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Abstract 

Kansas is the top wheat-producing state in the United States, producing around 7.9 Mt of grain 

annually. Most of this wheat is hard red winter wheat (Triticum aestivum L.), grown in the 

water-limited regions of western and central Kansas. Although rainfed grain-only production 

systems are dominant, Kansas is home to a diversity of other wheat production systems. This 

thesis explores two alternative wheat cropping systems - dual-purpose wheat and irrigated wheat 

- through the lenses of profitability and sustainability. The first study (chapter two) addressed 

dual-purpose wheat and aimed to assess and optimize timing recommendations for grazing 

cessation. A thorough literature review revealed that the current recommendation to terminate 

grazing at 1.5 cm of hollow stem lacks scientific backing. Building on this, nine years of field 

data from Hutchinson, Kansas, were analyzed to better inform grazing termination 

recommendations. Each year, dual-purpose and grain-only management experiments were sown 

within the same field, along with a third experiment planted with the same management as the 

dual-purpose plots but not defoliated and instead used to monitor crop development. Results 

showed that the current 1.5 cm recommendation is too late to avoid grain yield penalization, and 

that grain yield reduction begins at approximately 0.6 cm of hollow stem. Economic analysis 

further revealed that increases in forage from extended grazing rarely offset monetary losses 

from reduced grain yield. Chapter three examined irrigated wheat production as a strategy to 

improve the sustainability of groundwater use in the High Plains Aquifer. Regional-scale, 

sustainable irrigation targets were developed based on maintaining long-term aquifer water 

balance (Irr Q-stable), and crop simulations using DSSAT v4.6.1.0 (CERES-Wheat and CERES-

Maize) were conducted for continuous maize, continuous wheat, and maize–wheat rotations 

across 30 years of historical weather in nine regions. Results demonstrated that crop choice is a 



  

powerful driver of irrigation sustainability: continuous wheat remained within sustainable 

irrigation limits across all regions, whereas continuous maize frequently exceeded those limits, 

indicating that shifts toward wheat or maize–wheat rotations can substantially reduce 

groundwater pumping without reducing irrigated land area. Survey data from irrigated wheat 

producers supported these findings, with 85% of fields remaining below sustainable pumping 

thresholds. Crop modeling further showed that, while most producers already apply irrigation 

volumes near those required to achieve yield potential, optimizing irrigation timing enabled 77% 

of surveyed fields to reach within 10% of their simulated yield potential. These findings 

highlight that improving irrigation scheduling and agronomic management, alongside strategic 

crop selection, offers a pathway to increase water use efficiency.  Together, these chapters 

provide evidence-based recommendations to improve the profitability of dual-purpose wheat and 

the long-term sustainability of irrigated wheat production, demonstrating how management and 

cropping system decisions can simultaneously support producer profitability and conserve 

groundwater resources in often overlooked Kansas wheat production systems. 
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Chapter 1 - Introduction 

Wheat has been intertwined with human civilization since its domestication roughly 

10,000 years ago (Awika et al., 2011). Common expressions such as “bread and butter” or “to 

break bread” highlight how deeply wheat is tied to the foundations of human livelihood and 

connection. Today, wheat remains the most extensively cultivated cereal grain worldwide 

(Khalid et al., 2023), supplying approximately 55% of global carbohydrate intake and 21% of 

total food calories (Erenstein et al., 2022). In 2025, global wheat production reached 844.36 

million metric tons (United States Department of Agriculture, Farm Service Agency. (2025). 

underscoring its continued central role in global food systems. Within this global context, the 

United States ranks as the fifth largest wheat producer, contributing about 6% of total world 

production (United States Department of Agriculture, Farm Service Agency. (2025). Kansas 

leads national production, accounting for 16.5% of the U.S. planted wheat area in 2025 (United 

States Department of Agriculture, Farm Service Agency. (2025). As the global population 

continues to rise (10.3 billion expected by the mid-2080s) and demand for staple crops increases 

(United Nations Department of Economic and Social Affairs, Population Division, 2024), 

wheat’s importance to food security will only intensify. For Kansas growers, this puts increasing 

emphasis on improving productivity while navigating constraints on land, water, and other 

essential resources.  

In Kansas, the 10-year average wheat yield from 2016 to 2026 was 2.95 Mg/ha, with 

large variation depending on geographic location within the state and growing season conditions 

(United States Department of Agriculture, National Agricultural Statistics Service, 2026). 

Kansas spans a pronounced precipitation gradient, with eastern regions receiving 1100 mm of 

annual rainfall and western regions receiving as little as 450 mm (Lollato et al., 2020). This 
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gradient strongly influences crop choices. Because of its drought tolerance and relatively low 

water requirements, ~500 mm of available water (Zhang et al., 2024), wheat is most heavily 

produced in the water-limited western and central regions of the state, where limited 

precipitation makes dryland production of other crops such as corn and soybeans difficult. The 

vast majority of Kansas wheat planted each year is hard red winter wheat (95% in 2025), grown 

under rainfed conditions (93.3% in 2025), and produced for grain (85.4% in 2025) (United States 

Department of Agriculture, Farm Service Agency, 2025). Despite these being the majority 

production systems, Kansas is home to a diverse range of wheat production systems.  

One such system is dual-purpose wheat, in which winter wheat is managed for both forage and 

grain. This system allows growers to capitalize on fall and winter biomass production while still 

harvesting grain, providing flexibility, risk management, and a strong complement to the 

region’s substantial cattle industry (United States Department of Agriculture, National 

Agricultural Statistics Service, 2022). Dual-purpose systems are typically planted with different 

management practices than grain-only fields (higher seeding rate, earlier planting date) with the 

goal of promoting biomass production (Lollato et al., 2017). Current recommendations 

emphasize removing cattle at first hollow stem to avoid grain yield penalties, as first hollow stem 

marks the onset of stem elongation and the crop’s increasing sensitivity to defoliation (Holman et 

al., 2017). The widespread adoption of dual-purpose systems in Kansas reflects the economic 

importance and the need for improved, regionally relevant management guidelines. 

A second, less common wheat production system in Kansas is the use of irrigation. 

Irrigated wheat, though representing only 6.7% of the state’s total wheat area, remains an 

important production system. This relatively small proportion still accounts for roughly 218 

thousand hectares, greater than the total wheat area in all but 14 U.S. states (United States 
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Department of Agriculture, Farm Service Agency, 2025). In western Kansas, irrigated wheat 

production is shaped by declining well capacities and long-term reductions in saturated thickness 

of the High Plains aquifer (Buchanan et al., 2023; Scanlon et al., 2020). Many wells have already 

experienced declines in pumping capacity, reducing producers’ ability to meet peak water 

demands for crops such as corn. As a result, irrigated wheat, requiring substantially less water, 

can serve as a stabilizing component of rotations under diminishing groundwater availability. 

Regional water-management entities have implemented pumping restrictions, multi-year 

allocations, and conservation incentives that are expected to tighten further as groundwater levels 

continue to fall. In this context, irrigated wheat offers potential advantages due to its peak water 

demand occurring in times of lower ET demand (Kansas State University Research and 

Extension, 2015), its compatibility with deficit-irrigation strategies (Karrou et al., 2011; Zhang et 

al., 2025), and its role in rotations designed to reduce irrigation water usage (Yang et al., 2025) 

to sustainable levels. However, to make irrigated wheat successful, research is needed to 

understand how to best manage wheat in irrigated conditions and its true potential to be managed 

within the confines of aquifer sustainability. 

Given the relevance of dual-purpose and irrigated wheat systems to Kansas producers, 

the overarching objectives of this thesis are i) to define optimal timing of grazing termination in 

dual-purpose fields to avoid grain yield penalties while considering the forage benefits of the 

system, and ii) to assess current management practices in irrigated wheat systems to understand 

the role of irrigated wheat in maintaining aquifer longevity. 
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Chapter 2 - Rethinking timing of grazing termination in dual-

purpose wheat systems: A review and field studies 

 

 Abstract 

Dual-purpose crops are managed for both forage and grain production. In the United 

States Great Plains region, winter wheat (Triticum aestivum L.) is commonly grazed by cattle 

(Bos Taurus L.). Successful management requires termination of grazing early enough to avoid 

grain yield penalties but late enough to produce profitable forage. Current recommendations 

define optimal termination as 1.5 cm of hollow stem, though this threshold is poorly supported in 

literature. To evaluate the accuracy of this recommendation, nine years of field data from 

Hutchinson, Kansas, were analyzed. Wheat varieties were grown annually in dual-purpose and 

grain-only experiments. Dual-purpose plots were sown early at high seeding rates and fertilized 

to promote fall forage production, and mechanically defoliated weekly to simulate grazing; 

hollow stem was measured destructively in adjacent undefoliated plots to estimate the exact day 

each variety reached 1.5 cm hollow stem. Grain yield responses were compared with three years 

of experiments grazed by cattle in El Reno, Oklahoma. Grain yield was unaffected by grazing 

before 0.60 cm hollow stem but declined by 1.75% per day when grazing continued beyond this 

point. Grazing to the recommended 1.5 cm reduced yield by 12.3%. Economic analysis indicated 

that forage gains from extended grazing rarely offset grain losses. These results suggest that the 

current 1.5 cm cessation threshold is too late. Terminating grazing at ≤0.60 cm hollow stem 

optimizes agronomic and economic risk in dual-purpose wheat systems. For clear interpretation, 

a recommendation should be made to terminate grazing at Z30, the start of stem elongation. 
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 1. Introduction 

Grazing of dual-purpose winter wheat (Triticum aestivum L.) is a management practice 

common in many parts of the world, including Australia (Bell et al., 2014; Dove et al., 2002), 

Europe (Post et al., 2019), and North America (Maulana et al., 2020; West et al., 2024). Dual-

purpose wheat is typically sown earlier than grain-only (ungrazed) wheat to provide a longer 

vegetative period for forage production in the fall. The crop is then grazed by cattle or sheep 

following crown root development and through the winter dormancy period. After livestock 

removal, the crop recovers and is subsequently harvested for grain. Dual-purpose systems benefit 

farmers by providing two income sources and subsequently providing flexibility and aiding risk 

management (Han et al., 2026; Taylor et al., 2010). Dual-purpose crops are also being 

increasingly explored for their potential to optimize water use efficiency in dryland systems, 

utilizing grazing to reduce early-season crop transpiration (Han et al., 2026; Virgona et al., 

2006). 

The southern Great Plains region of the United States accounts for approximately 31% of 

the country’s wheat production (USDA-NASS, 2015-2019a). The region also supports a 

substantial cattle industry. Texas, Kansas, and Nebraska ranked as the top three cattle-producing 

states in 2022, with a combined total of $41.3 billion USD in sales (USDA-NASS, 2022b). The 

importance of the wheat and cattle industries in the region, in conjunction with mild winters and 

a long cool season, makes the US southern Great Plains well-suited for dual-purpose winter 

wheat production (USDA-FSA, 2025, Figure 2.1).  
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Figure 2.1. Percent of planted wheat area used for grazing by county across the southern Great 

Plains Region of the United States 

 

Wheat grain yields are often lower under dual-purpose management than under grain-

only management (Bell et al., 2014; Edwards et al., 2011; Han et al., 2026; Harrison et al., 2011). 

However, the extent of yield loss and the impact on profitability of dual-purpose crops are highly 

dependent on grazing intensity, sowing date, the timing of grazing termination, and potentially 

on cultivar selection (Butchee and Edwards, 2013; Epplin et al., 2000; Kirkegaard et al., 2012; 

Lollato et al., 2016; West et al., 2024). Grazing for an extended period can reduce grain yield, 

whereas removing cattle too early limits the potential economic benefits from the grazed forage 

to the cattle enterprise. It is crucial to understand the response of crop yield to delayed grazing 

termination so the trade-off between forage production and grain yield is optimized to maximize 

the overall economic benefit (Redmon et al., 1996; Taylor et al., 2010). 

University Extension agencies throughout the US southern Great Plains commonly 

recommend removing cattle before the occurrence of the “first hollow stem” (FHS) (Edwards 
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and Horn, 2016; Lollato et al., 2017). Hollow stem growth begins at the onset of stem elongation 

(Z30; Zadoks et al., 1974), after winter dormancy and immediately preceding jointing (Edwards, 

Carver, & Payton, 2007). In regional Extension guidance, FHS is defined as 1.5 cm of hollow 

stem visible underneath the developing wheat head when the main stem is split lengthwise. 

However, the empirical basis for this 1.5 cm threshold is poorly documented in academic 

literature.   

The objectives of this study were to (i) identify the basis of the 1.5 cm hollow stem 

threshold used to define FHS, (ii) systematically determine the optimal hollow stem point to 

terminate grazing to avoid grain yield losses, (iii) compare system performance of grain-only and 

dual-purpose managements, and (iv) evaluate the economic tradeoff between grain yield losses 

and forage gains. 

 2. Materials and Methods 

2.1 Literature Review 

University Extension publications in the US southern Great Plains define FHS as the 

point at which 1.5 cm of hollow stem is visible beneath the developing wheat head and 

recommend that cattle be removed from dual-purpose fields at or before this stage, as measured 

in non-defoliated stems. However, peer-reviewed literature does not clearly establish how or why 

1.5 cm became the regional definition of FHS or the recommended benchmark for grazing 

termination. To evaluate inconsistencies in the literature, a systematic literature review was 

conducted to identify how FHS had been defined in prior research and to assess whether FHS, as 

currently defined, is supported as the appropriate point for grazing termination to avoid grain 

yield losses in dual-purpose systems. 
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Scopus and Google Scholar were queried in May 2025 with the following search terms: 

("dual-purpose" OR "dual purpose") AND "wheat" AND "First Hollow Stem". Results were 

filtered to include papers with 10 or more citations to focus on studies that have influenced 

grazing recommendations. This search terminology reflects the language used in the study 

region, but it is worth noting that other countries use different terminology; including this would 

capture a wider range of studies.  

To determine the origins of regionally specific recommendations, papers were manually 

screened and excluded if they did not primarily focus on cattle-grazed dual-purpose winter 

wheat. This resulted in the exclusion of studies centered on genetics, non-grazed systems, 

perennial grains, sheep grazing, or alternative crops. The final database of the literature review to 

identify the basis for grazing recommendations based on 1.5 cm of hollow stem included 30 

papers(Appendix Table A.4). Each paper was manually evaluated for its definition of FHS, 

citations supporting that definition (as provided through in-text citations), and metrics used to 

determine grazing termination in the methods sections. 

 2.2 Field Experiments  

2.2.1 Experimental Site 1: Hutchinson, Kansas 

Field experiments were conducted from 2015 to 2025 at the Kansas State University 

(KSU) South Central Experimental field near Hutchinson, Kansas (37.931268, -98.030163). The 

2018-19 season is excluded from analysis due to data inconsistencies, freeze damage, and 

disease pressure. The experimental field site was characterized by Ost loam (Fine-loamy, mixed, 

superactive, mesic Udic Argiustolls) (Soil Survey Staff, 2026).  Each year, three neighboring 

managements were sown within the same field. Two managements, referred to as dual-purpose 

and hollow stem, were designed to simulate dual-purpose management, characterized by an early 
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sowing date and higher seeding rate. The third management was sown under grain-only 

management, reflecting a later sowing date and lower seeding rates typical of grain-only 

systems. All dates of operation are provided in Appendix Table A.1. 

Each year, 16 to 36 commercially available winter wheat varieties were compared in each 

system. The genotypes and the number of varieties were not consistent from year to year. Within 

year, the same varieties were planted in each of the three neighboring managements using a 

randomized complete block design with four replications of each variety. Individual plot size 

was consistent across managements at 1.33 m by 9.14 m, consisting of 7 rows with 19.05 cm row 

spacing. 

All experiments were sprayed with foliar fungicides at heading to avoid yield loss to 

disease, and each plot received 56 kg ha-1 of diammonium phosphate (18-46-00) in-furrow at 

sowing. A composite soil sample, consisting of 15 individual cores, was retrieved from each 

management trial at 0 to 15 and 15 to 60 cm depths at sowing, and nitrogen fertilizer was applied 

at spring green-up (~Z30) with the total amount calculated to achieve a 4.4 Mg ha-1 yield goal 

when accounting for the N available at sowing (Ruiz Diaz, 2024). Soil fertility levels across the 

nine experimental seasons are shown in Appendix Table A.2.  

2.2.2 Dual-Purpose plots 

Dual-purpose plots received an additional 123 kg ha-1 of nitrogen pre-plant to promote 

fall biomass production for grazing compared to the grain-only treatment, aiming for 6.7 Mg of 

dry matter per hectare fall forage production (Lollato et al., 2017). Plots were sown in mid-

September at a seeding rate of 135 kg ha-1. This sowing date is earlier than optimum for wheat 

in this region to increase fall forage production (Munaro et al., 2020) and earlier than grain-only 

trials. The dual-purpose plots were mowed to a height of 1.5 cm above ground level 
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approximately weekly throughout late winter and early spring to simulate grazing. Mowing was 

terminated around the time that the first varieties began measuring at 1.5 cm of hollow stem in 

the adjacent ungrazed hollow stem experiment proxy plots, according to local recommendations 

for cattle removal decisions (Redmond et al., 1996). The exact time of grazing termination (last 

mow) varied year to year and was recorded (Appendix Table A.1). At maturity, plant height was 

recorded, and plots were harvested for grain yield with a plot-scale combine, and values were 

moisture corrected to 13%. 

2.2.3 Hollow Stem plots 

The hollow stem management was managed the same as the dual-purpose experiment, 

except that there was no simulated grazing because local recommendations include measuring 

hollow stem in an ungrazed portion of the field (Redmond et al., 1996). The hollow stem trial 

served as a proxy for the dual-purpose trial and was used for destructive measurements to follow 

the crop phenology and progression of hollow stem growth. These destructive hollow stem 

measurements were not conducted in the dual-purpose plots to preserve accurate yield 

measurements. Forage was harvested from the first hollow stem plots in the fall before the 

anticipated start of freezing temperatures by hand clipping plants approximately 1.2 cm above 

the soil surface for two 1-meter by 1-row samples within each plot (Appendix Table A.1). 

Forage samples were placed in forced-air dryers for approximately seven days and then weighed 

to estimate fall biomass accumulation. Hollow stem plots were not defoliated in the spring and 

were instead used to destructively measure hollow stem development in each variety. Although 

defoliation has been shown to delay phenological development (De Oliveira Silva, 2025; Han et 

al., 2026; Winter & Thompson, 1987), monitoring hollow stem height in non-defoliated plots is 

in accordance with recommendations to check hollow stem height in ungrazed stems such as 
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those found along fence lines. Hollow stem was measured by collecting 10 primary stems from 

each plot, totaling 40 stems per variety per sampling time. The primary stems were split 

lengthwise, and the hollow stem height visible beneath the developing wheat head was 

measured. Hollow stem height measurements continued weekly until the average of the stems 

from that variety surpassed 1.5 cm. Grain was not harvested. 

2.2.4 Grain-Only plots 

Grain-only trials were sown at 67 kg seed ha-1 from 2015-2019 and then increased to 84 

kg seed ha-1 from 2021-2025 to better reflect the average grain-only management of winter 

wheat in Kansas (Jaenisch et al., 2021). Sowing occurred in mid-October, consistent with 

standard management for grain-only winter wheat production in the region (Jaenisch et al., 

2021). Grain-only trials were harvested at maturity with a plot-scale combine, and values were 

corrected to 13% moisture.  

2.3 Experimental Site 2: El Reno, Oklahoma 

Dual-purpose and grain-only field experiments were conducted near El Reno, Oklahoma 

(35.532936, -97.932036) for three growing seasons from 2021-2024. The experimental field site 

was characterized by Dale silt loam soils (Fine-silty, mixed, superactive, thermic Pachic 

Haplustolls) (Soil Survey Staff, 2026). Harvest, sowing, and grazing dates are provided in 

Appendix Table A.3. Nitrogen was applied for a yield goal of 4.0 Mg per hectare, with 7 Kg N 

per hectare and 22 kg P2O5 per hectare applied at sowing in the form of ammonium 

polyphosphate (10-34-0). 

Similar to the Kansas plots, winter wheat varieties were not consistent among years. 

Within each year, the same varieties were planted in each of the two managements. Within 
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management, the designs were randomized complete block design with four replications of each 

variety.  Harvested area for each variety was 1.52 by 5.79 m.  

2.3.1 Dual-Purpose plots 

Plots were sown at 135 kg ha-1 seeding rate in September, earlier than the grain-only 

management. Fields were grazed by cattle from late winter to early spring, aiming to remove 

cattle before 1.5 cm of hollow stem in line with local management. Stocking rates were 345 

(2023-24), 230 (2022-23), and 348 (2021-22) kg of animal body weight per hectare, respectively. 

Plots were harvested at maturity and moisture corrected to 13% moisture. 

2.3.2 Grain-Only plots 

Plots were sown at 67 kg ha-1 seeding rate in October in accordance with standard management 

for the region (Munaro et al., 2020). Plots were harvested at maturity and moisture corrected to 

13% moisture. 

2.4 Statistical analysis 

2.4.1 Yield variation across managements 

Yield was analyzed using a mixed effects ANOVA in which plot type (dual purpose vs. 

grain only) was treated as a fixed effect, and rep nested in variety, nested within year was 

included as a random effect to account for the hierarchical structure of the experiment. The 

model can be expressed as: 

EQ 1   yijkl = μ + Ti + Yj + Vk(j) +  Pl(k,j) + εijkl 

 

Where, 𝑦𝑖𝑗𝑘𝑙is yield, 𝜇 is the overall mean, 𝑇𝑖is the fixed effect of trial type, 𝑌𝑗is the random 

effect of year, 𝑉𝑘(𝑗)is the random effect of variety k nested within year j, 𝑃𝑙(𝑘,𝑗) is the random 

effect of replicate l, nested in variety k and year j, and 𝜀𝑖𝑗𝑘is the residual error. 



13 

2.4.2 Point of Defoliation Termination 

Hollow stem measurements taken every week often did not measure an exact hollow 

stem height of 1.5 cm due to time gaps between measurements. To estimate the exact day that 

each plot reached 1.5 cm hollow stem, an exponential growth model was fitted to hollow stem 

measurements and day of year for each year/variety combination (Eq 2). This model was used to 

determine the exact day of year (DOY) when hollow stem height reached 1.5 cm. Model 

performance was evaluated using mean absolute error, which averaged 0.18 cm across plots 

(Appendix Figure A.1), indicating good predictive ability. 

𝑦𝑖 =  𝜌0 ∗ (𝜌1
𝑥𝑖) +  𝜀𝑖 

EQ 2             𝜀𝑖~ 𝑁(0, 𝜎2) 

Where, yi is the response variable (hollow stem height) for the ith observation, ρ0 is the parameter 

that scales the output, ρ1 is the base of the exponential, xi is the predictor variable (DOY) for the 

ith observation, 𝜀𝑖 is the residual. Residuals are normally distributed with mean zero. 

To quantify grazing timing in relation to stem development, the DOY at which each 

variety reached 1.5 cm hollow stem in ungrazed stems was subtracted from the DOY of the final 

occurrence of simulated grazing. This difference represents the timing of grazing termination in 

days, relative to 1.5 cm, with negative values indicating termination at or before 1.5 cm and 

positive values indicating termination after 1.5 cm. 

2.4.3 Grain Yield Penalty 

Grain yield penalty was defined as the dual-purpose grain yield relative to the ungrazed 

grain yield, for each variety-year according to the following equation; 

EQ 3     𝑌𝑖𝑒𝑙𝑑 𝑝𝑒𝑛𝑎𝑙𝑡𝑦 % =
𝑌𝑑𝑝−𝑌𝑔𝑜

𝑌𝑔𝑜
∗ 100  
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Where, Ydp is dual-purpose yield, and Ygo is grain-only yield. 

2.4.4 Linear Plateau 

The relationship between yield penalty and time of grazing termination (calendar days 

relative to 1.5 cm) can be described with a linear plateau-type response, namely 

 

EQ 4           𝑦𝑖 = {
 𝛽0 + 𝛽1 ∗ 𝐶 + 𝜀𝑖 , 𝑤ℎ𝑒𝑛 𝑥 ≤ 𝐶
 𝛽0 + 𝛽1 ∗ 𝑥𝑖 + 𝜀𝑖 , 𝑤ℎ𝑒𝑛 𝑥 > 𝐶

,   

𝜀𝑖~ 𝑁(0, 𝜎2) 

Where C is the breakpoint of the plateau, yi is the response variable (yield penalty %) for the ith 

observation, β0 is the intercept, β1 is the slope that models the yield loss after the breakpoint, xi is 

the predictor (time of grazing termination; days centered at 1.5 cm hollow stem) for the ith 

observation, 𝜀𝑖 is the residual. Residuals are normally distributed with mean zero. 

2.4.5 Hollow stem height at the onset of yield penalty 

The breakpoint C, determined by equation 3, indicates the number of grazing days before 

1.5 cm of hollow stem that the yield penalty begins accumulating. Equation 2 was utilized to 

determine the height of hollow stem at breakpoint C for each year-variety combination. This 

produced values of hollow stem heights at which grazing became detrimental to yield. Data 

points were then classified according to early or late grazing termination, based on whether 

grazing was terminated before or after this critical hollow stem height.  

 

2.5 Economic Analysis 

Economic impacts of grazing were analyzed as the relationship between forage gains and 

grain yield losses (as compared to the ungrazed potential). Operational costs and expenses such 
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as supplemental feed were not considered here. Daily grain yield loss for each day grazing 

continued beyond C was set as β1 percent of the ungrazed yield potential (Eq 4). This daily grain 

yield loss was economically valued across a range of possible market prices from 0 to 0.35 $ per 

kg. The economic value of forage was valued by its potential to increase cattle body weight. 

Since cattle sale prices are highly dependent on the class and weight of cattle at the time of sale, 

value was illustrated across a range of value of gains (VOG) from 0 to 4.4 $ per kg. VOG is the 

increase in value from a one-kilogram increase in body weight. Potential forage gain from 

continued grazing and, therefore, body weight increases are dependent on the stocking rate and 

quality of forage. For this reason, economic analysis was conducted across three scenarios, 

accounting for 1.5, 2.75, and 4 kg per day per hectare gains (Holman et al., 2017; McCormick et 

al., 2021). The economic balance across a gridded surface was calculated for each pixel as such; 

EQ 5    Profit$/ha/day = (Grain losskg/ha/day × Grain price
$/kg

) − (VOG$/kg × BW gain
kg/ha/day

) 

Each pixel represents the loss or profit for a single day of grazing beyond critical point C. 

With the assumption that this relationship is linear, the daily profit/loss can be multiplied by the 

number of days grazing continues beyond C for an extended time scale.  This flexible structure 

avoids a strict assumption on stocking rate and instead bases gains on a per-unit-area basis that 

can be determined for a specific operation by multiplying the stocking rate by the expected gain 

per head. Similarly, utilizing VOG instead of market prices for a specific weight and class of 

animal maintains applicability across a wide range of operations.  
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 3. Results 

3.1 Literature Review 

After screening titles and abstracts for relevance, 30 papers were included in the final 

database of our literature review, aiming to identify the basis for grazing recommendations based 

on 1.5 cm of hollow stem (Appendix Table A.4). Among the 30 papers reviewed, definitions of 

FHS varied widely. Four papers explicitly defined FHS as 1.5 cm of hollow stem, eight defined 

it as the point when hollow stem is first detectable above the crown, four defined FHS using 

wheat developmental scales (Feekes 5 or Z30; Large, 1954; Zadoks et al., 1974), and fourteen 

utilized the term “first hollow stem” without providing a definition. 

Citation analysis revealed that nine papers cited Redmon et al. (1996) and two cited 

Redmon et al. (1995) as the basis for determining FHS as the target point for grazing termination 

(Appendix Figure A.2). Redmon et al. (1995), the earliest source identified, explicitly notes the 

lack of a uniform definition of first hollow stem and emphasized the need for consistent, 

biologically meaningful indicators for grazing termination, a concern that our literature review 

indicates remains unresolved three decades later. 

Redmon et al. (1996) refined the point of grazing termination by defining the earliest part 

of the jointing growth stage as first hollow stem, specifically “First hollow stem is the growth 

stage at which hollow stem can first be identified above the crown in the larger wheat shoots of 

ungrazed wheat and occurs prior to the growing point (head) reaching the soil surface”.  

Importantly, this definition refers to the first visible appearance of hollow stem (aligning with 

Z30) and does not specify a stem length threshold of 1.5 cm, which occurs closer to Z31 or Z32. 

Despite Redmon et al. (1996) documenting yield losses when grazing continued beyond the first 

visible appearance of hollow stem, current Extension recommendations in the US southern Great 
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Plains define FHS as 1.5 cm of hollow stem, a distinctly later developmental stage. Extension 

and academic sources frequently cite Redmon et al. (1996) to support this recommendation, 

despite the discrepancy between Redmon’s definition and the benchmark being promoted. 

Fieser (2006) defines FHS as first visible hollow stem but also acknowledges that 

recommendations are to terminate grazing before 1.5 cm, leaving the first hollow stem used to 

terminate grazing in the research methods ambiguous. Taylor (2010) describes FHS as occurring 

at 0.5 inches of hollow stem but relied on synthesized data from Redmon (1996) and Fieser 

(2006), both of which associate yield penalties with grazing beyond first visible hollow stem 

rather than a fixed stem length. 

Of the four papers defining FHS using growth stages, two referenced Z30, one referenced 

Feekes 5, and one the onset of stem elongation. All of these definitions align with the start of 

stem elongation, prior to the first node being visible at the stem base. This most closely aligns 

with the first visible hollow stem as the growing point begins to emerge above the soil surface.  

Nineteen of the reviewed papers originated from Oklahoma, including all four that used a 1.5 cm 

benchmark. The remaining studies are distributed across other US Great Plains states such as 

Kansas, Nebraska, Texas, and Wyoming, and other countries such as Pakistan (2), Australia, 

Brazil, Argentina, and China (one each).  

Critically, no paper included in this review, or cited by papers within it, presented 

experimental evidence evaluating grazing termination relative to hollow stem height that would 

justify a specific 1.5 cm threshold. The only studies explicitly measuring grazing termination in 

relation to grain yield losses are Redmon et al. (1996) and Fieser (2006), both of which 

associated yield penalties with grazing beyond the first visible appearance of hollow stem (Z30). 
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As such, the empirical basis for terminating grazing at a length of 1.5 cm of hollow stem remains 

unresolved. 

Collectively, the literature provides stronger support to terminate grazing at the first 

visible appearance of hollow stem rather than at a fixed stem length of 1.5 cm. However, as 

noted by Redmon et al. (1995), the lack of a consistently defined and experimentally validated 

grazing termination point persists. This uncertainty motivated the following analyses, which 

aimed to empirically evaluate grazing termination relative to hollow stem development and 

quantify associated agronomic and economic outcomes. 

 

3.2 Field experiments 

3.2.1 Environmental characterization of field sites and yield overview 

Across the study years, the mean in-season precipitation was 499 mm with a minimum of 

287 mm in the 2017-18 growing season, and a maximum of 651 mm in 2024-25 (Figure 2.2; 

Appendix Figure A.3). Meanwhile, cumulative seasonal alfalfa-based reference 

evapotranspiration (ET) ranged from 920 to 1067 mm, resulting in water demand to water supply 

ratios ranging from 1.6 to 3.6. Across sources of variation, average grain yield ranged from 3.4 

to 4.5 Mg ha-1 in the grain-only trials and from 2.1 to 4.2 Mg ha-1 in the dual-purpose trials 

(Figure 2.2). Lower precipitation, and higher water demand years (2017-18, 2022-23, 2023-24) 

corresponded to lower yield potentials, as defined by grain-only management (Figure 2.2C).  

In El Reno, OK, mean in-season precipitation was 528 mm with a minimum of 497 mm in the 

2021-22 growing season and a maximum of 557 mm in 2022-23 (Appendix Figure A.4).  
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Figure 2.2. Field data from Hutchinson, Kansas. (A) Average grain yield for grain-only 

(triangle) and dual-purpose managements (circle). Error bars depict 1 standard deviation above 

and below the mean values for each management. (B) Cumulative precipitation (dashed lines) 

and reference evapotranspiration (solid lines), measured in alfalfa (ET) for each experimental 

year. Weather data was obtained from ‘Hutch10SW’ Kansas Mesonet station located at 37.931°, 

-98.02° (Kansas Mesonet, 2024). (C) Relationship between grain-only grain yields and seasonal 

water supply to demand ratios (precipitation/ET).  

 

Mixed-effects ANOVA analysis showed that trial type (grain-only versus dual-purpose) 

had a highly significant effect on yield (p < 0.001). Grain-only plots yielded 3980 kg ha⁻¹, 

whereas dual-purpose plots yielded 3273 kg ha⁻¹, a reduction of 707 kg ha⁻¹ or 18%. Random 

effect variance components indicated substantial yield variation among years (SD = 489 kg ha⁻¹) 

and among varieties within years (SD = 296 kg ha⁻¹). This ANOVA was conducted across all 

dual-purpose data regardless of time of grazing termination. Yearly differences in grain-only and 

dual-purpose yields are visible in Figure 2.2B; however, years with the largest differences 

between management types, such as 2018, 2024, and 2025, are also years in which grazing was 

terminated later into crop development. 

3.2.2 Experiment 1: Grain yield penalties in relation to hollow stem development 

3.2.2.1 Yield Penalty response to time of grazing termination 

The relationship between yield penalty and time of final defoliation (grazing termination) 

relative to 1.5 cm hollow stem (measured in undefoliated proxy plots) was modeled with a linear 
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plateau function (Figure 2.3). This model reflects the expectation that yield penalties remain 

stable up to a critical point, after which penalties increase as grazing termination is delayed 

further into the season. The breakpoint in the plateau model, representing the onset of yield 

penalty accumulation, occurred -5.7 days before 1.5 cm hollow stem (95% CI [-8.2, -3.2]). Prior 

to this breakpoint, yield penalty remained relatively constant, with a plateau value of −2.3% 

(95% CI [−4.8 to 0.2]). Beyond the breakpoint, yield penalty increased linearly at a rate of 1.8% 

d-1 of delayed grazing termination (95% CI [1.53 to 2.0]). When grazing was terminated in 

accordance with regional recommendation (i.e., at 1.5 cm hollow stem, x = 0), the predicted 

yield penalty was 12.3% (95% CI [10.1 to 14.4%]), corresponding to a yield loss of 492 ± 3 kg 

ha-1. 

  

Figure 2.3. Relationship between time of grazing termination relative to 1.5 cm of hollow stem 

grain yield penalty under dual-purpose management. Negative yield penalty represents a 

reduction in grain yield under dual-purpose management compared to grain-only management. 

An x-value of 0 represents grazing terminated at 1.5 cm of hollow stem. The inset plot displays 

linear plateau parameter values and 95% confidence intervals. 
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3.2.2.2 Hollow stem height at the onset of yield penalty 

The fitted exponential hollow stem growth models were further used to estimate hollow 

stem height at the breakpoint identified in the linear plateau analysis (−5.7 days relative to 1.5 

cm) for each year–variety combination. Across the dataset, the mean hollow stem height at 

which yield penalty began to accumulate was 0.60 ± 0.03 cm (95% CI). A relatively large 

standard deviation of 0.20 cm indicates considerable variation in the yield penalty breakpoint due 

to variety and year influences (Figure 2.4). Yield penalties in dual-purpose systems began to 

accumulate between 0.23 and 1.05 cm of hollow stem, with the majority of combinations 

suffering yield loss between 0.40 and 0.80 cm of hollow stem.  

 

Figure 2.4. Distribution of hollow stem heights at the onset of yield penalty in each year-variety 

(as determined by the plateau breakpoint). Yellow dashed line denotes the average value of 0.60 

cm (standard deviation of 0.20). 

 

3.2.3 Experiment 2: Simulated defoliation compared to cattle grazing 

Results from field trials in El Reno, Oklahoma, where crops were grazed by cattle and 

terminated before 1.5 cm hollow stem, showed an overall yield penalty of −8.1% (SE ±5.3) for 

dual-purpose relative to grain-only management. In contrast, trials in Hutchinson, Kansas, using 
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simulated grazing showed a smaller yield penalty of −4.7% (SE ±0.95) when grazing was 

terminated at or before 1.5 cm hollow stem (Figure 2.5). Here, a breakpoint of 1.5 cm hollow 

stem was utilized to allow accurate comparison to the grazed experimental design, which 

terminated grazing using the 1.5 cm hollow stem benchmark. 

Oklahoma trials showed no statistically significant differences in test weight between grazed and 

ungrazed treatments, while in Kansas, simulated grazing trials test weight increased by 8.01% 

when grazing was terminated at or before 1.5 cm hollow stem (Figure 2.5). 

 

Figure 2.5. Comparison of percent change in test weight (left) and grain yield (right) between 

dual-purpose (DP) and grain-only (GO) management systems using both grazed and simulated 

grazing trials. Grazed trial data comes from Oklahoma 2021-2024. Simulated grazing data comes 

from Kansas 2015-2025 (excluding the 2018-19 season). 

 

3.3 Grain-only versus dual-purpose management responses 

When simulated grazing was terminated at or before 0.60 cm hollow stem, dual-purpose 

and grain-only management had comparable grain yields. Under these conditions, test weight 

increased with the simulated grazing, while plant height was unaffected. In contrast, when 

grazing was terminated after 0.60 cm hollow stem, grain yields declined under dual-purpose 
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management, test weight was unaffected, and plant height was reduced relative to grain-only 

wheat (Table 1). 

Table 2.1. Yield, test weight, and plant heights for dual-purpose and grain-only management 

under different grazing termination times. Early termination is grazing terminated at or before 

0.60 cm of hollow stem and late is grazing terminated after 0.60 cm of hollow stem. Grain-only 

division in grazing termination follows the companion dual-purpose plot designation. Values are 

mean (standard error). 

 

Across all simulated grazing termination timings, grain-only management out-yielded 

dual-purpose management, averaging 4.01 Mg ha⁻¹ (SE ± 24) and 3.29 Mg ha⁻¹ (SE ± 30) 

(Figure 2.6, inset). Yield responses across management groups and across yield potential 

(assumed based on grain-only yield) are visualized in Figure 2.6. Dual-purpose wheat with early 

grazing termination yielded similarly to grain-only wheat in yield environments greater than 4 

Mg ha-1 and outperformed grain-only wheat in lower-yielding environments. Conversely, late-

terminated dual-purpose wheat yielded less than grain-only wheat in all environments, with 

differences increasing as environmental yield increased. 

 

 

 Yield (Mg ha-1) Test Weight (kg hl-1) Plant Height (cm) 

Grazing 

Termination  

Dual-

Purpose 

Grain-Only n Dual-

Purpose 

Grain-

Only 

n Dual-

Purpose 

Grain-

Only 

n 

Early 4.19 

(0.05) 

4.32 (0.06) 42 74.35 

(0.30) 

72.05 

(0.52) 

42 85.79 

(0.97) 

88.35 

(1.09) 

23 

Late 3.05(0.05) 3.90(0.04) 162 74.06 

(0.40) 

75.74 

(0.25) 

134 66.17 

(0.94) 

72.55 

(0.92) 

133 
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Figure 2.6. Relationship of dual-purpose and grain-only yields divided by time of grazing 

termination. Early (yellow) grazing was terminated at or before 0.60 cm of hollow stem, and late 

grazing (blue) was terminated after 0.06 cm of hollow stem.  Lines are linear fit to points with 

parameter 95% confidence intervals. The inset plot is the overall relationship of grain-only and 

dual-purpose yields without consideration for time of grazing termination. 

 

3.4 Economic tradeoffs of extended grazing 

The economic viability of grazing beyond 0.60 cm hollow stem, the point at which yield 

penalties begin to accumulate, depends on grain and cattle market prices, forage quality, and 

expected daily cattle weight gain. Since a grain yield loss of 1.75% can be expected for each day 

of grazing beyond 0.60 cm hollow stem (Figure 2.2), based on the ungrazed yield potential; this 

is a grain yield loss of 70.2 kg ha-1 d-1 (SE ±0.4).  Three scenarios are explored with differing 

levels of body weight gain per hectare expected per day (Figure 2.7). This number can be 

estimated as the expected body weight gain per day per head multiplied by the number of cattle 

per hectare. Within each scenario, the balance between grain market price per kg of grain and 

value of gain (VOG) per kg of body weight is compared. The values are economic outcomes for 
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a single day of additional grazing beyond 0.60 cm hollow stem when yield penalty accumulation 

begins. 

Forage gains rarely economically exceed grain losses from grazing past 0.60 cm hollow 

stem (Figure 2.7). Across all daily gain scenarios and all VOGs, when grain prices exceeded 0.25 

$ per kg, net return was negative. In daily gain scenarios of 1.5 kg per day per ha, forage gains 

did not economically exceed grain yield losses at any point when grain market prices were above 

0.1 $ per kg.  

 

Figure 2.7. Net economic returns of grazing past 0.60 cm hollow stem. Three panels depict 

different levels of expected cattle body weight gain per hectare per day. Axes denote a range of 

grain and cattle market prices with cattle prices expressed as value of gain per pound of body 

weight increase. Darker red coloration is greater economic loss for each additional day of 

grazing compared to grazing terminated at 0.60 cm of hollow stem. The gray distribution shown 

on the right edge of the plots displays average US grain market prices at the time of harvest from 

2016-2025. 

 4. Discussion 

A systematic review of literature coupled with nine experimental seasons evaluating 16 to 

36 winter wheat varieties per year under to two management regimes (i) identified gaps in how 

first hollow stem is defined, (ii) quantified yield penalty resulting from grazing, in reference to 
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grain-only management, (iii) fine-tuned the breakpoint in hollow stem height, beyond which 

yield penalties from grazing are expected, (iv) estimated daily losses in yield due to grazing past 

such breakpoint, and (v) identified conditions under which larger yield penalties are expected.  

 

4.1 Grain yield penalties are cumulative beyond a critical point 

Grain yield penalties associated with grazing termination begin accumulating well before 

the widely recommended termination time threshold at 1.5 cm hollow stem. Onset of significant 

yield penalties occurred at 0.60 cm of hollow stem. Simulated grazing terminated before 0.60 cm 

of hollow stem caused no significant yield penalty, as the confidence interval for the parameter 

included zero (Figure 2.3). Redmon et al. (1996) reported a similar finding that no yield penalty 

occurred when grazing ceased prior to the first visible hollow stem. Edwards et al. (2011) also 

reported a 14% reduction in grain yield under grazed management when grazing is terminated at 

1.5 cm of hollow stem, in line with the 12.75% yield penalization found in this study when 

grazing is terminated at 1.5 cm of hollow stem. Slafer et al. (2023) provided context with the 

assessment that yield is unresponsive to biomass removal before the critical period for grain 

yield, as long as biomass removal does not compromise growth during the critical period. 

On the other hand, Han et al. (2026) reported a significant difference in grain yields of grazed 

versus ungrazed treatments, an average of 0.6 t ha-1 across three years of data, with grazing 

terminated prior to Z31.  They concluded that although grazed crops were in a phenologically 

safe window, and growth rates in the critical period (Z39-Z67) were higher in grazed crops, that 

biomass allocation from that growth was directed to leaf and stem regrowth rather than to 

reproductive growth as in ungrazed plots.  
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Beyond the breakpoint when dual-purpose systems suffer grain yield loss relative to ungrazed 

wheat, the yield penalty was cumulative and increased by 1.75% a day (approximately 70.18 kg 

ha-1 day-1).  This estimated rate of yield penalty accumulation following the critical grazing 

termination point was compared with values reported in the literature (Figure 2.8). Yield losses 

estimated from the present field trials were more conservative than those reported by Redmon et 

al. (1996) (80 kg ha-1 d-1), but greater than losses predicted by Fieser et al. (2006a) (1.45% d-1). 

For the purposes of this comparison, the plateau breakpoint identified in this study 

(corresponding to 0.60 cm hollow stem) was used as the effective timing of first hollow stem in 

our dataset. 

 

Figure 2.8. Yield penalties by grazing past the critical point in existing literature as compared to 

this study's field data from Hutchinson, Kansas (denoted with triangles). 

 

Delaying termination can have two main effects on grain yield – first, there can be 

damage or removal of the developing spikes, causing direct yield loss as grain heads emerge 

above the soil surface, they become susceptible to removal and damage (Kelman & Dove., 2009; 

Tian et al., 2012).  Secondly, the delay in termination means there is less time and potentially 

less residual biomass to support regrowth up to anthesis, which is the determinant of yield 
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potential in determinate cereal crops (Bidinger et al., 1997; Kirkegaard et al., 2019; Ye et al., 

2011). Consequently, even crops that are grazed in a safe phenological stage (before 0.6 cm 

hollow stem), if grazed heavily, may incur yield penalties if seasonal conditions are good and 

yield potential is high. The interaction between seasonal conditions setting the ultimate yield 

potential, and the timing and residual biomass remaining at termination can all generate variation 

in yield penalties beyond the phenological stage at termination, which explains some of the 

variation in yield penalties at the same termination stage shown in Figures 2.3 and 2.8.  

Other factors, such as disrupting assimilate partitioning and impairing vascular 

development necessary for grain filling, frost damage soon after grazing, and poor leaf area 

development, may also contribute to grain yield reductions in grazed crops (Dunphy et al., 1982; 

Harrison et al., 2011; Hu et al., 2019; Pumphrey, 1970). Following defoliation, wheat 

development and root penetration are delayed; however, with adequate recovery time, defoliation 

does not reduce the resource use capacity of the crop and is not the driver of yield reduction (Han 

et al., 2023, 2026). In select cases, grain yield has even been shown to increase with grazing due 

to reduced lodging, mitigation of foliar disease, conservation of soil water, or delayed phenology 

leading to reduced environmental stress at anthesis (Harrison et al., 2011).  All of these will 

interact strongly with seasonal conditions, including rainfall and the occurrence of stressful 

temperatures in the critical period. 

 

4.2 Properly managed grazing increases grain test weight and maintains plant height 

When defoliation was terminated prior to 0.60 cm of hollow stem, plant height was 

unaffected by grazing (Table 1). When grazing extended past 0.60 cm hollow stem, plant height 

decreased, presumably due to insufficient recovery time to maximize stem growth before 
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anthesis (Khalil et al., 2011).  Grazing increased test weight when defoliation ceased before 0.60 

cm hollow stem (Table 1). The increase in test weight is most likely attributed to a reduction in 

heads per area so that the carbohydrates produced by the green tissue are distributed across fewer 

grains (Holman et al., 2017). When grazing extends beyond the critical point, the recovery ability 

of the plant is impacted and cannot allocate equivalent resources to carbohydrate production to 

drive up test weight even with reduced head number. 

 

4.3 Grazing termination recommendations need to be conservative to avoid yield loss 

Historically, FHS has been defined as the point at which hollow stem is first visible 

beneath the grain head. The definition of FHS as 1.5 cm hollow stem does not appear in 

academic literature until more recently (~2007). As such, earlier recommendations advised 

terminating grazing prior to hollow stem becoming visible (e.g., Arzadun, 2003; Redmon, 1996; 

Reuter & Horn, 2002 ). Simulated grazing trials in this study identify a critical point of 0.60 cm 

hollow stem for the onset of grain yield penalties, more closely aligning with the original 

conceptualization of FHS with a small biological buffer. This is consistent with the “safety zone” 

described by Fieser et al. (2006b) and the ‘sensitive period’ defined by Kirkegaard et al. (2019) 

in which yield remained stable for a short period following initial stem elongation, before 

declining rapidly if grazed beyond that point. 

The absence of a yield penalty prior to the 0.60 cm breakpoint in simulated grazing trials 

suggests that this threshold represents the latest safe point for grazing with reduced changes for 

yield penalties. This threshold was determined from hollow-stem measurements in ungrazed 

plants, as grazing has been shown to delay stem elongation and developmental progression 

relative to ungrazed plants (De Oliveira Silva, 2025; Han et al., 2026; Winter & Thompson, 
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1987). As a result, the developmental status of the grazed area may be slightly behind that of the 

ungrazed sampled stem. Biologically, this points to the fact that grazing begins to have a 

detrimental impact on the crop’s ability to produce its grain yield potential when stems are 

grazed beyond 0.60 cm of hollow stem. Sampling ungrazed plants accounts for practical 

limitations associated with field scouting and spatial variability and reinforces the need for 

conservative recommendations to avoid unintentional yield loss. While this study defines the 

biologically relevant threshold as 0.60 cm hollow stem, a more practical and understandable 

recommendation for producers is to terminate grazing at the first visible hollow stem in the 

ungrazed main stem, consistent with Z30, the start of stem elongation. 

 

4.4 Alternative dual-purpose systems present similar findings 

Although wheat grazed by cattle is the dominant dual-purpose crop in the US Great 

Plains, research has been conducted on grazing cessation in other dual-purpose cropping systems 

(Blümmel et al., 2020). In Australian dual-purpose canola grazed by sheep, the recommendation 

is to terminate grazing before bud elongation to avoid grain yield penalization (Sprague et al., 

2014). Bud elongation in canola marks the transition from vegetation to the reproductive growth 

stages. Similarly, research on sheep-grazed wheat from Australia recommends grazing cessation 

at Z30, also marking the transition of the crop from vegetative to reproductive stages 

(Kirkegaard et al., 2015). Analysis by Seymour et al. (2015) demonstrated the sensitivity of 

grazing into reproductive stages in wheat, barley, and canola. These results support the adoption 

of a Z30 grazing termination recommendation in the US Great Plains. 

 

4.5 Simulated grazing acts as a proxy for actual cattle grazing 
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Comparisons between simulated grazing trials in Kansas and cattle-grazed trials in Oklahoma 

revealed greater yield penalties in grazed systems, even when grazing was terminated before 1.5 

cm hollow stem (Figure 5). Even larger grazing penalties from the dual-purpose system under 

actual grazing (c.a. 14%) were reported by Edwards et al. (2011). The larger losses likely reflect 

additional sources of yield loss in grazed systems that are not captured by simulated defoliation, 

including trampling, uprooting, uneven grazing pressure, and variability in monitoring grazing 

termination timing. Differences may also be attributed to variations in regrowth under continual 

grazing versus intermittent mowing events. Notably, in the Oklahoma dataset, one of the three 

site-years (2022–2023) showed increased grain yield under dual-purpose management compared 

to ungrazed controls. This response was attributed to earlier planting of dual-purpose wheat, 

which allowed crop establishment during October rainfall events prior to the onset of extreme 

drought conditions that coincided with grain-only planting and persisted through the remainder 

of the season. 

Furthermore, the exact hollow stem height at grazing termination in these cattle-grazed trials is 

uncertain and only defined as occurring before 1.5 cm of hollow stem. Cattle-grazed trials 

exhibited larger grain penalty variation, which could be due to the varied stocking rates across 

the three years of data. Cattle are known to be selective grazers that will graze more heavily in 

areas of more palatable wheat varieties (West et al., 2024; Zhang & Huang, 2025). Non-reported 

preferential feeding in this experiment may also contribute to the larger variability compared to 

simulated defoliation, as varieties differed year to year. However, the use of simulated 

defoliation ensures that results remain controlled and are not confounded by the variability of 

preferential grazing introduced by animals.  
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These findings suggest that simulated grazing may underestimate baseline yield penalties, in 

some environments, associated with actual cattle grazing, regardless of grazing timing. 

Consequently, recommendations based solely on simulated grazing trials may not be sufficiently 

conservative for cattle-grazed systems. If some degree of yield penalty is unavoidable under 

cattle grazing, then adopting an earlier grazing termination threshold, such as first visible hollow 

stem, becomes even more critical to mitigating economic risk.  

While removal of developing grain heads is a well-recognized cause of yield loss when grazing 

extends into stem elongation, several additional mechanisms likely contribute to the observed 

penalties (Kelman & Dove, 2009; Tian et al., 2012). Grazing during reproductive development 

can reduce tiller survival, disrupt assimilate partitioning, and impair vascular development 

necessary for grain filling (Dunphy et al., 1982; Hu et al., 2019; Pumphrey, 1970). Physical 

damage from grazing and trampling may further reduce canopy photosynthetic capacity and 

stand uniformity, exacerbating yield losses beyond what would be expected from mechanical 

defoliation. Cattle-grazed trials showed no change in test weight between grazed and ungrazed 

plots, which differs from previous studies in the same region (Edwards et al., 2011). We note in 

passing that this may be a function of the small dataset, since the comparison of neighboring 

trials using only three years of data may provide insufficient statistical power when considering 

trial as the fixed effect and year as a random effect.   

 

4.6 Extended grazing of forages does not compensate for the economic loss of grain yield 

Although grain yields may be comparable between dual-purpose and grain-only systems when 

grazing is terminated early, this economic comparison does not account for the substantially 

higher seeding rates typically used in dual-purpose wheat, often double those of grain-only 
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systems, and the increased nitrogen inputs. Increased input costs influence the relative 

profitability of dual-purpose management as compared to grain-only management.  

Within dual-purpose management, decisions such as cultivar selection (West et al., 2024) and 

grazing termination timing remain critical in determining profitability. Results from this study 

demonstrate that grazing even a single day beyond 0.60 cm hollow stem consistently reduced 

grain yield and net economic returns, even when accounting for increased weight gains (Figure 

7). These findings are consistent with previous economic analyses showing that extended grazing 

is rarely profitable except under scenarios of low grain prices, strong cattle markets, and high 

daily weight gains (Redmon et al., 1996; Taylor et al, 2010). Further research is needed to 

understand these dynamics under varied yield potentials, because in low-yielding environments, 

late grazing has a less detrimental impact on grain yield.  

In years of low grain yield potential, producers commonly elect to graze out (forgo grain harvest) 

their crops. The economic analysis performed here assumes grain yield is being reduced from the 

yield potential. In reality, in years of lower grain yield potential, the loss due to an additional day 

of grazing would be proportionally less. 

These tradeoffs demonstrate that dual-purpose systems also offer economic benefits of risk 

management and system flexibility with grazing income offsetting grain production risks in dry 

seasons and adding value in wet seasons (Han et al., 2026; Simao et al., 2024). Additionally, 

grazing reduces transpiration through green biomass in the fall season, where water is often 

limited, and due to reductions in deep soil root biomass, grazing also reduces water uptake from 

deep soil layers later in the growing season (Han et al., 2024), which can potentially help to 

explain the greater yields seldom measured in dual-purpose as opposed to grain-only trials. 
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Earlier sown dual-purpose crops also spread labor demands and may benefit whole farm 

operations by enabling earlier sown across the board. 

Additionally, the observed increase in test weight under early grazing aligns with previous 

studies suggesting that reduced head density and improved assimilate availability per grain may 

enhance grain quality in grazed systems, thus improving profit when there are premiums offered 

for greater test weight (Holman et al, 2017).  

 

4.7 Management context and limitations 

These field trials did not explicitly account for grazing intensity, which is a critical 

determinant of yield outcomes in dual-purpose wheat systems (Butchee & Edwards., 2011; 

Ochsner et al., 2017). The effect of grazing intensity is a product of residual biomass remaining 

and the subsequent ability of the crop to recover (Kirkegaard et al., 2019). This is of relevance in 

the simulated versus actual grazing comparisons when grazing intensity is not specifically 

defined to allow a one-to-one comparison.  

Likewise, sowing date remains a key factor influencing the success of dual-purpose 

systems. Earlier sowing is needed to maximize forage yield, and often reduces wheat grain yield 

(Edwards et al., 2011); although it can at times result in greater yields, as demonstrated by the 

2022–2023 Oklahoma site-year (in this case, by allowing the dual-purpose wheat to capitalize on 

fall precipitation before severe drought conditions). In years when heat and drought stress occur 

close to maturation, delayed phenology resulting from grazing may be detrimental to grain yield 

(Harrison et al., 2011), highlighting the environmental effects at play in determining the success 

of dual-purpose crops. Earlier sowing also lengthens the period of vegetative growth prior to 
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vernalizing temperatures, increasing fall forage production; it may have a separate effect on grain 

yield if there is drought escape. 

Finally, simulated grazing trials were not conducted with grazing termination times 

evenly spaced across developmental time; instead, mowing termination occurred for all varieties 

on the same calendar date. While this study was favored by creating a range of first hollow stems 

at which mowing was terminated, including more observations with earlier-terminated grazing 

(<1.5 cm hollow stem) would improve the specificity of future termination recommendations. 

Future work integrating grazing intensity, environmental conditions, and the timing of grazing 

termination, as well as the interactions among these factors, is necessary to improve dual-

purpose decision-making. 

 

 5. Conclusions 

A review of 30 influential studies on dual-purpose wheat revealed substantial 

inconsistencies in how FHS has been defined in relation to hollow stem height and grazing 

termination. The academic literature does not provide a clear scientific basis for the development 

of the 1.5 cm hollow stem threshold as the recommended point for grazing termination. Instead, 

a larger body of literature supports defining FHS, and corresponding grazing termination 

recommendations, as the point when hollow stem first becomes visible. 

Analysis of nine years of simulated grazing trials conducted in Hutchinson, Kansas, 

identified the onset of grain yield penalty at approximately 0.60 cm hollow stem. Prior to this 

threshold, dual-purpose and grain-only systems had the potential to yield comparably. Beyond 

this breakpoint, grain yield declined at a rate of approximately 1.8 % d-1 with continued grazing. 

Results from cattle-grazed trials in El Reno, Oklahoma, suggest that yield penalties may be 
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greater under actual cattle-grazing as compared to mowing. However, additional research is 

needed to fully assess the extent to which simulated grazing accurately represents cattle grazing 

systems. 

In most scenarios, grazing beyond 0.60 cm hollow stem resulted in net economic losses. 

Additional daily forage gains from extended grazing rarely outweighed daily grain yield losses. 

On a day-by-day basis, grazing beyond 0.60 cm hollow stem was only profitable under 

conditions of exceptionally low grain prices, high cattle prices, and high forage quality. Given 

the consistent economic and severe agronomic disadvantages of grazing beyond this threshold, 

recommendations to terminate grazing in regional Extension publications should be made 

conservatively. Terminating grazing at 1.5 cm hollow stem results in avoidable grain yield 

penalties. These findings indicate that the current recommendation to terminate grazing at 1.5 cm 

hollow stem is not sufficiently conservative to prevent grain yield loss. To better reflect both 

academic literature and field-based evidence, grazing should be terminated at or before the first 

visible signs of hollow stem, as measured on the main stem of an ungrazed wheat plant, aligning 

with Z30, the very start of stem elongation. Terminating grazing at or before 0.60 cm hollow 

stem has the potential to eliminate grain yield losses, increase test weights, and maximize forage 

benefits of dual-purpose wheat. 
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Chapter 3 - Irrigated wheat for groundwater sustainability in the 

High Plains Aquifer region: Integrating long-term simulations with 

farmer management data 

 

 Abstract 

Declining groundwater availability in the High Plains Aquifer threatens the long-term 

sustainability of irrigated agriculture in the U.S. Great Plains, where crop selection and irrigation 

management decisions strongly influence water demand. This study calculated a scalable 

irrigation sustainability metric (Irr Q-stable) to define region-level irrigation thresholds based on 

aquifer water balances and evaluated the role of crop choice and management in reducing 

groundwater depletion. Required reductions in current irrigation use ranged from 4 to 38% 

depending on region, with the greatest reductions needed in western Kansas. We hypothesize 

that more frequent wheat under irrigation, as compared to the current predominant continuous 

maize systems, will reduce water withdrawal needs in the region to sustainable levels. Thirty 

years of crop modeling simulations were used to compare irrigation requirements and water 

sustainability outcomes among continuous maize, continuous wheat, and maize–wheat rotations 

in ten regions across western and central Kansas. Simulations were conducted under fully 

irrigated, non-limited conditions, with irrigation applied to maintain plant-available soil water 

levels between 50 and 90%.  Simulations demonstrated that fully irrigated wheat consistently 

remained below Irr Q-stable thresholds across all regions, whereas continuous maize frequently 

exceeded sustainable irrigation limits, indicating that crop choice is a critical strategy for 

reducing groundwater demand.  Some continuous maize systems required irrigation reductions 
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exceeding 50%, suggesting that sustainability goals are likely not achievable through irrigation 

efficiency improvements in maize alone. In contrast, wheat required reductions of no more than 

8% across all regions and five-year periods, levels that may be achievable through improved 

management and irrigation technology. Additionally, a survey of irrigated wheat fields was 

conducted to characterize current management practices, irrigation inputs, and opportunities to 

improve water use efficiency (WUE). Survey-based simulations indicated that 42% of irrigated 

wheat fields could increase yields through improved irrigation timing without increasing total 

irrigation volume. Sustainability metrics, long-term crop simulations, and producer management 

data demonstrated the potential of irrigated wheat to maintain productivity while reducing 

groundwater depletion, and to identify management opportunities to further improve wheat 

WUE. 

 1. Introduction 

The Great Plains region of the United States (U.S.) contains more than 30% of the 

nation’s agricultural land and accounts for more than half of the total national wheat (Triticum 

aestivum L.) production (Parton et al., 2014). Kansas, which consistently ranks as the top wheat-

producing state, generates an estimated $1.44 billion annually from wheat production alone 

(Kansas Department of Agriculture, 2025). Despite this economic and agronomic importance, 

wheat yields in the central U.S. have remained largely stagnant since the early 1990s (Patrignani 

et al., 2014; Grassini et al., 2013), and statewide wheat acreage has steadily declined during the 

same period (Simao et al., 2024; USDA-NASS, 2025). Much of this decline reflects a shift 

toward maize (Zea mays L.) production, which supports the region’s cattle industry and has 

benefited from rapid technological advancements in hybrids, fertility management, and 

production systems (Holman et al., 2024). 



40 

The expansion of maize production in western Kansas is tightly coupled with increasing 

demand for irrigation. Previous research in this region has suggested that maize requires a 

minimum of 900 mm of total water supply (plant-available water at sowing, precipitation, and 

irrigation) to approach an estimated yield potential of about 19.4 Mg ha-1, considering that about 

100 mm of that are lost via evaporation (Grassini et al., 2011; Moghbel et al., 2024). Meanwhile 

wheat, traditionally produced under dryland conditions, may require 450 mm or less to reach a 

yield potential of ~ 5.2 Mg ha-1 considering evaporative water losses of ~ 80 mm in this region 

(Patrignani et al., 2014; Lollato et al., 2017). Kansas exhibits a strong east–west precipitation 

gradient, with much of western Kansas receiving approximately 450 mm of annual precipitation. 

Consequently, achieving high yields of water-intensive crops relies heavily on irrigation, 

increasing pressure on limited groundwater resources. 

Irrigation capacity in western Kansas depends almost entirely on the High Plains Aquifer, 

which has experienced severe depletion in recent decades. Some areas have lost more than 60% 

of their saturated thickness, and projections suggest that approximately 35% of the U.S. southern 

Great Plains is in danger of losing irrigation capacity within the next 30 to 50 years (Haacker et 

al., 2015; Rhodes et al., 2023; Scanlon et al., 2012). As irrigation availability declines, producers 

will increasingly need to consider cropping systems that maintain profitability while reducing 

groundwater demand to ensure the stabilization of aquifer water levels, extending the lifetime of 

regional groundwater resources. The key questions become: How much does irrigation pumping 

need to be reduced to achieve stable aquifer levels, and what management strategies, including 

crop selection and rotation, can realistically achieve these reductions? 

Crop selection represents one of the most direct opportunities to reduce agricultural water 

demand (Deines et al., 2019; Drastig et al., 2016). Although irrigated wheat represents 
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approximately 7% of Kansas’s irrigated cropland, this acreage exceeds the total wheat area 

produced in many U.S. states under both dryland and irrigated systems combined (USDA FSA, 

2025). Because wheat requires less seasonal water supply than maize, increasing the role of 

wheat within irrigated cropping systems may provide an opportunity to reduce groundwater 

withdrawals while maintaining agricultural production. However, the sustainability benefits of 

wheat depend not only on crop choice but also on optimizing management practices that improve 

yield and water use efficiency (WUE, hereafter defined as yield produced per unit of water 

available). Improvements in irrigation timing, nutrient management, and other agronomic 

practices can increase crop productivity per unit of water, allowing producers to maintain yields 

while reducing unnecessary irrigation inputs (Liu et al., 2022; Hochman et al., 2009; Sadras & 

Lawson, 2013; Alharbi et al., 2004). 

We hypothesize that greater frequency of wheat under irrigation has the potential to 

produce high-yielding crops while improving the sustainability of the High Plains aquifer, as 

opposed to the current system that is predominantly continuous irrigated maize. Additionally, we 

hypothesize that current irrigated wheat management in Kansas can be improved to increase 

WUE and yield with simple changes to agronomic and irrigation management. 

To evaluate these hypotheses, this study integrates two complementary approaches: First, 

we used long-term crop modeling simulations evaluating how alternative crop sequences 

influence irrigation requirements and maintenance of water levels in the US High Plains Aquifer. 

This exercise was followed by a farmer survey documenting current management practices in 

irrigated wheat fields across Kansas. Together, these approaches aim to (i) determine sustainable 

irrigation limits needed to extend the usable life of the High Plains Aquifer, (ii) quantify the 

influence of crop sequence on irrigation requirements under sustainable groundwater use targets, 



42 

and (iii) characterize current management practices in Kansas irrigated wheat systems to identify 

opportunities for improving production and WUE. 

 2. Methods 

2.1 Study region 

Kansas is the largest wheat-producing state in the United States, producing approximately 

7.9 Mt of grain across 3.0 Mha annually (10-year average; USDA NASS, 2025; USDA NASS, 

2026). Winter wheat is typically sown from mid-September through mid-November and 

harvested from early June through early July, with timing varying by environment, year, and 

crop sequence (Munaro et al., 2020). In 2025, Kansas also produced 23 Mt of maize on 2.7 Mha 

(USDA NASS, 2026). Maize planting typically occurs from mid-April through late May, and 

harvest occurs from September through October (Long et al., 2017). 

This study focused on central and western Kansas, where the majority of irrigated land in 

Kansas is located. Annual precipitation ranges from approximately 450 mm in western Kansas to 

750 mm in central Kansas (Lollato et al., 2020; Kansas Mesonet, 2026). Climatic conditions also 

vary substantially across the region, with winter temperatures ranging from approximately -3°C 

in northern Kansas to summer temperature maximums exceeding 27°C in south-central Kansas 

(Kansas Mesonet, 2026). These differences in climate and water availability contribute to 

variation in crop water demand and irrigation sustainability among regions in the state. 

To ensure appropriate geographic coverage in our analysis, we used the climate zones 

delineated by the Global Yield Gap Atlas (YPYGA, 2026; www.yieldgap.com), which follows a 

standardized approach for defining spatially representative agricultural regions. Briefly, the 

protocol first defines climate zones within the study area based on three parameters influencing 

yield potential: (i) aridity index, which indicates the degree of water limitation, (ii) annual total 

http://www.yieldgap.com/
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growing degree day (Tbase: 0ºC), indicating the length of the growing season, and (iii) 

temperature seasonality, which serves to quantify the degree of temperature oscillation during 

the year (Van Wart et al., 2013; Bussel et al., 2015). Within each climate zone, reference weather 

stations were selected to provide daily weather data for crop simulations. A 100 km radius buffer 

region was created around each weather station and masked to the climate zone boundaries, so 

that only areas falling within the same climate zone and weather station were considered. When 

more than one station was available within a climate zone, stations were prioritized based on the 

amount of target wheat area covered by their masked buffer regions and the length and 

completeness of their daily weather data (Romero Soler et al., 2026).  

These regions were further filtered to include only regions containing sufficient 

groundwater and water-use observations for estimating irrigation sustainability thresholds. 

Specifically, regions were retained if they contained at least five observations for both annual 

water-level change and water use for each year from 2000 through 2025. Regions were named 

according to the central municipalities they encompass. The resulting ten regions represent 

distinct agro-climatic and groundwater-use regions, encompassing 91% of all Kansas irrigated 

winter wheat (2025 planted area), 83% of Kansas irrigated maize (2025 planted area) (U.S. 
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Department of Agriculture, Farm Service Agency [USDA FSA], 2025), and 97% of the total 

aquifer extent in Kansas (Figure 3.1a,b) 

Figure 3.1 Visual depiction of methods. (A) Map of Kansas maize (yellow raster) and wheat 

(green raster) planted areas in 2024. Solid line shows the extent of the High Plains Aquifer in 

Kansas, and gray shaded counties depict the study area shown in panel B. (B) Map of the ten 

regions defined for central and western Kansas overlaid on Kansas counties. (C) Surveyed 

irrigated wheat field locations within the State of Kansas. The outline of the High Plains aquifer 

is overlaid across Kansas. Red points are specific field locations. To avoid overlapping points 

and fields that are reported across multiple years, a heat map surrounds the field points with 

darker red colors indicating higher density of reported fields and yellow being more sparse 

locations. (D) Graphical depiction of the linear relationship used to compute Q-stable sustainable 

pumping limits. The dashed red line is the value of Q-stable, where the y-axis is equal to zero. 

Blue points represent different years of data, with the blue linear regression line fit to the points. 

The central panel denotes the location of Kansas (green) and the High Plains aquifer (red) within 

the United States.  

 

2.2 Sustainable irrigation targets 

In this study, sustainable irrigation was defined as levels of water withdrawn leading to 

the stabilization of aquifer water levels. 
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2.2.1 Dataset 

The relationship between groundwater withdrawals and aquifer response impact the 

estimates of sustainable irrigation limits. Since 1978, every nondomestic pumping well in Kansas 

has been required to have a water right that specifies the maximum annual water use for that 

well, and a water use report for each water right must be submitted annually (Butler et al., 2016). 

Since 1990, that data is then released, after quality-control checks, by the Division of Water 

Resources of the Kansas Department of Agriculture by the fall of that year (Wilson et al., 2005). 

Our analysis considered the reported values for wells from 2000 to 2025. Pumping records from 

the Division of Water Resources of the Kansas Department of Agriculture not only report the 

volume of water usage for each water right, but they also categorize the usage of that water as 

domestic, industrial, municipal, recreation, stockwater, or irrigation. The report also includes the 

land area serviced by each water right.  

Water-level measurements of the High Plains Aquifer from the Kansas Geological 

Survey from 2000 to 2025 were also utilized in this work (Bohling & Wilson, 2012; Kansas 

Geological Survey., n.d). Annual water-level change was calculated as the difference between 

consecutive annual measurements of depth to groundwater at each monitoring well. Negative 

values represented declining groundwater levels, whereas positive values represented 

groundwater recovery. Measurements were aggregated within each region to estimate the 

regional annual aquifer response. Water-level and water-usage measurements were filtered to 

sites within the defined geographic regions (Appendix Figure B.1). 

 

2.2.2 Computation of Q-stable 

Q-stable represents the annual pumping volume associated with zero groundwater-level 

change. To estimate the level of pumping that leads to approximately stable aquifer water levels 
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at a time scale of several years to decades, the following methodology was used as defined by 

Butler et al. (2016), for each of the ten regions. 

Q-stable was estimated by fitting a linear relationship between annual groundwater-level change 

and annual groundwater withdrawals within each region (Figure 3.1d): 

𝛥𝑊𝐿 = 𝛽0 + 𝛽1𝑄 

where ΔWL represents annual groundwater-level change, and Q represents annual groundwater 

withdrawal. The pumping level at which predicted groundwater-level change equals zero was 

calculated as: 

𝑄𝑠𝑡𝑎𝑏𝑙𝑒 = −
𝛽1

𝛽0
 

Uncertainty in the Q-stable estimate was determined using a 95% confidence interval on the 

defined linear relationship and subsequently carried into the uncertainty of when water-level 

change is equal to zero.  

2.3.3 Irrigation targets 

Because Q-stable represents total groundwater withdrawal from all sectors, it does not 

directly represent irrigation sustainability. Therefore, Q-stable was partitioned to estimate the 

portion of sustainable pumping available specifically for irrigation (Equation 3). 

The average non-irrigation water for each region was calculated from 2020 through 2024. 

The 5-year average was treated as a representation of current non-irrigation water usage, 

smoothing yearly fluctuations using a 5-year trend. The sum of non-irrigation water per region 

was subtracted from the Q-stable values. The resulting value was the sustainable volume of 

water available to each region for irrigation. The sustainable irrigation volume was then divided 

by the total area of irrigated land (averaged from 2020 through 2024) in each region to bring the 

Eq 1. 

Eq 2. 
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target volume to the field scale. Irrigated land area was determined as the sum of land area 

reported by water rights in each region. 

This resulting value, termed Irr Q-stable, represents the maximum annual irrigation volume per 

hectare that is compatible with long-term groundwater-level stabilization. 

𝐼𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑄𝑠𝑡𝑎𝑏𝑙𝑒 =
(𝑄𝑠𝑡𝑎𝑏𝑙𝑒 − 𝑛𝑜𝑛 𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 𝑝𝑢𝑚𝑝𝑖𝑛𝑔)

𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑒𝑑 𝑙𝑎𝑛𝑑 𝑎𝑟𝑒𝑎
 

2.3. Crop modeling 

2.3.1 Crop model calibration and validation 

Cropping systems were modeled using CERES-wheat and CERES-maize, embedded in 

DSSAT v 4.8.5.0 (Jones et al., 2003). CERES models are process-based models that simulate 

crop growth and development as a function of weather, soil conditions, genotype, and crop 

management (Jones & Kiniry 1986; Ritchie & Otter, 1985). Soil water balance accounts for 

precipitation, evapotranspiration, infiltration, drainage, and surface runoff, while crop 

development is driven by temperature and genotype-specific coefficients. Biomass accumulation 

is estimated from intercepted photosynthetically active radiation and radiation use efficiency, and 

grain yield is determined from plant density, grain number, and grain weight at maturity, affected 

by temperature, water availability, and assimilate availability (Jones & Kiniry 1986; Ritchie & 

Otter, 1985).  

Crop genetic coefficients were calibrated for this analysis based on data from well-

managed experiments conducted with locally adapted varieties across the study region. For 

wheat, genetic coefficients for the cultivar ‘IBA’ were calibrated using 12-site years of field data 

from central Oklahoma harvest in 2013 and 2014 (Lollato & Edwards, 2015). Model 

performance was validated against 38 independent site-years using the highest-yielding cultivar 

at each site-year to determine whether the parametrization adequately reproduced the phenology 

Eq 3. 
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and yield potential of locally adapted wheat varieties. Root mean squared error (RMSE) for yield 

was 1.01 Mg ha-1 for calibration and 1.10 Mg ha-1 for validation (Appendix Figure B.2). 

Information on each site year used for validation is available in Appendix Table B.1. For maize, 

9 site-years of field observations from 4 locations in Kansas, using locally adapted varieties, 

were compared with simulations generated using 35 DSSAT CERES-Maize cultivar parameter 

set (Allen, 1996). Complete information on the 9 site-years of maize data is available in 

Appendix Table B.2. Each parameter set was evaluated based on its ability to simulate the field 

data for phenology and yield. The parametrization for ‘Pioneer 3489’ provided the best overall 

agreement with the field observations and was therefore selected for the maize simulations 

(RMSE 2.34 Mg ha-1 for yield and 18 days for maturity; Appendix Figure B.2). 

2.3.2 Weather and soils for crop modeling 

Within each region, one to three dominant soil mapping units (taxonomic orders) were 

identified based on Soil Survey Geographic Database (SSURGO; Survey Soil Staff, 2026) to 

capture the soil conditions representing the majority of agricultural production within each 

region. Soil texture and depth were retrieved directly, while other variables needed for crop 

simulations, such as plant-available water-holding capacity, bulk density, and other soil water 

hydrological parameters, were estimated from the reported soil properties and generic 

relationships reported in the literature and using pedotransfer equations when not available 

directly from SSURGO (Saxton and Rawls, 2006). For survey data simulations, soil type was 

determined using field-specific coordinates. 

For long-term simulations, wheat harvested area within each soil type and within each 

region, was calculated. The number of soil types modeled for each region was then based on 

including as many profiles as were needed to cover >50% of the wheat area within the region 
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(i.e. the dominant soil types for wheat area with each region were selected) (YPYGA, 2026; 

IFPRI, 2019). Soil types simulated for each region are reported in Appendix Table B.3. Soil 

profile depths ranged from 1.4 to 1.9 m and included mollisols, entisols, vertisols, and alfisols. 

Measured daily weather data (minimum and maximum air temperature, solar radiation, and 

precipitation) were retrieved from Daymet, daily Surface Weather Data On a 1-km Grid  selected 

because its gridded daily weather products provide spatially continuous climate data suitable for 

field-scale crop simulation across heterogeneous agricultural landscapes (Mourtzinis et al., 

2017). For survey simulations, weather was gathered using field-specific coordinates. For long-

term simulations, coordinates were based on the coordinates of the reference weather station 

within each region (Appendix Table B.5; Appendix Figure B.5). Simulations were conducted 

under no-till management with residue retained post-harvest and full establishment regardless of 

residue status at planting.  

2.4. Long-term simulations 

2.4.1 Management and timescale 

Long-term simulations were conducted for three fully irrigated crop sequences: 

continuous maize (CC), maize-wheat (CW), and continuous wheat (WW).  The simulations 

included 35 primary crop harvest years, from 1991 through 2025. The first five years of the 

simulations (1991-1995) were considered a ‘warm-up’ period to achieve accurate initial soil 

water and residue conditions. The 30 years of data from 1996 to 2025 are treated as the study 

period for all analyses.  

For the maize-wheat sequence, simulations were run in two offsetting year cycles to 

capture each crop harvest in all years (i.e., avoid the effect of alternating year sequences). The 

fallow period between crops was explicitly specified to have no irrigation or nutrients applied to 
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ensure that soil water and residue conditions carried over between crops. For all simulations 

(long-term and survey data), water balance was active, but nutrients were non-limiting. 

Automatic irrigation was triggered when plant-available soil water within a fixed management 

depth declined to 50% of capacity and was applied until plant-available soil water reached 90% 

of capacity (Araya et al., 2021; Onyekwelu et al., 2025). This management depth was set at 100 

cm for maize and 50 cm for wheat (Araya et al., 2021) and represents a static soil profile depth 

used solely to evaluate the irrigation trigger; it is distinct from simulated rooting depth, which the 

model determines dynamically as a function of crop growth stage. All irrigation applications 

were simulated using sprinkler irrigation with an application efficiency of 90%. No maximum 

was set per single irrigation event. The objective of these simulations was not to predict 

individual field behavior, but rather to compare relative differences in irrigation requirements 

among cropping systems under consistent management assumptions. 

Planting dates for each crop were selected based on optimal regional averages for each 

region, informed by extension bulletins, variety performance trials, and local agronomists 

(Appendix Table B.5; Shroyer et al., 1996). Simulated wheat planting dates were also verified 

against the surveyed wheat fields and found to be representative. 

2.4.2 Data Analysis 

2.4.2.1 Irrigation water use in 5-year windows 

Most Kansas water right holders are eligible to apply for a multi-year flex account 

(MYFA), which allows annual pumping to exceed the authorized quantity in individual years 

while limiting total pumping over five years to five times the annual allocation (KDA, 2025). To 

align simulated irrigation demand with this management framework and reduce the influence of 

individual anomalously wet or dry years, irrigation water use for the three simulated crop 



51 

rotations was evaluated using rolling five-year windows. This approach provides a management-

relevant timeframe for comparing crop-specific irrigation requirements with existing 

groundwater management policies and accounting for variability in annual weather conditions. 

To align with the calendar year structure of water rights, total irrigation applied from 

January 1 through December 31 was summed for 26 consecutive five-year periods (1996–2000 

through 2021–2025) for each region, soil profile, and crop rotation combination. For the maize–

wheat (CW) rotation, two offset sequences were evaluated, resulting in 52 five-year windows per 

region and soil profile combination, to ensure that both maize and wheat phases of the rotation 

were represented across all years. 

2.4.2.2 Sustainability of crop sequences 

Irrigation applied for each crop sequence, in each region, was averaged across 5-year 

periods. These average values, along with 95% confidence intervals, were compared to five 

times the annual Irr Q-stable targets to determine average performance of crop sequences. Values 

above the target were considered unsustainable; values below the target were deemed sustainable 

as they will not lead to the depletion of aquifer saturated thickness (Whittemore et al., 2023). 

This approach was used to determine the percentage of 5-year periods that each region and 

sequence operated sustainably. 

2.4.2.3 Simulated yields 

Simulated crop yields were determined at maturity for maize and wheat grown 

continuously or in rotation. Crop yields (1996-2025) were averaged to represent the yield 

potential within each geographic region zone. Annual yields were also regressed against seasonal 

precipitation to identify yearly trends and validate that simulated water productivity fell within 

previously defined crop boundary functions developed in the region, including that for maize 
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(water use efficiency of 27.7 kg ha-1 mm-1, minimum water loss of 100 mm; Grassini et al., 

2011) and wheat (water use efficiency of 17.2 kg ha-1 mm-1, minimum water loss of 82 mm; 

Lollato et al., 2017). 

2.5. Farmer Survey 

2.5.1 Data collection 

Field-specific coordinates, agronomic management, and grain yields were collected from 

53 irrigated wheat fields harvested in 2023, 2024, and 2025 in central and western Kansas 

(Figure 3.1c). Wheat fields classified as irrigated were included regardless of whether irrigation 

was applied during the specific growing season, as the objective was to characterize management 

within irrigated production systems rather than only irrigated growing seasons. Participants were 

recruited with the help of local research and extension agencies, and all participation was 

voluntary. The survey captured field-level information such as sowing and harvest dates, 

irrigation amounts, pesticide use, seeding rate, nutrient plan, tillage, field size, and row spacing 

(Appendix Table B.6). Producers could report multiple fields/years of information. All data were 

self-reported rather than directly measured. 

The survey protocol was approved by the Kansas State University Committee for 

Research Involving Human Subjects (protocol IRB-12545). Before each survey, producers 

signed a data-sharing agreement permitting the use of their responses and ensuring that only 

aggregated results would be reported to protect privacy.  

2.5.2 Data pre-processing 

All survey responses were standardized to consistent units, and categorical variables were 

grouped when necessary (e.g., tillage classified as no-till, minimal-till, or full-till based on 

grower descriptions). Variables with minimal variation in (>94% same response) were not 
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included in statistical analysis. To account for geospatial influences on wheat yields and water 

use, each surveyed field was also assigned to a region based on clustering (central or west). 

2.5.3 Simulation scenarios 

Survey simulations were designed to separate the effects of irrigation amount from 

irrigation timing. Specifically, scenarios evaluated whether yield improvements could be 

achieved through improved irrigation scheduling without increasing seasonal irrigation volume. 

Simulations were completed for each surveyed field using its reported planting date under three 

irrigation regimes. The first scenario applied irrigation according to the specific dates and 

volumes reported by the producer for each specific field and year. The second scenario 

maintained a maximum seasonal irrigation total equal to, or below, that of the amount reported 

by the farmers, but allowed the irrigation timing to synchronize with the crop water demand. 

Here, irrigation application was set to trigger when the profile reached 50% plant-available soil 

water and irrigated until 90% of the plant-available soil water capacity was reached or the limit 

for water quantity was reached, within the top 50 cm (Araya et al., 2021; Onyekwelu et al., 

2025). The final scenario was an unlimited irrigation scenario to reflect yield potential 

conditions. All simulations utilized the reported sowing dates but were otherwise assumed to 

have no nutrient limitations or yield reductions from pest or weed pressure. Simulations 

accounted for the effect of water limitation where applicable. Across scenarios, a minimum 

irrigation amount per irrigation event was set to 12.7 mm to reflect farmer practice. One 

surveyed field was excluded from crop modeling analyses because it had a forage crop preceding 

the wheat crop, for which we did not have sufficient information or model parametrization to 

simulate that previous crop and its effects on soil water and residue carryover.  
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Based on simulated crop phenology for the reported and yield potential simulations, 

irrigation applied at each growth stage was summed and expressed as a proportion of total 

seasonal irrigation. Reported and yield potential simulations were then compared to identify 

differences in irrigation timing, on a growth stage scale.  

2.5.4 Sustainability of surveyed fields 

Each field surveyed was assigned to a region (Figure 3.1) based on its geographic 

location. Observed irrigation volumes were compared to the annual Irr Q-stable targets for the 

respective regions. Additionally, the volume of water required to produce the simulated yield 

potential was also compared to Irr Q-stable to quantify current sustainability and sustainability of 

the fields under fully irrigated scenarios.  

2.5.5 Factors influencing WUE 

Water-use efficiency (WUE) was calculated for each surveyed field as the ratio of grain 

yield to total water supply (Equation 4), where the total water supply was calculated at the sum 

of plant available water at sowing (as defined by the crop model in each field), in-season 

precipitation, and applied irrigation. 

𝑊𝑈𝐸 =  
𝐺𝑟𝑎𝑖𝑛 𝑌𝑖𝑒𝑙𝑑

𝑇𝑜𝑡𝑎𝑙 𝑊𝑎𝑡𝑒𝑟 𝑆𝑢𝑝𝑝𝑙𝑦
 

Water-use efficiency was modeled as a function of management practices, soil properties, 

and water inputs using a hierarchical Bayesian regression model (Equation 5). A hierarchical 

Bayesian framework was selected because survey data contained repeated observations from 

producers across multiple years and regions, resulting in non-independent observations and 

potential producer-level management effects. The model was designed to incorporate a diverse 

set of agronomic predictors and account for heterogeneity at the producer level, region, and year 

levels. All priors were set as weakly informative without strong influence over any one factor. 

Eq. 4 
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We assessed model convergence using R̂, effective sample size, divergent transitions, treedepth 

saturation, and HMC energy diagnostics. The following model defines the structure: 

𝑦𝑖𝑗 = 𝛽0 + ∑ 𝛽𝑘𝑥𝑘,𝑖𝑗

18

𝑘 = 1

+ 𝑝𝑗 + dm + 𝑟𝑙 + 𝜖𝑖𝑗, 

𝜖 ∼ 𝑁(0, 𝜎2), 

𝑝𝑗 ∼ 𝑁(0, 𝜏2), 

dm ∼ 𝑁(0, 𝜌2), 

𝑟𝑙 ∼ 𝑁(0, 𝜑2) 

Where, 𝑦𝑖𝑗  is the response variable WUE for ith field within the jth producer, 𝛽0  is an overall 

mean, each subsequent β is a predictor k (management or environmental) of the ith field within 

the jth producer, 𝑝𝑗 is the random effect of the jth producer, normally distributed with mean zero 

and variance τ2, dmis the random effect of the mth  harvest year, normally distributed with mean 

zero and variance 𝜌2, 𝑟𝑙 is the random effect of the lth region, normally distributed with mean 

zero and variance 𝜑2, and 𝜀𝑖𝑗 is the error for the ith field within the jth producer, normally 

distributed with mean zero and variance σ2
. 

 

 

 

 

 

 

 

Eq. 5 
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 3. Results 

3.1 Sustainable irrigation targets 

Relationships between groundwater withdrawals and aquifer response varied among 

geographic regions across central and western Kansas (Figure 3.2). Accounting for average non-

irrigation water use (2020–2024) and irrigated land area, sustainable annual irrigation limits 

ranged from 2252.8 m3 ha-1 in northwest Kansas to 3230.0 m3 ha-1 in central Kansas (Table 3.1). 

Figure 3.2 Linear relationship between water-level change and annual pumping records used to 

calculate Q-stable for each geographic region. Each colored point represents the averages of a 

given year, 2001 through 2025.  

 

Current irrigation use exceeded sustainable irrigation limits in all regions, but the 

magnitude of reduction required for irrigation water usage to reach Irr Q-stable varied 

substantially across the state (Table 3.1). The largest reductions were required in western Kansas, 
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where Elkhart and Liberal regions required approximately 36.2% and 37.9% reductions 

respectively in current irrigation use to reach Irr Q-stable. In contrast, eastern and central regions 

required smaller adjustments, with the Hays region requiring the lowest reduction (4.5%), 

followed by Great Bend (6.7%) and Dodge City regions (7.0%). These results indicate that 

regional differences in groundwater sustainability are driven not only by irrigation intensity 

check but also by differences in aquifer response and available groundwater resources. 

 

Table 3.1 Average non-irrigation pumping, irrigation pumping, and irrigated area in each region 

2020 through 2024, and the sustainable irrigation pumping limit per hectare (Irr Q-stable) for 

each of ten geographic regions. Percent reduction is the reduction to current irrigation use needed 

to reach Irr Q-stable. 

Region Non-

irrigation 

water use 

(106 m3) 

Average 

irrigation 

use (106 m3) 

Average 

irrigated 

area (ha) 

% 

Reduction 

needed 

Irr Q-stable (m3 ha-1) 

Colby  11.5 329.9 116,815 13.1 2452.0 (2302.6, 2601.3) 

Dodge City  30.5 391.5 121,371 7.0 2994.4 (2782.4, 3206.4) 

Elkhart  16.9 490.2 138,252 36.2 2257.0 (1643.8, 2870.3) 

Goodland  2.8 198.3 62,119 29.5 2252.8 (1931.6, 2574.1) 

Great Bend  11.2 364.3 106,163 6.7 3189.5 (3053.3, 3325.7) 

Greensburg  5.3 175.5 46,961 13.6 3230.0 (3058.1, 3402.0) 

Hays  6.8 58.4 22,558 4.5 2482.5 (2348.3, 2593.3) 

Hutchinson  101.6 213.8 74,157 15.9 2422.4 (2260.9, 2583.8) 

Liberal 14.4 373.8 939,094 37.9 2471.4 (1932.4, 3010.4) 

Tribune 39.4 532.3 153,659 20.4 2756.1 (2358.1, 3154.1) 

 

3.2 Long-term simulations 

Simulated maize yields averaged 15.3 Mg ha⁻¹ across all regions and were highest in 

western Kansas locations, including Goodland, Tribune, and Colby (>17 Mg ha⁻¹). Wheat yield 
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potential averaged 6.5 Mg ha⁻¹, with the highest yields occurring in Elkhart and Liberal (7.2 and 

7.3 Mg ha⁻¹, respectively) (Appendix Figure B.3). Simulated yields fell within biologically 

feasible water productivities for both wheat and corn boundary functions defined by Lollato et 

al., 2017 and Grassini et al., 2011 (Figure 3.3). 

 
Figure 3.3 Simulated yield potentials for wheat (green) and maize (yellow) regressed on 

seasonal water supply (available water at sowing, plus in-season rainfall, plus applied irrigation). 

Yields include simulations across 30 continuous years (1996-2025) and ten regions. Dashed lines 

are the boundary water productivity functions for wheat and maize defined by Lollato et al., 

2017 and Grassini et al., 2011 respectively. 

 

Average irrigation requirements differed substantially between crops but were relatively 

consistent between rotations containing the same crop. Continuous maize and maize in maize–

wheat rotations required approximately 417 mm of irrigation annually (0-809 mm), whereas 

wheat required approximately 275 mm annually in both continuous wheat and maize–wheat 

rotations (0-646 mm) (Figure 3.4A). Including plant-available water at sowing and growing-

season precipitation, total water supply averaged approximately 1030 mm for maize and 688 mm 
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for wheat. Irrigation demand varied among regions and was generally greater in drier western 

regions (0-775 mm) as compared to the central region (0- 400 mm), where lower precipitation 

required greater supplemental irrigation to maintain non-limiting water conditions (Figure 3.6b). 

On an annual basis, crops exceeding Irr Q-stable were associated with lower precipitation during 

the growing season, indicating that climate variability strongly influenced irrigation requirements 

(Figure 3.4b).  

 
Figure 3.4 (A) Average seasonal applied irrigation for continuous maize (CC), continuous wheat 

(WW), and maize-wheat (CW) rotations for each crop. (B) Applied irrigation minus Irr Q-Stable 

for maize and wheat crops plotted against growing season precipitation.  Panels depict ten 

geographic regions with data for simulations from 1991 to 2025.  
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Regarding the sustainability of irrigated rotations, continuous maize consistently required 

the greatest irrigation inputs and exceeded sustainable irrigation thresholds by an average of 

7690 m3 ha-1 across regions per five years (Figure 3.5). In seven of ten regions (i.e., Colby, 

Dodge City, Elkhart, Goodland, Hays, Liberal, Tribune), continuous maize irrigation exceeded 

Irr Q-stable in every five-year period evaluated. In the remaining regions, continuous maize 

remained sustainable only intermittently, ranging from 12% of periods in Greensburg to 50% in 

Hutchinson. 

Figure 3.5 Simulated irrigation water use in 5-year time intervals compared to sustainable Irr Q-

stable targets (black line, with 95% confidence interval shaded). Each panel (region) compares 

irrigation demand for three fully irrigated crop rotations: continuous maize (CC), continuous 

wheat (WW), and maize-wheat (CW) (mean and standard deviation). 
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In contrast, continuous wheat demonstrated substantially greater compatibility with 

sustainable groundwater use, using an average of 4368 m3 ha-1 less than the sustainable target 

(Figure 3.5). Five regions remained below Irr Q-stable during all five-year periods (i.e., Dodge 

City, Great Bend, Greensburg, Hays, Hutchinson), while the remaining regions exceeded 

sustainable limits only during the driest periods. Even in Liberal and Elkhart, the regions with 

the largest sustainability gaps for wheat, irrigation reductions of approximately 8% were 

sufficient to achieve sustainability across all five-year periods. Maize–wheat rotations provided 

an intermediate strategy, reducing irrigation demand relative to continuous maize while 

maintaining maize production within the rotation (Figure 3.5). However, sustainability depended 

strongly on location. In the westernmost regions (i.e., Elkhart, Goodland, Liberal, and Tribune), 

maize–wheat rotations exceeded Irr Q-stable during all five-year periods, whereas central and 

eastern regions were sustainable during 4–89% of evaluated periods depending on location 

(Figure 3.5).  

Differences among soil profiles within locations were generally small compared with 

differences among crop rotations and geographic regions, with minimal differences observed in 

irrigation demand between different soils in the same location. The largest difference occurred in 

Hutchinson, in which maize 5-year irrigation demand decreased around 2700 mm in Mollisols 

compared to Entisols (Appendix Figure B.4). Difference in irrigation demand for this same 

location and soil was not substantial for CW and WW rotations. 

3.3 Irrigated wheat management in Kansas 

3.3.1 Description of surveyed fields and management 

A total of 53 irrigated wheat fields from 12 producers were surveyed across central and 

western Kansas during the 2023–2025 harvest seasons (Figure 3.1c). Fields represented a range 
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of environments, management practices, and irrigation strategies within the major irrigated 

wheat production region of Kansas. Mean reported grain yield was 5.8 Mg ha⁻¹, ranging from 2.3 

to 8.7 Mg ha⁻¹, while simulated non-limited yield potential averaged 7.4 Mg ha⁻¹ (SD = 0.62).  

Surveyed categorical and numeric variables were examined to understand current 

practices. Distributions of categorical variables are shown in Figure 3.6. A total of 92% of fields 

applied fungicide, 96% of fields did not apply insecticide, and 94% (50 out of 53) of fields 

utilized 19.05 cm row spacing. No-till was the predominant tillage system reported (60%), and 

most seeds were treated with both fungicide and insecticide (70%). About 55% of the fields 

reported a previous crop of irrigated maize, with the next most frequent previous crops being dry 

beans (Phaseolus vulgaris L.) (18%) and soybeans (Glycine max L. (Merr.)) (17%). 

 

Figure 3.6 Visual distributions for categorical variables of 53 surveyed irrigated wheat fields in 

Kansas.  
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Growing season precipitation varied among survey years, ranging from 200 to 638 mm 

(mean = 372 mm, SD=114) and being characterized as below-average in 2023 to near-normal 

conditions in 2024 and variable in 2025 (USDA NASS, 2025). Across surveyed fields, applied 

irrigation ranged from 0 to 383 mm (mean = 162 mm, SD = 61), and plant-available water at 

sowing ranged from 17 to 291 mm (mean = 166 mm, SD = 61). The average nitrogen (N) 

applied per field was 105 kg N ha-1 (SD = 47), with the majority of N applications occurring in 

the spring around green-up. Soil texture across surveyed fields was predominantly silt-dominant 

(Figure 3.7)

 

Figure 3.7 Histogram distributions for numeric variables of 53 surveyed irrigated wheat fields in 

Kansas. Bars depict the number of fields surveyed at each value of the variable, and the orange 

lines show the density curves. 

 

3.3.2 Irrigated wheat sustainability under current and optimized management 
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To evaluate the sustainability of current irrigated wheat production, reported irrigation 

amounts and simulated irrigation requirements were compared with region-specific Irr Q-stable 

thresholds (Figure 3.8a). Under reported farmer management, 44 of 52 modeled fields (85%) 

remained below their respective sustainable irrigation limit. When irrigation was simulated to 

maximize yield potential without water limitations, only 35 fields (67%) remained below Irr Q-

stable, indicating that increasing irrigation to eliminate yield gaps may reduce sustainability in 

some environments. 

Increasing irrigation volume was not always required to improve yield. When the same 

seasonal irrigation amount reported by producers was redistributed according to simulated crop 

water demand, 22 of 52 fields (42%) increased yield by more than 5% solely through improved 

irrigation timing. The average yield improvement attributable to timing optimization was 1.08 

Mg ha⁻¹ (SD = 0.58) (Figure 3.8b). Furthermore, optimized irrigation timing allowed 36 fields to 

reach within 5% and 40 fields to reach within 10% of simulated yield potential without 

increasing seasonal irrigation volume. 

3.3.3 Yield gap and water-use efficiency 

Observed yields averaged 5.8 Mg ha⁻¹ compared with simulated yield potential of 7.4 Mg 

ha⁻¹, resulting in an average yield gap of 1.6 Mg ha⁻¹ (Figure 3.8c). Despite this yield gap, 

observed WUE was similar to simulated WUE under non-limiting conditions (Figure 3.8d), 

suggesting that differences in yield were not primarily caused by inefficient conversion of 

available water into grain, but rather by limitations in capturing yield potential. 
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Figure 3.8  (A) Irrigation applied to each surveyed field under observed irrigation (filled circle) 

and non-limited irrigation (empty circle), compared to annual Irr Q-stable targets. Points above 

the dashed 1:1 line are over sustainable limits. Colors denote the geographic region that 

encompasses each surveyed field. (B) Comparison of yields reported in the farmer survey to the 

yields of those same fields simulated with the same maximum amount of irrigation, but 

improvements made to irrigation scheduling. (C) Observed yields reported by the farmer survey 

compared to simulated yield potential. Distribution of yield potentials is shown in the inset panel. 

(D) Observed water-use efficiency (WUE) compared to WUE under non-limited/yield potential 

irrigation and management. Dashed lines show 20% deviation from the one-to-one (solid ) line 

for panels B, C, and D. 

 

 

Total irrigation amount was compared between the observed and yield potential scenarios 

(Figure 3.8a). Only 12 of 52 fields need more than a 5% increase in applied irrigation to reach 

the irrigation volume of the yield potential scenario. In those fields, the average increase needed 

was 99.4 mm (SD = 50.86). 
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Minimal variation in growth stage allocation of irrigation existed between the observed 

and yield potential scenarios. The yield potential scenario exhibited a 5.8% (3.8-7.8% CI) 

increase in the proportion of total water applied during stem elongation, whereas the observed 

irrigation scenarios applied a slightly higher proportion of total water at seedling growth and 

tillering stages (-3.7% and -3.3%, respectively). 

3.3.4 Factors influencing WUE 

The Bayesian model used to evaluate whether observed producer management practices 

were associated with differences in WUE among surveyed fields had a moderate to strong 

performance (Bayesian R² = 0.73; 95% CI [0.50, 0.90]). All models exhibited good convergence 

(R̂ < 1.01 for all parameters), adequate effective sample sizes (> 1000), no divergent transitions, 

no saturated treedepths, and satisfactory Hamiltonian Monte Carlo energy diagnostics. Posterior 

predictive checks (density overlays and observed vs predicted plots) and posterior variance 

decomposition distributions are provided in Appendix Figure B.6. 

For this analysis, surveyed fields were classified as western Kansas (n = 36) and central 

Kansas (n = 17). Bayesian variance decomposition indicated that measured covariates 

(management, soil, and field characteristics) accounted for approximately 28% of the total 

variation in WUE in the surveyed fields. Hierarchical random effects structure explained a 

substantial share of variability, with regional effects contributing approximately 24% and 

producer-level effects approximately 16%. Interannual variation was comparatively small (≈5%). 

The remaining 27% variation was attributed to residual unexplained variability (Appendix Figure 

B.7).  

Although no individual predictors exhibited strong directional certainty across the full 

posterior (all 95% credible intervals overlapped zero), consistent trends in posterior sign 
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probability were observed across the 53 surveyed fields, reflecting meaningful but uncertain 

associations within a limited spatial and temporal sampling domain (Figure 3.9). For categorical 

variables, the reference levels are as follows; fungicide and insecticide seed treatment, 

conventional tillage, and binary variables ‘no’. 

Among management variables, zinc application showed the strongest positive directional 

signal (Pr(β > 0) = 0.95), followed by height of sprinkler system (0.93), field size (0.93), and 

later sowing date (0.90), suggesting consistently positive associations with WUE across posterior 

draws. Conversely, stronger negative directional tendencies were observed for soil and stress-

related variables, including reported field damage (Pr(β > 0) = 0.03), sulfur application (0.12), 

and increased N rate (0.23), indicating a higher probability of negative associations with WUE. 

Field damage was reported by farmers as a percentage of their field that they felt had suffered 

yield losses for any reason such as hail damage, disease, pests, or machinery issues.  Tillage 

system effects also showed moderate directional structure, with no-till and minimal tillage more 

likely associated with reduced WUE relative to conventional tillage, although uncertainty 
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remained high. Given the modest sample size and restricted environmental gradient, results are 

best interpreted as indicative trends rather than definitive effects. 

Figure 3.9 Posterior mean effects of agronomic and soil factors on water-use efficiency (WUE). 

Horizontal lines are the 95% confidence intervals for the effect sizes. Point color depicts the 

probability that each effect is directionally positive (green) or negative (red).  

 

  

4. Discussion 

This study integrates a regional water-balance analysis to define sustainable irrigation 

targets accounting for both agricultural and non-agricultural water usage, 30 years of crop 

modeling to evaluate crop choice under those constraints, and a farmer-reported management 

survey to identify opportunities for improving the water use efficiency of irrigated wheat. 

Together, these approaches demonstrate that crop selection is an opportunity to improve 

groundwater sustainability, while improved irrigation management and agronomic practices can 

further reduce water demand without compromising productivity. 
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4.1 Irr Q-stable as a sustainable irrigation target 

Irr Q-stable provides a practical estimate of sustainable irrigation pumping that can be 

applied across diverse spatial contexts. Although Q-stable analysis was originally developed as a 

rapid assessment tool to evaluate aquifer-wide sustainability prospects, rather than crop-specific 

irrigation demand (Butler et al., 2016), adapting this framework to per-hectare irrigation by 

incorporating irrigated area, offers a scalable and intuitive benchmark for producers and 

policymakers that can be applied as a field-level target. Because Irr Q-stable is derived directly 

from long-term, point-based, water-balance records, it can be applied in any region with 

consistent water-use reporting. A key advantage of the Q-stable approach is that it does not rely 

on satellite remote sensing (Rodell & Famiglietti, 2002), complex numerical modeling based on 

stream inflow (Prudic, 1989), or hydraulic property parametrization (Butler et al., 2020b; Chen et 

al., 2005). Compared to the widely used array of process-based numerical models, Q-stable is 

less time and resource intensive, and can operate with relatively less data input, making it a 

better response too for water planners looking to quickly assess impacts of pumping reductions 

and set targets (Buchanan et al., 2015; Xiang et al., 2020). 

The robustness of Irr Q-stable depends on two key assumptions: (1) net aquifer inflow 

remains stable over the analysis period, and (2) irrigation is the dominant water-use category. If 

municipal or industrial water use increases, or if recharge patterns shift, Irr Q-stable values 

should be recalculated to reflect new conditions (Butler et al., 2020a). Spatially, larger areas with 

denser measurement networks will produce more stable estimates. While in this research we 

calculated Irr Q-stable values at the region level, future applications should consider smoothing 

Irr Q-stable across geographic gradients to avoid abrupt transitions between adjacent regions. 
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This water-balance approach is not a substitute for numerical modeling; however, it is an easily 

understandable approach to complement hydrological modeling approaches (Butler et al., 

2020b). Irr Q-stable serves as a sustainability threshold against which long-term crop water 

requirements can be evaluated, which in the current study was complemented by crop model 

simulations and farmer-reported irrigation practices. 

4.2 Crop choice can improve aquifer sustainability 

Reducing irrigation pumping can be achieved by shrinking irrigated area, improving 

irrigation efficiency, or selecting crops with lower water demand (Deines et al., 2019). However, 

these strategies do not provide equivalent opportunities, and each has associated tradeoffs. 

Shrinking or eliminating irrigated area seems a logical ‘quick-fix’ to reducing water-use. 

However, reductions to irrigated area are hard to achieve given the immense economic 

opportunities that irrigation creates on cropland. Suárez et al. (2018) estimated that the average 

net value of irrigation to be around 484$ USD per hectare annually in the High Plains Aquifer 

region. Improvements to irrigation efficiency are more realistic to adopt. Efficiency gains can be 

achieved with technology such as irrigation systems with lower evaporative losses or precise 

application using remote sensing (Bwambale et al., 2022; Mitchell-McCallister et al., 2020). 

These improvements can be costly and technical to implement (Pedersen et al., 2013). Crop 

genetics (Ritchie & Basso, 2008), and agronomic management (Liu et al., 2022; Ma et al., 2022; 

Sadras & Lawson, 2013) can also be used to improve water use efficiency. These improvements 

are ultimately constrained by crop physiology (Lollato et al., 2017; Grassini et al., 2011). 

Meanwhile, crop selection as a tool to reduce irrigation water demand is a straightforward 

and easily adopted method to adapt management to water availability.  Across the ten geographic 

regions, our results show that crop choice alone can shift production from unsustainable to 
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sustainable irrigation levels. Continuous maize consistently exceeds Irr Q-stable, often requiring 

reductions greater than 50% to reach sustainable pumping in western regions such as Elkhart and 

Goodland. These levels are unlikely to be achieved through efficiency gains alone. This analysis 

did not explore the role of limited irrigation to meet these thresholds without majorly reducing 

yields. Deficit irrigation may offer a pathway to get closer to sustainability targets while possibly 

improving WUE and minimally impacting yields (Kresović et al., 2016; Yufeng et al., 2021). In 

contrast, wheat’s substantially lower irrigation requirement allows it to remain below Irr Q-stable 

in nearly all regions and years.  

Even under the most restrictive scenarios, wheat required reductions of approximately 

8% as compared to a fully irrigated crop to consistently meet sustainability targets across all 

regions and five-year periods. These relatively small adjustments are within the range achievable 

through a combination of improved irrigation scheduling (Akbari et al., 2009), deficit irrigation 

(Yu et al., 2020; Daryanto et al., 2016), or improved agronomic management (Ma et al., 2025), 

suggesting that wheat provides a more realistic pathway toward groundwater sustainability than 

attempting to maintain high-water-demand cropping systems under severe pumping restrictions.  

Across all regions, the sustainability threshold separated crop rotations into three distinct 

categories: continuous corn generally exceeded available groundwater budgets, wheat remained 

within sustainable limits, and maize–wheat rotations provided an intermediate strategy. This 

demonstrates that rotational diversification can reduce groundwater demand while maintaining 

irrigated production but also highlights that the magnitude of conservation achieved depends 

strongly on the proportion of low-water-demand crops included.  

4.3 Economic implications of shifting crop rotations 
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Sustainability is not fully addressed without considering economic sustainability. Maize’s 

higher profitability has historically driven declines in wheat acreage. In 2024, 1.3 million more 

acres were planted to wheat than maize in Kansas, yet corn’s production value was twice as high 

(Schmall, 2025). However, under restricted irrigation, profitability must be evaluated within the 

constraints of available water. Wheat’s lower water requirement and greater drought tolerance 

reduce yield risk when water is limited. Under 40% water reductions from non-limited irrigation, 

maize yields decline approximately 39% compared with 21% for wheat (Daryanto et al., 2016), 

and deficit irrigation studies have similarly shown smaller yield penalties and greater WUE 

improvements in wheat compared with maize (Liu et al., 2022). Thus, in water-limited 

environments, the economic tradeoff is not simply between high-yielding crops, but between 

crops that maximize production under unrestricted water and those that make efficient use of 

water in limited scenarios as well. 

Including wheat in irrigated rotations can provide additional agronomic benefits. Wheat 

improves nitrogen use efficiency in maize–soybean systems (Gaudin et al., 2015a), can improve 

rotational productivity (Janovicek et al., 2021; Simão et al., 2024), and reduces weed pressure 

compared with continuous maize (Brankov et al., 2021). Wheat in rotation with soybean 

increased yield and yield stability compared to continuous soybeans (Simão et al., 2023; Gaudin 

et al., 2015b) Wheat also offers diverse management opportunities such as use as a grazed dual-

purpose crop which can provide valuable forages during periods of the year when other forages 

are scarce (Simão et al., 2024). Additionally, reduced irrigation demand lowers pumping costs, 

which represent a substantial portion of irrigated crop production expenses in western Kansas 

(Pfeiffer & Lin, 2014). Therefore, crop choice influences both groundwater sustainability and the 

economic resilience of irrigated systems (Deines et al., 2019).  



73 

4.4 Closing the yield gap in surveyed irrigated wheat fields  

The majority of fields surveyed applied irrigation volumes within 5% of the total amount 

needed to reach simulated yield potential. This indicates that many farmers are already fully 

irrigating their wheat. Yet a yield gap remains, suggesting that water management, not water 

volume, limits yield performance. Comparing using farmer irrigation scheduling and improved 

irrigation scheduling allows comparison of two scenarios where crops are agronomically 

managed to avoid all non-water stressors. Is it worth noting that in the fields that required 

increased irrigation volume to reach yield potential, closing yield gaps comes at a cost of reduced 

sustainability, an important trade-off to optimize (He et al., 2018).  

Importantly, improvements in irrigation scheduling provided an opportunity to increase 

productivity without increasing irrigation volume. Approximately 42% of surveyed fields 

increased simulated yield by improving irrigation timing alone while maintaining the producer-

reported seasonal irrigation amount. This finding complements the long-term sustainability 

analysis because wheat generally operates near or below Irr Q-stable limits; future improvements 

in irrigated wheat sustainability are unlikely to come primarily from large reductions in irrigation 

volume, but rather from improving the timing and effectiveness of limited water applications. 

Methods of decision used to determine the need for irrigation - evapotranspiration and water 

balance, soil moisture, plant water status, modeling – all perform with varying levels of accuracy 

to synchronize plant water demand with irrigation depending on soil type, environment, and crop 

(Gu et al., 2020; Ajaz et al., 2020). Investment in technology to monitor plant-available water 

and improve precipitation forecasting is necessary to maximize WUE, particularly when total 

water supply is limited (Cai et al., 2011). 

4.5 Agronomic management as a tool for improved WUE  
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Unlike the irrigation timing simulations, which isolate the effect of water management 

under controlled modeling assumptions, this analysis evaluates associations among farmer-

reported practices and observed WUE. Therefore, results should be interpreted as exploratory 

indicators of management strategies rather than direct recommendations. 

Zinc (Zn) application showed the strongest positive directional association with WUE. 

Wheat Zn deficiency is uncommon in the U.S. Great Plains (Miner et al., 2020; Widmar, 2013); 

however, zinc is commonly applied in maize–wheat rotations to support maize yield, which is 

sensitive to zinc deficiency (Stewart et al., 2021; Suganya et al., 2020). As a result, zinc use may 

act as a proxy for more intensively managed fields, where producers invest in nutrient programs, 

timely operations, and overall management precision. These same fields may also exhibit better 

irrigation scheduling, residue management, or soil fertility, factors that indirectly improve WUE 

in wheat. Thus, the observed zinc–WUE relationship likely reflects management intensity or 

rotation context, rather than a physiological zinc response in wheat. 

Field size also trended positively with WUE. Larger fields may indicate farms with 

greater access to labor, technology, or capital, which can translate into more optimized irrigation 

and nutrient management. Sowing date showed a modest positive trend as well. Some studies 

report improved WUE with earlier sowing (Hochman et al., 2009; Duchemin et al., 2015), while 

others found no significant effect (Chen et al., 2003; Vashisht et al., 2019). These conflicting 

results likely reflect regional environmental differences, and the weak directional trend observed 

here should be interpreted cautiously. 

Sulfur application showed a negative directional association with WUE. Because most 

fields reported sulfur applications, this pattern may be driven by a small number of high-WUE 

fields without sulfur rather than a true agronomic effect, especially as sulfur deficiency is 
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common in wheat production in this region (Jaenisch et al., 2026). Field damage behaved as 

expected: increased damage reduced yields and therefore reduced WUE, underscoring the 

importance of accounting for non-management stressors in survey-based datasets. 

Water use efficiency can be influenced by genetic factors (Ritchie & Basso, 2008; Sadra & 

Angus, 2006), which were not explored in this analysis. Practices such as residue management 

and seeding rate are known to affect WUE (Liu et al., 2022; Ma et al., 2022; Sadras & Lawson, 

2013), but the limited range of management variation in the surveyed fields likely prevented 

these effects from emerging in our analysis. Future research combining larger producer datasets, 

replicated field experiments, and detailed irrigation monitoring will be necessary to distinguish 

management practices that truly increase wheat. 

4.6 Implications for future conservation policy 

This research highlights the role of crop choice and proper crop management in 

stabilizing aquifer water levels for long-term agricultural sustainability. The Sheridan 6 LEMA, 

established in northwest Kansas in 2012, demonstrated that groundwater levels can be stabilized 

through reductions in irrigation depth (primarily in maize) and shifts toward less water-intensive 

crops such as wheat and sorghum. Changes in crop choice alone accounted for 19% of total 

water-use reductions in the LEMA (Deines et al., 2019), all achieved with minimal reductions in 

irrigated area. 

Our findings reinforce this outcome. Wheat’s lower irrigation requirement, greater 

drought tolerance, and rotational benefits position it as a key crop for sustaining agricultural 

production under declining groundwater availability. Annual reporting on the status of the High 

Plains aquifer has incorporated q-stable analysis at a groundwater management district (GMD) 

scale in recent years. Whittemore et al. (2023) reported comparable q-stable values to this 
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analysis (when comparing like regions) and necessary reductions to total pumping upwards of 

32% based on 2009-2022 data.  

By combining a scalable water-balance metric, long-term crop modeling, and 

farmer-reported management, this study provides realistic and attainable support for designing 

conservation strategies that maintain productivity while reducing pressure on the High Plains 

Aquifer. 

 

4.7 Study limitations 

Long-term crop simulations were considered fully irrigated, defined by maintaining the 

plant-available water profile 50-90% full. However, water demand fluctuates throughout the 

season, peaks around grain-filling, and rapidly drops off as the plant approaches maturity (Irmak 

et al., 2016). Maize water demand similarly drops off as leaves begin to senesce (Trout & 

DeJonge, 2018). Due to the varied water demands throughout the season, the model may in some 

cases slightly overestimate the irrigation requirements by continuing to maintain consistent 

irrigation thresholds through the end of the season. In addition the trigger depths for irrigation we 

fixed for both wheat and maize, not reflective of the true root zone of the crops at earlier growth 

stages. These behaviors may minimally impact total irrigation quantities, but the relationships 

between crop rotations are not impaired. This threshold-based method for triggering irrigation 

may also explain why the seasonal water supplies for both wheat and maize are simulated higher 

than the water supplies estimated to maximize yields reported in the literature of around 450 mm 

for wheat and 900 mm for maize (Grassini et al., 2011; Moghbel et al., 2024; French & Schultz, 

1984; Patrignani et al., 2014; Lollato et al., 2017). Similarly, the model methodology driving the 

storage of water between crops dictates available water at sowing. These simulations found 
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minimal differences in water demand of maize following wheat or maize following maize. 

Previous work has shown that maize following wheat benefits from a higher plant-available 

water at sowing due to greater off-season water accumulation in the months following wheat 

harvest, as opposed to a previous summer crop (Schlegel et al., 2019).  

Another limitation of our analysis is that it was limited to full irrigated wheat and maize 

production, while there are other crops that farmers and researchers are already exploring as 

options to reduce their water demands, such as high-quality forages for dairy cattle, grain 

sorghum, triticale, and pearl millet (Devlin & Minton, 2018).  Additionally, producer surveys 

revealed that irrigated rotations in Kansas also included crops other than corn and wheat, 

particularly soybean and dry bean. These crops may influence future irrigation sustainability 

decisions because their water requirements fall between or below those of maize and wheat. 

Soybeans need around 650 mm of total seasonal water supply to reach yield potential in 

Nebraska (Grassini et al., 2015), which places it between wheat and maize requirements. Dry 

beans may require as little as 400 mm or less of total water supply in the US Great Plains (Yonts, 

2006; Nielsen, 2018), making them the least water-demanding crop discussed here. However, 

dry beans’ shallow rooting depth and short season limit their ability to access deep soil moisture, 

requiring irrigation to maintain moisture in the top 60 cm of the soil profile (Alberta Agriculture 

and Forestry, 2011). 

These crops were not included in the long-term DSSAT simulations due to a lack of 

accurately calibrated models. Further work on both legumes is warranted to understand the 

pressure they place on the aquifer. 

Although planting dates used to simulate wheat after maize were representative of the 

surveyed fields, the simulations did not account for the impact the preceding crop may have on 
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wheat stand establishment. Impaired plant emergence in no-till maize-wheat systems leads to 

lower yields compared to conventional and minimal till systems (Barut et al., 2010). For more 

accurate modeling, future analysis should consider the impact of previous crop residue on wheat 

establishment and subsequent yields.  

There are also limitations associated with the survey component of this study. The survey 

was not intended to independently estimate regional sustainability, but rather to characterize 

current management practices and identify opportunities for improving water use efficiency 

within the sustainability framework established through crop modeling. Farmer surveys offer a 

unique opportunity to glimpse real-world management practices at scale. However, this approach 

also introduces limitations not present in traditional plot-scale research. In this study, a relatively 

small number of responses were collected, which restricts the strength of inference that can be 

made. For example, Mourtzinis et al. (2018) suggested that a minimum of about 100 responses 

were needed for proper statistical power in a survey performed with soybean yield and 

management in the US Corn Belt. While we acknowledge that more responses would be 

preferred, crop modeling allows us to still gain field-level inference from the dataset on irrigation 

practices. The limited dataset does make it difficult to have statistical power behind more 

traditional modeling approaches. Therefore, the survey is most reliably viewed as a qualitative 

assessment of where current practices lie. Because individual farmers reported anywhere from 

one to ten fields, all analysis is inherently confounded by the influence of the reporting farmer. 

Fields managed by the same farmer are more likely to be geographically clustered and managed 

similarly, in contrast to fields reported by different farmers. This clustering reduces 

independence among observations and may mask variation in management practices that exists 

across the broader irrigated wheat-growing region. 
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Additionally, some farmers provided detailed and precise information, while others 

reported more general estimates, contributing to variability in the reliability of field-level data. 

Despite these limitations, the survey provides a look at an otherwise minimally studied cropping 

system in Kansas irrigated wheat. These responses serve as the foundation for understanding 

current practices and identifying management trends that can guide future research. For example, 

the characterization of irrigated wheat in this database could serve as a background benchmark 

for future field research to test technologies against (e.g., Andrade et al., 2022). 

 

 Conclusions 

This study introduced Irr Q-stable, a scalable irrigation sustainability metric that 

translates aquifer-level water balance principles into region-level irrigation targets. When 

combined with 30 years of crop modeling, Irr Q-stable demonstrated that crop choice is a 

primary driver of groundwater sustainability. Continuous maize frequently exceeded sustainable 

irrigation limits, with required reductions in some western Kansas regions too large to be 

achieved through irrigation efficiency improvements alone. In contrast, wheat remained within 

sustainable irrigation limits across nearly all regions and periods, while maize–wheat rotations 

provided an intermediate pathway for reducing groundwater demand without eliminating 

irrigated production.  

Wheat is not only a lower-water crop choice, it is also a crop where existing production 

systems are already close to sustainable irrigation limits, and further improvements are more 

likely to come from management efficiency rather than additional water inputs. Survey-based 

simulations showed that 42% of irrigated wheat fields could increase yield through improved 

irrigation timing while maintaining current irrigation volumes, demonstrating an opportunity to 
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increase productivity without increasing groundwater use. Wheat can be integrated into existing 

systems to build flexible, diverse, and sustainable operations. Observed management trends 

further suggest that improved nutrient management and overall management intensity may 

contribute to greater water-use efficiency, although additional research is needed to validate 

these relationships. 

Together, the integration of sustainability targets, long-term crop simulations, and 

producer management data provides a framework for identifying cropping systems that maintain 

agricultural productivity while reducing pressure on the High Plains Aquifer. This work 

highlights irrigated wheat as a key component of sustainable groundwater management and 

provides direction for future efforts to optimize wheat production under increasingly limited 

water availability. 
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Chapter 4 - Conclusions and Future Research 

This thesis evaluated two contrasting wheat production systems in Kansas, dual-purpose 

wheat and irrigated wheat, to inform productive and sustainable management recommendations. 

Although these systems differ in their management objectives, both studies demonstrate that 

meaningful gains can be achieved through realistic management adaptations rather than 

increased resource inputs. 

The first study demonstrated that current grazing termination recommendations for dual-

purpose wheat are not sufficiently conservative to prevent grain yield loss. A review of the 

literature found little evidence supporting the commonly recommended 1.5 cm hollow stem 

threshold, while analysis of nine years of field data identified approximately 0.60 cm as the point 

beyond which defoliation reduces grain yield. Beyond this threshold, additional forage 

production rarely compensated for the economic value of lost grain under realistic market 

conditions. These findings support revising current recommendations to terminate grazing at or 

before the first visible hollow stem when maintaining grain yield potential is the primary 

objective. 

The second study introduced Irr Q-stable as a novel framework for translating aquifer 

water-balance relationships into irrigation sustainability targets that can be directly compared 

with crop water requirements. Long-term crop simulations demonstrated that crop choice is a 

primary driver of irrigation sustainability. Irrigated wheat consistently required substantially less 

irrigation than corn and remained within sustainable pumping limits across regions and years, 

even under fully irrigated conditions. Farmer survey data further showed that many irrigated 

wheat fields already apply irrigation volumes close to those required to achieve simulated yield 

potential, indicating that the greatest opportunities for increasing productivity lie in improved 
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irrigation scheduling and agronomic management rather than additional groundwater pumping. 

These findings further reinforce the value of irrigated wheat in maintaining aquifer longevity. 

Several opportunities exist to build on this research. For dual-purpose wheat, additional 

field experiments comparing simulated defoliation with cattle grazing across multiple 

environments would strengthen confidence in revised grazing recommendations by accounting 

for selective grazing, trampling, and plant uprooting. Economic analyses should also incorporate 

the full costs associated with grain-only and dual-purpose systems, including fertilizer and labor 

requirements, to better quantify the profitability of forage and grain production under varying 

conditions. 

The second study highlights the need for Great Plains-based, irrigated wheat research. 

Controlled field experiments and larger producer datasets are needed to identify agronomic 

practices that maximize water-use efficiency while conserving groundwater resources. Further 

work on irrigation scheduling, deficit irrigation strategies, and producer-accessible decision 

support tools will help refine irrigation management under increasing water limitations. 

Continued improvements in wheat productivity and profitability will also be necessary to 

maintain wheat as a competitive alternative to corn in regions where continuous corn is not 

sustainable. Finally, future research should quantify the potential gains in water-use efficiency 

from both genetic improvement and management advances across wheat, corn, and alternative 

crops. Although future technological advances may alter the relative sustainability of different 

cropping systems, the irrigation reductions currently required for continuous corn in many 

regions remain too large to be achieved through management improvements alone, making 

wheat the more sustainable option under present conditions. 
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Together, these studies demonstrate that, given wheat's importance to Kansas agriculture, 

research must encompass the diversity of wheat production systems to ensure producers have 

access to evidence-based management recommendations. By integrating literature review, field 

experiments, producer surveys, and crop modeling, this thesis shows that whether managed as a 

dual-purpose crop or an irrigated grain crop, opportunities exist to improve wheat productivity, 

profitability, and sustainability through informed management. 
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Appendix A - Chapter 2 Supplementary Material 

Appendix Table A.1 Seeding rates, dates of sowing, forage harvests, simulated grazing, and 

grain harvest specifications for experiment 1, field trials conducted in Hutchinson, Kansas. Each 

table provides specifications for a given season of the experiment.  

2015-16 

TRIAL Seeding Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/25/2015 — 12/17/2015 

02/04/2016 

02/23/2016 

06/16/2016 

HOLLOW 

STEM 

134.5 09/25/2015 01/05/2016 — — 

GRAIN 

ONLY 

67.3 10/07/2015 — — 06/16/2016 

 

2016-17 

TRIAL Seeding Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/23/2016 — 02/10/2017  

02/28/2017 

03/05/2017  

06/16/2017 

HOLLOW 

STEM 

134.5 09/23/2016 12/14/2016 — — 

GRAIN 

ONLY 

67.3 10/13/2016 — — 06/16/2017 

 

2017-18 

TRIAL Seeding Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/20/2017 — 03/05/2018  06/15/2018 

HOLLOW 

STEM 

134.5 09/20/2017 — — — 

GRAIN ONLY 67.3 10/19/2017 — — 06/16/2017 

 

2019-20 

TRIAL Seeding 

Rate (kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/18/2019 — 03/02/2020 03/11/2020 

03/18/2020 03/26/2020  

06/30/2020 

HOLLOW 

STEM 

134.5 09/18/2019 12/20/2019 — — 

GRAIN 

ONLY 

67.3 10/10/2019 — — 06/30/2020 
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2020-21 

TRIAL Seeding Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/17/2020 — 02/25/2021 

03/01/2021 

03/05/2021 

03/12/2021 

03/25/2021 

 03/30/2021  

06/22/2021 

HOLLOW 

STEM 

134.5 09/17/2020 12/20/2020 — — 

GRAIN 

ONLY 

84.1 10/08/2020 — — 06/22/2021 

 

2021-22 

TRIAL Seeding 

Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/21/2021 — 03/09/2022 03/15/2022 

03/21/2022 03/24/2022 

03/28/2022  

06/16/2022 

HOLLOW 

STEM 

134.5 09/21/2021 12/20/2021 — — 

GRAIN 

ONLY 

84.1 10/08/2021 — — 06/16/2022 

 

 

2022-23 

TRIAL Seeding 

Rate (kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/22/2022 — 03/06/2023 03/13/2023 

03/20/2023 03/27/2023  

07/01/2023 

HOLLOW 

STEM 

134.5 09/22/2022 12/16/2022 — — 

GRAIN 

ONLY 

84.1 10/19/2022 — — 07/01/2023 

 

2023-24 

TRIAL Seeding 

Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/25/2023 — 02/26/2024 03/04/2024 

03/11/2024 03/18/2024 

03/25/2024  

06/12/2024 

HOLLOW 

STEM 

134.5 09/25/2023 11/30/2023 — — 

GRAIN 

ONLY 

84.1 10/17/2023 — — 06/12/2024 
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2024-25 

TRIAL Seeding 

Rate 

(kg/ha) 

Sowing Forage 

Harvest 

Simulated Grazing 

Events 

Grain 

Harvest 

DUAL 

PURPOSE 

134.5 09/20/2024 — 02/17/2025  

02/24/2025  

03/03/2025 03/10/2025 

03/17/2025 03/24/2025 

03/31/2025  

06/28/2025 

HOLLOW 

STEM 

134.5 09/20/2024 12/12/2024 — — 

GRAIN 

ONLY 

84.1 11/15/2024 — — 06/28/2025 
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Appendix Table A.3 Seeding rates, dates of sowing, forage harvests, simulated grazing, and 

grain harvest specifications for experiment 1, field trials conducted in El Reno, Oklahoma. Each 

table provides specifications for a given season of the experiment.  

2021-22 

TRIAL  Seeding Rate (kg/ha) Sowing  Grain Harvest  

DUAL PURPOSE 134.5 10/06/2021 06/16/2022 

GRAIN ONLY 67.3 10/26/2021 06/16/2022 

Dual purpose grazed 12/06/2021– 02/28/2022 at 347.5 kg body weight per ha 

 

2022-23 

TRIAL  Seeding Rate (kg/ha) Sowing  Grain Harvest  

DUAL PURPOSE 134.5 10/19/2022 06/20/2023 

GRAIN ONLY 67.3 11/21/2022 06/20/2023 

Dual purpose grazed 01/08/2023–03/01/2023 at 230.9 kg body weight per ha 

 

2023-24 

TRIAL  Seeding Rate (kg/ha) Sowing  Grain Harvest  

DUAL PURPOSE 134.5 09/25/2023 06/08/2024 

GRAIN ONLY 67.3 10/17/2023 06/08/2024 

Dual purpose grazed 11/29/2023–02/23/2024 at 345.2 kg body weight per ha 
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Appendix Figure A.1 Prediction ability of year-variety specific exponential models for hollow 

stem (HS) growth over time. 
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Appendix Figure A.3 Environmental conditions experiment 1; Hutchison, Kansas. Days after 

sowing correspond to dual-purpose planting dates. Weather data comes from ‘Hutch10SW’ Kansas 

Mesonet station located at 37.931°, -98.02° (Kansas Mesonet, 2024). Red line is daily temperature, 

blue line is cumulative precipitation, and blue bars are daily precipitation over the course of the 

growing season. 



113 

 
Appendix Figure A.4 Environmental conditions experiment 2; El Reno, Oklahoma. Days after 

sowing correspond to dual-purpose planting dates. Data from El Reno (ELRE) Oklahoma 

Mesonet station located at 35.548480°, -98.036540° (McPherson et al., 2007; Brick et al., 1995). 

Red line is daily temperature, blue line is cumulative precipitation, and blue bars are daily 

precipitation over the course of the growing season. 
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Appendix B - Chapter 3 Supplementary Material 

 

Appendix Figure B.1 (A) Data locations for well-specific annual water use reports contributing 

at least one value from 2000 to 2025 to the computation of Q-stable. (B) Data locations for 

water-level changes contributing at least one value from 2000 to 2025 to the computation of Q-

stable. 
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Appendix Figure B.2 (A) Calibration and validation of simulated yields for CERES wheat 

model. (B) Calibration and validation of simulated phenology for CERES wheat model. (C) 

Validation of simulated yields for CERES maize model. (D) Validation of simulated maturity 

date for CERES maize model. 
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Appendix Table B.1 38 site-years of wheat field data used for validation of the CERES wheat 

model utilized in analysis. 

Location Lat Long Wheat class Use Planting Harvest Yield      
------------Date------------ Mg ha-1 

Conway 37.46 -97.625 Hard red winter Validation 10/11/16 6/22/17 4.688 
Ellsworth 38.725 -97.444 Hard red winter Validation 10/7/16 6/27/17 6.447 

McPherson 38.364 -97.7 Hard red winter Validation 10/7/15 6/28/16 4.571 
McPherson 38.364 -97.7 Hard red winter Validation 10/11/16 6/20/17 4.882 

Ashland Bottoms 39.126 -96.637 Hard red winter Validation 10/14/20 6/23/21 4.819 
Ashland Bottoms 39.126 -96.637 Hard red winter Validation 10/12/21 6/29/22 3.301 

Belleville 39.814 -97.675 Hard red winter Validation 10/5/20 7/1/21 4.298 
Great Bend 37.931 -98.02 Hard red winter Validation 10/20/21 6/20/22 2.711 

Hays 38.849 -99.345 Hard red winter Validation 9/28/21 6/23/22 3.902 
Hutchinson 37.931 -98.02 Hard red winter Validation 10/8/20 6/16/21 4.061 
Hutchinson 37.931 -98.02 Hard red winter Validation 10/21/21 6/14/22 2.066 

Leoti 38.483 -101.328 Hard red winter Validation 9/25/20 7/12/21 5.676 
Leoti 38.483 -101.328 Hard red winter Validation 9/25/21 7/5/22 3.519 

Manhattan 39.209 -96.592 Hard red winter Validation 10/7/20 7/5/21 3.349 
Manhattan 39.209 -96.592 Hard red winter Validation 10/18/21 7/1/22 3.034 

Colby 39.392 -101.069 Hard red winter Validation 10/1/20 7/14/21 4.131 
Larned 37.936 -99.253 Hard red winter Validation 9/30/15 6/22/16 7.114 

McGregor 31.485 -97.316 Hard red winter Validation 10/21/22 NA 3.667 
Bushland 35.187 -102.08 Hard red winter Validation 10/30/18 NA 4.609 

Akron 40.155 -103.142 Hard red winter Validation 9/26/23 7/14/24 5.899 
Bushland 35.187 -102.08 Hard red winter Validation 10/15/19 NA 2.666 

Chillicothe 33.757 -99.862 Hard red winter Validation 11/7/23 NA 3.667 
Lamar 38.094 -102.631 Hard red winter Validation 9/8/23 6/21/24 3.007 

Chillicothe 33.757 -99.862 Hard red winter Validation 11/10/22 NA 2.348 
Walsh 37.382 -102.299 Hard red winter Validation 9/19/23 6/24/24 3.432 
Altus 34.587 -99.338 Hard red winter Validation 11/3/22 5/31/23 3.297 

Chickasha 35.032 -97.914 Hard red winter Validation 10/25/21 6/16/22 4.742 
Chickasha 35.032 -97.914 Hard red winter Validation 10/21/22 6/7/23 5.436 
Chickasha 35.032 -97.914 Hard red winter Validation 10/16/23 6/14/24 5.841 

Lahoma 36.384 -98.111 Hard red winter Validation 10/20/21 6/14/22 5.494 
Lahoma 36.384 -98.111 Hard red winter Validation 10/27/22 6/15/23 4.916 
Lahoma 36.384 -98.111 Hard red winter Validation 10/11/23 6/6/24 5.032 

Muenster 33.651 -97.197 Hard red winter Validation 11/8/23 NA 4.488 
Brookings 44.325 -96.769 Hard red winter Validation 9/19/23 6/21/24 5.563 
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Havre 48.498 -109.801 Hard red winter Validation 9/25/19 7/21/20 3.441 
MountVernon 43.687 -98.672 Hard red winter Validation 10/4/23 7/15/24 5.442 

Havre 48.498 -109.801 Hard red winter Validation 9/17/20 7/6/21 3.291 
Platte 43.484 -99.048 Hard red winter Validation 10/4/23 7/15/24 5.771 

 

 

 

 

Appendix Table B.2 9 site-years of field data used to select the representative CERES Maize 

model used in analysis.  

 

 

 

Appendix Table B.3 Classification of dominant soil classification simulated for each geographic 

buffer. DUL is drained upper limit and LL is lower limit. 

 

Buffer  Soil 

Reference 

Number 

Taxonomic order DUL LL Depth 

cm/cm3 cm 

Elkhart 1 Mollisols 0.31 0.11 149 

Goodland 1 Mollisols 0.31 0.11 149 

2 Entisols 0.31 0.11 185 

3 Alfisols 0.31 0.11 189 

Colby 1 Entisols 0.31 0.11 177 

2 Mollisols 0.31 0.11 165 

Tribune 1 Mollisols 0.31 0.11 149 

2 Vertisols 0.31 0.11 185 

3 Alfisols 0.31 0.11 189 

Dodge City 1 Mollisols 0.31 0.11 177 

Greensburg 1 Alfisols 0.31 0.11 161 

Location Lat Long Planting Harvest Yield 
  

  
------------Date------------ Mg ha-1 

Belleville 39.814 -97.675 05/17/24 10/22/24 8.30 
Belleville 39.814 -97.675 05/18/22 10/31/22 10.77 

Good Well 38.364 -97.7 04/29/21 08/22/21 12.99 
Good Well 38.364 -97.7 04/26/22 08/19/22 6.01 
Good Well 38.364 -97.7 04/28/10 08/24/10 12.55 
Manhattan 39.209 -96.592 04/24/24 09/06/24 14.27 
Manhattan 39.209 -96.592 05/16/22 09/24/22 12.21 

Ottawa 38.538 -95.241 04/24/24 09/21/24 12.70 
Ottawa 38.538 -95.241 04/29/22 09/10/22 10.39 
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2 Mollisols 0.354 0.207 160 

Hays 1 Mollisols 0.31 0.11 175 

2 Entisols 0.31 0.11 177 

Great Bend 1 Mollisols 0.31 0.11 166 

Hutchinson 1 Entisols 0.31 0.11 159 

2 Mollisols 0.354 0.207 162 

 

 

 

Appendix Table B.4 Coordinates used to collect weather data for each geographic buffer. 

Reference Weather Station  Latitude Longitude 

Elkhart 37.0058 -101.887 

Goodland 39.3672 -101.693 

Colby 39.38 -101.07 

Tribune 38.46625 -101.775 

Dodge City 37.7686 -99.9678 

Greensburg 37.6025 -99.3022 

Hays 38.83 -99.35 

Great Bend 38.3614 -98.8228 

Hutchinson 37.931 -98.02 

 

 

Appendix Table B.5 Planting dates used for each primary crop/cropping sequence in long-term 

cropping simulations.  

Buffer Continuous corn  Continuous wheat  Wheat (following 

corn) 

Elkhart May 3rd October 2nd October 7th 

Goodland May 5th  September 29th October 3rd 

Colby May 5th September 29th October 3rd 

Tribune May 3rd October 1st October 5th 

Dodge City May 3rd October 2nd October 7th 

Greensburg April 20th October 10th October 15th 

Hays May 3rd October 2nd October 7th 

Great Bend May 3rd October 2nd October 7th 

Hutchinson April 20th  October 8th  October 12th  
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Appendix Table B.6 Description of variables collected in the farmer survey. 

Section Variables 

Whole Farm Overview Total farm size, typical crop rotation irrigated, typical crop rotation dryland, 

irrigated wheat area, years of experience irrigating wheat, water restrictions   

Field Characteristics Coordinate location, field size, purpose of crop, previous crop irrigation 

status, previous crop, previous crop purpose 

Planting  Planting date, seeding rate, cultivar, seed source, seed treatment, profile 

water at planting, row spacing, seeding rate, tillage method 

Inputs Manure use, fungicide use, insecticide use, herbicide use, all fertilizer dates 

or application, amounts, and product names 

Irrigation Irrigation method, irrigation trigger factors, water source, system capacity, 

sprinkler nozzle spacing, all dates and quantities of irrigation application 

Harvest Harvest date, grain yield, major events impacting yield 

 

 

Appendix Figure B.3 Simulated maize and wheat yields for long-term simulations (1991-2025) 

in each of ten regions, under continuous maize, continuous wheat, and maize-wheat rotations.  
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Appendix Figure B.4 Irrigation applied in 5-year periods for 3 crop rotations; maize-corn (CW, 

triangle), continuous wheat (WW, square), and continuous maize (CC, circle) for each dominant 

soil type simulated by region. Soil reference numbers are found in Supplementary Table 1. 

Points are averages for simulations 1996-2025 with standard deviations depicted by error bars. 
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Appendix Figure B.5 Annual cumulative precipitation in simulation years 1991-2025 for each 

geographic region. Data from coordinate-based Daymet queries.  

 

Appendix Figure B.0.6 Posterior predictive performance of the Bayesian model for water-use 

efficiency (WUE). (A) Observed versus predicted WUE, the red line indicates perfect agreement. 
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(B) Posterior predictive density comparing the distribution of observed (dark blue) to posterior 

draws (light blue)  

 

 

Appendix Figure B.7 Posterior distributions of variance components for water-use efficiency 

(WUE) from the Bayesian hierarchical model. Each panel shows the posterior density of the 

proportion of total variance attributed to specific fixed and random effects. 
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