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MONSANTO TECHNOLOGY PIPELINE
FOR CENTRAL PLAINS CONFERENCE

R. M. Lawson
Corn Yield and Stress Lead
Monsanto Corporation
St. Louis, Missouri
Voice:314-694-1000
Email:mark.lawson@monsanto.com

While corn is widely grown in the United States, from the central Corn Belt to the
Western Great Plains, its yield potential is directly related to the amount of
available water. From 1984 to 1992, according to the USDA, 67 percent of major
crop losses were due to drought. Roughly 85 percent of corn grown in the U.S.
suffers from varying degrees of drought during the growing season. About 6,800
gallons of water are required to grow a day’s food for a family of four.

Water availability is already a major issue in several parts of the world and
becoming a growing problem in others. Now, more than ever before, it is critical
that farmers have a tool to combat the impact of water shortage on their crops.

In 2003, Monsanto successfully completed its first tests that demonstrated that
some of the genes in its discovery program could enhance the drought tolerance
of corn hybrids. These observations of enhanced yield and plant health were
confirmed with greater precision in 2004 thru 2007.

During 2008 field trials in the Western Great Plains, drought-tolerant corn
showed a six to 10 percent yield enhancement — a gain of 7-10 bushels on an
average of 70-130 bushels per acre. In December 2008, the company made the
first regulatory submission to the Food and Drug Administration for drought-
tolerant corn — the first-ever biotech crop with that trait. Further submissions to
the USDA and to other importing countries will be made in the coming months.

The crop is now in Phase 4 of the R&D pipeline, the last phase before
commercialization. This phase includes development and testing of the best trait
and germplasm combinations for commercial launch.

In general, the drought-tolerance gene works by mitigating the impact of low soil-
moisture content on the plant’s physiology. In response to inadequate water,
corn plants typically begin to shut down their metabolism, slowing photosynthesis
and growth-rate. The gene we have submitted for regulatory approval enables
the corn plant to maintain metabolism for a longer period of time during drought
stress. Ongoing testing has shown that the crop experiences no negative impact
in conditions of adequate moisture.



Beyond the Great Plains, Monsanto’s drought-tolerant technology is expected to
also help improve on-farm productivity in other parts of the world — like Africa —
where rainfall is insufficient or irregular. Monsanto’s drought-tolerant technology
shows promise to give corn crops worldwide a better opportunity to achieve their
yield potential.

In addition to drought tolerance, Monsanto also has other corn technologies in its
pipeline. SmartStax contains multiple modes of action, for insect-resistance
management against above and below ground insects, and offers the company’s
most comprehensive weed-control system. The company expects a 2010
commercial launch for SmartStax pending regulatory approval.

These technologies as well as others in our pipeline or already on the market
reflect Monsanto’s commitment to help farmers boost on-farm productivity
through established and new advancements in plant breeding and biotechnology.
The company’s investment in breeding and biotechnology research is key to
meeting these commitments with more than $2.6 million per day spent on leading
agricultural research.

In June 2008, Monsanto announced an ambitious plan to double yields in its
three core crops — corn, cotton and soybeans — by 2030 compared to a base
year of 2000 — as part of a three-point pledge called the Sustainable Yield
Initiative. The company also committed to conserving more of the world’s
precious natural resources by reducing by a third, the aggregate amount of key
inputs such as water, land and energy, required to produce each unit. Monsanto
plans to do this by providing choices for modern agricultural technology to its
stakeholders and has also committed to helping resource-poor farm families.
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THE ROLE OF WIND ENERGY IN AGRICULTURE

A COOPERATIVE’'S POINT OF VIEW

Robert J. Johnson, P.E.

Executive Manager, Engineering and Energy Services

Sunflower Electric Power Corporation
Hays, Kansas
Voice: 785-623-3319 Fax: 785-623-3385
Email:bjohnson@sunflower.net

UNDERSTANDING ELECTRIC COOPERATIVES

We are not-for-profit entities

Electric rates are based on cost of service, not on a return on investment
Member consumers are the cooperative’s owners

Consumers elect a governing board of directors from their members

The mission is long-term low-cost reliable service

SUNFLOWER (AND MID-KANSAS ELECTRIC COMPANY, LLC)
MEMBERS SERVE RURAL WESTERN KANSAS

e Generation and Transmission:

(0]
(0]

Sunflower Electric Power Corporation
Mid-Kansas Electric Company, LLC

e Distribution (G&T owners):

0]

O 0O O0OO0Oo

Lane-Scott Electric Cooperative, Inc., Dighton

Pioneer Electric Cooperative, Inc., Ulysses

Prairie Land Electric Cooperative, Inc., Norton

Western Cooperative Electric Association, Inc., WaKeeney
Wheatland Electric Cooperative, Inc., Scott City

Victory Electric Cooperative Association, Inc., Dodge City

ELECTRIC DEMAND IS STEADILY RISING

e 2% TO 3% per year for the past 15 to 20 years
e Recently load growth for irrigation has far exceeded the average
e Growth from other agriculture based industries such as ethanol plants
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SERVING LOAD REQUIRES DIVERSE CAPACITY RESOURCES

Seasonal variations in load change the energy supply and cost
Base-load, coal and hydro

Intermediate-load, natural gas

Peaking-load, natural gas and diesel

SUNFLOWER GENERATION PORTFOLIO

e Holcomb Station, 360 MW, Coal
e Garden City Station, 225 MW, Natural Gas
e Smoky Hills 1 Wind Farm, 50 MW, Wind

MID-KANSAS GENERATION PORTFOLIO

Great Bend Station, 98 MW, Natural Gas

Fort Dodge Station, 145 MW, Natural Gas

Jeffrey Energy Center, 177 MW PPA, Natural Gas
Clifton Station, 73 MW, Natural Gas

Cimarron River Station, 76 MW, Natural Gas
Smoky Hills 2 Wind Farm, 24 MW, Wind

Gray County Wind Farm, 50 MW, Wind

WIND ENERGY IS NEGATIVE LOAD TO A UTILITY

e Intermittent capability to generate energy

e Does not provide Capacity or base load energy

e Compares favorably with intermediate and peaking variable costs
e Increases system volatility and costs

CUSTOMER-OWNED GRID-CONNECTED RENEWABLE
GENERATION

e Current:
o Parallel Generation, a buy/sell arrangement
e Proposed:

o0 Net Metering

FOUR COMPONENTS TO A TYPICAL RETAIL ENERGY CHARGE

Distribution Costs: 2 to 6 cents/kWh

Transmission Costs: .5to 1.5 cents/kWh

Generation Fixed Costs: 2.5 to 3.5 cents/kWh

Generation Variable Costs: 1.5 to 8 cents per kWh (avoided cost)
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KANSAS' EXISTING PARALLEL GENERATION STATUTE

A buy/sell arrangement that allows for “behind the meter” connection of
renewable generation by a customer-generator

No changes to existing retail rate schedule are required

Compensation for energy sold back to utility is 150% of avoided cost
Avoided cost is energy component of generation only

25 kW limit for residential

200 kW limit for commercial

Must be appropriately sized for customers load

Not more than 10 irrigation pumps per customer under this statute
Must meet all utility safety and reliability standards

Retail wheeling is not allowed

Most value is to offset existing load

Standard procedures in place to accommodate the PGS statute
Provisions for some latitude in generator sizing

Renewable generators can be very expensive and payback can be long or
non-existent

PROPOSED NET METERING

Net metering is a concept where a customer can use the utility system as
a “bank” or “battery” to store and withdraw energy (at no cost to the
customer)
Often described as a system where the meter can run backwards when
customer generates more energy than needed
The problem is that the product taken out costs the utility much more than
the benefit of the product put in
Net metering is not currently available in Kansas but is currently being
discussed
Coops opposition to net metering is an issue of fairness
o Why should the utility be forced to pay retail cost (transmission,
generation capacity and energy) to receive only wholesale energy?
o Why should some customers be advantaged at the cost of other
customers on the system?
Would probably not advantage a commercial customer with a
demand/energy rate structure
Could benefit cost recovery for residential customer-generators

FINAL COMMENTS

Sunflower and Mid-Kansas:

0 Actively support customer-owned renewable generation

0 Are pursuing a 25x25 renewable energy goal
However, intermittent renewable energy does not, and cannot, cure the
shortage of economical base-load generation



Proceedings of the 21 Annual Central Plains Irrigation Conference, Colby Kansas, February 24-25, 2009
Available from CPIA, 760 N.Thompson, Colby, Kansas

THE TEXAS HIGH PLAINS
EVAPOTRANSPIRATION (TXHPET) NETWORK

T. H. Marek D. O. Porter
Senior Research Engineer Associate Professor and
Texas AgriLife Research Extension Agricultural Engineer
Amarillo, Texas and Texas AgriLife Research and
Superintendent, North Plains Texas AgriLife Extension Service
Research Field Lubbock, Texas
Etter, Texas Voice:806-746-4022
Voice: 806-677-5600 Fax: 806-746-4057
Fax: 806-677-5644 Email:d-porter@tamu.edu

Email:t-marek@tamu.edu

SUMMARY

Development, adoption and use of an evapotranspiration (ET) network system
designed for irrigation scheduling entail the integration of several factors that
include a simplified data acquisition approach, user understanding, multiple
dissemination venues, user clientele education, resource support plus
operational commitment by network personnel to maintain accurate
meteorological and ET data. The Texas High Plains Evapotranspiration
(TXHPET) network was developed with these factors in mind and continues to
gain adoption by irrigated users to date. The TXHPET system, its development,
use, output and operations are discussed.

INTRODUCTION

As irrigation continues to be the majority user of water (60%) in Texas (Texas
Water Facts, 2008) and other states, increases in other water use sectors are
typically dependent on transfers from the agricultural sector. Thus, agriculture is
likely to continue to have to produce more with less water and depend more on
conservation measures, technological advances and irrigation scheduling to
optimize irrigation management.  Conservation districts and other water
governing agencies are increasingly embracing network  based
evapotranspiration (ET) requirements as the maximum allowable pumping for
crops. Appropriate (high quality and location-specific) meteorological data are
necessary for application of widely accepted standard ET models and
calculations.



Numerous meteorological networks have been developed and are in existence
today in the U.S. Most of these systems have differing primary objectives and
targeted users. The purpose and scope of these networks vary in size and intent
along with differing interrogation intervals. Some are large-scale climate based
and can be used for varying purposes. Others are specific in nature and the data
are controlled and restricted to the designated application or agency.
Agriculturally based ET networks generally have the defined purpose of
estimating crop ET within a particular region. Networks such as “school net”
sites are basically teaching tools for students and for illustration of the variability
of localized rainfall events and typically are not suitable for agricultural
applications because of city and urban (siting) based parameter influences.
Agricultural meteorological stations need to be representative of the environment
they are located in with sensors conforming to standardized accuracy and
placement (ASABE, 2004; Walter, et al., 2005). Data interrogation, processing,
and transfers (uploads) must be consistent and timely for producer adoption and
use. Sensor maintenance should be a priority issue of the network and adhered
to for accurate, continuous quality assured and quality controlled data streams.
Most importantly, ET computations should be scientifically based and
documented adequately for comparison with the latest standardized ET
equations.

METEOROLOGICAL STATIONS

Placement of ET weather stations should be a key component in the
establishment of a successful and useful network station grid. Stations should be
located in areas where irrigated agriculture is practiced. Additional
considerations for placement involve known or anticipated topographical
differences such as elevation. Station placement should be adequately “free”
from biasing influences such paved roads, tree rows, valleys, large depression
areas, potential water holding areas such as playas, lakes, large water holes,
unpaved roads with dust potential, feedyard or other confined animal feeding
operations, grain elevators, or other influences that may alter representative
agriculturally based acquisition of meteorological parameters.

The number of stations within an ET network is not as important as their
representation. The TXHPET network currently has 18 stations over an area
representing more than 1.5 million irrigated acres. In the TXHPET network,
representation in the Texas High Plains intensively irrigated areas typically
ranges from to 900 to 1500 square miles per station. This figure can vary
depending on the surrounding topography and prevailing upwind influences.
Redundancy or overlap of weather stations is a good design consideration as
data from adjacent units can be more easily estimated with redundant units. In
many cases, redundancy cannot be determined until adequate data are acquired
to indicate that it exists.



NETWORK DEVELOPMENT

Development of a regionally based ET network should involve a multi-disciplinary
scientific based team as well as industry and commodity representatives.
Additionally, large operation, progressive growers and crop consultants should
be invited to provide valuable input in to the design and format of the output
materials.  Others that may be included are area agricultural agency
representatives and governing water agency personnel. Early input is necessary
as the crop consultants and large producers are the ones who will most likely use
the outputs and they sometimes will have strong opinions as to how they want
the data formatted for integration into their operations. Most producers and even
many consultants do not want to spend time calculating values from equations
each day. Most want a single value of daily ET to use in a straightforward, easy
to understand irrigation scheduling checkbook type method or equivalent
irrigation scheduling program. These desires have been learned by the
development team of the Texas High Plains ET (TXHPET) network in the early
1990’s. In addition, the following should be strongly considered:

1) Data must be accurate and scientifically based and supported.
2) Data must be timely (daily or more frequent depending on application goal).

3) Data must maintain integrity (through scheduled maintenance and timely
repairs as needed).

4) Data must be comparative, calibrated and verified.
5) Data must be sustainable (with adequate resource support and allocation).
6) Data should conform to agriculturally based and scientific standards.

Initially, the TXHPET development team brought a group of producers to listen to
their needs and they decided jointly that they wanted a single “fax sheet” of the
ET data delivered on a daily basis whereby they could read a single crop value of
ET for yesterday’s conditions. After the initial design draft, the consultant and
producer members rearranged much of the sheet to their liking to fit their needs.
This involvement by the users virtually ensured that the data output format was
what they wanted and not just what the science based members dictated. The
single page fax file format is still in use today and contains data for cereal grain
crop daily, 3-day, and 7-day ET's plus growing degree day heat units and
average growth stage for short and long season crops with four dates of planting.
Figure 1 illustrates the information in the TXHPET fax file format. Another file
that is created daily and that has hourly formatted information for researchers
and other related agricultural industry users is designated as an hourly file. A
copy of this file in illustrated in Figure 2.
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Figure 1. Fax output format from the TXHPET network illustrating daily crop ET
values for multiple crops and planting dates.
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While these file formats are simple for the producers and other agricultural users,
researchers generally desire more options and advanced type outputs. Both can
be programmed into the system but the main focus should be on the producer
utilization; otherwise, it becomes cumbersome and more of research effort than a
user product. The research parts of the system may be “hidden” from the general
user as necessary to prevent confusion.
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Rainfall at the respective network sites is possibly the least relevant ET
parameter of the data set although it is one of the most monitored by users.
Users should use site specific field rainfall in their irrigation scheduling method.
The values recorded by the TXHPET network are frequently in question from
both producers and researchers alike and large differences often result from
highly variable precipitation events or even from common rain gauge problems,
including plugged funnels and ports.

Development with an ET network is typically not complete but rather an ongoing
process. Advances in the hardware and software change over time and most of
this activity should be transparent to the user. Over time new interrogation
instrumentation and data modules plus computational methods have replaced
the initial and earlier methods of acquisition. Much of the original instrumentation
and sensors are no longer available so upgrades are seemingly always
forthcoming. Additionally, researchers are progressing to evaluate ET values on
smaller (shorter) time scales for new future irrigation application systems with
data interrogation times becoming shorter.

DISSEMINATION

Data and Calculated Values

Originally, faxing of the “fax sheet” was the main dissemination method during
the 1990’s. Since then, the TXHPET network has developed a web based
listserv whereby growers can subscribe and change at their will which stations
and the type(s) of files they want to receive through e-mail at around 05:00 each
day. Although the fax mode of dissemination has been diminished in terms of
requests using the fax mode, its primary replacement has been that of email. A
few years ago, the TXHPET system created an ET network parameter data base
whereby internet users can query the system and receive data in formats
selected from several available formats, including on-line graphics options. A
snapshot of the site is included in Figure 3 and the site can be accessed at
http://txhighplainset.tamu.edu/. This addition has cut down significantly on the
number of data formatting and processing requests network personnel had to
deal with on a timely basis. Backup electronic data sites on other servers support
duplicative data sets to assure data security and reliable access. Although the
TXHPET system has been considered successful, the network team continues to
listen to the needs of the clientele and propose new tools for integration into the
network sites, including more automation of the data into user based tools as well
as and including upgrading the crop growth models for adequate representation
of current and progressive production agriculture.
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TXHPET Use

The TXHPET network has kept statistics of use and downloads since its
inception and has in recent years averaged about 300,000 pages of
disseminated information per year. This past summer season, an additional
180,000 plus pages of crop ET downloads were noted indicating that as energy
based pumping costs increased in 2008, users wanted more exacting ET

J Home W(What is ET‘?W [ Maps 1 ( Weather Da 7 (Crediisw | vtion NtWOl'k

Weather Data

Choose atime interval

Daily
Readings taken daily.

Hourly
Readings taken hourly.

Conditions of Use | Legal Notices | Contact Us
©2005 Texas A&M University System
Agriculture Program

Figure 3. TXHPET network web page containing weather data selection.

data to assess and refine irrigation management practices. This also coincided
with an enhanced extension education effort by the limited staff associated with
the TXHPET network in the Texas High Plains. While the majority of users have
been irrigated producers and crop consultants, others include farm managers,
production consultants, seed production agronomists, agricultural engineers,
researchers, extension specialists, water district managers and technicians,
water planners and consultants, state agency regulators, design engineers and
city water and parks superintendents. The highest priority network users are the
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producers as they are the ones who have the opportunity to conserve the
greatest amount of water in the region. Also, most state water agencies
appreciate the use of the network as it provides a sound basis for regional water
planning efforts and documentable and consistent inputs into the groundwater
availability model (GAM) used for future supply and demand planning.

FUNDING

The single most difficult challenge of operating an ET network, which has been
experienced by others throughout the western U.S. is that of securing sustained
funding for operations and maintenance. Development and upgrade dollars can
be acquired but sustained funds for personnel are hard to secure. Operational
attempts to sustain operations from sales of the data have proved unsuccessful
for almost all ET based networks and only account for approximately 5% of the
needed revenue annually.

CONCLUSION

A well developed and maintained ET network is essential for implementation of
irrigation scheduling within an intensively irrigated region. The development of
such a system should be an on-going effort whereby the interested parties,
particularly the irrigated producers should provide input into future needs for
integrated use of their operations. The network can also provide data for a
variety of other interests that use the data for wise and efficient use of water
resources.
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ABSTRACT

Historic annual increases in global carbon dioxide (CO2) concentration are
expected to continue; increased global temperatures are forecast as well. Crop
productivity can benefit from increased ambient CO, as similar assimilation rates
can be maintained with smaller canopy conductance, resulting in modestly
reduced crop water requirement. Cool-season grass crops and broadleaf crops
will likely gain photosynthetic efficiencies with elevated CO; levels. When
elevated temperatures exceed optimal conditions for assimilation, stress
responses can include damage to the light-harvesting complex of leaves,
impaired carbon-fixing enzymes, thereby reducing components of yield including
seed potential, seed set, grain fill rate, and grain fill duration. Field studies
conducted under conditions of elevated COzindicate that benefits of elevated
CO; are reduced by heat-induced stress responses. Crop cultural practices can
be adapted to avoid stress, genetic advances may yield germplasm capable of
tolerating or resisting stress factors.

INTRODUCTION

Climate change forecasts for the central High Plains, pertinent to crop growth,
indicate increases in ambient carbon dioxide (CO;) concentration, average
annual temperatures, and intensity of hydrologic events (e.g. storms and
drought) (IPCC, 2007). Field and controlled environment studies document
substantial effects of these expected climate changes on factors affecting crop
yield formation. Briefly, transpiration efficiency tends to increase with elevated
ambient COy; elevated temperatures can impair yield formation by damaging
photosynthetic capacity, reducing enzyme activity, impairing seed-set and grain-
fill rates, increasing respiratory losses of assimilates, and reducing radiation
capture due to accelerated crop development. Climate change forecasts indicate
greater temperature increases in the High Plains relative to eastern regions.
Though the High Plains may encounter greater impacts, qualitatively similar
effects may be expected in the eastern Great Plains. Opportunities to mitigate
these effects may require discovery and utilization of genetic resources to
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provide tolerant/resistant cultivars as well as revised crop cultural practices. A
summary of critical processes is outlined below.

EXPECTED CLIMATE CHANGE FACTORS

Increased atmospheric CO, concentrations recorded at Mauna Loa are a matter
of historic record (Howell, 2009). Forecasts for continued increases in ambient
CO, depend on expected rates of fossil fuel combustion. Increased global
temperatures are a more recent phenomenon (Figure 1) and are associated with
greenhouse gas effects. Forecasts for continued global warming depend on the
rate of greenhouse gas accumulation and modeled effects on global surface-
atmosphere exchange processes. This review will focus on the expected impacts
of increased atmospheric CO, and increased temperatures on crop productivity
and yield formation, considering current knowledge of plant physiology.
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Figure 1. Global surface temperature forecast from climate change model
experiments from 16 groups (11 countries) and 23 models collected at PCMDI
(over 31 terabytes of model data). Committed warming averages 0.1°C per
decade for the first two decades of the 21st century; across all scenarios, the
average warming is 0.2°C per decade for that time period (recent observed trend
0.2°C per decade). Source: IPCC (2007) Ch. 10, Fig. 10.4, TS-32; after Feddema
(2008).
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CROP YIELD FORMATION

Crop yield (Y7) can be related to water use (ET), considering the transpiration (T)
component of ET, biomass productivity relative to T (TE, transpiration efficiency)
and the grain fraction of biomass (HI, harvest index; Passioura 1977).

YT:TEO%OETOHI [1]

Each component of this relationship can be altered by genetic, environmental
and/or crop management effects. Tanner and Sinclair (1983) provided evidence
that transpiration efficiency approaches a constant value, ky, when adjusted for
daily vapor pressure deficit (VPD) effects. This intrinsic transpiration efficiency is
greater for crops, such as corn, which utilize C4 physiology (CO; fixation results
in oxaloacetic acid, a four-carbon compound, kq = 0.118 mbar), relative to that of
crops, such as soybean, with C3 physiology (CO, fixation results in
phosphoglyceric acid, a three-carbon compound, kg = 0.041 mbar).

An analogous relationship (Earl and Davis, 2003) can be developed between
yield (Yr) and biomass productivity relative to photosynthetic electron supply
(RUE, radiation use efficiency), considering the fraction of absorbed radiation
used to drive assimilatory processes (®Ppsy, quantum yield of photosystem ll),
intercepted photosynthetically active radiation (IPAR), photosynthetically active
radiation (PAR) and HI.

IPAR
Y. =RUE¢® ———oPAR eHl 2
R ® Ppg) ® PAR ® * (2]

Krall and Edwards (1991) demonstrated a direct linear relationship between
gross photosynthesis and absorbed photosynthetically active radiation, when
corrected for quantum yield of photosystem Il. Kiniry et al. (1998) reported a
linear relationship between RUE and VPD, analogous to that observed for TE.
Equations [1] and [2] indicate that crop yield can be related to either the
transpiration component of water use or the interception component of solar
radiation, considering conversion efficiencies to biomass and yield formation
factors. Rochette et al. (1996) demonstrated a linear relationship between the ET
and net photosynthesis flux for well-watered corn after canopy closure when ET
was adjusted for VPD effects. This supports interpretation of equations [1] and [2]
as analogous. Together, these equations provide a framework for evaluating
expected climate change effects on crop productivity and grain yield.
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CROP RESPONSES
TO EXPECTED CLIMATE CHANGE FACTORS

Ambient CO,

Crop productivity, with respect to water use, is expected to increase as ambient
CO; increases. Elevated CO; increased productivity of plants with C3
physiology—uwith increased yield as well (Tubiello et al., 2007). As an example,
Figure 2 shows effects of ambient CO, concentration (320, approximate 1965
condition and 390 ppm, approximate current condition, volume basis) on water
vapor efflux and CO; influx across a leaf stoma. Calculations of leaf conductance
assume identical assimilation rates (50 umol m? s™') and a constant ratio of CO-
within the sub-stomatal cavity (Ci) to ambient (Ca): 0.5. In this example, stomatal
conductance would be 16% smaller under current conditions of elevated ambient
CO,, relative to that around 1965. Associated with less stomatal conductance is
reduced transpiration and a warmer canopy temperature. These results are
expected for plants with both C3 and C4 physiology, though a greater relative
increase in CO;, fixation is expected for plants with C3 physiology due to
inefficiencies associated with the carboxylating enzyme, Rubisco.

Ca = ambient CO,
gs = stomatal

/conductance A = gs(C4-C)
< > O

1965 2005
Ca 320 390
Ci = leaf CO,
Ci 160 195
Os 0.31 0.26
A 50 50

Figure 2. Schematic depicts CO diffusion through stomatal aperture of a leaf,
into the sub-stomatal cavity. Carbon fixation (A, assimilation) can be calculated
as the product of stomatal conductance (gs) and the gradient between ambient
(C4) and sub-stomatal (C;) CO, concentrations. In this hypothetical example, the
increase in atmospheric CO, concentrations, from 1965 to 2005, results in
identical assimilation rates, with a smaller gs. Smaller gs tends to reduce
evaporative loss of water, though canopy temperatures tend to increase.

The photosynthetic efficacy of Rubisco, e.g. in fixing CO; into six-carbon sugars,
is limited by the relative concentrations of CO, and O, at the reaction site
(Ainsworth and Rogers, 2007). Typically, plants with C4 physiology sequester
Rubisco in bundle sheath cells, where O, concentrations are small, hence the
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superior productivity of plants with C4 physiology. Rubisco occurs in mesophyll
cells of C3 plants, exposed to near-ambient O, concentrations, resulting in
approximately one third of enzyme activity diverted from CO;, fixation. Because of
this difference, the increased assimilation response of plants with C3 physiology,
to increased CO; concentration can generally be attributed to increased Rubisco
efficacy in mesophyll cells, though plant acclimation to elevated CO, can
introduce further complexities.

The relative impacts of elevated CO, on photosynthesis, growth and yield
formation of plants with C3 and C4 physiology is somewhat controversial. Long
et al. (2006) reported that Free-Air CO, Enrichment (FACE) technologies indicate
~ 50% less yield benefits from elevated CO; than earlier studies of crop
responses to elevated CO,, based on enclosure techniques. The FACE studies
indicate plants with C4 physiology have little increase in assimilation with CO,
enrichment (Rubisco tends to be CO,-saturated at current ambient CO; levels)
but stomatal conductance is reduced for these plants, thereby reducing water
consumption. Wall et al. (2001) reported, for well-watered sorghum, that under
FACE, stomatal conductance decreased 37% and assimilation increased 9%,
and leaf water potential increased (reduced leaf water deficit) by 3%; however,
no change in final shoot biomass was detected. Long et al. (2006) found
increased productivity for plants with C3 physiology with CO, enrichment, but the
yield increase was less than that projected from earlier enclosure studies. These
studies show that, though assimilation capacity increased by 36%, the increase
in canopy assimilation was 20%; biomass increase was 17% and yield increase
was 13%. The limited yield response, relative to increased productivity potential,
could result from plant acclimation to elevated CO, conditions. The FACE studies
indicate that opportunities to realize the potential benefits of elevated CO, for C3
crops will require further development.

Table 1. Percentage increases in yield, biomass, and photosynthesis of crops
grown at elevated CO, (550 ppm, volume basis) relative to ambient CO in
enclosure studies summarized by Cure and Acock (1986). Percentage increases
for FACE studies were generated by meta-analysis of Long et al. (2006). Taken
from Long et al. (2006).

Source Wheat | Soybean | C4 Crops
Yield
Cure and Acock (1986) 19 22 27
FACE studies 13 14 0*
Biomass
Cure and Acock (1986) 24 30 8
FACE studies 10 25 0*
Photosynthesis
Cure and Acock (1986) 21 32 4
FACE studies 13 19 6

*Data from only one year in Leakey et al. (2006).

18




Evidence is emerging that plants adjust, or acclimate to elevated CO, conditions.
Watling et al. (2000) reported changes in the carbon-fixing potential for sorghum
grown at elevated CO,, relative to the current condition. These changes included
increased leakage of CO, from bundle sheath cells to mesophyll, requiring
further metabolic processing, decreased activity of PEP carboxylase (the initial
C4 CO,-fixing enzyme), resulting in reduced carboxylation efficiency and
assimilation potential. Comparative analysis of gene expression in soybean
(Ainsworth et al., 2006) under current and elevated CO; indicated that respiratory
breakdown of starch, promoting cell expansion and leaf growth, was accelerated
with elevated CO,. Controlled environment and FACE studies confirm that
increased ambient CO; can increase biomass productivity for C3 crops, reduced
crop water use, and elevated canopy temperatures for C3 and C4 crops.
Realizing potential benefits of elevated CO, conditions will require discovery and
utilization of adaptive traits as well as adaptive crop management.

Increased atmospheric CO; can alter crop-pest interactions. Zavala et al. (2008)
found that soybean could be more susceptible to coleopteran herbivores (e.g.
invasive Japanese beetle and variant of western corn rootworm) under elevated
CO; due to down-regulation of genes coding for production of cysteine
proteinase inhibitors; these inhibitors are deterrents to coleopteran herbivores.
Other unexpected consequences could involve enhanced growth of plant pests,
with C3 physiology, and reduced herbicide efficacy—further aggravating climate
change impacts.

Temperature

Heat stress on crops can impair assimilation by damaging light-harvesting
apparatus and by reducing carbon-fixing enzyme capacity. Yield formation
processes, including seed set and grain fill rate, can be impaired at elevated
temperatures. The duration of growing season—and subsequent radiation
capture—can be reduced by increased temperatures, as indicated by the
growing degree day concept. Muchow et al. (1990) found greatest grain yield
potential of corn occurred in a cool, temperate environment, due to increased
growth duration and increased radiation capture; under warmer sub-tropical
conditions growth duration, light absorption, and grain yields were reduced.
Factors affecting intensity of heat stress and crop responses to heat stress are
briefly discussed.

Canopy temperatures are generally linked to ambient temperatures, but can
increase with radiative loading and decrease with evaporative cooling. Canopy
productivity can be damaged when temperatures exceed critical levels. Optimum
temperatures for photosynthesis (light harvesting) and carbon-fixing enzymes are
approximately 30 to 38 °C (86 — 100 °F) for corn (Oberhuber et al., 1993; Crafts-
Brandner and Salvucci, 2002); 25 to 30 °C (77 — 86 °F) for winter wheat
(Yamasaki et al., 2002) and 32 °C (90 °F) for soybean (Vu et al., 1997). Net
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photosynthesis in corn was inhibited at leaf temperatures exceeding 38 °C (100
°F), though severity of inhibition decreased with acclimation (plant adjustment to
greater temperature, Crafts-Brandner and Salvucci, 2002; Krall and Edwards,
1991).

The temperature acclimation process is thought to involve a protein known as
Rubisco activase, which maintains the Rubisco enzyme in an active state when
under heat stress. Rubisco activation in corn decreased for leaf temperatures
greater than 32.5 °C (90 °F), with near-complete inactivation at 45 °C (113 °F,
Crafts-Brandner and Salvucci, 2002). Acclimation of photosynthesis to
temperature for winter wheat, in the range of 15 to 35 °C (59 — 95 °F), involved
the light-harvesting apparatus (Yamasaki et al., 2002). Thermotolerance of C3
crops was increased by growth under elevated CO; conditions, but decreased for
C4 crops (Wang et al., 2008). Ristic et al. (2008) reported a rapid, low-cost
technique to detect heat tolerance of light-harvesting apparatus, indicated by
chlorophyll content, in wheat, corn, and possibly other crops. Elevated
temperatures can impair light-harvesting apparatus and inactivate critical carbon-
fixing enzymes, thereby reducing assimilation rates and ultimate yield potential.
The specific mechanisms affected by heat stress remain a subject of active
investigation (Sage et al., 2008).

Seed number and seed weight are commonly critical components of grain yield
formation. Heat stress can impair both aspects of yield potential. Potential seed
number, commonly determined during ear, panicle, head, or pod formation, is
influenced by assimilate supply at the end of juvenile development, which can be
reduced by heat stress. Pollen viability and the pollination process can be
impaired by heat stress, reducing seed set and yield potential (Lillemo et al.,
2005; Schoper et al., 1986; Keigley and Mullen, 1986; Grote et al, 1994). Grain
fill rate can be related to canopy productivity—particularly productivity of leaves
in the upper canopy—during this developmental stage (Borras and Otegui,
2001). Thus effects of heat stress on radiation capture and carbon fixation (see
above) may reduce the grain-fill/seed weight component of yield potential. Direct
effects of heat stress on pollen viability, pollination and seed set can reduce seed
number; indirect effects of heat stress on canopy productivity can reduce seed
weight during grain fill. Muchow and Sinclair (1991) simulated effects of
increased temperatures on corn yield; they reported a 10% yield decrease with 4
°C (7 °F) average temperature increase, despite an assumed 33% increase in
normalized transpiration efficiency. These effects are expected for plants with
either C3 or C4 physiology.

Adaptive traits to increase transpiration efficiency could aggravate heat stress
effects. Increasing canopy resistance under conditions of large evaporative
demand can increase transpiration efficiency. Hall and Hoffman (1976) reported
decreased leaf conductance of sunflower and pinto bean with increased VPD,
independent of leaf water potential. Teare et al. (1973) compared canopy
behavior of sorghum and soybean following a stress period. Canopy resistance
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of sorghum canopy was nearly three times that of soybean; relative air
temperature above the sorghum canopy was 3 °C greater than that above
soybean, despite a larger root system and more water in the soil profile for the
sorghum crop. Sloane et al. (1990) reported a slow-wilting soybean cultivar; this
cultivar was later found to reduce water use, under conditions of large
evaporative demand, by limiting maximum transpiration rates (Sinclair et al.,
2008). Controlled environment studies demonstrated that leaf xylem conductivity
limited water supply to evaporative surfaces, reducing transpiration rates when
VPD exceeded 1.9 kPa. A simulation study (Sinclair et al., 2005) indicated that,
under favorable conditions, grain sorghum yields were reduced for cultivars with
the canopy trait of limited maximum transpiration but yields increased by 9-13%
when yield potential was less than 450 kg ha™ (72 bu a™"). The limited
transpiration trait is expected to improve yield potential under water deficit
conditions. However, this trait could increase likelihood of heat stress, as
elevated VPD tends to correspond with radiative loading—particularly for
irrigated crops in semi-arid regions.

Other consequences of elevated temperatures in crop production systems can
include greater respiratory losses of photosynthate and shifts in crop-pest
interactions. Warm night temperatures can result in increased loss of assimilates
due to greater respiration rates, which can increase with temperature. Tropically
adapted sorghum lines maintain productivity by restricting respiratory losses,
while temperate-adapted sorghum lines fail to accumulate significant biomass
under conditions of warm nights, due to accelerated respiratory losses (Kofoid,
pers. comm.). Other production factors which could be affected by warmer global
temperatures include increased survival of insect and disease pests (due to
warmer winter conditions), increased productivity of weeds, and corresponding
reduced efficacy of pesticides.

YIELD FORMATION FACTORS
AFFECTED BY EXPECTED CLIMATE CHANGE

Productivity for crops with C3 physiology is expected to benefit from increased
atmospheric COy; the corresponding yield formation factors would be TE for [1]
and ®pg for [2]. Secondary effects would include accelerated canopy formation,
increasing the transpiration fraction of ET [1] and the intercepted fraction of PAR
[2]. Though HI may have reached an upper limit by extensive breeding, for some
crops, HI might be expected to increase, for other crops, to the extent that
potential seed number, seed-set, and grain fill rate can be increased.

In contrast, warmer ambient temperatures and stress-augmented increases in
canopy temperatures would likely reduce crop productivity and components of
yield for crops with C3 or C4 physiology. Increased VPD would effectively reduce
the TE factor of [1] while reduced efficacy of light-harvesting apparatus and
carbon-fixation could combine to reduce the ®pg), factor of [2]. Reduced canopy
formation would tend to decrease the transpiration fraction of ET [1] and the
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interception fraction of PAR [2]; similarly, decreased harvest index could result
from reduced potential seed number, seed-set, and grain fill rate.

Benefits of increased CO, could readily be offset by increased heat stress. Field
studies comparing crop growth at ambient and elevated CO; levels indicate gains
from elevated CO; levels were less than anticipated; the reduced level of benefits
were attributed to stress responses to factors including elevated canopy
temperature. Realizing full benefits of increased atmospheric CO, would require
avoidance or tolerance of stress associated with rising global temperatures.
Hubbert et al. (2007) found that photosynthesis in rice can be affected by
breeding strategy; photosynthetic capacity and stability under heat stress could
be a useful target when yield is limited by biomass accumulation rather than
harvest index.
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INTRODUCTION

Change is inevitable, but variability is certain in weather, especially in the Great
Plains. The Great Plains is considered the U.S. bread basket and certainly is
critically important to national and even world agricultural productivity. The Great
Plains agricultural crop productivity is dependent upon water, both from
precipitation and groundwater. Groundwater from the vast Ogallala Aquifer in the
Central Plains is predicted to continue to decline as long as irrigation remains
viable considering escalating energy costs and farm production costs (seed,
fertilizer, equipment, etc.). Water right transfers from agriculture to urban and
industrial requirements will further exacerbate this inevitable resource strain.
Labor or farm skills for the rapidly escalating advances in agricultural technology
may become a limiting factor in the future, too. Weather directly affects the water
requirements of crops and thus their irrigation requirement.

Climate change is controversial, as to warming or cooling and especially the
cause, but the world data on increased atmospheric carbon dioxide (CO) and
green house gases (GHGS) is incontrovertible. The impact of rising CO; is
generally considered ‘positive’ in terms of photosynthesis and its effects on plant
control of transpiration through stomatal regulation. GHGs likely impact only
atmospheric solar transmittance both for short-wave (mainly by water vapor and
ozone) and long-wave radiation (mainly by carbon dioxide, nitrous oxide, and
methane). Many believe that GHGs contribute to the earth temperature rise from
the so called ‘green house effect,” but many leading scientists also believe that
any warming cycle is potentially derived from plasma bursts or “sun spot activity’
on the sun and part of longer-term historical weather trends (many centuries).
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CLIMATE FORECASTS

Climate or weather is a stochastic process that has a predictable component and
a random component. The normal random part of climate and weather makes
the discernment of any ‘change’ in climate difficult. El Nifilo-Southern Oscillation
phenomena have been demonstrated to influences weather in many parts of the
world. The El Nifio-Southern Oscillation (ENSO) is characterized by its extremes
-- El Nifio is the warming cycle of the eastern tropical Pacific Ocean and La Nifia
is the cooling cycle. Figure 1 illustrates the most recent sea surface temperature
(SST) anomalies in the tropical Ocean (Australian continent is visible in the lower
left and the Mexico and Central America locations are in the upper right). The
National Center for Environmental Prediction (NCEP) of the NOAA/National
Weather Service predicts (Jan. 15, 2009 predictions) due to the La Nifia
conditions of SST that developed in December 2008 that the Central Plains air
temperature in May-June-July 2009 will be above ‘normal’ in most of the
Southern Great Plains and Southwestern U.S. (Fig. 2) and that the rainfall will be
near normal (50:50 chance of being ‘normal’ (Fig. 3). This is useful information
for 2009 crop management strategic planning (crop species selection, crop
hybrid selection, irrigation planning, and even commodity hedging for crop sales
or the futures market). They illustrate near-term weather predictions useful in
irrigation management. These NOAA predictions are updated monthly, so
anyone can keep current on the near-term weather predictions. The NCEP has
shorter-term and longer-term predictions on their web site located at
[http://www.cpc.ncep.noaa.gov/products/predictions//multi_season/13 seasonal
outlooks/color/churchill.php]. Figures 2 and 3 are U.S. examples showing
interesting forecasts for the Central Great Plains for the 2009 summer.

Averaqge SST Anomalies
7 DEC 2008 = 3 JAN 2009
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Figure 1. Average sea surface temperature (SST) anomalies (°C) for the four-week
period 7 Dec. 2008 to 3 Jan. 2009. Anomalies are computed with respect to the 1971-
2000 base period weekly means (Xue et al., 2003). From
http://www.cpc.ncep.noaa.gov/products/analysis _monitoring/enso_advisory/ensodisc.html
(viewed on 22 Jan. 2009). 2
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Figure 2. NOAA National Center for Environmental Predictions for May-June-
July 2009 temperature from January 15, 2009 predictions using the ENSO SST
using procedures from Saha et al. (2006).
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Figure 3. NOAA National Center for Environmental Predictions for May-June-
July 2009 precipitation from January 15, 2009 predictions based on the ENSO
SST using procedures from Saha et al. (2006).
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CLIMATE CHANGE AND VARIABILITY

Increasing concentrations of GHGs in the earth’s boundary layer make the
earth’s atmosphere opaque to long-wave radiation preventing long-wave
radiation from escaping through the atmosphere. The trapped long-wave
radiation in the earth’s atmosphere is believed to alter the earth’s radiation
energy balance and thereby increasing the surface temperature. GHGs include
carbon dioxide, water vapor, methane, nitrous oxide, chlorofluorocarbons, and
other gases. Carbon dioxide (CO,) concentration in the atmosphere has
increased since the industrial revolution from the burning of carbon-based fuels
(wood, coal, petroleum, etc.). Neftel et al. (1985) estimated that the preindustrial
global atmospheric CO, concentration was in the range of 265-290 ppm (volume
based) based on ice core samples from the Siple Station (West Antarctica). The
longest CO; records are from the Mauna Loa Observatory, Hawaii (Fig. 4) from
NOAA and the Scripps Institution of Oceanography, University of California, San
Diego. Carbon dioxide concentrations have increased from 315 ppm in 1958 to
385 ppm in 2008. This increase in atmospheric CO; is generally attributed to
deforestation and the burning of fossil fuels such as fuel oil, natural gas, and
coal. The atmospheric CO, concentrations are expected to double from the
preindustrial concentrations at some point in the 21° century (Ramirez and
Finnerty, 1996). The annual mean CO, concentration growth rate has
approximately doubled from 1 ppm yr in the 1950s to about 2 ppm yr™ since
2000.

Water vapor is also a GHG that is highly variable both spatially and temporally.
Atmospheric water vapor is the result of evaporation from lakes, rivers, and
oceans and evapotranspiration (ET) from land surfaces. ‘Green house’ warming
should result in an increase in evaporation and ET because of increased surface
temperature. However, the increased atmospheric water vapor will likely
increase cloudiness. Exact prediction of cloudiness at a specific location is
imprecise due to local elevation, position (latitude and longitude), and global
winds. Increased clouds in some areas may increase the likelihood of convective
and/or influence orographic precipitation. The clouds also reflect direct solar
irradiance and scatter short-wave irradiance (diffuse solar radiation) reaching the
earth’s surface. Most expect at many global locations that net radiation, one of
the most important surface energy balance parameters determining crop water
use rates, will possibly be reduced with a feed-back effect to reduce ‘green
house’ warming.

Ramirez and Finnerty (1996) reviewed the large uncertainties in the global ‘green
house’ warming hypothesis. To summarize their review, they cited research
results based on data from remote sensing during the 1979 to 1988 years that
showed no obvious trend in atmospheric temperature over the 10-yr period;
some statistical evidence that supported a 0.4°C decrease in temperature
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Atmospheric CO, at Mauna Loa Observatory
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Figure 4. Volumetric CO; records from the Mauna Loa Observatory, HI from
NOAA and the Scripps Institution of Oceanography, University of California, San
Diego. The red (or gray in B&W) lines are the monthly mean data and the black
(or darker in B&W) line is the annualized data. [Source: Dr. Pieter Tans,
NOAA/ESRL (http://www.esrl.noaa.qgov/gmd/ccgg/trends/), viewed Jan. 23,
2009].

for the northern hemisphere from the years 1940-1980; a global temperature rise
less than 0.4°C from 1880 to 1970; and according to the statistical analysis of
climate records and from an analysis of global climate records from land and the
oceans around the world, a temperature increase over the past 90 years that was
in the range of 0.4-0.6 °C. Singer and Avery (2007) cited studies from 450 peer-
reviewed authors and co-authors that found reason to doubt the ‘global warming
hypothesis’. Avery (2008) indicated that these concerns did not mean that fossil
fuels use and other GHG sources shouldn’t be reduced (Wang, 2008), but that
additional engineering solutions including greater efficiency in transportation,
energy efficient buildings, and greater planning for droughts and shifting patterns
in water availability should be included.

CO, and Plant Response to Climate Change

Rising atmospheric CO, has been called ‘atmospheric fertilization’ because
greater concentrations in CO, will lead to greater rates in photosynthesis.
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Bisgrove and Hadley (2002) provide a useful review of global warming on plant
responses. Because rising CO, and a possible temperature increase and
possible decrease in precipitation could dramatically alter future climatological
records, the increased frequency of extreme weather events (droughts, floods,
colder winters, extreme heat waves, etc.) is widely speculated but nearly
impossible to quantify. Global climate change will impact other factors of
irrigated agriculture, too, like weeds (both species and their growth rates) and
diseases.

Current carbon dioxide concentrations limit plant photosynthesis based upon the
following photosynthesis equation:

6 CO, (carbon dioxide)+6 H,O (water)——
(with energy from sunlight) —— . [1]
C.H,,O; (glucose, a carbohydrate)+6 O, (oxygen)

Green house growers of horticultural crops have raised the concentration of CO,
in the enclosed greenhouses to increase crop growth and yield for many years.
Research has shown that doubling of CO, concentrations will lead to
approximately a 40-50% increase in the growth of plants (Kimball et al., 1983;
Poorter, 1993). Kimball (1983) reported that doubling CO, concentrations
increased biomass productivity on average by 33% in vegetal species studied
with a decrease in evapotranspiration. Poorter’s (1993) review reported that
herbaceous crop plants produced more biomass than herbaceous wild species
(58% vs. 35%), and potentially fast growing wild species had greater biomass
than slow growing species (54% vs. 23%). In addition, he found that leguminous
species capable of symbiosis with nitrogen fixing organisms had larger
responses to CO, compared with other species. Poorter (1993) also indicated
that there was a tendency for herbaceous dicotyledons (broadleaved plants) to
show a larger response than monocotyledons like grasses. Plants, however,
adapt to elevated CO, concentrations, and the long-term exposure to elevated
CO; is much less than short-term elevated CO, exposure. In addition, it has
been reported that some species in an elevated CO, environment have a lower
stomata density. Nonetheless, the effect of increased CO, remains a significant
factor in increasing photosynthesis and increasing water use efficiency.

Carbon dioxide concentration is a main mechanism that plants use to regulate
the respiration rate and the rate of absorption of CO, for photosynthesis by
changing the stomatal resistance. An increase in atmospheric CO, will increases
the leaf's internal CO, absorption rate mainly for C3 species. The plant will
respond by increasing its stomatal resistance (a partial closing of the stomate
pore), which reduces the CO, absorption rate to maintain a desired internal
substomatal CO, concentration. Kimball and Idso (1983) reported stomata
responded to increased CO, by regulating photosynthesis in more than 50
species. Transpiration is reduced by this increased stomatal resistance and leaf
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temperature is increased (Morison, 1987). An increase in stomatal resistance
will reduce the plant transpiration rate, thereby increasing the plant water use
efficiency (assimilation per unit transpiration). Most agricultural plants are
categorized by their photosynthetic mechanisms that control the chemical
processes in their glucose manufacture from CO, and H,O (water) [egn. 1] as C3
and C4 species because of their photosynthetic pathways [for a more thorough
review of the impacts of elevated CO, and temperature on photosynthesis see
Sage (2002) and Ainsworth and Rogers (2007)]. Other plants are called CAM
that stands for Crassulacean Acid Metabolism after the plant family in which it
was first found (Crassulaceae) and because the CO; is stored in the form of an
acid before use in photosynthesis. CAM species are mainly succulents such as
cactuses and agaves. Common C3 species include wheat, cotton, soybean, and
most legumes like alfalfa while common C4 crop species include sorghum, corn,
and sugarcane. Some grass species are either C3 or C4 types. C3 plants fix
atmospheric CO; directly onto 5 carbon sugar RuBP (ribulose bisphosphate) and
thus into glucose. C4 plants first fix atmospheric CO, into 4-carbon acids in the
mesophyll of the leaf and decarboxylate the 4-carbon acids in the bundle sheath
cells where the CO;, is then fixed by RuBP carboxylase (all of this takes place
during the day). CAM plants first fix atmospheric CO; into malic acid and other
4C-acids at night. During the day, malic acid is decarboxylated and the CO,
released is then fixed by rubisco (all of this takes place in the same cell).
Generally, the C4 photosynthetic pathway is considered more water efficient than
C3 species. However, C3 species typically are more sensitive to elevated CO,
(Rosenberg et al., 1988). The carbon-fixing efficacy of Rubisco depends on the
ratio of CO,:0,. For C3 plants, this is closely coupled to ambient conditions, and
efficacy is approximately 2/3 while for C4 plants, the CO,:0;, ratio is much greater
and carboxylation efficacy is nearly 100% (Ainsworth and Rogers, 2007).
Therefore, increased CO; in air should directly increase assimilation for plants
with C3 physiology. For C4 plants, the elevated CO, effects are indirect due to
increased stomatal resistance and reduced transpiration.

EFFECTS OF CLIMATE ON IRRIGATION REQUIREMENT

Two main modes have been used to estimate long-term climate change on crop
water requirements and irrigation requirement. The earlier and simpler ones
used were sensitivity analyses of regular ET equations and/or crop simulation
models to estimated climate scenarios based on projections of weather scenarios
(Rosenberg, 1981). Several examples are illustrated: Warrick (1984) used
1930s weather data with a statistical yield model that showed a 50% wheat yield
decline in the Great Plains; Terjung et al. (1984) used a yield model with four
climate scenarios for air temperature, solar irradiance, and precipitation to find
that ET and total applied irrigation were sensitive to the climatic scenarios and
locations used; Liverman et al. (1986) reported lower dryland yields under
cloudy, hot, and dry climates; and Rosenzweig (1985) suggested that in the
Southern Great Plains spring wheat varieties might be required to replace winter
wheat cultivars due to colder winter temperatures with a doubling of CO..
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Most recent efforts have used general circulation models (GCMs) from various
global climate research efforts (Rosenzweig, 1990). Many GCM models have
been developed (see Hansen et al., 1983; Smith and Tripak, 1989; and Manabe
and Wetherald, 1987 for explanations and examples). The Intergovernmental
Panel on Climate Change (IPCC; see http://www.ipcc.ch/) that was established in
1988 has attempted to serve as the ‘clearing house’ and ‘repository’ to provide
reports at regular intervals that can become standard works of reference to be
widely used by policymakers, experts and students. Houghton et al. (2001) is an
example. The 4™ Climate Change 2007 Synthesis Report was just released in
2008 (see the IPCC web site above).

Most recent attempts to investigate climate change on irrigation have used
GCMs as a climate basis (Allen et al., 1991; Ramirez and Finnerty, 1996;
Peterson and Keller, 1990; Rosenzweig, 1990; Smith et al., 2005; Rosenberg et
al., 1999; Brumbelow and Georgakakos, 2001; Thompson et al., 2005; and Reilly
et al., 2003). Many GCMs were simulations under 2 X CO, concentrations that
result in global temperature increases of 2-5°C, with regional temperature
changes from -3°C to +10°C. Precipitation fluctuates in the range of -20% to
+20% from current regional averages (Peterson and Keller, 1990). GCMs
generally are limited in resolution to a 0.5° x 0.5° grid. The ‘predicted’ weather
represents that whole grid. They simplify the spatial and temporal scales of
global fluid dynamics as well as the complex physics that drive the exchanges of
water, heat, and energy between the earth's atmosphere, oceans, and
continental land masses on those grids; however, in most cases GCMs still
require near ‘super’ computers to make all the complex computations necessary.
Hence, they are typically operated at major universities and/or governmental
agencies. GCMs' spatial scales are considered too large to accurately capture
smaller scale terrain and other heterogeneities on the local and regional climate
scale. Different GCMs use different modeling strategies and often produce
different model climates. Therefore, there is a rather large uncertainty
associated with the predicted potential climate changes. Two widely used GCMs
are the BMRC (Australian Bureau of Meteorology Research Center) (McAveney
et al., 1991) and the UIUC (University of Illinois at Urbana Champaign
(Schlesinger, 1997). Table 1 illustrates the GCM simulation climate scenarios
used by Smith et al. (2005) in their series of papers by the two above GCMs.
The BMRC model temperatures changes were slightly larger than the ‘global’
scenarios while the precipitation was reduced over the U.S. For the UIUC model
without sulfates, the temperatures matched the ‘global’ scenarios well, but the
precipitation was increased considerably compared with the BMRC model. For
the UIUC + Sulfates model runs, the simulated temperatures were lower than the
BMRC scenarios and the precipitation increased as a mean over the
conterminous U.S. Figure 5 shows the predicted annual mean temperatures for
the conterminous U.S. from Smith et al. (2005). The Australian model (BMRC)
predicts a slightly warmer Central Great Plains for the +1°C GMT scenario and a
smaller temperature change for the western parts of the Central Great Plains,
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except the eastern Table 1. Annual mean change in temperature and
portions and the precipitation over the conterminous United States by the
southern parts GCM climate change scenarios (scaled to the 1960 to
(Texas, Oklahoma). 1989 historical climate data). Source: Smith et al. (2005).
It predicts a

significantly drier Temp. Precip
trend (Fig. 6) forthe  GCMm GMT! Change Change
Central Great (°C) (mm)
Plains region for BMRC 1.0 1.5 -39
both scenarios. 25 3.6 -98
The Univ. of lllinois  jjuc 1.0 0.9 o8
model without 25 213 245
sulfates (UIUC) UIUC + Sulfates 1.0 0.4 132
predicted a warmer 25 1.6 287
Central Great

Plains for both ! GMT is global mean temperature

scenarios and an

increased precipitation in the Central Great Plains. When sulfates were included
in the UIUC model, it predicted a more modest temperature change with only a
small precipitation increase for the +2.5°C scenario.

Climate change (changes in temperature and/or precipitation regimes) would
likely lead growers to change crops, cultivars, and management practices,
including irrigation, to mitigate any adverse effects or to take advantage of more
favorable conditions. Peterson and Keller (1990) suggested that higher
temperatures and reduced precipitation could increase crop water demand in
some areas and prompt the development of irrigation in regions previously
devoted to dryland or rainfed cropping. They reported that the percentage of
cropland irrigated in the western U.S. increased when global mean temperature
(GMT) exceeded 3°C and a decline in production resulted from inadequate water
for irrigation. Tung and Douglas (1998) found in a study of crop response to
GCM projected climate change with double atmospheric CO, concentrations that
the higher ET effects outweighed the effects of CO, fertilization in some areas of
the U.S., and they suggested that irrigation could mitigate effects of climate
change.

In another simulation study of CO, induced climatic changes, Allen et al. (1991)
reported higher ET demand and irrigation water requirement for alfalfa, but
decreases for winter wheat and corn, although the GFDL (Geophysical Fluid
Dynamics Laboratory) model had increased corn irrigation requirement (Fig. 7b),
in the Great Plains due to higher temperatures and changes in precipitation
patterns (Fig. 7). Allen et al. (1991) used CGMs from Princeton Univ. (GDFL,
Geophysical Fluid Dynamics Laboratory) and the GISS (Goddard Institute for
Space Studies) (Hansen et al., 1984).
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Figure 6. Annual precipitation change from baseline for three GCMs for two
global mean temperature scenarios. Source: Smith et al. (2005). Note: 200
mm change = 7.88 in. change.

Brumbelow and Georgakakos (2001) used GCMs from the Canadian Centre for
Climate Modeling and Analysis Global Coupled Model 1 (CGCM1) and some
from the UK Meteorological Office Hadley Climate Model version 2 (HadCM2)
together with crop simulation models and USDA soils data (STATSGO) (NRCS,
1994) to estimate climate change impacts on crop productivity and irrigation in
the conterminous U.S. They are one of the few simulation studies that validated
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model outputs
with U.S.
county yield
data for a 19-
yr calibration
period. Table
2 summarizes
their mean
irrigation
requirement
changes in
four Great
Plains regions
and for three
crops. Figure
8 illustrates

their predicted change in
corn yield and irrigation
requirement for the
conterminous U.S. The
predicted mean change
in irrigation requirement
in most of the Central
Great Plains had a
‘neutral’ change (-10 to
10 mm). The western
portions of the Central
Great Plains had a more
pronounced decrease in
irrigation requirements
from -40 to -11 mm.

Predicted irrigated corn of— :

yields decreased 600 to . - 4y ]
1,200 kg ha™ (~10 to 20 el

bu ac™). B

Strzepek et al. (1999)
modeled water supply
and demand for irrigation
in the U.S. Corn Belt
with climate change
using a suite of GCM-
derived scenarios of
climate change. They
found that producers

Table 2. Regional mean changes in irrigation requirement in
mm and % change (in parenthesis) for three crops in the Great
Plains. Source: adapted from Brumbelow and Georgakakos
(2001).

Winter
Region Soybean Wheat Corn
Northwestern GP na’ -25.9 (-39%) -15.1 (-75%)
Northeastern GP 2.5 (31%) -16.0 (-49%) -0.8 (-100%)?

Southwestern GP  30.6 (86%)
Southeastern GP  23.9 (156%)

28.1 (22%)
16.1 (56%)

-15.7 (50%)
-4.0 (43%)

Yna’ region was not simulated.
Percent appears large due to the small value of the ‘baseline’
irrigation requirement (< 10 mm).
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Figure 7. Projected percent change in seasonal
irrigation requirement from ‘baseline’ (current values)
for four Great Plains states for five levels of
simulated increase in bulk stomatal resistance from
increased CO; for (a) alfalfa [top]; (b) corn [center];
and (c) winter wheat [bottom]. Source: Allen et al.
(1991).
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Figure 8. Changes in mean corn irrigation requirements (top) and crop yield
(bottom). Source: adapted from Brumbelow and Georgakakos (2001).

would benefit from utilizing irrigation, but they also indicated a concern in the
spring for excessive soil water perhaps requiring more subsurface drainage. In
the near term, they suggested that the relative abundance of water for U.S.
agriculture can be maintained. They suggested that progressively greater
changes in agricultural production and practices from climate change impacts
were expected by 2050 and beyond in agreement with Reilly et al. (2001).

SUMMARY

Accurately predicting global climatic change impacts on the Great Plains remains
largely uncertain. Nevertheless, future environments in the Central Great Plains
will have elevated CO, and GHGs in the atmosphere that will impact the surface
energy balance, photosynthesis, water use efficiency, cloudiness, and
precipitation, and likely extreme weather phenomena. These all have some
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degree of uncertainty and probably more variability than past climatic patterns.
Most reports indicate few impacts immediately; however, in the out-years
(~>2050) we should begin seeing significant shifts in weather in the Great Plains.
Some will be ‘positive’ (growers need to be prepared to utilize) while others might
be more ‘adverse’ (growers will need to make strategic decisions to minimize
impacts). Undoubtedly, some changes in Great Plains agriculture will be
necessitated, e.g., crop hybrid changes, crop species adjustments, crop
management, etc., and irrigation will continue to be a significant factor, especially
in the Central Great Plains, for mitigating global climate change impacts and
providing national food security.
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ABSTRACT

Decisions about when to initiate and terminate the irrigation season are important
irrigation macromanagement decisions that can potentially save water and
increase net income when made correctly, but can have negative economic
consequences when made incorrectly. A combination of nine years of pre-
anthesis water stress studies and sixteen years of post-anthesis water stress
studies for corn was conducted at the Kansas State University Northwest
Research-Extension Center in Colby, Kansas on a productive, deep, silt loam
soil. Overall, the pre-anthesis water stress studies suggest that corn grown on
this soil type has great ability to handle early-season water stress, provided the
water stress can be relieved during later stages. A critical factor in maximizing
corn grain yields as affected by pre-anthesis water stress is maximizing the
kernels/area. Maintaining a water deficit ratio (well-watered calculated corn
water use / sum of irrigation and precipitation) greater than 0.7 to 0.8 or limiting
available soil water depletion in the top 4 ft of soil profile to approximately 30%
maximized the kernels/area. Overall, the post-anthesis water stress studies
suggest that corn yield is nearly linearly related to the amount of crop water use
during the post-anthesis period and that total crop water use amounts may
average nearly 17 inches. Producers should plan for crop water use during the
last 30 and 15 day periods that may average nearly 5 and 2 inches, respectively,
to avoid yield reductions. Management allowable depletion during the post-
anthesis period should be limited to 45% of the available soil water for an 8-ft
profile on the deep silt loam soils of this climatic region.

INTRODUCTION

Definition of Macromanagement and Scope of the Problem

Corn (Zea mays L.) is the primary irrigated crop in the U.S. Great Plains. There
are a number of efficient methods to schedule irrigation for corn on a real-time,
daily, or short-term basis throughout the season. These scheduling methods
essentially achieve water conservation by delaying any unnecessary irrigation
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event with the prospect that the irrigation season might end before the next
irrigation event is required. There are larger irrigation management decisions
[i.e., irrigation macromanagement (Lamm et al., 1996)] that can be considered
separately from the step-by-step, periodic scheduling procedures. Two important
macromanagement decisions occur at the seasonal boundaries, the initiation and
termination of the irrigation season. Irrigators sometimes make these seasonal
boundary determinations based on a traditional time-of-year rather than with
sound rationale or science-based procedures. However, a single, inappropriate,
macromanagement decision can easily have a larger effect on total irrigation
water use and/or crop production than the cumulative errors that might occur due
to small, systematic errors in soil-, plant-, or climatic-based scheduling
procedures. This does not discount step-by-step irrigation scheduling. To the
contrary, it is an implicit assumption that improved macromanagement at the
seasonal boundaries can only provide the potential for increased water
conservation when used in conjunction with the step-by-step, periodic scheduling
procedures.

Most of the established literature on irrigation management during the early and
late corn growth stages is 35-45 years old and was written at a time when
irrigated corn yields were much lower (50-100 bu/acre lower) than they are today.
It is quite possible that some of the numerous yield-limiting stresses (e.g., water,
insects, weeds, nutrient, and soil) that were tolerable at the lower yield level are
less tolerable today. On the other side of the issue, there has been much
improvement in corn hybrids during the period with incorporation of traits that
allow water stress tolerance and/or water stress avoidance.

Pre-Anthesis Water Stress

The corn vegetative stage is often considered the least-sensitive stage to water
stress and could provide the opportunity to limit irrigation water applications
without severe yield reductions. The vegetative stage begins at crop emergence
and ends after tasseling, which immediately precedes the beginning of the
reproductive period when the silks start to emerge. The potential number of
ears/plant is established by the fifth leaf stage in corn. The potential number of
kernels/ear is established during the period from about the ninth leaf stage until
about one week before silking. Stresses during the 10 to 14 days after silking will
reduce the potential kernels/ear to the final or actual number of kernels/ear.
Therefore, in research studies designed to examine water stresses during the
first one-half of the corn crop season, both ears/plant and kernels/ear might be
critical factors. Additionally, there could be permanent damaging effects from the
vegetative and early-reproductive period water stress that may affect grain filling
(kernel weight). Often, irrigators in the Great Plains, start their corn irrigation
season after early season cultural practices are completed such as herbicide or
fertilizer application or crop cultivation at the lay-by growth stage (approximately
18-24 inch corn height). Crop evapotranspiration is increasing rapidly and drier
weather periods are approaching, so often there is soil water storage that can be
replenished by timely irrigation then for use later in the summer. However, this
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does not always mean that the corn crop required the irrigation at that point-in-
time.

Post-Anthesis Water Stress

In contrast, the post-anthesis grain filling stage in corn is considered to be highly
sensitive to water stress with only the flowering and early reproductive period
being more sensitive. Plant water stress can cause kernel abortion if it occurs
early enough in the post-anthesis period but is more often associated with poor
grain filling and thus reduced kernel weight. Grain kernel weight is termed as a
very loosely restricted yield component (Yoshida, 1972; Shaw, 1988), meaning
that it can be manipulated by a number of factors. The final value is also set
quite late, essentially only a few days before physiological maturity. The rate of
grain filling is linear for a relatively long period of time from around blister kernel
to near physiological maturity. Yield increases of over 4 bushels/acre for each
day are possible during this period. Providing good management during the
period can help to provide a high grain filling rate and, in some cases, may
extend the grain filling period a few days thereby increasing yields. Availability of
water for crop growth and health is the largest single controllable factor during
this period. However, the rate of grain filling remains remarkably linear unless
severe crop stress occurs (Rhoads and Bennett, 1990). This is attributed to
remobilization of photosynthate from other plant parts when conditions are
unfavorable for making new photosynthate. Irrigators in the Central Great Plains
sometimes terminate the corn irrigation season on a traditional date such as
August 31 or Labor Day (First Monday in September) based on long term
experience. However, a more scientific approach might be that season
termination may be determined by comparing the anticipated soil water balance
at crop maturity to the management allowable depletion (MAD) of the soil water
within the root zone. Some publications say the MAD at crop maturity can be as
high as 0.8 (Doorenbos and Kassam, 1979). Extension publications from the
Central Great Plains often suggest limiting the MAD at season end to 0.6 in the
top 4 ft of the soil profile (Rogers and Sothers, 1996). These values may need to
be re-evaluated and perhaps adjusted downward (smaller MAD value). Lamm et
al. (1995) found subsurface drip-irrigated corn yields in northwest Kansas began
to decrease rapidly when available soil water in the top 8 ft was lower than 56-
60% of field capacity for extended periods in July and August. Lamm et al.
(1994) permitted small daily deficits to accumulate on surface-irrigated corn after
tasseling, and subsequent analysis of those data showed declining yields when
available soil water levels approached 60% of field capacity for a 5-ft soil profile
at physiological maturity

General Objective

This presentation will summarize the results from several long term field studies
at the KSU Northwest Research-Extension Center in Colby, Kansas on a
productive, deep, silt loam soil where irrigation treatments were either initiated or
terminated at various points-in- time before and after anthesis, respectively.
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PROCEDURES
General Procedures

The studies were conducted at the KSU Northwest Research-Extension Center
at Colby, Kansas,USA on a productive, deep, well-drained Keith silt loam soil
(Aridic Argiustolls) during the sixteen-year period, 1993-2008. In general, the
1990s were a much wetter period than the 2000s. The summers of 2000 through
2003 would be considered extreme droughts. The climate for the region is semi-
arid with a summer pattern of precipitation with an annual average of
approximately 19 inches. The average precipitation and calculated corn
evapotranspiration during the 120-day corn growing period, May 15 through
September 11 is 11.8 inches and 23.1 inches, respectively. The corn anthesis
period typically occurs between July 15 and 20.

The corn was planted in 2.5 ft spaced rows in late April to early May, and
standard cultural practices for the region were used.

Irrigation was scheduled as needed by a climate-based water budget except as
modified by study protocols that will be discussed in the sections that follow.
Calculated crop evapotranspiration (ET.) was determined with a modified
Penman equation for calculating reference evapotranspiration (ET,) multiplied by
empirical crop coefficients suitable for western Kansas. Precipitation and
irrigation were deposits into the crop water budget and ET. was the withdrawal.

Soil water was measured in each plot on a weekly or biweekly basis with a
neutron probe to a depth of 8 ft. in 1-ft increments. These data were used to
determine crop water use and to determine critical soil water depletion levels.
Water use values were calculated as the sum of the change in available soll
water to the specified profile depth, plus the irrigation and precipitation during the
specified period. This method of calculating crop water use would also include
any deep percolation or rainfall runoff that may have occurred.

Corn yield and yield components of plants/area, ears/plant, and kernel weight
were measured by hand harvesting a representative 20-ft row sample. The
number of kernels/ear was calculated with algebraic closure using the remaining
yield components.

Specific Procedures for Pre-Anthesis Water Stress Studies

Data from two studies where the initiation date of the irrigation season was varied
were combined in the analysis. The first study consisted of five years of data
(1999 through 2003) with the hybrid Pioneer 3162 (full season, 118 days to
maturity). The second study during the four-year period (2004 through 2007)
used two corn hybrids [Pioneer 32B33 (full season, 118 days to maturity) and
Pioneer 33B50 (medium season, 112 days to maturity)]. Both studies utilized the
same field site that had a subsurface drip irrigation (SDI) system installed in 1990
with 5-ft dripline spacing and an emitter spacing of 12 inches. The 2.5-ft spaced
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corn rows were planted parallel and centered on the driplines such that each
corn row would be 15 inches from the nearest dripline. The nominal dripline
flowrate was 0.25 gpm/100 ft, which is equivalent to an emitter discharge of 0.15
gal/h for the 12-inch emitter spacing. The 2004-2007 study had six main
irrigation treatments and the two corn hybrid split-plot treatments replicated three
times in a randomized complete block (RCB) design. The 1999-2003 study used
the same experimental design without the split plot. The whole plots were 8 rows
wide (20 ft) and 200 ft long.

The six irrigation treatments (pre-anthesis water stress studies) were imposed by
delaying the first normal irrigation either O, 1, 2, 3, 4, or 5 weeks. This typically
resulted in the first irrigation for Trt 1 being between June 5 and June 15 and the
first irrigation for Trt 6 being around July 10 to July 24. In some years, excessive
rainfall between two adjacent treatment initiation dates would negate the need for
irrigation. In that case, the later treatments would be delayed an additional week
to provide an extended data set. After the treatment initiation date occurred, SDI
was scheduled to provide 0.4 inches/day until such time that the climate-based
water budget fully eliminated calculated soil water deficits. It should be noted
that this irrigation capacity of 0.4 inches/day is much greater than the typical
irrigation capacity in this region. Additionally, the procedure of eliminating the
severe irrigation deficits later in the season after the plants had been stunted
may lead to excessive deep percolation. The purpose of the study was not to
optimize irrigation use within the study but rather to determine what capability the
corn crop had to tolerate early season water stress. Thus, the procedures were
tailored to alleviate soil water deficits relatively quickly after the treatment
initiation date.

Analysis of variance (AOV) of the yield and yield component data was performed
for the 6 treatments for the 1999-2003 data set using a one-way AOV and using
a split plot two-way AOV for the 2004-2007 data set.

Specific Procedures for Post-Anthesis Water Stress Studies

Four separate studies were conducted over the years 1993 through 2008 to
examine the effects of post-anthesis water stress on corn. Prior to anthesis, all
treatments in each of the studies were fully irrigated according to their need.

A two-year study (1993 through 1994) consisting of six irrigation treatments with
three replications in a complete randomized block design was conducted in small
level basins consisting of 6 corn rows each (15 ft) approximately 90 ft long.
Surface irrigation was used to provide irrigation amounts for each event that were
between 2.5 to 3 inches to help achieve higher distribution uniformity than
smaller applications would have provided. The six irrigation treatments were
termination of the irrigation season on either August 5, 10, 15, 20, 25 or 30. The
corn hybrid was Pioneer 3183 (a full season hybrid of approximately 118 day
maturity). The year 1993 was an extremely poor corn production year
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characterized by very cool and wet conditions while 1994 was a good year for
corn production.

A four-year study (1995 through 1998) consisting of nine irrigation treatments
with four replications in a complete randomized block design was conducted in
small level basins consisting of 8 corn rows each (20 ft) approximately 90 ft long.
Surface irrigation was used in this study with event irrigation amounts of
approximately 2.5 to 3 inches. The nine irrigation treatments were termination of
the irrigation season at either anthesis, anthesis plus 6, 12, 18, 24, 30, 36, 42 or
48 days. The corn hybrid was Pioneer 3183 (a full season hybrid of
approximately 118 day maturity). Corn yields in 1995 were somewhat depressed
due to a hail storm but were good in 1996 through 1998.

Another study was conducted from 1999 through 2001 using subsurface drip
irrigation to more closely control soil water levels and distribution uniformity of
irrigation water. In this study, seven irrigation treatments were replicated three
times in a complete randomized block with plot size of 8 corn rows (20 ft) by
approximately 280 ft. In this study irrigation during the post-anthesis period was
managed for two distinct periods. Four of treatments began at anthesis with one
treatment receiving no irrigation after anthesis and the other three treatments
only receiving irrigation if the available soil water in the top 5 foot of profile fell
below approximately 68, 48 or 27% of field capacity. Three additional treatments
were no irrigation after two weeks following anthesis and soil water maintenance
level treatments of either 48 or 27% of field capacity beginning also at that time.
After anthesis, irrigation amounts were generally not greater than 0.5 inches for
each required event and were conducted as needed to return the available soil
water to the required treatment level. The year 1999 had above normal
precipitation but 2000 and 2001 were extreme drought years. This study utilized
an subsurface drip irrigation (SDI) system installed in 1999 with 5-ft dripline
spacing and an emitter spacing of 24 inches. The 2.5-ft spaced corn rows were
planted parallel and centered on the driplines such that each corn row would be
15 inches from the nearest dripline. The nominal dripline flowrate was 0.25
gpm/100 ft, which is equivalent to an emitter discharge of 0.30 gal/h for the 24-
inch emitter spacing. The corn hybrid was Pioneer 3162 (a full season hybrid of
approximately 118 day maturity).

The final post-anthesis water stress study (2002 through 2008) was conducted
on the same SDI field site as the 1999 through 2001 study but the seven
irrigation treatments were the irrigation season being terminated at one week
intervals beginning one week after anthesis. This typically meant that the first
irrigation treatment ceased about July 20 to 27 and the last irrigation treatment
ceased about August 31 to September 7. The crop was fully irrigated until the
irrigation termination date occurred and irrigation event amounts were generally
not greater than 0.5 inches. The seven irrigation treatments were replicated
three times in a complete randomized block design. The corn hybrid was
Pioneer 3162 (a full season hybrid of approximately 118 day maturity). Post
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anthesis water productivity was calculated as the crop yield in bu/acre divided by
the post-anthesis crop water use.

RESULTS AND DISCUSSION

Results for Pre-Anthesis Water Stress Studies

Statistical and tabular data analysis for pre-anthesis water stress studies

Delaying irrigation only statistically affected the yield components in three of the
nine crop years and then only for the later irrigation dates (Tables 1 and 2).
Delaying irrigation until July 10, 2001, July 17, 2003 and July 27, 2005
significantly reduced the number of kernels/ear and the grain yield. These three
years had an average weather-based calculated July crop ET, rate of 0.32
inches/day. In comparison the average July crop ET.rate value was 0.26
inches/day for the other six years. It should be noted that the years 2000 through
2003 were extreme drought years in northwest Kansas. Delaying irrigation also
significantly reduced ears/plant in 2003 and 2005. In 2003, the reduction in
kernels/ear and ears/plant for Trt 6 was partially compensated for by a
statistically higher kernel weight. Overall, these results suggest that corn grown
on this soil type has great ability to handle vegetative and early-reproductive
period water stress provided the water stress can be alleviated during the later
stages.

The hybrid selection affected yield in only one of the four years, 2006, with the
longer season Pioneer 32B33 providing significantly greater yields for the later
irrigation initiation dates (Table 2). This is probably because of earlier pollination
for the Pioneer 33B50 prior to receiving irrigation. Kernels/ear was significantly
less for the shorter season Pioneer 33B50 hybrid in three of four years. Hybrid
selection did not affect ears/plant in any of the four years. In 2004, kernel weight
was significantly higher for Pioneer 33B50 for some irrigation treatments,
probably because of the smaller number of kernels/ear for this hybrid in that year.

It should be noted that the results do not mean that irrigation can be delayed in
the Western Great Plains until mid to late July. These plots generally started the
season with reasonably full soil profiles. Most irrigators do not have irrigation
systems with adequate capacity (gpm/acre) to quickly alleviate severely depleted
soil water reserves. In addition, it is difficult to infiltrate large amounts of water
into the soil quickly with sprinkler and surface irrigation systems without causing
runoff problems. Rather, look at these study results as describing the corn
plant’s innate ability to tolerate vegetative-period water stress.
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Table 1. Summary of yield component and irrigation data from an early season water
stress study for corn hybrid Pioneer 3162, KSU-NWREC, Colby, Kansas,

1999-2003.
Year and Parameter Trt 1 Trt 2 Trt 3 Trt 4 Trt5 Trt 6
1999 First Irrigation Date | 22-Jun 29-Jun 6-Jul 13-Jul 20-Jul 27-Jul
Total Irrigation (in.) 11.2 11.2 11.2 10.0 10.0 7.6
Yield (bu/a) 253 a* | 265 a 256 a 255 a 259 a 255 A
Plant Pop. (p/a) 31073 A | 32234 a (31944 a |31653 a |32234 a |32234 A
Ears/Plant 099 A | 099 a 097 a 1.00 a 099 a 1.01 A
Kernels/Ear 575 A 570 a 555 a 572 a 543 a 555 A
Kernel Wt. (g/100) 36.3 A | 369 a 37.8 a 358 a 38.1 a 359 A
2000 First Irrigation Date 5-Jun 12-Jun 19-Jun 26-Jun 3-Jul 10-Jul
Total Irrigation (in.) 19.7 19.7 19.7 18.9 18.9 18.9
Yield (bu/a) 225 A 235 a 225 a 227 a 216 a 217 A
Plant Pop. (p/a) 27878 A [28169 a |26717 a |26717 a |[27007 a |27297 A
Ears/Plant 1.02 A | 1.04 a 0.99 a 1.03 a 1.02 a 1.01 A
Kernels/Ear 544 A 553 a 568 a 544 a 548 a 529 A
Kernel Wt. (g/100) 369 a 36.8 a 38.0 a 384 a 36.4 a 37.8 A
2001 First Irrigation Date | 12-Jun 19-Jun 26-Jun 3-Jul 10-Jul 17-Jul
Total Irrigation (in.) 19.2 19.2 19.2 19.2 19.2 19.2
Yield (bu/a) 254 a 260 a 261 a 250 a 213 b 159 C
Plant Pop. (p/a) 33977 a | 34993 a (35138 a |35284 a 34413 a |33831 A
Ears/Plant 0.96 a 0.98 a 0.99 a 0.99 a 0.97 a 099 A
Kernels/Ear 581 a 584 a 582 a 541 a 476 b 347 C
Kernel Wt. (g/100) 33.8 a 33.2 a 328 a 33.7 a 346 a 349 A
2002 First Irrigation Date | 12-Jun 19-Jun 26-Jun 3-Jul 10-Jul 17-Jul
Total Irrigation (in.) 18.5 18.0 18.0 18.0 18.0 18.0
Yield (bu/a) 233 a 232 a 217 a 219 a 222 a 223 A
Plant Pop. (p/a) 34558 a | 34848 a | 34558 a |35719 a |35719 a |34558 A
Ears/Plant 0.98 a 0.97 a 0.98 a 099 a 1.00 a 099 A
Kernels/Ear 454 a 443 a 407 a 435 a 391 a 422 A
Kernel Wt. (g/100) 38.6 a 39.8 a 40.3 a 36.6 a 405 a 39.2 A
2003 First Irrigation Date | 12-Jun 21-Jun 26-Jun 3-Jul 10-Jul 17-Jul
Total Irrigation (in.) 18.8 18.0 18.0 17.2 17.2 17.2
Yield (bu/a) 177 a 180 a 190 a 186 a 171 a 93 B
Plant Pop. (p/a) 32815 a [33396 a |34267 a |33106 a ([34558 a |32815 A
Ears/Plant 0.96 a 092 b 0.96 a 1.00 a 0.97 a 082 C
Kernels/Ear 588 a 567 a 576 a 569 a 486 b 262 C
Kernel Wt. (g/100) 241 b 26.2 b 255 b 252 b 26.8 b 336 A

* Values followed by the same lower case letters are not significantly different at P=0.05.
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Table 2. Summary of corn yield component and irrigation data from an early season water stress
study for hybrids Pioneer 33B50 and 32B33, KSU-NWREC, Colby, Kansas, 2004-2007.

Year and Parameter Trt 1 Trt 2 Trt 3 Trt 4 Trt5 Trt 6
2004 First Irrigation Hybrid [ 8-jun 28-Jun 13-Jul 20-Jul 27-Jul 3-Aug
Total Irrig. (in.) 12.8 11.6 10.8 10.8 10.8 10.8
Yield (bu/a) 33B50 | 220 aA*| 213 aA | 206 aA | 233 aA | 245 aA | 210 aA
32B33| 226 aA | 211 aA | 209 aA | 222 aA | 229 aA 206 aA
Plant POD. (p/a) 33B50 | 29040 aA |28169 aA 28169 aA 28169 aA |28750 aA |27878 aA
32B33 | 28459 aA 29621 aA 29621 aA 28459 aA 29040 aA |28459 aA
Ears/Plant 33B50 | 0.85 aA | 0.91 aA | 0.89 aA | 093 aA | 0.88 aA|0.84 aA
32B33| 0.88 aA | 0.80 aA | 0.79 aA | 090 aA | 0.83 aA 0.83 aA
Kernels/Ear 33B50 | 595 aB | 574 aB | 589 aB | 595 aA | 648 aA | 590 aB
32B33| 624 aA 616 aA | 634 aA | 600 aA | 643 aA | 612 aA
33B50 | 38.0 aA | 36.8 aA | 357 aA |38.2 aA 382 aA|386 aA
Kernel Wt. (9/100) 27833 136.8 aB | 364 aA | 362 aA | 36.8 aB 37.6 aA | 364 ab
2005 First Irrigation Hybrid 21-Jun 28-Jun 6-Jul 12-Jul 19-Jul 26-Jul
Total Irrig. (in.) 13.2 13.2 13.2 13.2 13.2 13.2
Yield (bu/a) 33B50 | 254 aA | 259 aA | 256 aA | 238 abA| 227 DbA | 149 CcA
32B33| 254 abcAl 254 abcAl 258 abA| 264 aA | 235 cA | 162 dA
33B50 |28750 aA |28459 aA |28459 aA (28459 aA (29621 aA (28169 aA
Plant Pop. (p/a) 37833778450 aA [29040 aA |28459 aA 27848 aA |28750 aA |29621 aA
Ears/Plant 33B50 | 0.99 abA| 1.00 aA | 0.99 abA|0.98 abA|0.96 bcA|0.95 cA
32B33]0.98 bA | 0.97 bcA|1.01 aA | 1.00 abA|0.96 bcdA 0.94 dA
Kernels/Ear 33B50 | 641 abA| 653 aA | 670 aA | 604 bA | 564 CcA | 422 dA
32B33| 638 bA | 647 abA| 644 abA| 680 aA | 654 abA| 421 CcA
33B50 | 35.4 aA | 354 aA |345 aA|36.0 aA|359 aA|33.6 aA
Kernel Wt. (g/100) 3op 53 362 aA 354 aA 354 aA[355 aA[331 aA[351 aA
2006 First Irrigation Hybrid 8-Jun 15-Jun 26-Jun 29-Jun 6-Jul 14-Jul
Total Irrig. (in.) 14.0 13.6 12.8 12.8 12.4 12.4
Yield (bu/a) 33B50 | 225 aA | 230 aA | 220 aB | 220 aA | 220 aB| 206 aB
32B33| 229 aA | 234 aA | 246 aA | 230 aA | 241 aA | 244 aA
Plant Pop. (p/a) | 2385027588 aA [27007 aA [28169 aA [28169 aA [27568 aA [27297 aA
32B33 28459 aA |27878 aA |28459 aA |27878 aA |28168 aA |28169 aA
Ears/Plant 33B50| 0.98 aA |0.98 aA 099 aA|099 aA|099 aA|096 aA
32B33]0.96 aA | 0.98 aA 098 aA|097 aA|098 aA|097 aA
Kermnels/Ear 33B50 | 561 aB | 594 aAB| 544 aB | 547 aB| 550 aB | 519 aB
32B33| 597 aA | 602 aA | 618 aA | 583 aA | 585 aA| 612 aA
33B50 | 37.8 aA | 37.2 aA |36.8 aA|365 aA|37.4 aA|387 aA
Kernel Wt. (9/100) 3oe 53 357 aA 362 aA 363 aA[37.1 aA[381 aA[37.2 aA
2007 First Irrigation Hybrid 7-Jun 21-Jun 28-Jun 4-Jul 12-Jul 19-Jul
Total Irrig. (in.) 12.1 11.3 113 11.3 11.3 10.9
Yield (bu/a) 33B50 | 243 aA | 252 aA | 250 aA | 245 aA | 234 aA | 213 aA
32B33| 259 aA | 235 aA | 252 aA | 239 aA| 255 aA | 229 aA
Plant Pop. (pfa) | 23850 [29040 aA [29621 aA [29331 aA [28450 aA [29040 aA [28169 aA
) 32B33 129040 aA |28459 aA |28169 aA (27878 aA (28459 aA (28169 aA
Ears/Plant 33B50] 0.98 aA | 0.99 aA|1.00 aA|099 aA|099 aA|1.00 aA
32B33[0.98 aA |0.95 aA 099 aA|099 aA|0.99 aA|097 aA
Kermnels/Ear 33B50 | 668 aB | 672 aB | 693 aA | 682 aA | 645 aB | 597 aB
32B33| 728 aA | 724 aA | 712 aA | 712 aA| 714 aA| 674 aA
33B50 | 325 aA | 325 aA |31.2 aA|32.4 aA|320 aA|322 aA
Kernel Wt (9/100) 378331316 aA [306 aA 323 aA 300 aA 323 aAl3L7 aA

* [rrigation treatment values within the same row followed by the same lower case letters are not
significantly different at P=0.05, and hybrid treatment values within the same column followed by the
same upper case letters are not significantly different at P=0.05.
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Graphical data analysis for pre-anthesis water stress studies

The tabular data do not give a mechanistic explanation of the results. Attempts
were made to relate yield component data to a large number of water factors in
the broad categories of water use, evaporative demand, and critical profile soil
water levels. Relative values of yield and yield components were determined by
normalizing each data point to the corresponding value for the earliest irrigation
treatment in that year. These relative values were used for comparisons
between years. Final grain yield was largely determined by the number of sinks
or kernels/area (plants/area x ears/plant x kernels/ear) indicating there was little
or no effect on the grain-filling stage imposed by the vegetative and early-
reproductive period water stress in these two studies (Figure 1). The individual
treatment values of corn grain yield and kernels/area were values compared to
the irrigation treatment that had no initial delay in irrigation (Trt 1) to give relative
values. In a few cases, the Trt 1 values were not the highest value and, thus,
relative values could be greater than one. Deviations below the 1 to 1 unity line
in Figure 1 would indicate a permanent negative effect on corn grain yield of
early-season water stress because of reduced kernels/area. Deviations above
the line would indicate some grain yield compensation resulting from better grain
filling of the reduced kernels/area.
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Figure 1. Relative corn grain yield as affected by relative kernels/area in an early-
season corn water stress study, KSU-NWREC, Colby, Kansas, 1999-2007.
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Relative kernels/area was found to be reasonably well related to relative July
water use, the minimum available soil water in the top 4 ft of the soil profile
during July and to the July 1 through July 15 water deficit (Ratio of calculated
well-watered corn ETc to the sum of irrigation and precipitation). Further analysis
is needed to determine an improved overall relationship involving more than a
single factor, but the individual factor results will be discussed here.

The 50% critical silking period for corn in this study ranged from approximately
July 17 to July 22 during the study period (1999 to 2007). The short-season
hybrid in the latter study would typically silk approximately one week earlier. A
window of approximately two weeks on both sides around the silking period was
used to compare the relative kernels/area to the relative July measured water
use (sum of change in available soil water in July plus July irrigation and
precipitation). Actual soil water measurements were taken on an approximately
weekly basis except for equipment problems or when excessive precipitation
delayed measurements, so it was not possible with the data set to always have
exactly 31 days of water use. Dates used were those closest to July 1 through
31. There tended to be some reduction in relative kernels/area when relative
July water use was less than 80% (Figure 2). Scatter at the lower end of relative
July water use may be related to water-use differences occurring within the
month or differences in evaporative demand between the years. This
relationship may not result in a very good signal for procedures to determine
irrigation need because the relative July water use cannot be determined until it
is too late to handle the reduction in relative kernels/area.
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Figure 2. Relative corn grain yield as affected by relative July water use in an early-
season corn water stress study, KSU-NWREC, Colby, Kansas, 1999-2007.
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The relative kernels/area tended to be reduced when July minimum available soil
water in the top 4 ft (JASW) was below 0.6 (fraction) in some years (Figure 3).
During years of less evaporative demand, water could be extracted from the soll
profile to a further reduced level without much detriment to relative kernels/area,
but severe reductions occurred for similar soil water conditions in years with large
July evaporative demands. The upper and lower envelope lines of Figure 3 were
manually drawn to indicate the effect of evaporative demand of the given year on
relative kernels/area. These envelopes would match known theories of water
stress and water flow through plants (Denmead and Shaw, 1962).
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Figure 3. Relative kernels/area as affected by July minimum available soil water in the
top 4 ft of soil in an early-season corn water stress study, KSU-NWREC,
Colby, Kansas, 1999-2007. The upper (red) and lower (blue) lines are
manually drawn to illustrate years with larger and smaller July evaporative
demand.

Water stress is greater both with reduced available soil water and with greater
evaporative demand. The kernels/area was most sensitive to the JASW in the
top 4 ft of soil as compared to both smaller and greater profile depths. This is
reflecting the approximate rooting and soil water extraction depth of corn in July
on this soil type. There remains considerable unexplained scatter in this graph
that does not appear to be related very well to differences in evaporative demand
between the years. For example, there was very little effect on relative
kernels/area in 2002, although it had a moderately high evaporative demand.
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The relationship of relative kernels/area to a critical level of available soil water
can have some merit as a signal for determining the need for irrigation because
available soil water can both be measured in real-time and the value can be
projected a few days into the future.

The ratio of calculated well-watered crop ET. to the sum of irrigation and
precipitation for July 1 through 15 was also related to the relative kernels/area
(Figure 4). The relative kernels/area tended to decrease when this water deficit
ratio was less than 70 to 80%. Attempts were also made in varying the
timeframe of the ratio (both longer and shorter and also shifting within the month
of July). It appears that some of the remaining scatter in this graph is related to
timing of irrigation and precipitation near the actual point of silking. For example,
the isolated point from 2002 near the vertical axis may be related to a significant
precipitation event that occurred near silking, but later than July 15. Further
analysis should be conducted to allow the window to actually vary around the
individual silking dates of each year. This might be done by computing windows
based on the number of thermal units (also known as Growing Degree Days)
required for silking. This relationship might also be a good signal in determining
the need for irrigation because it can be determined in near real-time using the
accumulated ratio to that point in time.
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Figure 4. Relative kernels/area as affected by the July 1 through 15 water deficit (ratio
of calculated well-watered crop ET. to the sum of irrigation and precipitation)
in an early-season corn water stress study, KSU-NWREC, Colby, Kansas,
1999-2007.
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Further analysis should focus on attempts to combine multiple factors (e. g.,
measured water use, available soil water, evaporative demand, and/or timing of
irrigation and precipitation) with a focus on developing irrigation signals that can
be used in near real-time to make early season irrigation decisions.

Recommendations for managing pre-anthesis corn water stress

Producers should use a good method of day-to-day irrigation scheduling during
the pre-anthesis period. To a large extent the information being used to make
day-to-day irrigation scheduling decisions during the pre-anthesis period can also
be used as in making the macromanagement decision about when to start the
irrigation season. This is because even though the corn has considerable innate
ability to tolerate early season water stress, most irrigation systems in the Central
Great Plains do not have the capacity (e.g, gpm/acre) or practical capability (e.qg.,
run-off or deep percolation concerns) to replenish severely depleted soil water
reserves as the season progresses to periods of greater irrigation needs (i.e.,
greater ET; and less precipitation). However, there is some flexibility in timing of
irrigation events within the vegetative growth period. In years of lower
evaporative demand, corn grown on this soil type in this region can extract
greater amounts of soil water without detriment. Timeliness of irrigation and/or
precipitation near anthesis appears to be important in establishing an adequate
number of kernels/area. The strong linear 1:1 relationship that existed between
the relative corn yield and the relative number of kernels/area (plants/area x
ears/plant x kernels/ear) indicates that optimizing kernels/area is a key in
optimizing grain yields. Producers growing corn on deep silt loam soils in the
Central Great Plains should attempt to maintain a water deficit ratio (well watered
calculated ETc divided by sum of irrigation and precipitation) during July of
approximately 0.7 to 0.8 and not allow the available soil water within a 4-ft soill
profile to decrease below 70%, particularly in years of greater evaporative
demand.

Results for Post-Anthesis Water Stress Studies

Tabular data analysis for post-anthesis water stress studies

Results from 16 years (1993-2008) of studies indicate that anthesis for corn in
Northwest Kansas varies from July 12 to July 24 with an average date of July 19
(Table 3). Physiological maturity ranged from September 14 through October 10
with an average date of September 27. The average length of the post-anthesis
period was approximately 70 days. Using the corn grain yield results from the
study and the individual treatment irrigation termination dates responsible for
those yields, Table 3 was created to indicate the problems with using inflexible
dates for determining the irrigation season termination date. Additionally, the
corn grain yield results and the treatment irrigation dates were used to estimate
the date when a specified percentage of maximum grain yield would occur.
Because there was not an unlimited number of irrigation treatment dates there
are years when the date required for a specified percentage of maximum grain
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yield was the same as the date for the next higher percentage. The average
estimated termination date to achieve 80, 90 and 100% of maximum corn grain
yield was August 2, 13, and 28, respectively, but the earliest dates were July 17,
July 17 and August 12, respectively, while the latest dates were September 14,
21, and 21, respectively. Irrigators that use average or fixed dates to terminate
the corn irrigation season are not realistically considering the irrigation needs of
the corn that may be greater or smaller in a particular year, and thus, often will
neither optimize corn production, nor minimize water pumping costs.

Table 3. Anthesis and physiological maturity dates and estimated irrigation season
termination dates* to achieve specified percentage of maximum corn grain
yield from studies examining post-anthesis corn water stress, KSU Northwest
Research-Extension Center, Colby, Kansas, 1993-2008. Note: This table was
created to show the fallacy of using a specific date to terminate the irrigation
season. Note: Because there was not an unlimited number of irrigation
treatment dates, there are years when the date required for a specified
percentage of maximum grain yield was the same as the date for the next
higher percentage.

Year Date qf Date .of Irrigation Season Termination Date For

Anthesis| Maturity |80% Max Yield|90% Max Yield| MaxYield

1993 20-Jul | 30-Sep 5-Aug 5-Aug 15-Aug
1994 20-Jul | 15-Sep 5-Aug 15-Aug 15-Aug
1995 20-Jul | 29-Sep 5-Aug 13-Aug 18-Aug
1996 20-Jul 3-Oct 17-Jul 17-Jul 29-Aug
1997 23-Jul 1-Oct 23-Jul 23-Jul 27-Aug
1998 20-Jul | 28-Sep 20-Jul 20-Jul 24-Aug
1999 23-Jul 6-Oct 24-Jul 13-Aug 20-Sep
2000 12-Jul | 20-Sep 14-Sep 20-Sep 20-Sep
2001 16-Jul | 29-Sep 30-Jul 22-Sep 22-Sep
2002 22-Jul | 30-Sep 4-Aug 30-Aug 7-Sep
2003 22-Jul | 23-Sep 3-Aug 3-Aug 18-Aug
2004 19-Jul | 28-Sep 8-Aug 21-Aug 27-Aug
2005 20-Jul | 28-Sep 2-Aug 9-Aug 29-Aug
2006 17-Jul | 25-Sep 30-Jul 13-Aug 13-Aug
2007 18-Jul | 19-Sep 14-Aug 21-Aug 28-Aug
2008 24-Jul | 10-Oct 31-Jul 6-Aug 27-Aug
Average 19-Jul | 27-Sep 2-Aug 13-Aug 28-Aug
Standard Dev. 3 days | 6days 13 days 19 days 13 days
Earliest 12-Jul | 14-Sep 17-Jul 17-Jul 12-Aug
Latest 24-Jul | 10-Oct 14-Sep 21-Sep 21-Sep

* Estimated dates are based on the individual irrigation treatment dates from each of
the different studies when the specified percentage of yield was exceeded.
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Maximum corn yields (MY) during the 16-year period in the various studies
averaged 258 bu/acre with a range of 154 to 298 bu/acre (Table 4). Extremely
poor growing conditions (cold and wet) greatly reduced yields in 1993 and hail
suppressed yield in 1995. The post-anthesis water use that occurred for the
irrigation treatment that maximized yield (PAWUwy) averaged 16.9 inches with a
range of 14.9 to 20.2 inches (Table 4). Assuming that yield formation for the corn
crop started at anthesis, the average post-anthesis water productivity (i.e.,
MY/PAWUyy) was 15 bu/inch and the range of water productivity over the years
was 8 to 20 bu/inch (data not shown).

Table 4. Maximum corn yields and post-anthesis water use data from studies
examining post-anthesis corn water stress, KSU Northwest Research-
Extension Center, Colby, Kansas, 1993-2008.

Maximum PAWUy PAWUny
. PAWUyv* PAWU,\y during last | during last 15
Year Yield X .
(bu/a) (inches) | (inches/d) _30 days _ days
(inches/d) (inches/d)

1993 154 19.23 0.287 0.288 0.178
1994 246 15.52 0.277 0.218 0.178
1995 170 18.23 0.285 0.201 0.174
1996 280 15.38 0.220 0.161 0.137
1997 245 16.13 0.230 0.162 0.150
1998 262 16.55 0.236 0.155 0.136
1999 272 18.49 0.247 0.134 0.081
2000 259 20.24 0.289 0.276 0.302
2001 268 19.44 0.259 0.161 0.160
2002 284 16.63 0.238 0.139 0.017
2003 269 15.12 0.240 0.089 0.105
2004 283 16.25 0.229 0.181 0.164
2005 295 16.31 0.233 0.088 0.036
2006 268 16.48 0.235 0.098 0.101
2007 273 16.25 0.258 0.104 0.106
2008 298 14.85 0.190 0.115 0.091
Average 258 16.94 0.247 0.161 0.132
Standard Dev. 40 1.65 0.027 0.061 0.066
Minimum 154 14.85 0.190 0.088 0.017
Maximum 298 20.24 0.289 0.288 0.302

* PAWUyy is the post-anthesis water use occurring for the irrigation treatment that

achieved maximum corn grain yield within the specified year.

PAWUyy averaged 0.247 inches/day during the approximately 70-day period

between anthesis and physiological maturity and remained at 65 and 53% of that
value (0.161 and 0.132 inches/day) during the last 30 and 15 days of the season,
respectively (Table 4). This emphasizes that although crop water use is tapering
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off during the latter part of the season, due to maturing crop canopies and also
due to lower reference evapotranspiration (ET,), therefore, it must be considered
an important factor in late season crop management. Producers should also be
aware that irrigation systems with marginal or insufficient capacity may have
allowed considerable soil water depletion (soil water mining) during the pre-
anthesis period.

Graphical data analysis for post-anthesis water stress studies

The corn grain yield results within a given year were normalized to the maximum
value occurring in that particular year to give the relative yield (RY). The post-
anthesis water use within a given year was then normalized with respect to the
water use that occurred for the irrigation treatment that maximized corn grain
yield in that particular year. This allowed treatments receiving excessive
irrigation to have relative post-anthesis water use (RPAWUyy) values greater
than one.

There was a strong relationship between relative corn yield (RY) and relative
post-anthesis water use (RPAWUwy) as shown in Figure 5.
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Figure 5. Relative corn grain yield (RY) as affected by relative post-anthesis water use
(RPAWUyy) for various studies examining the effect of post-anthesis water
stress, KSU-NWREC, Colby, Kansas, 1993-2008. The dotted line represents
a unity relationship between RY and RPAWU yy. Note: RPAWUyy values can
exceed one because some treatments received irrigation water in excess of
the amount required to maximize corn grain yield (MY). This excessive water
may have been lost in deep percolation but would have been included in the
calculation procedures of post-anthesis water use.

56



Although there are a number of curves that can be drawn through the data (e.g.,
guadratic, logarithmic, etc.), there was a large portion of the data in the efficient
range of RPAWUyy (i.e., where RPAWUyy < 1) that can be adequately
characterized by a one-to-one relationship between RY and RPAWUyy. The
subtle differences between assuming a curvilinear or linear relationship in the
efficient range of post-anthesis water use might become important when trying to
optimize corn production using water resource and economic constraints.

There was a reasonably good relationship between relative corn grain yield (RY)
and the minimum post-anthesis available soil water (MPAASW, a fraction) within
the 8-ft soil profile (Figure 6.) Corn yield tended to decrease for treatments
having less than a minimum available soil water of approximately 55% of field
capacity for any point-in- time within the post-anthesis period. Thus, the
management allowable depletion (MAD) in these studies was approximately 45%
as compared to the traditionally larger values often quoted in the literature (e.g.,
Doorenbos and Kassam, 1979; Rogers and Sothers, 1996). However, the 45%
MAD value is consistent with the results of Lamm et al. (1994) and Lamm et al.
(1995) from irrigated corn studies on the same soil type.
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Figure 6. Relative corn grain yield (RY) as affected by the minimum value of available
soil water (fraction) within the 8 ft soil profile occurring during the post-
anthesis period (MPAASW). Data are from various studies examining the
effect of post-anthesis corn water stress, KSU-NWREC, Colby, Kansas, 1993-
2008.
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There was also a relatively good relationship between RPAWUyy and MPAASW
(Figure 7). RPAWUyy tended to decrease for treatments with MPAASW less
than 55% of field capacity. This is to be as expected because of the strong
relationship between RY and RPAWUyy but does provide additional evidence
and rationale for a MAD value of approximately 45% for this soil type in this
region as compared to the higher values in the literature.
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Figure 7. Relative post-anthesis water use (RPAWUyy) as affected by the minimum
value of available soil water (fraction) within the 8 ft soil profile occurring
during the post-anthesis period (MPAASW). Data are from various studies
examining the effect of post-anthesis corn water stress, KSU-NWREC, Colby,
Kansas, 1993-2008.

Further data analysis should focus on determining the cause of increased scatter
in the graph regions (Figure 6 and 7) where MPAASW is less than 0.55.
Additionally, further efforts are justified in comparing the MPAASW values for
different soil profile depths to see which depth has the greatest correlation and
also to determine the inaccuracy associated with choosing alternative depths.

Recommendations for managing post-anthesis corn water stress

Producers should use a good method of day-to-day irrigation scheduling during
the post-anthesis period. The macromanagement decision about when to
terminate the irrigation season should not be based on an average or fixed date
(e.g., August 31). Producers in the Central Great Plains should plan for post-
anthesis water use needs of approximately 17 inches and that water use during
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the last 30 and 15 days of the season might average nearly 5 and 2 inches,
respectively. This water use would need to come from the sum of available soil
water reserves, precipitation and irrigation. When irrigation losses are
minimized, a percentage decrease in post-anthesis water use will result in nearly
a one-to-one percentage decrease in corn grain yield. Producers growing corn
on deep silt loam soils in the Central Great Plains should attempt to limit
management allowable depletion of available soil water in the top 8 ft of the soil
profile to 45%.

CONCLUDING STATEMENTS

Macromanagement decisions at the seasonal boundaries should always be
made in the context of having implemented appropriate day-to-day irrigation
scheduling. Proper day-to-day scheduling will provide much-needed information
about the crop and soil water status and evaporative demand being experienced
within the given year.

Corn has greater than anticipated ability to withstand early season water stress
provided that the water stress can be alleviated during the early-reproductive
period. However, it should be reiterated that these results are not suggesting
that irrigation can be delayed until anthesis. Most irrigation systems cannot
quickly alleviate severely depleted soil water reserves as was accomplished in
this pre-anthesis studies, but the results do indicate there is some flexibility in
timing of irrigation events within the vegetative growth period. Timeliness of
appreciable amounts of irrigation and/or precipitation near anthesis appears to be
very important in maximizing yield potential.

Corn yield formation was primarily linearly related to the water use during the
post-anthesis period for cases when irrigation was limited to the amount required
for maximum vyield. Limiting available soil water depletion to approximately 45%
during the period is important in achieving maximum grain yields.
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INTRODUCTION

Irrigators are facing challenges with declining well yields or reduced allocations
from water districts. To make reductions in water use, irrigators are considering
shifts in cropping patterns that earn better net economic returns. A decision
planning tool, the Crop Water Allocator (CWA), available at
www.oznet.ksu.edu/mil , has been developed to find optimum net returns from
combinations of crops, irrigation amounts, and land allocations (crop rotations)
that program users choose to examine. The model uses yield-irrigation
relationships for 11-21 in. of rainfall in western Kansas as a basis to estimate
yields for particular rainfall zones. The user can customize the program with crop
localized crop production costs or rely on default values from typical western
Kansas farming operations. Irrigators are able to plan for the optimum economic
use of their limited water supply by testing their options with CWA.

Irrigators choose crops on the basis of production capabilities, economic returns,
and crop adaptability to the area, government programs, crop water use, and
their preferences. When full crop evapotranspiration demand cannot be met,
yield-irrigation relationships and production costs become even more important
inputs for management decisions. Under full irrigation, crop selection often is
driven by the prevailing economics and production patterns of the region. Crops
that respond well to water, return profitably in the marketplace and/or receive
favorable government subsidies are usually selected. These crops still can
perform in limited irrigation systems, but management decisions arise as water is
limited: should fully watered cops continue to be used; should other crops be
considered; what proportions of land should be devoted to each crop; and finally,
how much water should be apportioned to each crop? The outcome of these
guestions is finding optimal economic return for the available inputs.
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Determining the relative importance of the factors that influence the outcome of
limited-irrigation management decisions can become complex. Commodity
prices and government programs can fluctuate and change advantages for one
crop relative to another. Water availability, determined by governmental policy or
by irrigation system capacity, may also change with time. Precipitation
probabilities influence the level of risk the producer is willing to assume.
Production costs give competitive advantage or disadvantage to the crops under
consideration.

The objective of this project has been to create a decision tool with user
interaction to examine crop mixes and limited water allocations within land
allocation constraints to find optimum net economic returns from these
combinations. This decision aid is for intended producers with limited water
supplies to allocate their seasonal water resource among a mix of crops. But, it
may be used by others interested in crop rotations and water allocation choices.

BACKGROUND

CWA calculates net economic return for all combinations of crops selected for a
rotation and water allocated to each crop. Subsequent model executions of land-
split (crop rotation) scenarios can lead to more comparisons. Individual fields or
groups of fields can be divided into in the following ways: 50-50; 25-75; 33-33-33;
25-25-50; 25-25-25-25. The number of crops eligible for consideration in the
crop rotation could be more than the number of land splits under consideration.
Optimum outcomes may recommend fewer crops than selected land splits.
Fallowing part of the field is a valid option. Irrigation system parameters,
production costs, commaodity prices, yield maximums, annual rainfall, and water
supplied to the field were held constant for each model execution, but can be
changed by the user in subsequent executions.

The model examines each possible combination of crops selected for every
possible combination of water allocation by 10% increments of the water supply.
The model has an option for larger water iteration increments to save computing
time. For all iterations, net return to land, management, and irrigation equipment
is calculated:

Net return = (commaodity price X yield) — (irrigation cost + production cost)

where:
commodity prices were determined from user inputs, crop yields
were calculated from yield-irrigation relationships derived from a
simulation model based on field research, irrigation costs were
calculated from lift, water flow, water pressure, fuel cost, pumping
hours, repair, maintenance, and labor for irrigation, and production
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costs were calculated from user inputs or default values derived
from Kansas State University projected crop budgets.

All of the resulting calculations of net return are sorted from maximum to
minimum and several of the top scenarios are summarized and presented to the
user.

Field research results have been used to find relationships between crop yields
and amounts of irrigation (figure 1). Yields from given irrigation amounts
multiplied by commaodity prices are used to calculate gross income. Grain yields
for corn, grain sorghum, sunflower, and winter wheat were estimated by using
the “Kansas Water Budget” software. Software development and use are
described in Stone et al. (1995), Khan (1996), and Khan et al. (1996). Yield for
each crop was estimated from irrigation amount for annual rainfall and silt loam
soils. The resulting yield-irrigation relationship for corn (fig. 1) shows a
convergence to a maximum yield of 220 bu/ac from the various combinations of
rainfall and irrigation. A diminishing-return relationship of yield with irrigation
applied was typical for all crops. Each broken line represents normal annual
rainfall for an area.
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Figure 1. Yield-irrigation relationship for corn with annual rainfall from 11-21 in.

The crop production budgets are the foundation for default production costs used
in CWA. Program users can input their own costs or bring up default costs to
make comparisons. For western Kansas, cost-return budgets for center-pivot
irrigation of crops ( www.agmanager.info/crops/ ) provided the basis for default
production-cost values for CWA. Results can be sensitive to production costs,
which require realistic production inputs.
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TREND ANALYSIS

Reducing income risk is often an irrigator's motivation for switching crops
as water availability declines. The Crop Water Allocator (CWA), in its present
form, ranks alternative planting patterns based on mean income alone, without
considering outcomes associated with changes in input variables. This risk arises
from a variety of factors that are uncertain at the time of planting; the most
important of these is weather conditions during the growing season. For
example, although corn often generates the highest mean income, it is also likely
to have a highly uncertain yield because its growth is sensitive to water stress
during critical stages of the growing season. Adding trend analysis to CWA can
project net returns over a range of input variables. Years with above normal,
below normal and average rainfall can be simultaneously examined to find trends
in net returns. The same methods can be used to project income trends for
ranges of commodity prices, maximum yields, production costs, irrigation costs,
and irrigation efficiency. Ranges of user input variables can be entered with
ranges of net economic returns as the output. These results indicate the income
risks when rainfall, irrigation costs, crop production costs, irrigation efficiencies,
commodity prices, or crop maximum yields vary.

Trend analysis allows the user to find net returns over a range of possible inputs:
rainfall, irrigation efficiency, commaodity prices, maximum crop yields, irrigation
costs, and crop production costs. For example, the program user may be
interested in the response of net returns if annual precipitation varies from 13 to
21 inches and corn price ranges from $2 to $4/bu (tables 1 & 2). CWA executes
a series of calculations over the range of irrigation costs, producing the
corresponding range of net returns.

Two input ranges can be simultaneously processed in fixed trend analysis to find
the influence of both inputs on net return.

Table 1. Net returns for $2 to $4/bu corn and 13-15 inches of annual
precipitation.

Annual Rainfall (inches)
Crop Price - Corn ($/ bu.) 13 | 15 | 17 | 19 | 21

$-197 /ac  $-190/ac 