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Abstract

Productivity of water-limited cropping systems can be reduced by untimely distribution of water
as well as cold and heat stress. The research objective was to develop relationships among
weather parameters, water use, and grain productivity to produce production functions to forecast
grain yields of grain sorghum and winter wheat in water-limited cropping systems. Algorithms,
defined by the Kansas Water Budget (KSWB) model, solve the soil water budget with a daily
time step and were implemented using the Matlab computer language. The relationship of grain
yield to crop water use, reported in several crop sequence studies conducted in Bushland, TX;
Colby, KS and Tribune, KS were compared against KSWB model results using contemporary
weather data. The predictive accuracy of the KSWB model was also evaluated in relation to
experimental results. Field studies showed that winter wheat had stable grain yields over a wide
range of crop water use, while sorghum had a wider range of yields over a smaller distribution of
crop water use. The relationship of winter wheat yield to crop water use, simulated by KSWB,
was comparable to relationships developed for four of five experimental results, except for one
study conducted in Bushland that indicated less crop water productivity. In contrast, for grain
sorghum, experimental yield response to an increment of water use was less than that calculated
by KSWB for three of five cases; for one study at Colby and Tribune, simulated and
experimental yield response to water use were similar. Simulated yield thresholds were
consistent with observed yield thresholds for both wheat and sorghum in all but one case, that of
wheat in the Bushland study previously mentioned. Factors in addition to crop water use, such as
weeds, pests, or disease, may have contributed to these differences. The KSWB model provides a

useful analytic framework for distinguishing water supply constraints to grain productivity.



Table of Contents

ST OF FIQUIES ...ttt ettt e s e s et e te e st e et e e beeneenaeebeeneenbeanee s v
S 0 I o] [T P TR Vi
ACKNOWIBAGEMENTS........iiiieie ettt st te et e s te et e s be e beeneesreenreennesreenneans viii
[T [ or: £ [ o USSP URURPRPRPRRPIN IX
Chapter 1 - LItErature REVIBW.......c..oiiiiiiiiieieeete et 1
Water-limited plant groWth ..o 1
SOil Water defiCIt EFFECTS .....oiviiiiiiicee e 4
SOOI WALEE DAIANCE .....eveie et b ettt enes 6

R E =T =] 0T OSSPSR 11
Chapter 2 - JOUMNAl ATTICIE. ..o 18
T (T (801 AT o OSSR PRRPORPRN 18
IMIBENOUS. ...ttt bbb bRt b et bbb reans 20
RESUITS ...t bbbt h ettt b bbbttt e bbb b b e nes 28
D111 1] o] o OSSR 43
(OF0] 0] 111 [ o PSSP 47
RETEIBINCES ...ttt h e bt h e bt e b e et ae et n e na e naeene s 48
APPENdIX A - Matlah COUE.........ccuieieiiicece et re e 50
USEI_INPUEIM Lt nnees 50

L AT = U T 1 oSSR 55
LTS =T 1 PSSR 57

LTS 0 1 ST R S PR 60
WU Y T ettt 61
Appendix B - Crop Coefficients and SOil FACIOIS ..........cociiiiiiiiiiieic s 64
Crop COBTTICIENTS ...t et e et e e te e snee e 64

RST0 | I [0d 0 £ ST PPTRRT 66



List of Figures

Figure 1: Kansas Water Budget Flowchart. SW — Soil Water, ET — Evapotranspiration ............ 21
Figure 2: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop water
use (mm) is presented in relation to field observations of water use for winter wheat. ....... 29
Figure 3: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop yield
(Mg/ha) is presented in relation to field observations of crop yield for winter wheat.......... 31
Figure 4: Crop yield (Mg/ha) is presented in relation to crop water use (mm) for winter wheat;.33
Figure 5: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop water
use (mm) is presented in relation to field observations of water use for grain sorghum...... 37
Figure 6: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop yield
(Mg/ha) is presented in relation to field observations of crop yield for grain sorghum. ...... 39
Figure 7: Crop yield (Mg/ha) is presented in relation to crop water use (mm) for grain sorghum.

............................................................................................................................................... 41
Figure 8: Crop coefficients for winter Wheat.............c.coovoveiieii i 64
Figure 9: Crop coefficients for grain SOrghum ...........cccooiiiiiiiiieie e 64
Figure 10: Crop coefficients fOr DAre SOI..........coooiiiiiiiiice e 65



List of Tables

Table 1: Experimental data for all studies. Crop Sequences: CW - Continuous Wheat, CS -
Continuous Sorghum, WF - Wheat-Fallow, WSF - Wheat-Sorghum-Fallow, WWSF -
Wheat-Wheat-Sorghum-Fallow, and WSSF - Wheat-Sorghum-Sorghum-Fallow. Tillage:

SM - Stubble Mulch, NT - No-Till, RT - Reduced Tillage, ST - Sweep Tillage. ................ 24
Table 2: Starting and ending dates for wheat crop for experiments and for Kansas Water Budget

400 ] PSPPSR 25
Table 3: Starting and ending dates for sorghum crop for experiments and for Kansas Water

=T o [0y 0o T OSSR 26

Table 4: Performance measures for crop water use of winter wheat, where modeled crop water
use from the Kansas Water Budget was regressed on 0bServed. ............ccoceveveneneneniennnnn. 30
Table 5: Performance measures for winter wheat yields, where modeled crop yields from the
Kansas Water Budget were regressed on 0DSErved. ...........cccoevveviiieieece e 32
Table 6: Performance measures for observed wheat yields regressed on observed wheat crop
water use, where n is the sample size, the p-value is for a test of linearity at a significance
level of 0.05, and the yield threshold is the level of water use where yield response begins,
or where the regression line intercepts the X-axXis. ........ccccevviieeieiiiiic s 34
Table 7: Performance measures for modeled wheat yields regressed on modeled wheat crop
water use, where n is the sample size, the p-value is for a test of linearity at a significance
level of 0.05, and the yield threshold is the level of water use where yield response begins or
where the regression line intercepts the X-axXis. .......ccccvveiieiiiieie e 35
Table 8: Performance measures for crop water use of grain sorghum, where modeled crop water
use from the Kansas Water Budget was regressed on obServed. ............ccocevvvenenenenennnn. 38
Table 9: Performance measures for grain sorghum yields, where modeled crop yields from the
Kansas Water Budget were regressed 0N ODSEIVEU. ..........cccvvvveeiieiiiciie e 40
Table 10: Performance measures for observed sorghum yields regressed on observed sorghum
crop water use, where n is the sample size, the p-value is for a test of linearity at a
significance level of 0.05, and the yield threshold is the level of water use where yield

response begins, or where the regression line intercepts the X-axisS.........cccccceevvvevieiivennnnn, 42

Vi



Table 11: Performance measures for modeled sorghum yields regressed on modeled sorghum
crop water use, where n is the sample size, the p-value is for a test of linearity at a

significance level of 0.05, and the yield threshold is the level of water use where yield

response begins, or where the regression line intercepts the X-axXisS........c.cccuvvevviiriierennnn 43
Table 12: Soil factors fOr aCh SITE ..o 66
Table 13: Runoff equation fOr aCh SIte...........ccviveiiiie e 66

vii



Acknowledgements

This research was supported in part by the Ogallala Aquifer Program, a consortium
between the USDA-ARS, Kansas State University, Texas AgriLife Research, Texas AgriLife

Extension Service, Texas Tech University, and West Texas A&M University.

viii



Dedication

This work is dedicated to my loving wife Erin who gave me confidence, inspiration, and

reassurance throughout my graduate school experience.



Chapter 1 - Literature Review

Plant growth is primarily limited by either water or light reception. Primary productivity
is the rate at which plants and other organisms produce biomass in an ecosystem. For vegetables,
it occurs through the process of photosynthesis, which is a function of several factors, including
the ratio of incident photosynthetically active radiation (PAR), the efficiency of radiation
absorption by the canopy, and the efficiency of the conversion of absorbed PAR into dry matter
(Monteith, 1972). Singer et al. (2011) stated that by quantifying light interception in crop
canopies we can gain important information about canopy physiological processes and impacts
on microclimate dynamics, which can be used with crop biomass data to calculate radiation use
efficiency. This can be used in crop productivity simulation modeling. Light interception is
affected by plant population density and alters the plant height. Changes in leaf, shoot, and
canopy size determine light absorption and utilization (Mao et al., 2014). Plant growth can be
limited by the amount of light received. When the plant absorbs a photon through photosynthesis
itis in a high energy state. When that photon is discharged, it goes into a low energy state and
emits radiation. This absorption and discharge of light drives the carbon assimilation of the plant,

which affects plant growth.

Water-limited plant growth

Dryland crop production in the U.S. central High Plains is frequently limited by
precipitation relative to potential evaporation (Farahani et al., 1998). Potential evaporation is the
amount of evaporation that would occur if a sufficient water source were available. A dryland
cropping system is one where precipitation and not irrigation is used to meet crop water

requirements. Desirable traits for crops in dryland cropping systems include a high potential



growth rate and an efficient use of available water (Zlatev and Lidon, 2012). Water moves
though the soil-plant-atmosphere continuum by different processes, including infiltration,
drainage, irrigation, evaporation and soil moisture uptake by plants (Hillel, 1980). Soil
evaporation, transpiration of the crop, drainage from the root zone, rainfall, irrigation, and runoff
are all determinants of crop water use (Morison et al., 2008). Solar radiation, crop type,
temperature, humidity, and wind speed also affect the soil-plant-atmosphere continuum, and it
can be difficult to measure such a complex system. The Penman equation was developed in 1948
by Howard Penman in order to calculate evaporative losses. It used daily mean temperature,
wind speed, air pressure, water vapor pressure, and solar radiation (Penman, 1948). Potential
evapotranspiration and the partitioning of soil evaporation and transpiration are important
information for agricultural studies. Evaporation is when liquid water changes phases to a gas
and leaves the soil surface, and transpiration is essentially evaporation of water from plant leaves
(Allen et al., 1998). Most potential evapotranspiration models were developed in flat areas for
agricultural purposes, with potential evaporation and potential transpiration combined
(Doorenbos and Kassam, 1979). The Penman-Monteith equation is a modified form of the
original Penman equation, and approximates net evapotranspiration with inputs of daily mean
temperature, wind speed, relative humidity, and solar radiation (Monteith, 1973). Monteith’s
addition included vapor pressure deficit, as well as leaves and stomata, in the Penman equation.
He also included a measure of stomatal conductance, which is defined as the measure of the rate
of passage of carbon dioxide entering or water vapor exiting through the stomata of a leaf.
Stomatal conductance is directly related to the boundary layer resistance of the leaf and the water

vapor concentration gradient from the leaf to the atmosphere.



Several other equations have been developed to estimate evapotranspiration, many of
them requiring fewer variables. The Thornthwaite formula is based mainly on temperature with
an adjustment being made for the number of daylight hours (Thornthwaite, 1948). Turc
developed an empirical method that calculates potential evapotranspiration over a shorter period
of time (Turc, 1961). The Jensen and Haise (1963) equation estimates evapotranspiration from
solar radiation and temperature. Priestly and Taylor (1972) developed an equation that required
mean daily air temperature, net radiation derived from solar radiation and extraterrestrial
radiation, as well as a calibration constant. The Hargreaves-Samani formula required daily
maximum and minimum temperatures as well as extraterrestrial radiation (Hargreaves and
Samani, 1985). From these formulas it can be seen that there are several methods for calculating
evapotranspiration, and which equation to use can depend on several factors from climate region
to availability of weather data (Lu et al., 2005).

Vapor pressure deficits also have an effect on plant growth. The vapor pressure deficit is
the difference between the pressure exerted by water vapor held in saturated air and the pressure
exerted by the water vapor actually held in the air, or in the case of plants, it is the difference
between the vapor pressure inside the leaf compared to the vapor pressure of the air at a
reference height. As the water vapor deficit increases, the plant needs to draw more water from
its roots because the air has greater potential to take the moisture out of the plant. If it is too wet,
and the vapor pressure deficit is small, the plant is more susceptible to rot (Seager et al., 2015).
Vapor pressure deficit is essentially a combination of temperature and relative humidity. High
relative humidity yields a low vapor pressure deficit. A study done by Lobell et al. (2014)
associated vapor pressure to drought stress, and found that the sensitivity of maize yields to

drought stress has increased, and that agronomic changes today tend to translate improved



drought tolerance of plants to higher average yields but not to decreasing drought sensitivity of
yields.

Crop coefficients present the relationship between the evapotranspiration of a certain
crop and that of a reference crop. They vary with the crop, its stage of growth, growing season,
and weather conditions (Ko et al., 2009). The reference evapotranspiration is defined by
Doorenbos and Pruitt (1977) as the rate of evapotranspiration from an extensive surface of 8 to
15 cm tall, green grass cover of uniform height, actively growing, completely shading the ground
and not short of water (Doorenbos and Pruitt, 1977). Alfalfa has also been used as a reference
crop in place of green grass cover. Crop coefficient values for most agricultural crops increase
from a minimum value at planting to a maximum value at about full canopy cover, then it tends

to decline at a point after a full cover is reached in the crop season (Imran et al., 2014).

Soil water deficit effects

Deficits in soil water can decrease primary productivity (Arneth et al., 1998). In order to
evaluate the capacity of the available water in the soil profile, it is important to know the upper
and lower limits in the plant root zone. Agricultural crop species cause only minor differences in
that lower limit, and accurate evaluation of available soil water is vital in order to develop the
best water management for crop production in dry regions (Ratliff et al., 1983). During the
growing season, water stress, or limited water availability during crucial development stages, can
occur, limiting crop yield formation (Osakabe et al., 2014). It is important to be aware of the
yield components for the crop in order to identify the stage that could be most damaging for
yield formation. Grain sorghum yield components include seeds per head, heads per acre, and

seed size/test weight. Wheat yield components include kernel size, kernels per spikelet, spikelets



per head, tillers (heads) per plant, and plants per acre. For both wheat and sorghum, water stress
can be most damaging during the flowering (or pollination) stage, though it can still be damaging
at any stage (Brouwer et al., 1989). Both are fairly drought resistant, which helps them deal with
water stress. One study by Hosseini and Hassabi (2011) found that in addition, water deficit
stress reduces harvest index due to reduced economic and biological yield.

The water use-yield relationship is important one and provides the expected yield for a
given level of water use. It has been reported as a linear relationship for winter wheat in several
studies, including Hunsaker and Bucks (1987), Steiner et al (1985), and Musick and Porter
(1990). Yield response to water use decreases north to south in the Great Plains, primarily
because of the increasingly greater evaporative demand of the atmosphere as latitude decreases
(Musick et al., 1994). Yields have been compared with available soil water at planting (ASWp)
and water supply (in season precipitation (ISP) plus ASW,) in order to see this relationship. A
19-year study done in Montana with winter wheat by Brown and Carlson (1990) found that the
slope of grain yield vs. water supply was 129 kg ha'* cm™ compared with a slope from a study in
Tribune, KS done by Stone and Schlegel (2006) of 100 kg ha™* cm™. Winter wheat grain yield
response to water stored in soil at planting was 113, 106, 72, 70, 65, and 51 kg ha* cm™ in plots
at Huntley, MT; North Platte, NE; Colby, Garden City, and Hays, KS; and Woodward, OK,
respectively (Johnson, 1964). Nielsen et al (2002) found that with dryland winter wheat in
Colorado, grain yield was influenced by interaction between ASW, and precipitation. Yield
response to increasing ASW, was greater with wetter precipitation conditions. Nielsen et al.
(2002) also found a wheat yield slope of 95 kg ha™* cm™ of ASW,, with data from Garden City,
KS (Norwood, 2000). Crop-water production relationships are altered by variations in soil and

climate and have not been well defined for most crops in most areas (Ayer and Hoyt, 1981). As



we understand and use crop-water production relationships, we can draw conclusions on optimal
water application and the benefits we can achieve from managing water efficiently (Barrett and

Skogerboe, 1980).

Soil water balance

The soil water balance measures the change in water storage in the soil profile. It was

calculated using a water balance equation:

SWg=SWz+Py+Iy—E—Dp [1]
where SWEeis the total soil water in the profile at the end of the day (mm), SW5 is the total soil
water in the profile at the beginning of the day (mm), Pwis the net precipitation (mm), /v is the
net irrigation (mm), £'is the evaporation (from both plant and soil surfaces) in mm, and Dris the
profile drainage in mm (Stone et al., 2008). This is a very simplified form of the equation, and
the processes going on are much more complex. It can also be difficult to accurately measure
each of these terms. For example, one method to measure soil water contents is by using
electromagnetic soil water sensors that work in plastic access tubes. Assuming a soil depth of 3
meters and a bias error of 0.02 m®m- there would be an error of 60 mm in the profile water
content (Evett et al., 2012).

The effective precipitation (EPR) is the amount of precipitation received by the soil after
runoff has been removed, as the runoff does not infiltrate into the soil. A major factor in this is
precipitation intensity, or the amount of precipitation received in a given amount of time. As the
precipitation increases in intensity it will eventually exceed the soil infiltration capacity. When
this happens, there will be more runoff than with a smaller precipitation rate, even if the soil was

dry. The infiltration is a complex process influenced by the hydraulic properties of the soil



profile, the precipitation intensity, and the water content distribution with depth (Assouline et al.,
2007). Time-to-ponding refers to the ability to accurately estimate when initial ponding occurs,
or when water has pooled on the soil surface and runoff occurs. As the precipitation falls and
infiltrates into the soil it follows preferential flow paths. A preferential flow path is a term that
describes the process where water follows favored routes and bypasses other parts of the soil
(Luxmoore, 1991). As the water moves through these preferential flow paths, it redistributes
itself through the soil.

Soil water surface evaporation occurs through three stages: the energy-limiting rate, the
energy- and transport-limiting rate, and the transport-limiting rate. In the first stage, the rate of
evaporation is only limited by the potential ET rate, or the rate it would evaporate if there was
unlimited water availability (Saxton et al., 1974). In the second stage, upward movement and
evaporation from a wet soil is still rapid, but occurs at a decreasing rate as the soil dries out. In
the third stage the soil is mostly dried out and water movement becomes very restricted. Here the
soil controls the evaporation rate, as the water will evaporate as soon as the soil allows it to reach
the surface.

Transpiration and soil water depletion below the surface vary greatly depending on crop
type. Crops that have roots that reach farther into the soil profile tend to be more drought tolerant
and more suitable for dryland conditions (Jafaar et al., 1993). Crops with shorter growing
seasons and rooting depths can leave greater amounts of soil water below the root zone (Merrill
et al., 2003). Water uptake by roots is a complex physiological process as it is dependent on the
amount of water in the profile as well as the distribution of the root system. Research suggests
that the roots are the weakest link for the transport of water throughout a plant (Jackson et al.,

2000). As the water moves into the plant canopy and is transpired, the rate of transpiration can be



calculated throughout the canopy. Canopy conductance is a function of the distribution of
radiation in the plant canopy, and by definition it is the ratio of daily water use to the daily mean
vapor pressure deficit. Higher levels of radiation on the surface of a plant increases the rate of
transpiration.

The soil water balance and deficits in soil water can be modeled using different types of
computer simulations. One example of simulation model is physically-based using the Richards’
equation. The Richards’ equation is used to represent the movement of water in unsaturated soils
(Richards, 1931). It is a nonlinear partial differential equation, and can be difficult to
approximate since it does not have a closed-form analytical solution. It uses hydraulic
conductivity, pressure head, and water content at different times and elevations in order to
simulate water flow. These models are very complex and the numerical solutions of the
Richards’ equation have been criticized for being computationally expensive and unpredictable
(Short et al., 1995). One commonly used physically-based model is the Root Zone Water Quality
Model (RZWQM). This model is an integrated physical, biological, and chemical process model
that simulates plant growth and movement of water, nutrients, and pesticides in runoff and
percolate within agricultural management systems. It is one-dimensional, continuous, and is
designed to respond to agricultural management practices including planting, harvesting, tillage,
pesticide, manure and chemical nutrient applications, and irrigation events (Hebson and
DeCoursey, 1987). Another model commonly used to simulate biophysical processes in
agricultural systems is the Agricultural Production Systems Simulator (APSIM). It is structured
around plant, soil, and management modules that include a diverse range of crops, pastures and
trees, soil processes including water balance, soil pH, erosion, and others (Holzworth et al.,

2014).



Capacitance-type models use a simple form of the Richards’ equation and are process-
based. They do not use water potentials and conductivity terms in the solution to the Richards’
equation. The CERES model is one type of these models. It helps identify relationships between
yield-limiting factors, management, and environment (Graeff et al., 2012). Based on
management information such as cultivar, planting, fertilization, plant protection, and harvest, as
well as soil and weather information, the model computes the daily rate of plant growth with a
final estimation of yield and biomass (Graeff et al., 2012). The CERES model is implemented in
DSSAT (Decision Support System for Agrotechnology Transfer), a modeling system used
around the world to estimate crop growth.

Analytical solutions are often used to check the accuracy of numerical schemes. Transfer
function models are a time-series modeling technique. They are often used because using the
Richards’ equation is often too computationally and data intensive. Transfer models use the
“black box” approach, meaning in a time series analysis they measure what goes into the system
and what goes out of the system. They make the assumption that the percolation of effective
infiltration more closely approximates a linear process as variations in moisture content below
the root zone decrease (O’Reilly, 2004).

The role of simulation models in understanding the processes in the soil-plant-
atmosphere system has increased significantly over the years in terms of applications. Simulated
crop growth is connected to water use (Rosenthal et al., 1987). It is useful to compare simple
models with more complex ones, because if the simpler model can sufficiently simulate the
processes, it could be a good alternative to a data-intensive complex simulation model (Ines et
al., 2001). These models have the potential to explore solutions to water management problems.

They also assist in strategic planning to help farmers or companies make the best use of their



water (Graeff et al., 2012). Geographic Information System (GIS) also uses soil water balance
data and can compare the results spatially instead of as just point measurements in order to
analyze soil water deficits in a region. While all models have various degrees of success in
application, they all have their weaknesses and fail under certain circumstances. Model
developers should point out the limitations of their models and the ranges of their applications
(Ma and Schaffer, 2001). As soil water balance models continue to be developed and modified
we can gain a clearer understanding of the most important factors in the soil water balance in
order to simplify complex simulation models that are easier to understand for the user but still

can accurately model the system.
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Chapter 2 - Journal Article

Introduction

Productivity of water-limited cropping systems in the High Plains can be reduced by
many factors. Grain yields for dryland crop production in the semi-arid Great Plains of the
United States can be unpredictable because of the irregular nature of growing season
precipitation (Nielson et al 2010). Water deficits can affect productivity both at specific growing
periods throughout the crop season and in the overall total supply of water (Brown 1959,
Passioura 2006). Generally, the timing of water supply has a larger effect on grain yield than
total water supply for many crops (Maman et al 2003). Weeds, disease, pests, and weather
damage can destroy crops and limit productivity as well. Climate change could also contribute to
crop productivity, given improvements in heat and water resources and rising atmospheric CO-
concentrations (Tao and Zhang 2013). The frequency of years when temperatures exceed the
thresholds for damage during critical growth stages is likely to increase for some crops and
regions (Hatfield et al 2013). Stone and Schlegel (2006) found in a study done in western Kansas
that grain yields increased with both available soil water at emergence (221 kg ha™* cm™
available soil water) and in-season precipitation (164 kg ha™* cm™ in-season precipitation). They
found similar yield responses for winter wheat (98 kg ha™* cm™ available soil water and 83 kg ha”
L em in-season precipitation). In the same study, 63% of grain sorghum and 70% of wheat
variations in grain yield were explained by variations in available soil water at emergence and in-
season precipitation. Because of the high input costs for production, farmers can benefit from a
tool that will help them assess the risks associated with dryland crop production (Nielson et al

2010).
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Grain sorghum and winter wheat are the primary dryland crops in the semiarid regions of
the High Plains (USDA Cen. Agric., 2012). The precipitation pattern of a region influences the
cropping sequence used in order to maximize the use of rainfall received (Sherrod et al 2014).
Both crops are important in the High Plains region due to their drought resistance and ability to
produce under limited precipitation. Dryland production is regaining its importance in this region
as irrigated crop production decreases with groundwater depletion (Steward et al 2013). Diverse
(more crop types) and intensive (more crops in a period of time) cropping systems have the
potential to improve crop production without increasing inputs (Tanaka et al 2005). For example,
a study done by Mohammad et al (2012) found that wheat grain yield was significantly higher in
wheat-summer legume-wheat and wheat-fallow-wheat than in a wheat-summer cereal-wheat
rotation. Peterson et al (1996) found that the most direct and practical solution to improving the
efficient use of precipitation may be to include a summer crop following winter wheat that would
make better use of summer precipitation. They also found that dryland cropping systems with
more diverse crops and less fallow per unit time may be one strategy to make more efficient use
of precipitation lost to evaporation during fallow.

While there are multiple environmental variables controlling crop yield, comparing actual
yield with an expected one can still be revealing (Passioura 2006). Models can be used to
calculate an estimated yield based on a water balance equation. It can be challenging to
understand the interactions of changing climatic parameters because of the interactions among
temperature and precipitation on plant growth and development (Hatfield et al 2013). Crop
species respond differently to the timing of rainfall and need to be evaluated separately (Sherrod
et al 2014). Water use-yield relationships are the foundation for efficient water management

(Siahpoosh et al 2012). These relationships can be developed by simulating the field water
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balance, including simulated drainage for each location (Stone et al 2011). Mathews and Brown
(1938) related crop yield to water use for winter wheat in the southern Great Plains and reported
that for each millimeter of crop water use there was wheat productivity of 5.19 kg ha with a
yield threshold (the level of water use where yield response begins) of 187 mm. A similar study
was done by Aiken et al. (2013) in Colby, KS that reported wheat productivity of 9.97 kg ha!
and a yield threshold of 110 mm. The difficulty in measuring the components of the soil water
balance prompts the use of simulation models to investigate the processes involved (Lascano
1991). Models investigate separate parts of the system and can be used as a tool to investigate
solutions to problems that in agriculture are normally site-specific (Lascano 1991). Models are
simplified representations of a complex system and do not include every environmental factor
that can influence yield, but they can still be useful in order to observe and understand
relationships between water use and grain productivity. The Kansas Water Budget (KSWB)
solves the soil water balance and calculates actual evapotranspiration, drainage, and crop water
use and uses crop production functions to calculate yield (Kahn et al 1996). The objective of this
study was to evaluate the predictive accuracy of the KSWB for crop water use and grain

productivity of grain sorghum and winter wheat, grown in a range of crop sequences.

Methods
The predictive accuracy of a modified form of the KSWB model is evaluated through two
variables: crop water use and yield. Each of these values was calculated for grain sorghum and
winter wheat using different sites, years, and crop rotations. Modeled crop water use data from
three sites: Bushland, TX; Colby, KS, and Tribune, KS, were compared with experimental water

use data for each crop. The same comparison was done with modeled yield data in order to
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determine how closely modeled and experimental data were related. Crop water use and yield
were then combined into a functional relationship showing yield in response to an increment of
water use, where yield was the dependent variable and water use was the independent variable.
This function was used to find the yield threshold, which is the level of water use where yield

response begins.

Mean Solar Precipitation
Temperature Radiation
Soil Water at Effective Precipitation:
Reference ET Planting Applies Runoff
!

Water Balance Equation:
Maximum ET SW,,: = SW,, - Actual ET - Drainage + Effective Precipitation
Crop

Coefficient
< Drainage
[ Actual ET Avallable Ava||able
y Soil Water Soil Water
Coefficient

Crop Stage Dates

SW,,
(Previous
Day’s SW,,,)

Stage Wheat Sorghum

Vegetative Sep17 Jun?$9 Water Stress: vield
Flowering May 20 Aug4 Effective ET

Seed Formation Jun3  Aug 24

Ripening Jun18 Sep16
Physiological Jun22 Sep 25
\ Maturity )

Figure 1: Kansas Water Budget Flowchart. SW denotes soil water and ET is the
evapotranspiration

The KSWB model (Kahn et al., 1996) solves the water balance with a daily time step. In
order to calculate the daily total water content of the soil profile it is necessary to include a water

balance equation:
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SW; = SWi_y — ET,,_, = DRi_y + EPR;_; [2]

where 7is the day of the year and /-7 is the previous day of the year, SWis the total soil water in
the profile (mm), £7 is the daily actual evapotranspiration taken out of the profile (mm), DRis
the daily amount of drainage coming out of the bottom of the profile, and £PR is the effective
precipitation (mm), which is daily precipitation after taking out runoff. For this implementation
of the KSWB the first day of the soil water balance was initialized as the total soil water at
planting as provided in the experimental data. If data were not provided, such as when the first
year was a noncrop period, a value of 60% of available soil water was used. The model assumes
stubble mulch tillage as the tillage treatment. A flowchart depicting the procedure of the KSWB
model is shown in Figure 1.

Yields are calculated using crop production functions, which include an effective ET
term. Effective ET is used to represent a crop under water stress. A crop’s source of water comes
from the soil, and if there is not sufficient water to meet a specific crop’s water requirement,
water stress develops in the plant which has a negative effect on crop growth and yield. Water
stress does not have the same effect on the crop at every stage of the crop’s growth. To account
for this, weighting factors were assigned to each growth period. Weighting factors are different
for each growth period of a crop depending on the sensitivity of the growth period to water
stress. They relate yield with actual ET relative to maximum ET. The KSWB model divides the
crop growing season into four growth periods: vegetative, flowering, seed formation, and
ripening. The effective ET is a sum of the weighted ET values for each of the four growth

periods.

Effective Precipitation
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Effective precipitation was calculated on a daily basis in order to account for runoff:
EPR =P(1—RF) [3]

where Pis precipitation (mm) and RF'is the runoff fraction from the equation

RF = 0.106 + (0.000062 = AP?) [4]
for the Tribune and Colby soils which are part of soil hydrologic group BC and the equation

RF = 0.157 + (0.000072 * AP?) [5]
for the Bushland soil which is part of soil hydrologic group C. In these equations, AP as the total
annual precipitation in inches. This RF value was developed with corn as the base crop. To adjust
for grain sorghum, 0.01 is added to the base value, and for winter wheat, 0.10 is subtracted from
the base value in order to account for crop type.

The KSWB was modified to simulate multi-year crop sequences. The user initiates a
simulation run by selecting a location, cropping sequence (continuous wheat - CW, continuous
sorghum - CS, wheat-fallow - WF, wheat-sorghum-fallow - WSF, wheat-wheat-sorghum-fallow
- WWSF, or wheat-sorghum-sorghum-fallow - WSSF), the starting year of the simulation (year
of first harvest), and the number of years to run the simulation. Weather data are compiled from
the first day of the first crop phase to the last day of the last crop phase so that each day the
model runs the correct weather data will be used. The total soil water at planting in the soil
profile will be inputted for the first crop at the beginning of the chosen sequence in millimeters.
At the start of each crop or noncrop phase, it will run the water balance till the end of the phase,
then switch to the next phase while changing the necessary parameters and carrying over the
water balance. When it reaches the end of the final phase, the model will start over again at the
first harvest year and run the simulation again with the second crop in the crop sequence, if

applicable. The user will input the soil water at planting for that crop. If that is a noncrop period
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(fallow in wheat-sorghum-fallow rotation), then the user can enter a 0 which will put in a default
value of 60% of available soil water in the profile. The simulation will run until there is a harvest

for each of the years specified by the user.

Field Studies — Experimental Data

Simulation results from KSWB model runs were compared with experimental data from
three locations. For each location, crop water use (CWU) was calculated as

CWU = SW; —SW; +P [6]

where SW; is soil water at planting (mm), SW is soil water at physiological maturity (mm), and
P is in-season precipitation (mm).
Table 1: Experimental data for all studies. Crop Sequences: CW - Continuous Wheat, CS -
Continuous Sorghum, WF - Wheat-Fallow, WSF - Wheat-Sorghum-Fallow, WWSF -

Wheat-Wheat-Sorghum-Fallow, and WSSF - Wheat-Sorghum-Sorghum-Fallow. Tillage:
SM - Stubble Mulch, NT - No-Till, RT - Reduced Tillage, ST - Sweep Tillage.

Study Citation Location Crop Sequences | Duration Sml(:;pth Tillage Practices
Jones and Popham, CW, CS, WF, 1984-
1997 Bushland, TX WSE 1993 1.8 SM, NT
CW and
. CW, WWSF, 1996- sorghum - NT,
Schlegel et al., 2002 | Tribune, KS WSSE 5000 1.8 wheat following
sorghum - RT
. 2002-
Aiken et al., 2013 Colby, KS WSF 5008 1.8 NT
Aiken (Unpublished) Colby, KS WSF 2007- 2.4 ST
2014
Baumhardt and 1990-
Jones, 2002 Bushland, TX WSF 1995 1.8 SM, NT
2000-
Moroke et al., 2011 | Bushland, TX CS 2001 2.4 SM, NT

Table 1 shows the experimental data for all studies. The soil type for Bushland was a Pullman

clay loam (fine, mixed, superactive, thermic Torrertic Paleustoll) at the USDA-ARS
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Conservation and Production Research Laboratory in Bushland. The soil type for Colby was a
Keith silt loam (fine-silty, mixed, superactive, mesic Aridic Argiustoll) at the Northwest
Extension-Research Center in Colby. The soil type for Tribune was a Richfield silt loam (fine,
smectitic, mesic Aridic Argiustoll) at the Southwest Research-Extension Center near Triune. The
crop water use and yield values using stubble mulch tillage were taken from the experimental
data. Tables 2 and 3 show starting and ending dates (planting and physiological maturity dates)

for each crop and for each of the individual studies.

Table 2: Starting and ending dates for wheat crop for experiments and for Kansas Water
Budget model

Wheat

Physiological
Reference Location Planting Date
Maturity Date

Jones and Popham 1997 Bushland | Late Sep, Early Oct | Late June, Early July

Baumhardt and Jones 2002 | Bushland | Late Sep, Early Oct Early July
Aiken et al 2013
Colby Sep 17 to Oct 20 June 18 to July 3
Aiken Unpublished
Schlegel et al 2002 Tribune September Late June, Early July
KSWB - September 17 June 22
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Table 3: Starting and ending dates for sorghum crop for experiments and for Kansas
Water Budget model

Sorghum

Physiological
Reference Location Planting Date
Maturity Date

Jones and Popham 1997 Bushland Early to Mid-June Late Oct, Early Nov

Baumhardt and Jones 2002 | Bushland Mid to late June Late Oct, Early Nov

Moroke et al 2011 Bushland May 31 to June 6 Sep 28 to Oct 18
Aiken et al 2013
Colby May 16 to June 6 Sep 20 to Nov 7
Aiken Unpublished
Schlegel et al 2002 Tribune Late May, Early June October
KSwWB - June 9 September 25

Performance Measures

Simple linear least square regression models were developed and used to relate modeled
results to experimental data for crop water use and yield for each crop at each location with a
level of significance of 0.05. Observed values were the independent variable, and were plotted
on the horizontal axis. Modeled values were the dependent variable, and were plotted on the
vertical axis. A t-test using standard error and n-1 degrees of freedom was used to test slope and
intercept against a slope of one and an intercept of zero.

The Nash-Sutcliffe (NS) model was used to assess the predictive power of each model for
both crop water use and yield. It evaluated the deviation of observations from model predictions
relative to deviations of observed values from their mean:

Y. (Observed — Modeled)? [7]
Y.(Observed — Mean(Observed))?

NS =1-
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Observed values are those from the experimental data, and modeled values are those from the
KSWB model. If the NS coefficient is zero, then the model predictions are as accurate as the
mean of the observed data. If it is less than zero, the observed mean is a better predictor than the
model (or the residual variance is larger than the data variance). The closer the coefficient is to
one, the more accurate the model.

Crop water use and yield data were also plotted together for both observed and modeled
results for each crop at each location. Crop water use was the independent variable and was
plotted on the horizontal axis, and yield was the dependent variable and was plotted on the
vertical axis. Plots of the CWU-yield relationship were made for both modeled and observed
values and were compared, both wheat and sorghum. Tests for linearity were done using a
simple least squares regression model. The level of significance was 0.05 and coefficients of
determination (R?) values were calculated to determine how well the linear model fit the data.
Root mean square error (RMSE) was calculated to measure the model accuracy. A t-test was
calculated to compare slope of the observed CWU-yield relationship with that of the pooled
modeled CWU-relationship for each study to determine if the two slopes were significantly
different. The following formula from Cohen et al. (2003) was implemented in Excel to calculate
the t-value:

by —b 8
t=;,df=n1+n2—4‘ [ ]

/sgl + 55,
where t is the t-value, b1 and b are the slopes of the two regression lines, sp1 and sp2 are the
standard errors of the two regression lines, df is the degrees of freedom, and ny and n; are the

sample sizes for the two lines. When the observed t-value is greater than a corresponding t-value,
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at the 0.05 significance level, we reject the null hypothesis that there is no difference between the

slopes.

Results
This section is divided into two parts: results of the performance measures for winter
wheat and those of grain sorghum. In each section are the performance measures for crop water

use, yield, and the yield-crop water use relationship, comparing observed and modeled results.

Winter Wheat

Simulation results were compared against field observations of water use and yield for
each set of field studies. Regressing modeled wheat crop water use with observed (Fig. 2, Table
4) resulted in a linear relationship in four of the five cases (AIK Unp, B&J 2002, J&P 1997, and
SCH 2002), as well as the two cases of pooled results (one case with all the data and one case
with all data except J&P 1997). B&J 2002 and SCH 2002 had predictive skill using the Nash-
Sutcliffe method, meaning they had a value greater than zero. Both sets of pooled results also
had predictive skill. In three of five cases, and both sets of pooled results, predictive accuracy
had a negative bias in slope which was offset by a positive bias in intercept. Predicted crop water
use was generally equal to or greater than observed water use. Predictive accuracy (RMSE =

57.3 mm, restricted pooled results) declined when the J&P study was included in pooled results.
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Figure 2: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop
water use (mm) is presented in relation to field observations of water use for winter wheat;
studies were conducted in Bushland, TX (J&P 1997, B&J 2002), Tribune, KS (SCH 2002)
and Colby, KS (AIK 2013 and AIK Unp).
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Table 4: Performance measures for crop water use of winter wheat, where modeled crop
water use from the Kansas Water Budget was regressed on observed.?

Study n Slope | Intercept R? P-value | RMSE | Nash-Sutcliffe
AIK 2013 7 0.734 160 0.328 0.1793% 53.4 -2.32
AIK Unp 8 2.01 -349 0.730 0.0069 68.9 -2.88
B&J 2002 6 0.826 90.7 0.739 0.0281 40.3 0.598
J&P 1997 27 | 0.398* 29371 0.228 0.0047 62.7 -0.382
SCH 2002 16 | 0.595* 180t 0.771 <0.0001 32.8 0.720
Pooled 64 | 0.499* 244+ 0.375 <0.0001 61.0 0.103
Pooled — No
37 | 0.659* 167t 0.505 <0.0001 57.3 0.378
J&P 1997

t* - Slope different from one at a significance level of 0.05.
T - Intercept different from zero at a significance level of 0.05.

1 - Did not pass the test for linearity (from p-value).
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Figure 3: The predictive accuracy for Kansas Water Budget (KSWB) simulation for crop
yield (Mg/ha) is presented in relation to field observations of crop yield for winter wheat;
studies were conducted in Bushland, TX (J&P 1997, B&J 2002), Tribune, KS (SCH 2002)

and Colby, KS (AIK 2013 and AIK Unp).
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Table 5: Performance measures for winter wheat yields, where modeled crop yields from
the Kansas Water Budget were regressed on observed.?

Study n Slope | Intercept R? P-value | RMSE | Nash-Sutcliffe
AIK 2013 7