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LARGE-SCALE ON-FARM IMPLEMENTATION OF
SOIL MOISTURE-BASED IRRIGATION MANAGEMENT STRATEGIES
FOR INCREASING MAIZE WATER PRODUCTIVITY

S. Irmak, M. J. Burgert, H. S. Yang, K. G. Cassman, D. T. Walters, W. R. Rathje, J. O. Payero,
P. Grassini, M. S. Kuzila, K. J. Brunkhorst, D. E. Eisenhauer, W. L. Kranz, B. VanDeWalle,
J. M. Rees, G. L. Zoubek, C. A. Shapiro, G. J. Teichmeier

ABSTRACT. [rrigated maize is produced on about 3.5 Mha in the U.S. Great Plains and western Corn Belt. Most irrigation
water comes from groundwater. Persistent drought and increased competition for water resources threaten long-term viability
of groundwater resources, which motivated our research to develop strategies to increase water productivity without noticea-
ble reduction in maize yield. Results from previous research at the University of Nebraska-Lincoln (UNL) experiment stations
in 2005 and 2006 found that it was possible to substantially reduce irrigation amounts and increase irrigation water use effi-
ciency (IWUE) and crop water use efficiency (CWUE) (or crop water productivity) with little or no reduction in yield using
an irrigation regime that applies less water during growth stages that are less sensitive to water stress. Our hypothesis was
that a soil moisture-based irrigation management approach in research fields would give similar results in large production-
scale, center-pivot irrigated fields in Nebraska. To test this hypothesis, IWUE, CWUE, and grain yields were compared in ex-
tensive on-farm research located at eight locations over two years (16 site-years), representing more than 600 ha of irrigated
maize area. In each site-year, two contiguous center-pivot irrigated maize fields with similar topography, soil properties, and
crop management practices received different irrigation regimes: one was managed by UNL researchers, and the other was
managed by the farmer at each site. Irrigation management in farmer-managed fields relied on the farmers’ traditional visual
observations and personal expertise, whereas irrigation timing in the UNL-managed fields was based on pre-determined soil
water depletion thresholds measured using soil moisture sensors, as well as crop phenology predicted by a crop simulation
model using a combination of real-time (in-season) and historical weather data. The soil moisture-based irrigation regime
resulted in greater soil water depletion, which decreased irrigation requirements and enabled more timely irrigation man-
agement in the UNL-managed fields in both years (34% and 32% less irrigation application compared with farmer-managed
fields in 2007 and 2008, respectively). The average actual crop evapotranspiration (ET¢) for the UNL- and farmer-managed
fields for all sites in 2007 was 487 and 504 mm, respectively. In 2008, the average UNL and average farmer-managed field
had seasonal ET¢ of 511 and 548 mm, respectively. Thus, when the average of all sites is considered, the UNL-managed fields
had 3% and 7% less ET¢ than the farmer-managed fields in 2007 and 2008, respectively, although the percentage was much
higher for some of the farmer-managed fields. In both years, differences in grain yield between the UNL and farmer-managed
fields were not statistically significant (p = 0.75). On-farm implementation of irrigation management strategies resulted in a
38% and 30% increase in IWUE in the UNL-managed fields in 2007 and 2008, respectively. On average, the CWUE value
for the UNL-managed fields was 4% higher than those in the farmer-managed fields in both years. Reduction in irrigation
water withdrawal in UNL-managed fields resulted in $32.00 to $74.10 ha in 2007 and $44.46 to $66.50 ha in 2008 in en-
ergy saving and additional net return to the farm income. The results from this study can have significant positive implica-
tions in future irrigation management of irrigated maize systems in regions with similar soil and crop management practices.

Keywords. Evapotranspiration, Irrigation management, Maize, Soil moisture, Water productivity, Water use efficiency.
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rrigated agriculture contributes much of the food and

fiber consumed by humans and the grain fed to live-

stock (Howell, 2001). While agriculture is the largest

user of freshwater, accounting for more than 80% of
water withdrawals, food production from irrigated systems
contributes ~40% of the global supply of cereal production
on only about 18% of the land area in crop production. In-
creasing demand for food, livestock feed, and biofuels cou-
pled with changes in climate variables and competition for
water with urban and other sectors will most likely increase
competing demands on freshwater resources (Rosegrant et
al., 2009). Increasing competition for limited freshwater
supplies is already evident in major irrigated cropping sys-
tems of the U.S. and the world. Thus, increasing the water
productivity in irrigated agriculture will continue to be a vi-
tal goal in sustaining the balance between supply and de-
mand of food and fiber production.

Currently, maize is produced on about 160 Mha of land
in the world, with a total production of about 820 Tg. De-
mand for maize for human and animal consumption is pro-
jected to increase by nearly 300 Tg by 2030, which does
not include the increased demand for biofuel production
(FAO, 2010). The five largest maize producers are the U.S.,
China, Brazil, India, and Mexico. The U.S. is the major
producer of maize in the world, with just below a quarter of
the world’s production. Irrigated maize accounts for 61% of
the total maize area in Nebraska and contributes 74% of the
total annual maize production of 32 Tg in this state
(USDA-NASS, 2007). With approximately 60,000 to
65,000 center pivots and over 110,000 active irrigation
wells in Nebraska (Nebraska DNR, 2010), irrigation pro-
vides stability in terms of maize yield, especially in years
with below-average precipitation, ensuring grain supplies
for livestock feed, ethanol plants, corn sweetener, and for
grain export. However, below-average rainfall in a majority
of the past ten years and poor irrigation management prac-
tices have resulted in falling groundwater levels and re-
duced well outputs in some areas (McGuire, 2004). Like-
wise, interstate litigation between downstream and
upstream water users has placed some restrictions on the
amount of water available to farmers for irrigation in some
major watersheds (Irmak, 2010). Given these increasing
pressures on local and regional water resources available
for irrigation, there is a critical need for improving irriga-
tion water use efficiency (IWUE, kg grain m™ applied irri-
gation) and crop water use efficiency (or crop water
productivity) (CWUE, kg grain m™ water used).

Many studies on research fields have emphasized that
decreased water use through more efficient irrigation appli-
cation methods and strategic planning increases water use
efficiency through very minimal decreases in yield. How-
ever, very few studies have been conducted concerning the
practicality of these irrigation methods and strategies on the
individual farm level in large-scale applications. Poor irri-
gation management strategies due to under-utilization of
current technologies at the farm level can cause substantial
disadvantages in the efforts toward protecting the long-term
viability of irrigated agriculture. In many cases, straight-
forward methods for combining effective irrigation man-
agement strategies with more efficient irrigation systems
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and soil moisture monitoring can lead farmers to become
more efficient in utilizing water resources and reduce ener-
gy used for irrigation. With the high demand on the water
supply, it is increasingly important that agricultural manag-
ers combine more efficient irrigation methods with better
management strategies. There have been some significant
improvements in agricultural water management in the last
three decades. For example, the average amount of water
applied as irrigation on agricultural land in the U.S. has de-
creased from 637 mm in 1975 to 502 mm in 2005; compa-
rable figures for Nebraska are 366 mm in 1975 and
335 mm in 2005 (USDA-NASS, 2007). Much of this im-
provement resulted from conversion of gravity (furrow) ir-
rigation to center pivots. Depending on precision of man-
agement and other factors, center-pivot application
efficiency (i.e., a measure of the fraction of the total vol-
ume of water delivered to the farm or field that is stored in
the root zone to meet the crop evapotranspiration) is typi-
cally about 75% to 85%, while furrow irrigation is less ef-
ficient at 45% to 80% (Irmak et al., 2011). The trend of re-
duced irrigation application can be further improved with
implementation of more conservative and technology-based
irrigation management strategies coupled with good agro-
nomical practices implemented at the farm level.
Additional improvements may be possible using limited
or deficit irrigation strategies with more efficient irrigation
systems and soil water status monitoring. Previous studies
conducted on UNL’s research station experimental plots
showed that it is possible to reduce 25% of irrigation water
inputs, as compared with the fully irrigated treatments,
through more efficient irrigation application methods and
strategic planning of crop rotations, resulting in 25% higher
irrigation water use efficiency (IWUE) and only 3% to 6%
penalty in grain yield (Irmak and Payero, unpublished re-
search data). To date, however, no studies have been con-
ducted on performance and practicality of soil moisture-
based irrigation management in large-scale production
fields managed by farmers. The objective of this research
was to test the hypothesis that it is possible to reduce irriga-
tion application amounts without significant decrease in
maize grain yield in large production fields through use of
soil moisture-based irrigation strategies during growth
stages when the crop is less sensitive to water stress. The
research was conducted in farmers’ fields and relied on cur-
rently available technologies to determine timing of irriga-
tion in relation to soil moisture depletion thresholds at dif-
ferent crop growth stages, and a crop simulation model to
predict when sensitive crop growth stages would occur.

MATERIALS AND METHODS

The project was conducted in central, south central, and
eastern Nebraska to evaluate the performance of a soil
moisture-based irrigation management approach to maize
productivity. The study area encompasses a rainfall gradi-
ent with the highest annual precipitation in the east and the
lowest precipitation to the west. The study included eight
farms during 2007 and 2008 (fig. 1, table 1). Farmers were
selected to achieve reasonable spatial distribution across
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Figure 1. Map of eastern, central, and south central Nebraska. Stars
show locations of farmer-irrigated maize fields used in the present
study. Solid circles show locations of meteorological stations used.
Lines show state boundaries. The location of the study area within the
U.S. is shown in the inset.

the eastern half of Nebraska, where maize production is
concentrated. Other selection criteria included the farmers’
willingness to: (1) manage two center-pivot irrigated fields
with the same hybrid and crop management other than irri-
gation for two years; (2) impose the soil moisture-based ir-
rigation regime on one of the pivots as specified by UNL
researchers; (3) provide information on management prac-
tices such as fertilizer, seeding rate, hybrid brand and num-
ber, dates of planting and maturity, herbicide, pesticide and
insecticide applications, and final grain yield. Selected
farms had at least two center-pivot irrigated fields with rel-
atively uniform soil properties and slope, and they had
flowmeters on each pivot to allow monitoring and reporting
of water applications. At each farm, two center-pivot fields
within 1.5 km of each other were selected for imposition of
irrigation treatments based on similarity of soil type and to-
pography. On each farm (site), center-pivot pairs had simi-
lar system pressure, sprinkler nozzles, water application
rate, and size (area irrigated) and system capacity. Irrigation
in one of the two center-pivot fields was managed by the
UNL research team to impose a soil moisture-based irriga-
tion regime, while the other field was managed by the
farmer (hereafter called UNL- and farmer-managed fields).
Except for irrigation, the two fields at each farm had simi-
lar crop management with regard to rotation, planting date,

seeding rate, planting direction, maize hybrid and maturity,
pest and nutrient management.

Soil samples were taken before planting each year to de-
termine optimal N and P fertilizer rates in each field based on
UNL guidelines (www.ianrpubs.unl.edu/epublic/live/ec117/
build/ec117.pdf). Fields were divided into four quarters
based roughly on compass vectors (NE, SE, NW, and SW).
Within each quarter, six soil cores were collected to a depth
of 0.90 m. Each of the cores from a quarter was separated in-
to three depths increments (0-0.20, 0.20-0.60, and 0.60-
0.90 m) and combined into single samples for each depth.
Soil NOs™ content was determined for the three depths as re-
quired for estimating N fertilizer application rates
(www.ianrpubs.unl.edu/epublic/live/ec117/build/ec117.pdf),
while pH, organic carbon content, and extractable phospho-
rus were determined only in the 0-0.20 m sample. Samples
were air-dried, sieved through a 2 mm screen, and then ana-
lyzed by the UNL Department of Agronomy Soil Testing
Laboratory, and recommendations were made to the farmer
cooperators for each field.

SOIL WATER DYNAMICS

Soils at the study sites were dominantly Argiustolls, and
soil textures throughout the depth sampled were mostly silt
loams and silty clay loams at the eight study sites. These
textures are representative of soils used for irrigated agri-
culture in central, south central, and eastern Nebraska (table
1). Continuous monitoring of soil water status (soil matric
potential, SMP) was achieved in farmer- and UNL-
managed fields using Watermark granular matrix sensors
(GMS) (Armstrong et al., 1985; Thomson and Armstrong,
1987; McCann et al., 1992; Eldredge et al., 1993; Thomson
et al., 1996; Irmak and Haman, 2001) and Watermark Mon-
itor dataloggers (Irrometer, Inc., Riverside, Cal.). The
GMSs are electrical resistance type sensors and provide
SMP in kPa. In practical application, SMP has a negative
sign (i.e., more negative SMP values indicate drier soil),
but a positive sign is used in this article as an indicator of soil
water tension. In each field, GMSs were installed in an area
with soil and topography that was most representative of the
entire field. Selection of sensor locations was based on aerial
photos taken before and during the season, and digital eleva-
tion maps (from the USDA-NRCS Web Soil Survey;
http://websoilsurvey.nrcs.usda.gov/app/HomePage.htm).
An example of the aerial photos that were taken for one of
the study sites is given in figure 2. In each field, GMSs
were installed at four depths (0.30, 0.60, 0.90, and 1.20 m)
in the crop row halfway between two neighboring plants in

Table 1. Site location, coordinates, elevation, and measured soil properties at the research fields. Values are averages for the UNL and farmer-
managed fields per site, as both fields had very similar soil physical properties. Average of the soil properties was taken from the 0.23 to 0.38 m

soil depth.
Bulk Organic
Latitude Longitude Elevation Particle Size Distribution (%) Density Matter
Site Town ©) ©) (m) Sand Silt Clay (Mg m™) (%) pH
1 Hordville 41.05 -97.92 535 12.7 69.0 18.4 1.39 3.0 6.1
2 Mead 41.21 -96.53 366 7.4 64.6 28.0 1.39 33 5.9
3 York 40.87 -97.60 490 6.1 70.3 23.7 1.37 2.9 5.7
4 Mead 41.23 -96.52 366 4.8 59.7 355 1.44 2.8 5.1
5 Ord 41.54 -99.10 649 25.0 53.2 21.9 1.51 2.3 6.5
6 Edgar 40.37 -97.97 524 5.7 70.3 24.0 1.43 3.1 6.1
7 Geneva 40.53 -97.60 496 5.3 70.1 24.6 1.43 2.9 5.9
8 West Point 41.93 -96.71 430 6.5 68.4 25.2 1.52 2.7 6.6
55(3): 881-894 883



Figure 2. Aerial (upper) and infrared (lower) images taken early in
the season to determine the representative locations for soil moisture
sensor installation, in-season plant sampling, and harvest locations.

two locations per field to monitor SMP on an hourly basis
from the time the equipment was installed until complete
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physiological maturity or harvest.

The Soil Water Characteristics Software (ver. 6.02.74)
developed by Saxton et al. (1986) and Saxton and Rawls
(2006) was used to develop soil water retention curves for
converting SMP readings to volumetric water content for
various soil types in each study location. The soil water
characteristic equations were developed from the USDA
soil database based on readily available soil properties in-
cluding soil texture, bulk density, and organic matter con-
tent. Soil samples were collected at the location of each soil
water sensor in both years by taking undisturbed core sam-
ples at depth increments of 0-0.20, 0.20-0.40, 0.50-0.70,
0.80-1.0, and 1.15-1.30 m. Samples were sent to the labora-
tory for determination of soil texture, organic matter, pH,
and bulk density. Because soil properties were the same or
similar in farmer- and UNL-managed fields at the same
farm, average values based on values for texture, organic
matter, and bulk density values were used as inputs to the
Soil Water Characteristics Software to develop soil water
retention curves for each site (table 2, fig. 3). Salinity and
gravel input fields were left at the default values whereas
the compaction input was left at zero because soils at the
test sites did not have gravel, did not have salinity prob-
lems, and were not compacted.

IRRIGATION MANAGEMENT

In the farmer-managed fields, irrigation decisions were
made by farmers based on their traditional practices and
personal experience. Farmers’ irrigation methods are typi-
cally based on a fixed calendar date, visual observation of
plant water needs, hand-feel of soil moisture, observing
neighbors’ irrigation practices, or a combination of these
approaches. These approaches usually do not account for
the utilization of the available soil water by the crop. In the
UNL-managed fields, monitoring of SMP allowed estimat-
ing actual soil water status in the root zone. An irrigation
application was triggered when a threshold SMP value was
reached. Threshold values for the UNL-managed fields
were specified for each field based on soil texture (Irmak et
al., 2010). For a silt loam soil, for example, irrigation was in-
itiated when average SMP at 0.30, 0.60, and 0.90 m depth
gave GMS readings equivalent to matric potential between
90 and 100 kPa, i.e., approximately 35% to 40% depletion of
available water holding capacity (AWHC) in the crop root
zone. This SMP trigger point is higher (i.e., less water deple-
tion) than the more widely used traditional threshold value of
50% depletion of AWHC to account for the time required
for a center pivot to make one full circle. Most pivots re-
quire 3 to 5 days for a complete revolution, depending on
the well capacity, water application depth, and other factors.
Thus, whenever the threshold value was reached in UNL-
managed fields, an irrigation event was triggered. Dates and
amounts of irrigation events for both UNL-managed and
farmer-managed fields were provided to the UNL team by
each farmer. Each irrigation event did not exceed 25 to
35 mm of applied water. This amount is used because it is
the most commonly practiced center-pivot water application
depth in Nebraska. Although soil water in each field was
monitored at 0.30, 0.60, 0.90, and 1.20 m depths, the sensor

TRANSACTIONS OF THE ASABE



Table 2. Actual management practices (seed brand and maturity, sowing date, and plant population density measured at harvest) and dates of
silking and physiological maturity for irrigated maize crops in each study field during the 2007 and 2008 growing seasons.

Observed Observed Population
Field Planting Silking Physiological Density
Site Year Hybrid Name (and Maturity)™ Manager Date Date Maturity Date (plants ha™)

2007 P33N11 (1524 GDD) UNL 4 May 15 July 11 September 66,800

| and P34B60 (1524 GDD) Farmer 4 May 15 July 10 September 66,800
UNL 30 April 20 July 5 October 74,800

2008 DKC63-42 (1559 GDD) Farmer 30 Apr 21 July 5 October 73,000

UNL 2 May 14 July 6 September 68,600

) 2007 P33H26 (1537 GDD) Farmer 2 May 14 July 2 September 71,400
UNL 30 April 14 July 29 September 72,400

2008 DK6344VT3 (1586 GDD) Farmer 30 April 13 July 29 September 73,500

UNL 21 April 7 July 2 September 74,600

3 2007 DK63-39 (1559 GDD) Farmer 21 April 7 July 2 September 68,900
UNL 30 April 16 July 28 September 82,300

2008 P33H27(1537 GDD) Farmer 30 April 16 July 27 September 83,400

UNL 3 May 11 July 5 September 72,700

4 2007 P32B29 (1578 GDD) Farmer 3 May 11 July 5 September 72,200
UNL 30 April 14 July 21 September 78,400

2008 P32T84 (1537 GDD) Farmer 30 April 14 July 22 September 77,500

UNL 5 May 17 July 18 September 45,500

s 2007 Renze 6296, 8364, and 3274 Farmer 5 May 17 July 18 September 52,500
UNL 7 May 23 July 16 October 68,600

2008 Renze 9386YGCB/RR2 Farmer 7 May 23 July 16 October 67,400

2007 NC+ 5555 (1550 GDD) UNL 23 April 5 July 6 September 70,000

6 NC+ 5411 (1534 GDD) Farmer 23 April 5 July 4 September 71,100
UNL 29 April 15 July 20 September 73,300

2008 NC+ 5225 VT3 (1305 GDD) Farmer 30 April 16 July 21 September 77,400

UNL 16 April 3 July 29 August 71,300

7 2007 P34A17 (1457 GDD) Farmer 16 April 3 July 29 August 68,100
UNL 15 April 12 July 18 September 68,800

2008 P34F96 (1434 GDD) Farmer 15 April 13 July 19 September 65,100

UNL 3 May 10 July 12 September 68,900

8 2007 DKC61-66 (1531 GDD) Farmer 3 May 10 July 12 September 66,200
UNL 23 April 19 July 1 October 62,200

2008 Croplan 6069AS3 (1496 GDD) Farmer 23 April 19 July 1 October 62,000

2l P = Pioneer, DK = Dekalb, and GDD = reported seed-brand growing-degree days required from planting to maturity (Ths = 10°C). GDD data were

not available for Renze hybrids.

readings from 1.20 m depth was not considered in the deter-
mination of whether the irrigation trigger point is reached.
Because maize grain yield is most sensitive to water
stress during the critical pollination time window around
silking (Otegui et al., 1995; Hall et al., 1982), a lower soil
water depletion threshold (i.e., about 80 kPa) was used for
triggering irrigations in UNL-managed fields from ten days

40

before silking to seven days after. Prediction of when silk-
ing would occur for each field was made with the Hybrid-
Maize model (Yang et al., 2004, 2006). This simulation
model features temperature-driven maize phonological de-
velopment, vertical canopy integration of photosynthesis,
organ-specific growth respiration, and temperature-
sensitive maintenance respiration. Hybrid-Maize allows in-

38 +
JA\

36
3+

g 324

o

Soil water content (m
e O U I C R C I I C R
N e oo ONE &S
%111111111

[uny
(=)

——Site 2
—O—Site 4
-} Site 6
—— Site 8

——Site 1
—A— Site 3
—- Site 5
——Site 7

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Soil matric potential (kPa)

Figure 3. Soil water retention curves created using Saxton (1986) model for each site to convert soil matric potential data to soil water content.
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season (or real-time) assessment of maize phenology and
growth up to the current date based on the actual weather
data up to that point in time, followed by prediction of phe-
nology, growth, and final yield thereafter based on weather
data for the remainder of the growing season. Therefore, in
the present study, a Hybrid-Maize simulation was made
every week for each field during the vegetative phase to es-
timate, in advance, the silking date at each site based on ac-
tual sowing dates, and real-time and historical weather data
obtained from nearby weather stations operated by the High
Plains Regional Climate Center (HPRCC; www.hprcc.unl.
edu). In all cases, the HPRCC weather stations were within
10 to 15 km of the study sites.

CROP PHENOLOGY AND GRAIN YIELD

Two weeks after emergence, within each of the four
quarters in each field, two measurement areas of 10 x 10 m
with uniform emergence were selected for phenology
scouting and grain yield determination at maturity. Thus,
field means for yield were derived from eight measurement
zones. Measurement areas were usually located within 20
to 50 m of the second center-pivot span from the end tower.
Crop phenology was scouted on a weekly basis. At harvest,
plant population was measured by counting plants from 6
m row segments in four contiguous rows in the center of
the measurement areas in each quadrant. During hand-
harvesting for grain yield determination, ears were taken
from 6 m of two adjacent rows in each measurement area
and dried to constant mass at 70°C. Grain yields were ad-
justed to standard commercial moisture of 0.155 kg H,O
kg on a wet weight basis.

CROP EVAPOTRANSPIRATION AND
WATER USE EFFICIENCY

Seasonal crop evapotranspiration (ET¢) from sowing to
physiological maturity, total irrigation amount, and grain
yield data were used to quantify crop water use efficiency
(CWUE, kg m”) and irrigation water use efficiency
(IWUE, kg m™) of each field. CWUE and IWUE were cal-
culated following Viets (1962):

CWUE = grain yield / ET¢ @)

2

where yield is in g m?, ET¢ and irrigation are in mm, and
CWUE and IWUE are in kg m™. Daily ET¢ for each field
was estimated using precipitation data (obtained from near-
by HPRCC weather stations), applied irrigation, and the
change in total soil water in the crop root zone (ATSW) as:

ETC = (Smm - SmmH) +P+IR-RO (3)

where Sp, is the available soil water for the previous day,
Smm-+1 18 available soil water for the current day, so that (S,
— Sum+1) represents the daily change in soil water storage in
the crop root zone, P is precipitation, /R is total net irriga-
tion amount, and RO is surface runoff. All components of
the water balance are reported in mm. The soil water status
was monitored every 0.30 m up to 1.20 m in each field and,
in the ET¢ calculations, the depth of the active crop root

IWUE = grain yield / total irrigation applied
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zone of 1.20 m was considered. Deep percolation was as-
sumed to be negligible. In most cases, cumulative ET¢ is
greater than rainfall where maize is grown in Nebraska.
Center-pivot irrigation application efficiency was assumed
to be 85% when calculating net irrigation amounts. In the
soil water balance, SMP acquired from the GMSs was used
to determine changes in soil water over time. Daily average
soil moisture tension readings were converted into total
available soil water for the soil profile using Saxton’s mod-
el, as previously described. The difference in total soil wa-
ter from the previous day to the current day was calculated
for the entire period when SMP data were available (early
season to harvest). Values were then summed to obtain the
seasonal change in total soil water in the crop root zone.

RUNOFF ESTIMATION

The surface runoff from precipitation and irrigation
events for each field was estimated using the USDA Natu-
ral Resources Conservation Service (USDA-NRCS, previ-
ously known as the Soil Conservation Service, SCS) curve
number procedure (USDA-NRCS, 1972). The SCS curve
number method relates runoff curve number (CN) to runoff,
accounting for initial abstraction losses and infiltration rate
of soils. The following equation was used to estimate run-
off from each experimental field with the condition that P >
0.25:

_ (P-Ia)?

Q_(P—Ia)+S

“)

where Q is runoff (mm), P is precipitation depth (mm), /a
is initial abstraction (mm), and S is potential maximum wa-
tershed retention (mm), which is given by:

CN

&)

Initial abstraction (/a) represents water losses before
runoff begins. It includes water retained in surface depres-
sions, water intercepted by vegetation, evaporation, and in-
filtration. /a is highly variable, but it is correlated with soil
and cover parameters. Through studies of many small agri-
cultural watersheds (USDA-NRCS, 1972), Ia is approxi-
mated by the following empirical equation:

la=028 (6)

The curve number is based on the area’s hydrologic soil
group, land use, treatment, and hydrologic condition. Ac-
cording to the silt loam soil at the site and based on the
known land use, slope, and cultivation with conservation
tillage, CN = 75 was used, which was obtained from
USDA-NRCS (1972, 1985) tables. Since runoff is affected
by soil moisture before the precipitation event, or the ante-
cedent moisture condition, prior to estimating precipitation
excess for storm events, the curve number was adjusted
based on the season and the 5-day antecedent precipitation.

By removing /a as an independent parameter, this ap-
proximation allows the use of the combination of S and P
to estimate the runoff amount. After substitution:
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Table 3. Analysis of variance and mean squares for maize grain yield, applied irrigation amounts, and crop evapotranspiration (ET ) during
2007 and 2008 in irrigated maize fields in Nebraska (p-values for the significance of factor effects are shown in parentheses).

Source of Variation d.f. Grain Yield Applied Irrigation ETc
Site 7 4,260,420 (p < 0.001) 2,643 (p=0.01) 22,141 (p = 0.005)
Irrigation treatment 1 8,450 (p=10.75) 12,724 (p < 0.001) 5,868 (p =0.18)
Error a 7 76,214 403 2,653
Year 1 36,210,050 (p < 0.005) 846 (p = 0.57) 9,720 (p = 0.20)
Error b 7 1,794,843 2,332 4,773
Year X Irrigation treatment 1 82,013 (p=0.47) 124 (p =0.43) 790 (p = 0.50)
Error ¢ 7 142,891 171 1,563
025 are located very close to each other, the precipitation
0= —(P —0.25) ifP>02S amount between the UNL-managed vs. farmer-managed
. ield was very similar, an e variability in precipitation
(P+0.85) (7) field ry 1 d th bility in precipitat
0=0 ifP<02S was not an issue for the same sites in the water balance

The GMSs were installed 4 to 6 weeks after planting, or
earlier, in most of the site-years. The Hybrid-Maize model
was used to estimate ET¢ from planting until the date when
GMSs were installed. Hybrid-Maize simulates ET¢ based
on (1) maximum crop transpiration as estimated from
grass-reference evapotranspiration (ETy) and leaf area in-
dex, (2) rooting depth and soil water potential, which in
turn is based on water release characteristics as determined
by soil texture, and (3) direct evaporation from the soil sur-
face. Model simulations in the present study were based on
actual site-specific management practices, soil properties,
and daily weather data interpolated from nearby weather
stations. Thus, total ET¢ (from planting to physiological
maturity) was computed as the sum of simulated ET¢ from
planting to the start date of soil water measurements using
the Hybrid-Maize model and the rest of the season ET was
calculated using equation 3.

STATISTICAL ANALYSES

Evaluation of irrigation regime effects on grain yield,
applied irrigation amount, and ET followed Steel and Tor-
rie (1980). It was not possible to conduct a separate analy-
sis for each site-year because there was one experimental
unit (center-pivot irrigated field) assigned to each irrigation
treatment. Likewise, sites (two farms per site) were the
same across years; thus, site-years could not be considered
totally independent from each other. Therefore, our analysis
included site, year, and irrigation treatment as sources of
variation and accounted for all 32 site-year-irrigation re-
gime observations. Years were treated as repeated measures
in the analysis because (center pivot) fields in each site re-
ceived the same irrigation treatment across years. F-tests
were performed using appropriate interactions as error terms:
site x irrigation treatment, site X year, and site X irrigation
treatment x year (errors a, b, and ¢, respectively; see table 3).

RESULTS AND DISCUSSION
PRECIPITATION AND IRRIGATION

The site-year observations included in the study encom-
pass the weather, soil, and management variability expected
over a large area of the Great Plains. The amount and dis-
tribution of rainfall varied substantially among sites and
years (fig. 4). However, since the paired fields for each site
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analyses when calculating ET.. The seasonal total rainfall
ranged from 211 mm for site 5 to 374 mm for site 1 in 2007
and from 188 mm for site 8 to 523 mm for site 2 in 2008.
Total sowing-to-maturity rainfall across all sites averaged
282 and 328 mm in 2007 and 2008, respectively. Despite
relatively similar rainfall totals across years, the distribu-
tion of rainfall during the two growing seasons was differ-
ent. Whereas rainfall was distributed evenly before and af-
ter silking in 2007 (51% and 49% of total rainfall,
respectively), rainfall was concentrated in the pre-silking
period in 2008 (72% of total rainfall).

Tables 4 and 5 summarize the seasonal totals for gross
irrigation applications and precipitation for each site and
year. Site and irrigation regime had significant impact on
applied irrigation amounts (tables 4 and 5). In all site-years,
the irrigation amount in UNL-managed fields was less than
in farmer-managed fields. Gross irrigation amounts were
obtained from a combination of farmers’ records and the re-
search team’s ultrasonic flow measurements during irriga-
tion events. The research team’s portable ultrasonic flow-
meter (Great Plains Meter, Inc., Aurora, Neb.) was also
used to calibrate and/or validate the existing flowmeter
readings in each farmer-managed field. The observa-
tion/calculation periods between irrigation events were the
same for the UNL-managed and farmer-managed fields for
a given site. In 2007, the irrigation amount applied in the
farmer-managed fields ranged from 79 mm at site 8 to
178 mm at site 3, whereas the irrigation amounts were less
in UNL-managed fields, ranging from 19 mm at site 8 to
127 mm at site 3. The irrigation applications were slightly
less in 2008 due to a larger amount of precipitation. The
average irrigation amounts applied across all sites in the
farmer-managed and UNL-managed fields were 125 and
82 mm, respectively, in 2007 and 111 and 75 mm, respec-
tively, in 2008. Thus, the soil moisture-based irrigation
management strategies and pre-determined SMP threshold
in the UNL-managed fields resulted in a 34% and 32% less
irrigation applications in 2007 and 2008, respectively.

SEASONAL CHANGES IN SOIL MATRIC POTENTIAL,
SOIL WATER, AND IRRIGATION MANAGEMENT

Daily SMP and total soil water in the 0.30, 0.60, 0.90,
and 1.20 m soil layers in farmer- and UNL-managed fields
in 2007 and 2008 for site 7 are presented in figures 5 and 6
as example datasets. The same datasets were collected for
all site-years, but the seasonal patterns of SMP and total
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Figure 4. Cumulative rainfall from sowing date to physiological maturity at each site in 2007 and 2008. Rainfall data were obtained from the
closest High Plains Regional Climate Center (HPRCC) automated weather station for each site. Average rainfall of all sites is also shown in each

figure for comparison.

soil water at site 7 during the 2007 growing season is repre-
sentative of the major features of soil water dynamics in
farmer- and UNL-managed irrigation regimes observed in
all site-years. Soil matric potential at site 7 in 2007 fluctu
ated during the crop growing season as a function of rain
and irrigation applications (figs. 5 and 6). In the farmer-
managed field, SMP ranged from around 120 kPa to near 0
for the 0.30 m depth throughout the season. Around 25
May, the SMP was near 5 kPa and increased gradually
thereafter. Near 5 June, the SMP at the 0.30 m depth in-
creased greatly from around 40 kPa to 100 kPa within a
one-week period as a result of plant water uptake and soil
evaporation. Irrigation events and precipitation decreased
the SMP at the 0.30 m layer several times throughout the
season. The 0.60 m layer shows some depletion at times,
but the maximum SMP only reaches 80 kPa. The soil re-
mained relatively wet, and the SMP at the 0.90 m and
1.20 m layers never exceeded 50 kPa. In the UNL-managed
field, SMP for the 0.30 m layer reached an SMP value of
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over 100 kPa twice during the season. The 0.60 m and
0.90 m layers in the UNL-managed field had SMP values
that were much greater (more soil water depletion)
throughout the season than the farmer-managed field. This
was due to the decreased irrigation amounts and proper ir-
rigation timing that were practiced at the UNL-managed
fields. The first irrigation event on the UNL-managed field
was on 27 June (a total of 33 mm). At this time, both the
0.30 m and 0.60 m layers were near the threshold SMP set
forth by UNL of around 90 kPa during the critical growth
period of ten days before silking until seven days after silk-
ing. However, the sensors did not respond to this irrigation
application, likely due to the soil water depletion in the
0.30 m above the first sensor. This is because irrigation wa-
ter might not have reached the GMSs that were installed at
the 0.30 m depth. The bottom of the GMS was at 0.30 m
and the sensor has 0.076 m length; therefore, the topsoil
(0.30 m — 0.076 m = 0.224 m) was dry enough to hold an
extra 42 mm of water (given a water holding capacity of

TRANSACTIONS OF THE ASABE



Table 4. Measured and calculated soil water balance components, including precipitation, runoff, portion of precipitation that infiltrated into
the soil profile, change in total soil water (ATSW), seasonal average daily ET, yield, irrigation water use efficiency (IWUE), and crop water use
efficiency (CWUE) for each site for the 2007 growing season. Net irrigation was estimated as 85% of gross irrigation for ET . calculations.

Effective Gross Grain

Precip. Runoff Precip. Irrigation ATSW ETc Yield IWUE CWUE

Site (mm)  (mm)  (mm)  Treatment  (mm)  (mm)  (mm) (mmd) (kgha) (kgm?) (kgm)
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0.19 m* m™). As the effective rooting depth increased
throughout the season, the 0.90 m and 1.20 m soil layers
experienced an increase in SMP (drier soil). The 0.90 m
layer contributed considerably to the maize water uptake,
reaching over 90 kPa SMP several times during the season.
The average SMP in the top 0.90 m soil profile (average
value from the top three sensors installed at 0.30, 0.60, and
0.90 m) reached 90 kPa two times during the season. This
value was used to trigger the irrigations.

Another approach to triggering irrigation using a
weighted average of soil moisture sensor reading that is
practiced, especially in fine-textured soils, is proposed and
discussed in detail by Thomson and Fisher (2006). In this
approach, the temporal changes in soil water status at each
soil depth are determined by the relative contribution of
plant water uptake. The change in soil water status at each
depth divided by the total change in water status for all

zones is then used to determine an approximate percentage
contribution of water uptake at each depth (Thomson and
Fisher, 2006). Percentage contributions of water uptake at
each depth were then multiplied by the value for SMP at
that depth. These tension results were then added together
to obtain a weighted value at each station (location in the
field). Weighted tensions were then averaged across sta-
tions to obtain an average value for the field. This approach
can have significant positive implications in practical ap-
plications, especially for fine-textured soils (i.e., heavy clay
soils, silt loam soils), because it encourages crop roots to
extract water from deeper soil layers and thus weights the
SMP reading to allow more dryness in the upper crop root
zones. Depending on the soil type and other factors, some-
times irrigation may not replenish the entire crop root zone
(i.e., silt-loam or clay soils). In heavy clay soils, for exam-
ple, in most cases, irrigation will not replenish the deeper

Table 5. Measured and calculated soil water balance components, including precipitation, runoff, portion of precipitation that infiltrated into
the soil profile, change in total soil water (ATSW), seasonal average daily ET, yield, irrigation water use efficiency IWUE), and crop water use
efficiency (CWUE) for each site for the 2008 growing season. Net irrigation was estimated as 85% of gross irrigation for ET . calculations.

Effective Gross Grain

Precip. Runoff Precip. Irrigation ATSW ETc Yield IWUE CWUE

Site (mm) (mm) (mm) Treatment (mm) (mm) (mm) (mmd') (kgha') (kgm?®) (kgm™)
L Y e e en s isow a0
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Figure 5. Seasonal distribution of daily soil matric potential at the 0.30, 0.60, 0.90, and 1.20 m soil depths at the (a) grower-managed and (b)
UNL-managed field; (c) soil water per 0.30 m depth at the 0.30, 0.60, 0.90, and 1.20 m soil depths; and (d) total soil water in the top 1.20 soil
depth at site 7 for 2007 growing season. Arrows along the upper axis represent irrigation events.

soil layers. However, using a weighted average soil water
status to obtain a trigger level (according to relative water
uptake in the soil profile estimated by the soil water reten-
tion curve) as proposed by Thomson and Fisher (20006) is
another good option for triggering irrigations.

In this study, for the majority of the year, the SMP was
much lower due to precipitation events, and the SMP fluc-
tuated as a function of rain and irrigation applications
throughout the season. Less fluctuation occurred except for
three major declines in SMP starting on 13 July, 29 July,
and 23 August. These declines were due to precipitation. Ir-
rigations after the silking stage were scheduled using the
average of the top 0.90 m soil matric potentials. The second
irrigation of 33 mm was triggered on 5 July when the aver-
age 0.90 m soil matric potential reached 90 kPa. Although
the SMP reached 90 kPa on 23 July, irrigation was not trig-
gered due to a forecasted precipitation event in the next one
or two days.

Seasonal distribution of daily average total soil water
per 0.30 m layer (mm per 0.30 m) and total soil water
(TSW) in the top 1.20 m soil depth for all fields for 2007
are presented in figure 5. In the farmer-managed field,
TSW in the 0.30 m and 0.60 m layers exhibited variation
throughout the growing season, while the 0.90 m and
1.20 m layers remained relatively stable, reading around 30
to 33 kPa (near field capacity). The TSW in the top 1.20 m
layer fluctuated between 100 and 150 mm throughout the
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season. There were five irrigation applications, and a total
of 127 mm of water was applied, with approximately
25 mm of water application during each irrigation event. In
addition to irrigation, a total of 464 mm of precipitation oc-
curred during the growing season, helping to keep the 0.90
and 1.20 m layers wet. Thus, it appears that most of the
plant water uptake in the farmer-managed field at site 7 oc-
curred from the 0.60 m soil layer. The total amount of
change in soil water in the 1.20 m root zone in the UNL-
managed field was 85 mm, whereas it was only 35 mm (ta-
ble 4) in the grower-managed field, demonstrating that
more soil water was used by the crop, reducing irrigation
applications in the UNL-managed field. In 2008, the total
change in soil water in the root zone was 182 and 135 mm
(table 5) in the UNL- and farmer-managed fields, respec-
tively.

Irrigation management in the UNL-managed field at site 7
allowed more timely irrigations, utilizing soil water and re-
ducing irrigation requirements. The TSW had a gradual de-
crease as the season progressed; TSW varied from 170 mm
in early June to around 100 mm in middle and late July
(fig. 5). There were only two irrigation applications (27
June and 5 July) of 33 mm each; therefore, applied irriga-
tion water in the UNL-managed field was 61 mm less than
in the farmer-managed field. Seasonal change in total
available soil water (i.e., TSW at the beginning of season
minus TSW at maturity) was 122 and 102 mm in UNL- and

TRANSACTIONS OF THE ASABE
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Figure 6. Seasonal distribution of daily soil matric potential at the 0.30, 0.60, 0.90, and 1.20 m soil depths at the (a) grower-managed and (b)
UNL-managed field; (c) soil water per 0.30 m depth at the 0.30, 0.60, 0.90, and 1.20 m soil depths; and (d) total soil water in the top 1.20 soil
depth at site 7 for 2008 growing season. Arrows along the upper axis represent irrigation events.

farmer-managed fields, respectively. An extra irrigation of
43 mm in the farmer-managed field was partially responsi-
ble for the higher TSW at the end of the season. Similar re-
sults were found across other site-years. Hence, through
proper irrigation management in the UNL-managed fields,
more soil water was depleted from the soil profile as com-
pared with the farmer-managed fields, reducing the need
for irrigation applications.

CROP EVAPOTRANSPIRATION

The seasonal total ET values for each field, as calculat-
ed using equation 3, for the 2007 and 2008 growing sea-
sons are presented in tables 4 and 5. In 2007, the seasonal
total ET¢ ranged from 375 mm for the UNL-managed field
at site 8 to as high as about 626 mm for the UNL-managed
field at site 3. In 2008, seasonal ET. values were greater
than 2007 due to a longer growing season. In 2008, the av-
erage air temperature (data not shown) was cooler than
2007 and the long-term average, which delayed physiologi-
cal maturity and resulted in a longer growing season and
greater seasonal ET. Table 2 shows that physiological ma-
turity occurred in early September in 2007 for most sites. In
2008, maturity was delayed to late September and early Oc-
tober. In 2008, ET¢ ranged from 389 mm in the farmer-
managed fields at site 6 to 689 mm in the farmer-managed
field at site 2. Some of the differences in ET for the same

55(3): 881-894

site between the UNL- and farmer-managed fields were
impacted by the irrigation regime, and some of the differ-
ences in ET¢ between the sites were more likely due to dif-
ferences in maize hybrid, precipitation amount and distribu-
tion, irrigation management, and other soil and crop
management practices. The average ET for the UNL- and
farmer-managed fields for all sites in 2007 was 487 and
504 mm, respectively (table 5). In 2008, the average UNL
and average farmer-managed field had seasonal ET¢ of 511
and 548 mm, respectively. Thus, when the average of all
sites is considered, the UNL-managed fields had 3% and
7% less ET¢ than the farmer-managed fields in 2007 and
2008, respectively, although the percentage was much
higher for some of the farmer-managed fields. Overall, the
ET¢ values between the UNL- and farmer-managed fields
were not significantly different at the 5% significance level
(p > 0.05, table 3). There were a total of eight paired ET¢
data points for each year, and the analyses were done for
the pooled ET values for each year. Although it is not sta-
tistically significant, greater ET- would be expected in the
farmer-managed fields due to a larger number of irrigation
applications than with UNL-management, which would
keep surface soil moist for longer periods, as shown by
wetter soil moisture status in the farmer-managed fields
(figs. 5 and 6), and thus increase soil evaporation. The
slight differences in ET¢ values between the sites were
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mainly due to differences in management practices, climat-
ic conditions, and soil type and also due to the impact of ir-
rigation on water balance components, but the differences
in ET, between the paired fields for the same site are not
due to hybrid characteristics because the same hybrid was
planted in the paired fields at a given site. The ET¢ values
being lower in the UNL-managed fields indicate that proper
irrigation management practices can aid in reducing con-
sumptive water use by reducing or eliminating unnecessary
irrigation and thus reducing surface evaporation losses. Re-
duction in ET¢ by 3% or 7%, while maintaining high
yields, can be significant to farmers and can aid in better
utilization of water resources through increasing crop water
use efficiency. Reduction in ET¢: by 3% or 7% can have
significant positive implications at a large scale in terms of
reduction in irrigation water withdrawals and associated
energy savings.

In 2007, site 8 had low seasonal ET¢ values as compared
with other sites because the ET¢ calculation period only
covered 3 May through 16 August. This is because the soil
moisture dataloggers did not log any data after 16 August
due to a programming problem. Thus, the period of 3 May
through 16 August was short, resulting in low ET¢ values.
The seasonal average daily ET was also less in the UNL-
managed fields in both years (3.70 and 3.84 mm d”' in 2007
for UNL- and farmer-managed fields, respectively) (table
4). The seasonal average daily ET was lower in the UNL-
and farmer-managed fields in 2008 than in 2007 (table 5).
In 2007, the greatest daily average ET was observed in the
UNL-managed field at site 3 as 4.5 mm d', whereas the
greatest seasonal average daily ET¢ occurred in the farmer-
managed field at site 2 as 4.4 mm d”' in 2008. When the av-
erage of all sites is considered, the runoff estimated using
equation 4 was similar for both years (40 mm in 2007 and
37 mm in 2008), although it varied considerably between
sites. In 2007, site 1 had the largest runoff (64 mm) and site
8 had the least estimated runoff (24 mm). In 2008, site 2
had the largest runoff (81 mm) and, again, site 8 had the
least amount of runoff (8§ mm).

GRAIN YIELD

There was a significant effect of year and site on grain
yield (table 3). Each yield data point in tables 5 and 6 is an
average of four yield data points for each field. Grain yield
was related to the amount of incident solar radiation during
the grain filling at each site-year (r* = 0.67, p < 0.001) (data
not shown), which is consistent with a previous analysis of
the most sensitive weather parameters affecting maize
productivity in the western Corn Belt (Grassini et al.,
2009). All site-years (except site 5) had relatively high
grain yields (range: 14,430 to 16,760 kg ha™). Yields were
greater in 2008 than in 2007 due to cooler temperatures and
longer duration of the post-silking phase (tables 2 and 4).
Furthermore, in both years, maize crops in most study loca-
tions did not experience water or heat stress during the
most critical growth stage for maize, which is the tasseling-
silking stage. Remarkably, there was no difference in grain
yields between UNL- and farmer-managed fields (p =
0.75). Average grain yield in the UNL- and farmer-
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managed fields was, respectively, 13,150 and 13,020 kg ha™
in 2007 and 15,030 and 15,240 kg ha™ in 2008. The lack of
difference is notable because 34% and 32% less irrigation
was applied to the UNL-managed fields in the two years
than to fields under farmers’ irrigation management.

IRRIGATION WATER USE EFFICIENCY AND
CROP WATER USE EFFICIENCY

It is important to note that the IWUE and CWUE values
measured in this study may be greater than the values typi-
cally reported in the literature because the rainfed yields
were not accounted for when calculating the IWUE and
CWUE values in this study. There was a significant effect
of site on ET that can be attributed to differences in evapo-
rative demand, soil type, and tillage practices across sites
(table 3). ET¢ was not different across years or irrigation
management regimes. It was slightly greater in 2008 than in
2007 due to longer crop growth duration and slightly lower
in UNL-managed than in farmer-managed fields (3% and
7% less ET¢ in 2007 and 2008, respectively). Irrigation wa-
ter use efficiency was largely affected by year, site, and ir-
rigation management (table 4). On average, IWUE in
farmer- and UNL-managed fields, respectively, were 11
and 22 kg m™ in 2007, and 15 and 19 kg m™ in 2008. Thus,
on-farm implementation of irrigation management strate-
gies resulted in 38% and 30% increase in IWUE in the
UNL-managed fields in 2007 and 2008, respectively.

While the IWUE term is more commonly used by the
water management community because of its simplicity,
since it does not involve the challenging task of determin-
ing ET¢, the CWUE is a more effective term when quanti-
fying the efficiency of a crop production system because it
directly reflects the amount of grain yield produced per
amount of water used rather than per depth of water ap-
plied, which is the case with the IWUE. This is because (1)
not all irrigation water applied to the field is used for ET,
and (2) stored soil water at planting and planting-to-
maturity rainfall also contribute to ET¢. Crop water use ef-
ficiency (CWUE; kg grain m™ ET) was more conservative
than IWUE across sites, years, and irrigation treatments, as
indicated by the coefficients of variation (64% and 17% for
IWUE and CWUE, respectively). Average CWUE values in
the UNL- and farmer-managed fields, respectively, were
2.6 and 2.7 kg m™ in 2008 and 3.0 and 3.1 kg m™ in 2007
(table 4). These values are comparable with measured
CWUE for maize in previous studies (e.g., Hanks et al.,
1978; Eck, 1984; Musick and Dusek, 1980; Wenda and
Hanks, 1981; Stegman, 1982; Howell et al., 1995). While
the previous reported values for CWUE were based on
studies conducted at research stations, the CWUE values
from the present study were obtained from commercial-
scale production fields where crops received good man-
agement practices and achieved high yield levels. Remark-
ably, many of the CWUE values shown in table 4 ap-
proached the maximum CWUE of 3.7 kg m™ for maize
reported by Grassini et al. (2009) based on crop model
simulations in the western U.S. Corn Belt and measured
CWUE in several maize-growing regions around the world.
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CONCLUSIONS

The production-scale fields included in this study pro-
vide good representation of the variation in weather, soil,
and management that is typical of maize systems in the
western U.S. Corn Belt. The present research differs from
previous studies on irrigation management strategies be-
cause it was conducted in commercial-scale high-yielding
fields where management, microclimate, and soil water
balance components differ substantially from small-plot
experiments. Excellent farmer management skills and a fa-
vorable environment for maize production in this study was
reflected in high yield levels (14.4 to 16.8 Mg ha™) with
values of crop water use efficiency (2.1 to 4.0 kg m™) that
are in the upper range of values reported in the literature.
Irrigation management strategies practiced by the UNL
team, based on soil water depletion thresholds and crop
phenology, resulted in significant reduction in irrigation
water withdrawals in both years without penalties in grain
yield. The reduction in irrigation water withdrawals in the
UNL-managed fields represented, on average, 34% of the
irrigation applied in farmer-managed fields. On average,
reduction in irrigation water withdrawals in UNL-managed
fields resulted in $32 to $74 ha™' and $45 to $67 ha™ in en-
ergy saving and additional net return to the farm income in
2007 and 2008, respectively.

On-farm implementation of irrigation management strat-
egies resulted in 38% and 30% increase in irrigation water
use efficiency (IWUE) in the UNL-managed fields in 2007
and 2008, respectively. In contrast, average crop water use
efficiency (CWUE) was only 4% higher in UNL-managed
fields than in farmer-managed fields in both years. This is
because there was no significant effect on ET despite the
substantial reduction in applied irrigation water under UNL
management. Lack of difference in ET. resulted from
greater soil water use under the UNL-managed irrigation
regime, presumably from deep soil layers, which compen-
sated for the smaller amount of applied irrigation.

During the life of this two-year project, training sessions
and meetings were held with the participating farmers to
discuss the requirements of the study. The farmers worked
with the project team throughout the growing seasons to
manage irrigation and maintain records of all agronomic
practices. UNL faculty team members met with the farmers
on a regular basis to assess progress. The Hybrid-Maize
crop simulation model (www.hybridmaize.unl.edu) was uti-
lized to estimate critical maize growth stages to aid in water
management strategies. The farmers were provided training
sessions about how to run and interpret the simulation re-
sults and incorporate them into their farming practices. This
project successfully demonstrated that simple, but accurate,
soil water status measurement devices, coupled with re-
search-based decision making and a crop simulation model,
can help farmers achieve significant reduction in water
withdrawals and energy savings in high-yield irrigated
maize systems without a reduction in yield. At the end of
the project, the participating farmers were surveyed and re-
sults showed that all farmers benefited from the project by
learning proper irrigation management strategies. As a re-
sult, they changed their behavior by adopting UNL man-
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agement strategies in their irrigation practices. While the
results from this study may potentially have a large impact
in future irrigation management of irrigated maize systems
in the region, the study was conducted only for two years,
and the weather patterns may have potentially favored one
strategy over another. Thus, additional years of research or
perhaps the integration of long-term model simulations
might be able to better assess the long-term impacts and/or
implications of the irrigation management strategies studied
in this research.
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