and slope 

components. For example, CT and RT’s had similar intercepts and slopes as compared to NT for 

winter wheat (Figure 4.2A and Table 4.6A). For grain sorghum, there were no significant 

differences among tillage practices for intercepts and slopes (Figure 4.2B and Table 4.6B). In 

general, the yield stability was lowest in NT and highest in CT for winter wheat, as evidenced by 

lower R2 (Figure 4.2A and Table 4.6A). A potential explanation for less yield and stability under 

NT is that there was evidence of vertical nutrient stratification, especially phosphorus (P), with 

NT system near the soil surface in these plots (Obour et al., 2017). This likely corresponded with 

poor root growth in the soil surface and might have reduced dry matter and P uptake by wheat 

(Cornish, 1987). Additionally, NT can affect the availability of N as well as the response to 

application of N fertilizers (Armstrong et al., 2015) due to greater of N immobilization in this 

system (Rice and Smith, 1984; Rasmussen and Rohde, 1991). 

N fertilizer rates affected yield stability for both winter wheat and grain sorghum. The 

yield stability was impacted by tillage practices within each N rate. This result could be because 

wheat plants can exploit the prevailing growing conditions better and be more resilient to 

environmental stress, especially under conditions of sufficient, plant-available N supply and 

higher accumulated soil N content, with related higher mineralization rates (St-Martin et al., 

2017; Macholdt et al., 2020). 

The response to N fertilizer rates was environment-specific. Linear regression equations 

were all significant, and significant differences in both slopes and intercepts were found in both 

winter wheat (Figure 4.4A and Table 4.4 and 4.6A) and grain sorghum (Figure 4.4B and Table 
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4.5 and 4.6A). The yield stability was lowest in 0 kg N ha-1 and highest in 67 kg N ha-1, as 

evidenced by differences in R2 of the linear regression equation. This yield stability ranking of 

67>45 and 22> 0 kg N ha-1 was evident in this study for both crops. Mineral N fertilization has a 

positive effect on plant growth, root growth (Forde, 2002) and root density (Rasmussen et al., 

2015), providing benefits for plants with regard to water and nutrient uptake capacity. For winter 

wheat, the most stable yields were obtained in all N fertilizer rates that had CT treatments 

compared to NT, which agreed with Macholdt and Honermeier (2019), who reported that NT had 

neutral or even negative effects on the yield stability of a wheat production system. They 

suggested that this fact could be due to root distribution with different tillage practices. Another 

study suggested that the root length density with CT was higher than in NT in the upper soil 

layer (0 to 5 cm), similar to NT from 5 to 10 cm, and lower than in NT from 10 to 30 cm (Qin et 

al., 2004). However, for grain sorghum, the equations did not show a clear trend in the intercept 

and slope components as related to the evaluated treatments. 

  For winter wheat, there were significant differences and greater slopes or intercepts with 

CT within N fertilizer rates 0, 22, 45, and 67 kg N ha-1 compared to NT (Figure 4.4A, 4.5A, 

4.6A, and 4.7A, and Table 4.6A). The most stable yields were obtained in 67 kg N ha-1 treated 

under CT, were highly significant (Table 4.6), and had a greater intercept and slope when 

compared to those of NT (Figure 4.8 and Table 4.4). Fertilizer can increase wheat yield and its 

stability by improving the soil fertility and reducing the variability (Chen et al., 2018). There 

were not significant differences in slopes or intercepts among tillage practices within N fertilizer 

rates 0, 22, 45, and 67 kg N ha-1 for grain sorghum (Figure 4.4B, 4.5B, 4.6B, and 4.7B, and 

Table 4.6B). It is important to mention this experiment study had not received P fertilizer or 

liming since it started in 1965, as an adequate P supply from soil or applying fertilizer during 
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early crop development is critical for plant growth and resulting in crop growth and yield (Grant 

et al., 2001; Armstrong et al., 2015). According to McBeath et al. (2012), adding P fertilizer 

would help to accelerate utilization of soil P not just from the soil surface, but also from subsoil. 

Though, adding both N and P fertilizers had increased overall root growth, that would have 

helped the crop to maintain more of soil P (Armstrong et al., 2015). 

 Conclusion and Summary 

The data created from this long-term experimental study of winter wheat-grain sorghum- 

fallow production systems showed temporal variability in yield for both crops, which was 

evident with all treatment combinations. Results of using analysis of variance indicated tillage 

practices were a significant factor for predicting yield in 24 out of 31 years (77% of years) for 

winter wheat in 17 out 30 years (57% of years) for grain sorghum. N fertilizer rate was a 

significant factor for predicting yield in 31 out of 31 years (100% of years) for winter wheat in 

27 out 30 years (90% of years) for grain sorghum during the study periods at significant level of 

0.05. There was lowest yield variability with NT into each N fertilizer rates compared CT or RT 

for winter wheat, but highest for grain sorghum. The amount of precipitation and distribution 

throughout the growing season or during the preceding fallow period, was the most important 

factor influencing winter wheat and grain sorghum yields and determining N fertilizer responses. 

Stability analysis was useful to untangle year to year yield variability as influenced by the 

temporal variability and the year × treatments (e.g., tillage practices or N fertilizer rates) 

interaction was highly significant (P < 0.0001). Yield stability analysis of winter wheat indicated 

that NT system responded poorly or equally compared to intensive tillage practices of CT or RT 

in the low yielding environments less than 1 Mg ha-1. In high yielding environments (i.e., more 

than 1 Mg ha-1, and we note that “high yielding” is within the context of this experiment), CT or 
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RT seem to produce higher yield than NT system. In general, treatments receiving N application 

were more stable and greater than unfertilized control for winter wheat and grain sorghum crops. 

Overall, stability analysis indicated that the integrated use of tillage practices with N fertilizer 

application were generated suitable yield across all the environments than NT, in increasing and 

sustaining the productivity of winter wheat yield.
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Figure 4.1 Selected precipitation periods during fallow period (PF), in the growing season (PG), and sum of March to May, January to 

March (PWinter) and April (PApril) of each given year for winter wheat (A) and grain sorghum (B) in Hays, KS
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Figure 4.2 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by tillage practices across N fertilizer rates in Hays, KS, 1975-

2014
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Figure 4.3 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by N fertilizer rates across tillage practices in Hays, KS, 1975-

2014
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Figure 4.4 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by tillage practices at N fertilizer rate of 0 kg ha-1 in Hays, KS, 

1975-2014
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Figure 4.5 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by tillage practices at N fertilizer rate of 22 kg ha-1 in Hays, KS, 

1975-2014
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Figure 4.6 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by tillage practices at N fertilizer rate of 45 kg ha-1 in Hays, KS, 

1975-2014
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Figure 4.7 Linear regression of winter wheat (A) and sorghum grain (B) yield on the 

environment index as affected by tillage practices at N fertilizer rate of 67 kg ha-1 in Hays, KS, 

1975-2014
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Table 4.1 The analysis of variance for winter wheat yield and grain sorghum of 404 plots in 

Hays, KS, with three different constant tillage practices (conventional tillage, reduced tillage, 

and no-tillage) nested with four nitrogen (N) fertilizer rates (0, 22, 45, and 67 kg N/ ha) 
 

Yield of winter wheat Yield of grain sorghum 

Treatment factors DF† F Value Pr > F DF† F Value Pr > F 

Year 30 449.4 <0.0001 29 305.4 <0.0001 

Tillage 2 104.0 <0.0001 2 2.31 0.1806 

Year × tillage 60 16.11 <0.0001 58 6.56 <0.0001 

N rate 3 1824 <0.0001 3 306.6 <0.0001 

Year × N rate 90 18.58 <0.0001 87 5.80 <0.0001 

Tillage × N rate 6 9.34 <0.0001 6 1.50 0.1756 

Year × tillage × N rate 180 1.45 0.0003 174 1.04 0.3695 

†DF indicates degrees of freedom. 

‡F value is an output from the statistical model. 

§Pr > F is the probability of a greater F-value and indicates a p-value for the effect of model on responses at the 

level of significance. Tests were performed with an α of 0.05.  
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Table 4.2 Analysis of variance summary of the effects of tillage (TILL), N fertilizer rate (NR), 

and their interactions on winter wheat grain yield at each year from 1975 to 2014 (Noted: data 

are missing from 2004 2012 for winter wheat) 

year/ 

factor 

Till N Rate Till x N Rate year/ 

factor 

Tillage N Rate Till x N Rate 

P-value P-value 

1975 0.0864 <.0001 0.2315 1991 0.0137 <.0001 <.0001 

1976 0.0004 <.0001 0.0017 1992 0.0004 <.0001 <.0001 

1977 <.0001 <.0001 0.0008 1993 <.0001 <.0001 <.0001 

1978 0.0104 <.0001 0.0129 1994 <.0001 <.0001 <.0001 

1979 <.0001 <.0001 0.0633 1995 <.0001 <.0001 <.0001 

1980 <.0001 <.0001 0.0021 1996 <.0001 <.0001 <.0001 

1981 0.0003 <.0001 0.0013 1997 0.0002 <.0001 0.0012 

1982 <.0001 <.0001 <.0001 1998 0.0067 <.0001 <.0001 

1983 0.7358 <.0001 0.0241 1999 0.2402 <.0001 0.3023 

1984 0.0145 <.0001 0.0428 2000 0.2170 <.0001 0.0590 

1985 0.0350 <.0001 <.0001 2001 <.0001 <.0001 0.0019 

1986 0.0044 <.0001 0.0007 2002 <.0001 <.0001 0.0759 

1987 0.0003 <.0001 0.9375 2003 0.0007 <.0001 <.0001 

1988 <.0001 <.0001 0.0124 2013 0.5792 <.0001 0.2117 

1989 0.1496 <.0001 0.2369 2014 0.5232 0.0098 0.8011 

1990 <.0001 <.0001 0.0289 
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Table 4.3 Analysis of variance summary of the effects of tillage (TILL), N fertilizer rate (NR), 

and their interactions on winter wheat grain yield (kg/ha) at each year from 1975 to 2014 (Noted: 

data are missing from 2003 2012 for grain sorghum) 

year/ 

factor 

Till N Rate Till x N Rate year/ 

factor 

Tillage N Rate Till x N Rate 

P-value P-value 

1975 0.3275 0.0019 0.6868 1990 0.0206 <.0001 <.0001 

1976 0.4066 0.1838 0.7977 1991 <.0001 <.0001 0.0001 

1977 0.0898 <.0001 0.9657 1992 0.0041 <.0001 0.8465 

1978 0.0191 0.2756 0.7962 1993 0.0041 <.0001 0.3428 

1979 0.1631 <.0001 0.0046 1994 <.0001 <.0001 <.0001 

1980 0.0015 <.0001 0.1353 1995 <.0001 <.0001 <.0001 

1981 0.3117 <.0001 0.1070 1996 <.0001 <.0001 <.0001 

1982 0.4993 <.0001 0.1310 1997 0.0119 <.0001 0.0002 

1983 <.0001 <.0001 <.0001 1998 <.0001 <.0001 <.0001 

1984 0.0011 <.0001 0.2972 1999 0.2910 <.0001 0.0349 

1985 0.9687 <.0001 0.2138 2000 0.9381 0.0001 0.0001 

1986 0.8885 <.0001 0.0779 2001 <.0001 <.0001 0.0001 

1987 <.0001 <.0001 0.0005 2002 0.1164 <.0001 0.0629 

1988 0.0020 <.0001 0.1014 2013 0.6835 <.0001 0.0685 

1989 0.0172 <.0001 0.7007 2014 0.2963 0.1424 0.3126 
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Table 4.4 Linear regression analysis of grain yield stability of winter wheat on environment 

index in 404 plots in Hays, KS, with three different constant tillage practices (CT, RT, and NT) 

nested with four nitrogen rates (NR) (0, 22, 45, and 67 kg N/ ha), and their interaction 

†Significant differences in yield within each factor or interaction are indicated, where any yields with different 

letters are significantly different at the P < 0.05 level 
‡Std. error indicates standard error 

§C.V. is presented the coefficient of variability of the mean 
*R2 is the coefficient of determination and indicates a significant linear regression model of yield with environment 

mean at the with an α of 0.05. 

Treatment Max Min Intercept† 
Std. 

error‡ 
Slope 

Std. 

error‡ 
 

Root 

MSE 
R2 * C.V.§ 

CT 4.68 0.81 2.38a 0.02 1.08 0.04 0.48 0.64 33 

RT 5.17 0.76 2.33a 0.03 1.07 0.04 0.46 0.66 33 

NT 4.14 0.45 2.14b 0.02 0.85 0.04 0.54 0.46 34 

N 0 3.14 0.45 1.70d  0.02 0.70 0.03 0.36 0.56 32 

N 22 4.38 0.91 2.24c 0.02 0.97 0.03 0.30 0.79 29 

N 45 4.61 1.13 2.53b 0.02 1.12 0.03 0.30 0.83 29 

N 67 5.17 1.13 2.68a 0.02 1.22 0.03 0.33 0.83 29 

CT N0 3.01 0.81 1.82a  0.03 0.75 0.05 0.33 0.65 30 

RT N0 3.14 0.76 1.78a 0.03 0.79 0.05 0.32 0.69 32 

NT N0 2.50 0.45 1.51b 0.03 0.55 0.05 0.35 0.47 31 

CT N22 4.38 1.01 2.35a  0.03 1.07 0.04 0.28 0.84 29 

RT N22 4.12 1.00 2.30a  0.02 1.04 0.03 0.22 0.89 28 

NT N22 3.40 0.91 2.05b 0.02 0.79 0.04 0.26 0.76 26 

CT N45 4.61 1.18 2.62a 0.03 1.22 0.04 0.27 0.87 29 

RT N45 4.45 1.13 2.58a 0.02 1.19 0.05 0.22 0.91 28 

NT N45 3.89 1.14 2.40b 0.03 0.96 0.05 0.32 0.76 27 

CT N67 4.68 1.27 2.73a 0.03 1.26 0.05 0.33 0.84 30 

RT N67 5.17 1.13 2.68ab 0.03 1.27 0.05 0.31 0.86 30 

NT N67 4.17 1.22 2.62b 0.03 1.12 0.05 0.33 0.80 28 
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Table 4.5 Linear regression analysis of grain yield stability of grain sorghum (Mg ha-1) on 

environment index in 404 plots in Hays, KS, with three different constant tillage practices (CT, 

RT, and NT) nested with four nitrogen rates (NR) (0, 22, 45, and 67 kg N/ ha), and their 

interaction 

†Significant differences in yield within each factor or interaction are indicated, where any yields with different 

letters are significantly different at the P < 0.05 level 
‡Std. error indicates standard error 

§C.V. is presented the coefficient of variability of the mean 
*R2 is the coefficient of determination and indicates a significant linear regression model of yield with environment 

mean at the with an α of 0.05. 

Treatment Max Min Intercept† 
Std. 

error‡ 
Slope 

Std. 

error‡ 
 

Root 

MSE 
R2 * C.V.§ 

CT 10.5 0.75 4.27a 0.04 0.97 0.03 0.80 0.74 37 

RT 9.80 0.97 4.28a 0.04 0.98 0.03 0.78 0.75 37 

NT 10.4 0.58 4.16a 0.04 1.05 0.03 0.88 0.73 41 

N 0 8.1 0.58 3.54d 0.04 0.78 0.03 0.72 0.70 37 

N 22 9.7 0.77 4.17c 0.03 1.00 0.02 0.61 0.84 36 

N 45 10.5 0.77 4.55b 0.03 1.12 0.03 0.64 0.85 37 

N 67 10.4 0.89 4.70a 0.04 1.10 0.03 0.69 0.83 36 

CT N0 8.08 0.75 3.62a 0.07 0.81 0.05 0.73 0.71 37 

RT N0 6.80 0.97 3.56ab 0.06 0.73 0.04 0.65 0.71 34 

NT N0 7.94 0.58 3.44b 0.07 0.83 0.05 0.77 0.69 40 

CT N22 8.70 1.11 4.27a 0.05 0.97 0.04 0.59 0.84 35 

RT N22 7.97 1.25 4.18a 0.05 0.97 0.04 0.54 0.86 35 

NT N22 9.68 0.77 4.06a 0.06 1.04 0.04 0.67 0.82 39 

CT N45 10.5 1.31 4.51a 0.06 1.06 0.05 0.68 0.82 36 

RT N45 9.78 1.11 4.65a 0.05 1.13 0.04 0.60 0.88 36 

NT N45 8.69 0.77 4.48a 0.06 1.16 0.04 0.64 0.87 39 

CT N67 8.79 1.34 4.68a 0.06 1.04 0.05 0.70 0.81 34 

RT N67 8.05 1.52 4.75a 0.05 1.09 0.04 0.54 0.89 34 

NT N67 10.4 0.89 4.66a 0.07 1.17 0.05 0.80 0.81 39 
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Table 4.6 Differences in slopes and intercepts for treatment of tillage practices (CT, RT, and 

NT), N fertilizer rates (NR) (0, 22, 45, and 67 kg N/ ha) regression equations of winter wheat for 

31 years and grain sorghum for 30 year of the study periods; in 404 plots in Hays, KS 

Crops A-Winter Wheat B-Grain Sorghum 

Comparison 
t-intercept 

t-calc             PR> |t| 

t-slope 

t-calc        PR> |t| 

t-intercept 

t-calc      PR> |t| 

t-slope 

t-calc          PR> |t| 

Tillage practices  

CT vs. RT 1.14 0.2649 0.07 0.9428 -0.28       0.7833 -0.32         0.7487 

CT vs. NT 7.29 <.0001 4.05 0.0003  2.00        0.0546 -2.02         0.0533 

RT vs. NT 4.54 <.0001 4.08 0.0003  2.29        <.0001 -1.73        0.0935 

N fertilizer rates 

0 vs. 22 -22.15 <.0001 -6.44 <.0001 -12.57       <.0001 -5.75          <.0001 

0 vs. 45 -34.31 <.0001 -10.14 <.0001  -19.69       <.0001 -8.93         <.0001 

0 vs. 67 -38.63 <.0001 -12.02 <.0001  -22.00       <.0001 -8.14          <.0001 

22 vs. 45 -13.67 <.0001 -4.16 0.0003 -8.10        <.0001 -3.63          <.0001 

22 vs. 67 -19.31 <.0001 -6.48 <.0001 -10.96       <.0001 -2.93          0.0065 

45 vs. 67 -6.29 <.0001 -2.52 0.0173  -3.07        0.0046 0.55          0.5845 

Tillage practices and N fertilizer rates 

0 CT vs. 0 RT 0.95 0.3514 -0.58 0.5671 0.71         0.4815 1.32          0.1970 

0 CT vs. 0 NT 7.22 <.0001 2.79 0.0091 1.85         0.0748 -0.22         0.8302 

0 RT vs. 0 NT 6.42 <.0001 3.40 0.0019 1.26         0.2168 -1.51         0.1419 

22 CT vs. 22 RT 1.62 0.1158 0.64 0.5270 1.26        0.2184 -0.00          0.9994 

22 CT vs. 22 NT 8.74 <.0001 4.84 0.0091 2.53        0.0171 -1.09          0.2851 

22 RT vs. 22 NT 8.06 <.0001 0.73 0.9428 1.56        0.1305 -1.13          0.2668 

45 CT vs. 45 RT 1.43 0.1635 0.60 0.5506 -1.78        0.0863 -130          0.2057 

45 CT vs. 45 NT 5.98 <.000 4.08 0.0003 0.32        0.7545 -1.70          0.1019 

45 RT vs. 45 NT 5.19 <.0001 3.88 0.0005 2.19        0.0371 -0.47          0.6451 

67 CT vs. 67 RT 1.20 0.2398 -0.18 0.8612 -0.77        0.4506 -0.95          0.3520 

67 CT vs. 67 NT 2.65 0.0127 2.05 0.0490 0.21        0.8324 -1.88          0.0702 

67 RT vs. 67 NT 1.54 0.1341 2.29 0.0290 0.94        0.3568 -1.21          0.2374 
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Table 4.7 Linear regression analysis over 31-yr study periods (1975 through 2014) of winter 

wheat yields as a function of N fertilizer rate (N rate, Kg N ha-1), total precipitation of fallow 

(PF, from Nov. to September) and through growing season precipitation of PWinter (Jan. 

through March) and PApril (summed of April.),by each tillage practices (CT, RT, and NT) 

Tillage Variables 
Regression 

coefficient 
p-value Regression statistic 

CT   

Intercept 419 0.0032  

N rate 13.4 <.0001  

PF 1.4 <.0001  

PWinter 6.4 <.0001  

PApril 5.4 <.0001  

R2†   0.40 

p‡   <.0001 

Cp¶   5.0000 

 

 

RT 

  Intercept 484 0.0004  

N rate 13.3 <.0001  

PF 1.2 <.0001  

PWinter 7.0 <.0001  

PApril 4.1 <.0001  

R2†   0.42 

p‡   <.0001 

Cp¶   5.0000 

 

 

NT 

  Intercept 598 <.0001  

N rate 16.4 <.0001  

PF 0.90 <.0001  

PWinter 4.8 <.0001  

PApril 4.5 <.0001  

R2†   0.46 

p‡   <.0001 

Cp¶   5.0000 

† The Coefficient of determination 
‡ The probability that the regression or regression coefficient was significant 
¶ The Cp is Mallows’ Cp statistic.
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Table 4.8 Linear regression analysis over 30-yr study periods (1975 through 2014) grain 

sorghum yields as a function of N fertilizer rate (N rate, kg N ha-1), total fallow precipitation (PF, 

mm, from March through May) and growing season precipitation (PG, mm, from June through 

October) for each tillage practices (CT, RT, and NT) over four growing seasons at Hays, KS 

Tillage Variables Regression coefficient p-value Regression statistic 

 

 

CT 

Intercept 1678 <.0001  

N rate 15.3 <.0001  

PG 4.9 <.0001  

PF 2.8 0.0068  

R2†   0.19 

p‡   <.0001 

Cp¶   4.0000 

 

 

RT 

Intercept 2071 <.0001  

N rate 18.0 <.0001  

PG 3.7 <.0001  

PF 2.4 0.0224  

R2†   0.15 

p‡   <.0001 

Cp¶   4.0000 

 

NT 

Intercept 1909 <.0001  

N rate 18.2 <.0001  

PG 5.1 <.0001  

R2†   0.20 

p‡   <.0001 

Cp¶   2.2617 

† The Coefficient of determination 
‡ The probability that the regression or regression coefficient was significant 
¶ The Cp is Mallows’ Cp statistic.
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