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PAST, PRESENT, AND FUTURE OF IRRIGATION
ON THE U.S. GREAT PLAINS

S. R. Evett, P. D. Colaizzi, F. R. Lamm, S. A. O’Shaughnessy,
D. M. Heeren, T.J. Trout, W. L. Kranz, X. Lin

Review

HIGHLIGHTS

e Irrigation is key to the productivity of Great Plains agriculture but is threatened by water scarcity.
The irrigated area grew to >9 million ha since 1870, mostly since 1950, but is likely to decline.
Changes in climate, water availability, irrigated area, and policy will affect productivity.
Adaptation and innovation, hallmarks of Great Plains populations, will ensure future success.

ABSTRACT. Motivated by the need for sustainable water management and technology for next-generation crop production, the
future of irrigation on the U.S. Great Plains was examined through the lenses of past changes in water supply, historical
changes in irrigated area, and innovations in irrigation technology, management, and agronomy. We analyzed the history of
irrigated agriculture through the 1900s to the present day. We focused particularly on the efficiency and water productivity of
irrigation systems (application efficiency, crop water productivity, and irrigation water use productivity) as a connection be-
tween water resource management and agricultural production. Technology innovations have greatly increased the efficiency
of water application, the productivity of water use, and the agricultural productivity of the Great Plains. We also examined the
changes in water stored in the High Plains aquifer, which is the region’s principle supply for irrigation water. Relative to other
states, the aquifer has been less impacted in Nebraska, despite large increases in irrigated area. Greatly increased irrigation
efficiency has played a role in this, but so have regulations and the recharge to the aquifer from the Nebraska Sand Hills and
from rivers crossing the state. The outlook for irrigation is less positive in western Kansas, eastern Colorado, and the Oklahoma
and Texas Panhandles. The aquifer in these regions is recharged at rates much less than current pumping, and the aquifer is
declining as a result. Improvements in irrigation technology and management plus changes in crops grown have made irriga-
tion ever more efficient and allowed irrigation to continue. There is good reason to expect that future research and development
efforts by federal and state researchers, extension specialists, and industry, often in concert, will continue to improve the effi-
ciency and productivity of irrigated agriculture. Public policy changes will also play a role in regulating consumption and
motivating on-farm efficiency improvements. Water supplies, while finite, will be stretched much further than projected by some
who look only at past rates of consumption. Thus, irrigation will continue to be important economically for an extended period.
Sustaining irrigation is crucial to sustained productivity of the Great Plains “bread basket” because on average irrigation
doubles the efficiency with which water is turned into crop yields compared with what can be attained in this region with
precipitation alone. Lessons learned from the Great Plains
are relevant to irrigation in semi-arid and subhumid areas
worldwide.
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ast performance is often a good predictor of future
performance. While it is difficult to find people
with good records of predicting the future, this dic-
tum can be applied to the people of the U.S. Great
Plains and their social and political systems, including their
interaction with the land through agricultural innovations in-
fluenced by a pioneering spirit. To have a chance at glimps-
ing and affecting future conditions, we must understand the
past and the historical journey that has led to the present day.
The historical journey involves initial recognition of natural
resources and early attempts to exploit them in agriculture,
through innovations to better use soil and water resources
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while minimizing resource loss, to water resource limita-
tions imposed by the declining aquifer, and to recognition of
the political necessity of some regulation of resource use in
order to provide for sustainable rural communities. The cu-
mulative effect of these efforts is that irrigation has a tremen-
dous impact on the agricultural economy of the Great Plains,
with irrigation from the High Plains aquifer in particular re-
sulting in a 51% increase in biomass production and having
an average gross annual value (as 0f 2007) of $3 billion (Sua-
rez et al., 2018). The goal of this article is to review the past
and present status of irrigation, water supplies, and irrigation
research in the Great Plains in order to provide perspective
on the current situation and changes in water supplies, crop-
ping patterns, irrigation methods and management, policy,
and climate and how these may affect the future of irrigated
agriculture in the Great Plains.

GEOGRAPHICAL BACKGROUND

The North American Great Plains extend from the prov-
inces of Alberta, Manitoba, and Saskatchewan in Canada,
where they are called the Prairies, southward through the
Plains states and west Texas to the northern part of the state
of Coahuila, Mexico. The western edge is delineated by the
foothills of the Rocky Mountains, but the eastern edge is less
clearly defined. A geophysical description by Trimble
(1980) placed the eastern edge of the Great Plains within the
eastern half of South Dakota and Nebraska and approxi-
mately in the middle of North Dakota and Kansas (fig. 1a).
Others define the eastern margin of the U.S. Great Plains as
occurring roughly along the eastern borders of North and
South Dakota, Nebraska, Kansas, Oklahoma, and through

Most soils in the region were formed from silt-textured
loess deposited by winds in the Quaternary period, but the
soils in some places were greatly modified by weathering to
clay, formation of clay (Bt) and carbonate rich (caliche) lay-
ers, and erosion and deposition along stream and river val-
leys (Aandahl, 1982). Wind-blown sand deposits formed
along some river valleys and areas downwind of erosional
sources. The sand hills of Nebraska and sandy soils in some
parts of eastern Colorado, southwestern Kansas, and the
western Oklahoma and Texas Panhandles are examples of
this soil genesis and reminders of past, much drier, climates.
In general, the soils are nearly level and deep, with moderate
to slow permeability and superactive clay content that holds
nutrients well. The soils are often well suited for irrigation
and quite productive when water is available.

River systems play important roles for irrigation in parts
of Colorado, Montana, Nebraska, North and South Dakota,
Wyoming, and parts of Kansas. The Missouri River and its
tributaries are important in Montana, North and South Da-
kota, and Wyoming. In the Central Great Plains, there are
two primary water sources for irrigation: rivers and reser-
voirs fed by snowmelt from the Rocky Mountains and deliv-
ered as surface water through canal systems, and the High
Plains (Ogallala) aquifer (fig. 1b). Important rivers include
the North and South Platte rivers, which join in Nebraska to
form the Platte, the Republican, which flows from Colorado
and Kansas into southern Nebraska and back into Kansas,
and the Arkansas, which flows from Colorado into Kansas.
The North Platte originates in Colorado and runs through
Wyoming, where it is an important source of irrigation wa-
ter, before entering Nebraska, while the South Platte also
originates in Colorado, where it is also an important source
of irrigation water, before it flows into Nebraska. In addition
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Figure 1. (a) Spatial coverage of the U.S. Great Plains (after Trimble, 1980) and (b) areas underlain by the High Plains aquifer with saturated

thickness shown in meters (after Gurdak and Qi, 2006).
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Figure 2. (a) Mean annual precipitation and (b) mean annual Penman-Monteith short crop reference evapotranspiration (ASCE, 2005) in the U.S.
Great Plains for the period from 1981 through 2010 (data are from Harris et al., 2014).

to surface water diversions, pumping from shallow alluvial
aquifers along river systems is important, as are the irrigation
return flows to these systems.

Annual precipitation varies from approximately 700 mm
along the eastern edge of the High Plains aquifer to
<300 mm in the western Great Plains (fig. 2a), with little var-
iation from north to south, making the western half of the
Great Plains a semi-arid region. Inter-annual precipitation
variability is large, and the region is rendered even riskier
for dryland agriculture by the large evaporative demand,
which varies from approximately 1600 mm of pan evapora-
tion in the eastern part to >2400 mm in the most western
parts of the Southern High Plains (Farnsworth et al., 1982).
Perhaps more relevant for farming, reference evapotranspi-
ration (ET,) increases from the northeast to southwest in the
Central and Southern Great Plains, being considerably less
in the middle of Nebraska (1100 to 1200 mm) than in south-
western Kansas and the Oklahoma and Texas Panhandles
(1500 to 1800 mm) (fig. 2b). Overall, evaporative demand is
greater than precipitation by 200% to 500%, explaining the
pre-historical and current development of irrigation in the re-
gion and the emphasis on soil water management.

IRRIGATION ON THE GREAT PLAINS:

PAST TO PRESENT
ANCIENT TIMES TO SETTLER DAYS

Irrigation has been practiced in the region since pre-his-
torical times, then as now in response to the high evaporative
demand and uncertain rainfall. Prehistoric irrigation oc-
curred as diversions of surface waters in Kansas (Erhart,
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1969) and in the Oklahoma and Texas Panhandles (Thoburn,
1926, 1931). Hispanic farmers and sheep herders initiated
irrigated agriculture along the Canadian River in Texas, near
Tascosa, in the 1870s (Nostrand, 1996; Green, 1973), which
was approximately the time that historical agriculture began
in the southern Great Plains. In Colorado, irrigation began
along the Platte River in the early 1860s to feed the growing
population of miners, and South Platte River water rights
were over-allocated before 1880. One of the first recorded
instances of irrigation in Nebraska dates back to 1870 near
Fort Sidney, where a ditch from Lodgepole Creek brought
water to gardens, lawns, and trees, and irrigation continued
to be developed on a small scale (fig. 3, left). It was not until
the 1930s that a significant investment was made to bring
surface water to areas along the North Platte River in the
Panhandle and west-central portions of Nebraska, e.g., the
Central Nebraska Public Power and Irrigation District (Ne-
braska Water Center, 2018). In Colorado and Kansas, the
first large Arkansas River ditch water right was the Rocky
Ford ditch diversion in 1874 (van Hook, 1933), and more
irrigation from diversion of the Arkansas River followed in
the 1880s (Erhart, 1969). In South Dakota, the Belle Fourche
Irrigation District was one of the first projects of the U.S.
Bureau of Reclamation. With passage of the Reclamation
Act in 1902, surveying of the Belle Fourche project area was
done in 1903, and irrigation water delivery commenced in
1908.

In the plains of eastern Colorado and in Nebraska, surface
water diversions began in the later 1800s. In response to wa-
ter availability concerns, trans-basin diversions from the
Colorado River to the Arkansas and Platte Rivers began in
the 1880s and were supplemented with large federal projects
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Figure 3. (left) Digging an irrigation canal by hand in the late 1800s in Nebraska (courtesy of the Iowa Irrigation Museum and the U.S. Bureau of
Reclamation); (right) a groundwater well for irrigation in Scott County, Kansas, 1910 (courtesy of the Iowa Irrigation Museum and G. Bowlin).

in the 1930s to 1960s. Surface water storage also played a
large role from the 1880s (private) through the 20th century
(federal and municipal projects) (CWCB, 2010, 2015;
CFWE, 2014). A lack of knowledge about crop water con-
sumptive use and river hydrology were factors in diverting
more water than some rivers could reliably supply, which led
to lawsuits and negotiations between the states that continue
to the present in some cases and that have consequences for
irrigation water availability.

In additional to surface water delivery systems, aquifers
provided another source of water in the Great Plains (fig. 3,
right). In the 1880s, irrigation from wells began in semi-arid
western Texas, with steam or gasoline-powered pumps irri-
gating areas of 2 to 400 ha, and windmills irrigating areas of
up to 3 ha (Hutson, 1898). Some pumping plants delivered
160 L s, enough for hundreds of irrigated hectares (Hutson,
1898). Hutson (1898) described well water availability as
follows: Water “is reached by wells of from 40 to 200 feet
(12 to 61 m) in depth. Many of these wells are capable of
furnishing a supply almost inexhaustible to ordinary means
of pumping,” a far cry from the depths of up to 300 m and
well capacities of <16 L s' common today.

The future of irrigation in the Texas Panhandle was de-
scribed from the perspective of the 1890s by Hutson (1898):
“Of the future of irrigation here in general, it may be said
that there is opportunity for but the little indicated, at these
widely scattered spots, but that this little will prove to be just
that small amount needed for rendering practicable the utili-
zation of the High Plains for stock raising, under conditions
that will be bearable for those who have to live upon these
great pasture lands for the conduct of the stock industry.”
Hutson would have been surprised by the rapid expansion of
irrigation after 1940, but he may have been prescient about
the future of irrigation in the Texas Panhandle and elsewhere
on the Great Plains.

RAPID EXPANSION AFTER 1940

Large inter-annual variations in flow and upstream diver-
sions of the Arkansas River slowed irrigation expansion in
Kansas until the 1940s, when rapid expansion became pos-
sible due to the adoption of well drilling technologies from
the oil industry and the availability of deep well pumps, in-
ternal combustion engines, and rapid expansion of the elec-
trical grid (Green, 1973). In Nebraska, public power and ir-
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rigation districts obtained water rights to divert water from
the Platte, Republican, Loup, Dismal, and Niobrara Rivers.
Eventually, nearly 405,000 ha of land were irrigated using
surface irrigation methods. Eight of these irrigation districts
received surface water rights to deliver water to >182,000 ha
of Nebraska farmland. Expansion of irrigation in the Great
Plains was greatly motivated by the drought of the 1950s and
aided by the soldiers returning from World War II, reaching
a high point in Kansas of 1.42 million ha in 1980 before de-
clining to approximately 1.21 million ha by 2000 (Rogers
and Wilson, 2000). The pattern of expansion in Kansas was
mirrored in the Texas Panhandle, reaching 2.4 million ha in
1974 before declining to 1.59 million ha by 1989 and then
increasing to 1.87 million ha by 2000 (Colaizzi et al., 2009).

Regardless of surface water availability, as in Kansas,
Oklahoma, and Texas from the 1940s forward, irrigation ex-
panded rapidly elsewhere in the Central Great Plains wher-
ever the aquifer was available and the soils and terrain were
suitable for irrigation (Ganzel, 2009). In Nebraska, interest
in irrigation was shared by those too far from the Platte River
to receive water via the extensive system of canals and res-
ervoirs. Although irrigation wells were drilled to pump
groundwater beginning in the 1930s, rapid expansion really
began after 1945. By 1969, nearly 1.2 million ha were irri-
gated and 33,000 registered wells had been drilled in Ne-
braska alone. Since that time, there has been a steady in-
crease in registered irrigation wells, which now total over
96,500 in Nebraska (NDNR, 2018). As the number of irriga-
tion wells increased, so did the irrigated area. According to
the 1930 Census of Agriculture, just over 162,000 ha of land
were irrigated in Nebraska. By 1964, the number had risen
to 850,000 ha. The 2013 USDA-NASS Farm and Ranch Ir-
rigation Survey listed 3.36 million ha of irrigated land in Ne-
braska, the largest irrigated area of any U.S. state.

From 1998 to 2008, the irrigated area in the ten states
overlying the High Plains aquifer increased by 11% but de-
clined since 2008 by 7% to 9 million ha in 2018 (table 1)
(USDA-NASS, 1998, 2008, 2013, 2019a). Irrigation expan-
sion was most notable in Nebraska, where the irrigated area
increased by 46% between 1998 and 2013 before declining
slightly to 3.1 million ha in 2018. Decreases in irrigated area
in the 20 years since 1998 were greatest in Colorado (-18%)
and Texas (-22%), while Kansas lost 10% of its irrigated
area. In Colorado, decreases in irrigated area are tied to water
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Table 1. Irrigated area, mean depth of water applied, and percentage of the irrigated area that depends on groundwater in the ten Great Plains
states overlying the High Plains aquifer in 1998, 2008, 2013 and 2018, ranked by irrigated area in 2018. (USDA-NASS, 1998, 2008, 2013, 2019a).

Irrigated Area

Percentage of Irrigated Area

Depth of Water Applied Dependent on Groundwater

(ha) (mm) (%)
State 2018 2013 2008 1998 2018 2013 2008 1998 2018 2013 2008 1998
Nebraska 3,102,274 3,357,977 3,331,418 2,303,608 193 296 243 266 91 92 94 89
Texas 1,652,515 1,817,882 2,110,132 2,119,621 399 394 388 435 83 90 87 87
Kansas 965,776 1,153,912 1,035,545 1,072,637 314 367 372 413 96 98 97 97
Colorado 994,767 934,659 1,109,453 1,190,704 476 546 490 523 47 43 43 45
Montana 865,979 757,745 735,328 704,522 363 407 419 505 3 3 2 3
Wyoming 631,920 573,972 572,963 620,586 443 449 617 553 11 10 7 6
New Mexico 273,200 281,114 322,431 291,509 604 575 696 732 58 58 66 59
Oklahoma 243,415 172,643 184,756 182,836 335 373 345 457 83 88 83 79
South Dakota 153,096 149,682 144,904 120,277 211 240 229 320 55 65 57 46
North Dakota 120,192 86,495 98,367 66,670 195 212 275 260 64 73 68 63
Total: 9,003,135 9,286,081 9,645,297 8,672,970 Mean: 353 386 407 446

availability decreases, which are mostly due to overalloca-
tion and competition from municipal users, coupled with ag-
uifer declines and interstate and intrastate agreements. In
Texas and Kansas, water availability is decreasing, almost
entirely due to aquifer declines in those states, which rely on
groundwater for irrigation on 83% and 96% of irrigated land,
respectively. Substantial increases of irrigated area in Mon-
tana (162,500 ha) and North Dakota (53,500 ha) are largely
due to expansion in the MonDak region, which comprises
the lower Yellowstone River and Missouri River area of
eastern Montana and western North Dakota. The MonDak
region is the only sizeable area in the U.S. Great Plains that
still has unappropriated water available for irrigation expan-
sion. This region has potential for further irrigation expan-
sion of >200,000 ha (USDA-ARS, 2019).

In 2018, groundwater was by far the most common source
of water for irrigation in the three states with the most irri-
gated area, serving 91% of the irrigated area in Nebraska,
83% in Texas, and 96% in Kansas (table 1). The percentage
is close to 100% in Texas if only the Southern High Plains
region is considered. In contrast, Colorado relies more on
surface water supplies, and Wyoming and Montana rely al-
most entirely on surface water. The percentage of irrigated
area dependent on groundwater in Colorado is considerably
greater than the 47% given in table 1 if we consider only the
Great Plains area east of the Rockies. The percentages of ir-
rigated land dependent on groundwater were largely un-
changed over 20 years in the Great Plains states. Although
conversion to more efficient irrigation systems and to crops
that require less water has resulted in an overall 21% decline
in seasonal irrigation applications, from 446 mm in 1998 to
353 mm in 2018, the percentage of decline varied by state.
For example, seasonal irrigation application in Nebraska in-
creased by 11% from 1998 to 2013 before declining to
193 mm in 2018. Application depths remained fairly con-
stant from 1998 to 2013 in Colorado before declining to
476 mm in 2018. And applications decreased by 8% in
Texas and 24% in Kansas over the 20-year period. In gen-
eral, the states that rely more on surface water had greater
depths of applied irrigation than the states that rely mostly
on groundwater (419 mm vs. 287 mm in states with >60%
of area irrigated with groundwater). Because producers who
pump groundwater are largely using center-pivot irrigation,
while many who rely on surface water are still using gravity-
flow irrigation, the greater water use for irrigation with sur-
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face water sources is likely tied to the lower application ef-
ficiencies of gravity systems. Greater water use may also be
caused by policy management difficulties with surface water
deliveries. Withdrawals for irrigation have severely depleted
the High Plains aquifer south of the Platte River, particularly
in southwestern Kansas and the Texas and Oklahoma Pan-
handles (fig. 4).

CHANGES IN IRRIGATION METHODS

In 1940, irrigation was provided by surface application
using furrows, borders, or flooding from ditches, also known
as gravity irrigation. Water loss due to runoff or percolation
below the root zone led to reduced water for crops and rela-
tively small yields per unit of water applied. Seepage losses
in unlined canals and ditches were also important, as was
waterlogging of plants near canals or the lower end of fur-
rows. Uneven furrow flows resulted from the manual distri-
bution into furrows via V-notches cut into the earthen chan-
nels or distribution ditch walls. This problem was addressed
by the advent of the irrigation siphon tube, which quickly
became popular due to the more uniform distribution and de-
pendable flow into each furrow that it offered and the fact
that it could be used with concrete-lined canals, which were
being encouraged to reduce seepage losses and waterlogging
of crops. In 1945, plastic siphon tube manufacturing began
in Nebraska (Ganzel, 2009).

The siphon tubes required a lot of labor and could only be
used with open ditches and relatively debris-free water. In
addition, concrete lining of canals was expensive and did not
stop all seepage losses. Canals also were not suitable for
some farm layouts and reduced the irrigated land area to that
which was downhill from the water source, resulting in a
trend to install underground pipelines to eliminate seepage
losses and route water more easily to irrigable land. Alt-
hough pressures in these pipe systems were small, this was
the advent of pressurized water delivery. With pressurized
water, gated pipe became popular as an alternative to siphon
tubes and remains popular to this day in some locations. In
later years, many attempts were made to mechanize surface
irrigation to reduce labor requirements. For example, cable-
gation moves a plug down a gated pipe using a clocking
mechanism, resulting in a continuously moving irrigation set
across the field (Kemper et al., 1981); however, cablegation
was never widely adopted in the U.S., with only about
100 systems installed by 1990 (Trout and Kincaid, 1994;
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Trout et al., 1990). After World War 11, the pressurization of
irrigation systems began to increase with the advent of mov-
ing irrigation systems.

In 1948, Frank Zybach in Colorado invented the center-
pivot sprinkler irrigation system, taking advantage of pres-
surized water delivery (Heermann and Hein, 1968; Kincaid
et al.,, 1969). At that time, irrigation through sprinklers
mounted on portable pressurized pipes was available, though
not widely used in the Great Plains. During and after World
War I, labor became more difficult to find due to wartime
manpower needs and post-war urbanization. As a self-mov-
ing system, the center-pivot sprinkler solved this labor prob-
lem, as well as the problems of seepage and deep percolation
losses in gravity-flow surface irrigation systems. It could
also be used on land with complex topography without land
leveling, making more land irrigable. Runoff on sloping
lands may occur with center-pivot irrigation but can be sub-
stantially reduced through appropriate applicator selection
and placement, or with sprinkler boom systems that offer de-
creased point application intensities. Interactions between
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sprinkler type and runoff were addressed by research in
South Dakota on sprinkler patterns, droplet characterization,
and runoff (Kohl and DeBoer, 1984; DeBoer and Chu,
2001).

Early development of the center-pivot industry was espe-
cially strong in Nebraska (Nebraska Water Center, 2018). In
Nebraska, the total number of pivots was less than 2700 in
1972 but had increased to nearly 12,000 by 1976 based on
remote sensing studies conducted by the University of Ne-
braska Remote Sensing Center (UNL, 1977). The 2002 Farm
and Ranch Irrigation Survey showed just over 72% of the
irrigated area in Nebraska was irrigated by sprinklers
(USDA-NASS, 2002). That number increased by 6% in just
five years to 78% (USDA-NASS, 2008), and in 2018 the es-
timate was that 91% of the irrigated acres in Nebraska were
irrigated with sprinkler systems (USDA-NASS, 2019a), al-
most exclusively center pivots, which numbered more than
55,000. As of 2018, more than 85% of the irrigated area in
the Southern High Plains was served by such systems
(USDA-NASS, 2019a). The land area percentage in Kansas
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with center-pivot sprinkler irrigation increased from approx-
imately 50% in 1990 to nearly 92% by 2012 (Rogers and
Lamm, 2012).

Interest in subsurface drip irrigation (SDI) for the Great
Plains region started in the 1960s, with SDI research for cot-
ton in Texas reported as early as 1963 (Zetzsche and New-
man, 1966). By the late 1980s, interest in the region and the
rest of the U.S. began to increase rapidly, particularly in wa-
ter-short areas (Camp and Lamm, 2003). Although the land
area devoted to SDI in the Great Plains is still small com-
pared to center-pivot sprinkler irrigation, the SDI area con-
tinues to grow, particularly in Texas for cotton production.
The current estimated SDI land area in the U.S. is approxi-
mately 450,000 ha, with approximately 25% of that area in
Texas, Nebraska, and Kansas (USDA-NASS, 2019a).

As of 2018, pressurized systems supplied water to 65%
of the irrigated area in the U.S. (USDA-NASS, 2019a). Pres-
surized systems now supply water to 85% to 90% of Great
Plains irrigated area. These systems eliminate most losses
during conveyance to the field and greatly reduce the irriga-
tion nonuniformity that was due to spatially variable infiltra-
tion capacity and water distribution by overland flow pro-
cesses with surface gravity-flow irrigation.

IRRIGATION RESEARCH ADVANCES
EFFICIENCY AND PRODUCTIVITY

As irrigation rapidly developed, it was increasingly rec-
ognized that water resources are finite, and research was
aimed at developing and promoting methods for water con-
servation. Our examination of irrigation research focuses on
advances in the efficiency and productivity of irrigation sys-
tems, which serve as a link between irrigated agriculture and
its impact on water resources. We conceptualize these ad-
vances with the following metrics, which are commonly
used in the irrigation community:

AE=1E (1)
1y

CWP:é 2

wp =Lt (3)
Iy

where

AE = irrigation application efficiency (fraction)

Ir = depth of effective irrigation (L) remaining in the root

zone after application and available for crop uptake

14 = depth of applied irrigation (L)

CWP = crop water productivity (M/L?)

Y = marketable yield (M/L?)

ET = crop evapotranspiration (L)

IWP = irrigation water productivity (M/L?)

Yr = marketable yield of a rainfed or dryland crop (M/L2).

Of the three metrics, only AE is an efficiency in engineer-
ing terms. The AE is typically focused on the irrigation event
and is a way to quantify efforts to minimize losses during
irrigation application (due to evaporation, drift, canopy in-
terception, runoff, and deep percolation) and can also be

63(3): 703-729

used to characterize seasonal performance. The CWP (also
known as water use efficiency, WUE) is a way to character-
ize efforts to increase Y relative to the amount of crop con-
sumptive use (ET). The IWP is a productivity metric that
uses gross irrigation applied; it reflects only the additional
yield gained by irrigating compared with rainfed or dryland
production. Because of variability in rainfed or dryland
yield, the IWP can be quite variable among seasons and lo-
cations, and it may take many years of data to obtain useful
knowledge from this metric. Producers have a management
goal of maximizing net profit. In some cases, improving the
AE, CWP, and/or IWP will increase profits, while in other
cases improving the efficiencies is a way to promote water
resource stewardship within the constraint of remaining
profitable.

The CWP is the only one of the three metrics that corre-
lates directly to consumptive use, i.e., water that is consumed
and does not remain available in the watershed. Consump-
tive use is a key concept for basin-scale sustainability of wa-
ter quantities (Allen et al., 2003). In some cases, improve-
ments in the AE or IWP are due to reducing runoff or deep
percolation, which are not consumptive uses. Reducing run-
off and deep percolation may decrease water availability to
downstream users, but runoff and deep percolation reduc-
tions are valuable in terms of reducing negative impacts on
water quality, reducing evaporation of runoff, and reducing
energy costs for pumping irrigation water. When manage-
ment practices to improve the AE, CWP, and/or IWP are
promoted, it is helpful to clarify the specific benefits of the
management practices (Allen et al., 2003), an issue that was
recently highlighted in Science (Grafton et al., 2018).

As early as 1911, irrigation research programs were es-
tablished at several Great Plains research stations (e.g., at
Akron and Fort Collins, Colorado, in 1911, and Amarillo,
Texas, in 1938) to seek ways to improve irrigation efficien-
cies and to improve crop water productivities as irrigation
expanded. Research on crop water requirements began in
Akron, Colorado, in 1911 using small above-ground lysim-
eters (Briggs and Shantz, 1914). Crop water use was deter-
mined by soil water balance in most dryland and irrigated
experiments, at first by taking soil cores but later using the
neutron probe (NP). As early as 1959, the USDA-ARS at
Bushland, Texas, was involved in the early trials and devel-
opment of the NP (Hauser, 1959), an involvement in soil wa-
ter sensor development that continues to this day.

By the 1970s, farmers were adopting methods from re-
search reports for tailwater retention and utilization for fur-
row irrigation (Fischbach and Somerhalder, 1971; Schnei-
der, 1976), retention of surface crop residues to reduce evap-
orative losses (Unger, 1976; Unger and Wiese, 1979), and
stubble mulch tillage of irrigated wheat (Allen et al., 1976).
Research continues to document the benefits of surface res-
idue in irrigated systems in the Great Plains (Klocke et al.,
2009; Lamm et al., 2009; van Donk et al., 2010; Haghverdi
et al.,, 2017) and to update crop coefficients for residue
(Odhiambo and Irmak, 2012). These methods of water con-
servation increased the yields produced per unit of water
pumped, largely by reusing runoff water and reducing evap-
orative losses. Surge irrigation was also investigated as a
way to improve application efficiency for furrow irrigation
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in Colorado (McCornick et al., 1988) and Nebraska (Yonts
et al., 1996).

As water table depths and well yields declined, limited
irrigation of sorghum and sunflower was shown to improve
the overall CWP due to both reduction of evaporative losses
and more effective use of rainfall (Stewart et al., 1983; Un-
ger, 1983). However, too much reduction of irrigation was
shown to be harmful for corn and soybean (Eck, 1986; Eck
et al., 1987; Musick and Dusek, 1980). Alternate-furrow ir-
rigation was shown to reduce water supply needs but not
yields for corn and sorghum in Texas, resulting in increased
CWP (Musick and Dusek, 1982), and for soybean in Ne-
braska (Graterol et al., 1993), mostly through reduction of
the wetted surface soil area and thus reduction of evaporative
losses. Still, inefficiency in furrow irrigation led to furrow
compaction research that demonstrated reduced losses to
deep percolation, although this effect was soil-specific (Mu-
sick et al., 1985; Musick and Pringle, 1986). In the ten years
from 1974 to 1984, average irrigation applications were re-
duced from 404 to 350 mm in Texas by adoption of these
methods, plus reduced pre-plant irrigations, and in some
cases by shifting to crops more compatible with limited irri-
gation (Musick and Walker, 1987). Pre-plant, pre-season, or
dormant-season irrigation is sometimes practiced in the
Great Plains region as a means of extending marginal well
capacities through droughty conditions by increased soil wa-
ter storage within the profile. However, although it may have
merit under these conditions, it often has small overall appli-
cation and storage efficiencies (Lamm and Rogers, 1985;
Musick and Lamm 1990; Stone et al., 2008).

Although the transition from gravity irrigation methods
to pressurized sprinkler irrigation generally increased on-
farm application efficiency, evaporative losses from the
high-pressure impact sprinklers of the 1950s and 1960s lim-
ited further advances. The mid-1980s saw progress in appli-
cation efficiencies with the introduction of furrow-diking
and low-energy precision application (LEPA) technology
for moving irrigation systems (Howell, 1997). Moving sys-
tems replaced solid set (stationary) systems so that, by 1984,
37% of the total irrigated area in the Texas High Plains was
irrigated by moving systems (Musick and Walker, 1987).
LEPA technology became more important by the end of the
1980s as the gravity-irrigated area continued to decline, par-
ticularly on more permeable soils (Musick et al., 1988). By
1990, the percentage of sprinkler-irrigated land had in-
creased to 44% in the northern Texas Panhandle (Musick et
al., 1990). Irrigation application efficiencies increased from
the less than 60% achieved with gravity irrigation to >80%
with impact sprinklers in the Texas Panhandle and elsewhere
on the Great Plains (Musick et al., 1988). Lyle and Bor-
dovsky (1983) demonstrated consistent application efficien-
cies of >95% with LEPA systems in furrow-diked fields.
Adoption of the complete LEPA management system varied
across the Great Plains. A historical discussion of the LEPA
system and its technological advances is provided by Bor-
dovsky (2019). Variants that included in-canopy and near-
canopy spray applications are more prevalent in the Central
Great Plains due to greater land slopes and well capacities
(Howell, 2006a; Lamm et al., 2006, 2007, 2019a). The pop-
ularity of center pivots also created an opportunity to irrigate
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with mobile drip irrigation systems in an effort to reduce en-
ergy consumption and evaporative losses. Known as “irriga-
tion trail tubes” at the time, these systems were developed
and tested in South Dakota (Chu et al., 1992) and in Califor-
nia (Phene et al., 1985) in the early 1980s, and even as early
as the 1970s (Rawlins et al., 1974). The advent of pressure-
compensated drip emitters engendered a resurgence of inter-
est in what is now known as mobile drip irrigation (Kisekka
et al., 2016).

While overall farm IWP, and in some cases CWP, in-
creased with these improvements in application methods, it
did not directly translate to reductions in water pumping. Ra-
ther, declining well capacities, due to the reduced saturated
thickness, decreased water availability and increased the mo-
tivation to develop more efficient equipment and practices.
New (1986) remarked that “center pivots improve water ap-
plication efficiency enough to irrigate 20% to 25% more area
than can be covered with furrow irrigation with the same wa-
ter.” By 1990, the water storage in the High Plains aquifer
was estimated to have declined by 30% compared to prede-
velopment (Musick et al., 1990), motivating a continued
search for ever more efficient irrigation methods and im-
proved CWP in cultivars and irrigation management.

Irrigation Improves CWP

Irrigation improves the overall CWP (WUE), as was
demonstrated by Musick et al. (1994), who summarized
178 field seasons of irrigated and dryland wheat data from
Bushland, Texas, in terms of water use, grain yield, and
CWP. Maximum yields required 650 to 800 mm of water, a
quantity that was only available with irrigation. Importantly,
the CWP for irrigated production was about double that for
dryland production; and the relationship for CWP versus
yield showed that, up to a point, high yields were necessary
for efficient water use (fig. 5a). The regression line indicated
that the rate of increase in CWP became less strong as yields
increased. Except for a few seasons, the CWP of irrigated
production was greater than that of dryland production
(fig. 5b). This pattern would be expected for other climate-
crop combinations where a significant amount of ET is re-
quired before a crop is able to produce any harvestable yield
but precipitation is lacking during key growth stages. In such
cases, irrigation allows the crop to leverage the ET that has
already occurred to produce much additional yield with only
a moderate amount of additional ET.

Further improvements in yield and CWP in irrigated win-
ter wheat and dryland sorghum rotations were demonstrated
for no-till as opposed to other tillage methods such as disk
and sweep tillage (Unger and Wiese, 1979; Unger, 1984).
Although a combination of pricing and yield has led to corn
supplanting sorghum on much land in the Great Plains, there
have been continued increases in sorghum yields (fig. 6).
Unger and Baumbhardt (1999) attributed 46% of the sorghum
yield increase from 1939 to 1998 to improved hybrids and
the rest to improved soil water content at planting time,
which was due to the adoption of limited tillage and no-till
practices made possible by improved herbicides. In Colo-
rado, reduced tillage was shown to increase snow capture
and thus soil water at planting, also resulting in improved
yields (Nielsen, 1998).
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Figure 5. (a) Winter wheat crop water productivity was about doubled by irrigation compared to dryland production, and mean yield was more
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crop water productivity and yields were doubled with irrigation. Data are from 178 treatment years at Bushland, Texas (Musick et al., 1994).
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Figure 6. Dryland sorghum yields in the Texas High Plains steadily in-
creased by an average of 50 kg ha™' annually since 1939 (Unger and
Baumbhardt, 1999).

As with winter wheat, compilation of data from many
studies (352 treatment years between 1960 and 2010) has
shown that irrigation of sorghum generally doubled not only
yield but overall CWP (Evett et al., 2013). Sorghum CWP
and yield were increased when irrigation was used to sup-
plement precipitation and soil water storage at planting, and
the greatest CWP values were obtained with deficit irrigation
practices (fig. 7). The greatest sorghum yields also were ob-
tained with deficit irrigation (fig. 7a), indicating that full ir-

rigation to meet crop water demand can result in excessive
vegetative growth, increased ET (fig. 7b), and smaller har-
vest index. Evidence for this was presented as early as 1957
by Jensen and Sletten (1957, 1958), who reported that hybrid
sorghum yield declined at the highest water use rate.

Research has continued to investigate deficit irrigation, not
only as a voluntary best management practice but also as a
management practice to enable producers to optimize profit
within the constraint of a limited water supply. Heeren et al.
(2011) simulated irrigated corn production at several locations
across the Great Plains and recommended deficit irrigation
strategies based on stress timing for various levels of water
limitation. Research in Nebraska developed Water Optimizer,
a spreadsheet tool for pre-season planning for deficit irriga-
tion, including which crops to grow and whether to leave a
portion of the field under rainfed conditions (Martin et al.,
1984, 2010, 2017). Field research in west-central Nebraska
evaluated deficit irrigation for corn (Payero et al., 2009) and
soybean (Payero et al., 2005). A review of deficit irrigation in
the Great Plains is provided by Rudnick et al. (2019).

Application Methods

Irrigation research in the 1990s and thereafter reflected
the search for ever more efficient application and manage-
ment methods and the use of these methods to increase CWP

— 2.5

t T = (b)

2 20 - .

2

2 15 4 :

]

B

S 1.0 4 1

3 + Irrigated

o

z 0.5 A1 O Deficitirrigated | 7

o

g O Dryland

o 0.0 T T T T T T
0 5 10 15 0 200 400 600 800 1000

Dry grain yield (Mg ha?)

Evapotranspiration (mm)

Figure 7. Sorghum crop water productivity (a) versus yield for full irrigation, deficit irrigation, and dryland practices, and (b) versus evapotran-
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Is in the Texas Panhandle and Kansas (Evett et al., 2013).
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by reducing evaporative losses and increasing the ratio of
transpiration (T, which is related to yield) to total water use
(Schneider and Howell, 1993, 1994, 1995b, 1998, 1999).
Earlier work focused on LEPA systems (Schneider and
Howell, 1995a; Schneider, 2000; Schneider et al., 2000), but
later spray, LEPA, and SDI methods were compared (Co-
laizzi et al., 2004; Schneider et al., 2001). SDI was often
shown to have advantages where well capacities did not al-
low full irrigation (Lamm et al., 2010). SDI, which is a type
of microirrigation, first began to be adopted to an important
extent in the Great Plains cotton industry near Lubbock,
Texas. SDI was also shown to be feasible and profitable for
corn in the Kansas and Texas High Plains (Lamm et al.,
1995, Howell et al., 1997a; Lamm and Trooien, 2003). Com-
pared with spray sprinkler irrigation, drip irrigation was
shown to be more efficient and to improve CWP due to the
smaller wetted soil surface area (Evett et al., 1995, 2019).

Texas has the largest usage of SDI for cotton in the U.S.,
with 4,263 SDI systems covering 107,356 ha reported in
2013 for the High Plains Water District alone (HPWD,
2014). Cotton and to a lesser extent field corn constitute the
bulk of the current SDI land area in the Central and Southern
Great Plains, but the land area is still small compared to cen-
ter-pivot sprinkler irrigation. Nevertheless, there are numer-
ous published and ongoing SDI studies with these crops at
research centers across the region. Many of the published
studies were highlighted in a recent comprehensive review
of SDI for cotton and corn along with tomato and onion for
other regions (Lamm, 2016).

Irrigation Scheduling

With the increasing adoption of pressurized irrigation
methods, research turned to more accurate irrigation sched-
uling as a means to improve overall water use efficiency by
reducing deep percolation and evaporative losses, and by
avoiding “luxury” consumption of water over the amount
needed for optimal yields. This shift in focus is reflected in
irrigation scheduling being the most common topic of pro-
ceedings papers for the first 14 years (1989-2002) of the
Central Plains Irrigation Conference (https://www.ksre.k-
state.edu/irrigate/oow/cpiadocs.html), which was formed as
a technology transfer effort to increase “the knowledge and
skills of those involved in irrigation” (Heermann and Lamm,
2003). Early work on irrigation scheduling in Colorado, Ne-
braska, North Dakota, and South Dakota emphasized the soil
water balance (e.g., the checkbook method), soil water sens-
ing, and crop canopy sensing (Heermann et al., 1976; Martin
et al., 1990; Werner et al., 1993).

Water use for well-irrigated crops was determined by the
soil water balance using neutron probes or soil coring to de-
termine deep profile water contents at several research loca-
tions in the Central Plains. At the USDA-ARS Conservation
and Production Research Laboratory (CPRL), these methods
were supplemented with four large weighing lysimeters for
direct crop water use measurements (Marek et al., 1988) in
dryland, irrigated, and deficit irrigated regimes. Since 1987
and continuing today, these lysimeters have been used to de-
termine the crop water use, crop coefficients for irrigation
scheduling, and CWP of fully and deficit irrigated alfalfa,
corn, cotton, sorghum, soybean, sunflower, and winter
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wheat; for some of these crops, the dryland water use was
also determined (Evett et al., 2016). The Bushland lysime-
ters served as models for lysimeters to determine ET at
Rocky Ford, Colorado; Uvalde, Texas; Parlier, California,
and in China, Egypt, and Jordan (Andales et al., 2009, 2010;
Evett et al., 2009; Marek et al., 2006; Schneider et al., 1993,
1998).

A partnership of Texas A&M AgriLife Research and Ex-
tension with the USDA-ARS at Bushland, Texas, estab-
lished a network of weather stations covering the Texas Pan-
handle beginning in 1995 to provide the data needed to esti-
mate daily crop water use for all producers and all major
crops in the region (Marek et al., 1996). What became the
Texas High Plains Evapotranspiration Network stretched
from Pecos at the southwest edge of the Plains, to Munday
and Chillicothe in the Rolling Plains on the east, and to
Dalhart and Perryton in the north. Daily crop water use esti-
mates were provided for the major crops currently growing
in the region, with separate values of ET for three to four
planting dates (for annual crops) and with growth stage esti-
mates. Data were delivered directly to producers by e-mail
and fax and were available on the internet. Estimates of crop
ET were based on the crop coefficients determined at the
USDA-ARS-CPRL and daily reference ET values calculated
from the weather data using the Penman Monteith equation
(ASCE, 2005; Evett et al., 2000b; Howell et al., 1997b,
1998, 2004). The crop coefficients were determined by the
USDA-ARS team, which also made important contributions
to the ASCE Penman-Monteith standardized reference ET
equations (ASCE, 2005). Similar efforts have been estab-
lished in Colorado. Kansas has been providing ET estimates
for irrigation scheduling by radio since the late 1970s (prob-
ably 1978) and through both radio and internet since 2000.
In 2005, the Nebraska Agricultural Water Management
Demonstration Network (NAWMD) began helping produc-
ers improve irrigation management using both soil moisture
and ET (Irmak et al., 2010).

There are currently ~600 weather stations in the Great
Plains producing daily estimates of reference ET for irriga-
tion scheduling. The weather station networks include the
North Dakota Agricultural Weather Network (NDAWN)
with 91 stations, the Colorado Meteorological Network (Co-
AgMet) with 107 stations, of which 42 stations are on the
High Plains, the West Texas Mesonet with 118 stations, the
Kansas Mesonet with 60 stations, the Nebraska Mesonet
with 68 stations, the Oklahoma Mesonet with 120 stations,
and the South Dakota Mesonet with 29 stations. The High
Plains Regional Climate Center (HPRCC) hosts multiple
data sources from several states, including the Automated
Weather Data Network (AWDN) with meteorological data
from Colorado (74 stations), Kansas (55 stations), Montana
(6 stations), North Dakota (68 stations), Nebraska (57 sta-
tions), and Wyoming (10 stations). Weather data and refer-
ence ET are available on a daily, and in some cases hourly,
basis on the web sites of the various networks. Many net-
works also include estimates of crop coefficients and daily
crop water use for crops commonly grown in the region.
Several states also include water balance-based irrigation
scheduling software that growers can use to estimate water
use and irrigation requirements for each of their fields. In
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several states, ET data are now accessible through smart
phone irrigation scheduling applications (e.g., the WISE sys-
tem in Colorado, http://wise.colostate.edu/).

Despite the existence of weather station networks, fewer
than 30% of irrigators nationwide use on-farm water man-
agement practices, such as weather network data, soil and
plant water status sensors, or commercial irrigation schedul-
ing services (USDA-NASS, 2019a). Adoption of these prac-
tices is similarly small in the Great Plains. Marek et al.
(2010) described reasons for the low adoption rates of irri-
gation scheduling tools, which included system flaws, obso-
lescence of computer platforms, and lack of long-term polit-
ical and funding support. Regionally, however, efforts con-
tinue to make it easier for farmers to use these data. Exam-
ples include Colorado’s Wise Irrigation Scheduler, Kansas’
KanSched program, The Diem Dashboard for Irrigation Ef-
ficiency Management developed for the Texas High Plains
cotton industry, iCrop, which is optimized for Kansas (Ogal-
lalaWater, 2019), Nebraska’s CornSoyWater (Han, 2016),
North Dakota’s Web-Based Irrigation Scheduler (Scherer
and Morlock, 2008), and an online tool in South Dakota (Os-
wald and Werner, 2009). Industry is also working to address
farmers’ ability to manage and use irrigation scheduling
data, as evidenced by hardware and software packages for
irrigation management available from all center-pivot sys-
tem manufacturers in the U.S. (Colaizzi and O’Shaughnessy,
2018).

FUTURE PERSPECTIVES
IRRIGATION TECHNOLOGY FOR IMPROVING
PRODUCTIVITY AND EFFICIENCY

Howell (2006b) summarized the challenges of increasing
CWP to sustain profitable irrigated agriculture. Pressurized
irrigation systems, predominantly center pivots, are already
mature technologies that are highly adopted, and continued
conversion of surface-irrigated land to center-pivot and drip
application systems is likely. Irrigation scheduling, to meet
the needs of the crop without water loss to over-irrigation,
may be just as important as the choice of application tech-
nology, and farmers are aware of this. From 2013 to 2018,
the percentage of irrigators using some kind of on-farm wa-
ter management practice grew from 20% to 30% (USDA-
NASS, 2013, 2019a). Further gains can be made by precision

deficit irrigation that mildly stresses a crop during non-criti-
cal growth stages without large yield reductions (Comas et
al., 2019; Trout and DeJonge, 2017). Although the infor-
mation provided by ET weather station networks allows
farmers to make appropriate application decisions for full ir-
rigation, it cannot guarantee success with deficit irrigation
because of cumulative differences between estimated and
actual ET that can leave a crop too short of water, particu-
larly on soils with low available water holding capacity. In
an effort to make precision deficit irrigation feasible for pro-
ducers, automatic irrigation scheduling and control systems
that use real-time soil water and crop sensing have been the
subject of research at both Bushland and Lubbock, Texas,
since the early 1990s (Evett et al., 1996; Wanjura et al.,
1992). Automated drip irrigation of corn was shown to pro-
vide well-regulated deficit irrigation and to increase CWP
(Evett et al., 2002).

Automatic irrigation systems based on plant temperature
sensing have been implemented for both SDI (Evett et al.,
2000a, 2002) and center-pivot irrigation (Evett et al., 2006;
Peters and Evett, 2008; O’Shaughnessy and Evett, 2010a).
These systems were shown to improve yields and CWP com-
pared with scheduling based on neutron probes and the soil
water balance, which itself is superior to scheduling based
only on reference ET estimates from weather station network
data and estimated crop coefficients. Evett et al. (2013) ana-
lyzed the results from 83 treatment years of automatic deficit
irrigation of sorghum based on plant temperatures compared
with dryland and full irrigation based on neutron probe read-
ings (fig. 8). Automated deficit treatments in the range of
50% to 80% of full irrigation produced yields comparable to
or exceeding those of full irrigation, thus producing greater
crop water productivity (fig. 8a). Similar results were ob-
tained with corn under automated SDI (Evett et al., 2000a).
Because corn is sensitive to stress during pollination and
silking, the automated system could maintain corn yields
when irrigation based on soil water sensing was not respon-
sive enough to prevent yield loss due to hot, dry winds dur-
ing the reproductive period. Considerable research in Colo-
rado has focused on alternative water stress indices that are
simpler and require less instrumentation. These studies have
involved inter-comparisons between indices and compari-
sons of indices with transpiration and sap flow measure-
ments (DeJonge et al., 2015; Han et al., 2018; Kullberg et
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Figure 8. (a) Comparison of crop water productivity (a) versus dry grain yield and (b) versus evapotranspiration (i.e., water used). Data are for
sorghum managed with no irrigation (dryland), with automated deficit irrigation, and with full irrigation (100%) based on neutron probe read-
ings. The time-temperature threshold index (TTTI) and the integrated crop water stress index (iCWSI) were the two algorithms used for auto-
mated deficit irrigation (Evett et al., 2013).
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al., 2017; Taghvaeian et al., 2014a, 2014b). Unfortunately,
although strong correlations have been shown, these alterna-
tive indices have not yet been used to guide irrigation sched-
uling, so the utility of the indices is unknown.

Variable-rate irrigation (VRI) is another way to increase
CWP because it places water where it is can be effectively
used by the crop and avoids placing water where it will not
be helpful. Research on VRI began at several locations in the
U.S. in the 1990s (Evans et al., 2006). In the Great Plains, it
began in 1992 at Fort Collins, Colorado (Fraise et al., 1992),
in 1991 at Halfway, Texas (Bordovsky, 1991), circa 2000 at
Sidney, Montana, and in 1995 for drip irrigation zone control
at Bushland, Texas (Evett et al., 1996). Today, there is con-
siderable interest in the use of VRI for improving irrigation
management. The paradigm for VRI is to optimize irrigation
scheduling with respect to the within-field spatio-temporal
variability of crop water needs. This variability can be driven
by differences in soil properties, field topography, crop man-
agement practices, crop ET, abiotic and biotic stresses, and
other factors. Variable watering rates can be applied using
mechanical-move irrigation systems outfitted with comput-
erized speed control or more extensive hardware for zone
control as well as speed control (Kranz et al., 2012). VRI
packages with zone control, capable of precision water de-
livery (Dukes and Perry, 2006, Han et al., 2009; Chavez et
al., 2010; O’Shaughnessy et al., 2013a), are commercially
available. VRI research in Nebraska on large fields (the size
of commercial farms) has managed irrigation with a remote-
sensing-based model using satellite imagery (Barker et al.,
2018) and unmanned aircraft imagery (Woldt et al., 2018).
Lo et al. (2016) estimated that, for most center-pivot irriga-
tion systems for corn and soybean production in Nebraska,
it would be difficult to justify investing in zone control VRI
based only on the cost savings from reduced pumping. How-
ever, they did not include analysis of other potential benefits,
such as increased yield, reduced fertilizer use, and avoidance
zones (i.e., being able to stop chemigation or irrigation on
features such as waterways, ponds, rock outcrops, drainage
ditches, canals, etc.). A recent review of VRI research by
O’Shaughnessy et al. (2019) has a somewhat more optimis-
tic outlook.

Advances in precision irrigation management using VRI
systems have included the integration of wireless sensor net-
work systems for plant canopy sensing (temperature and re-
flectance) (O’Shaughnessy et al., 2010b) and for soil water
sensing (Vellidis et al., 2008) and algorithms using data from
sensor networks for irrigation control (Evett et al., 2014;
Kim et al., 2008; Hedley and Yule, 2009; O’Shaughnessy et
al., 2013b). Sensor network systems deployed on moving ir-
rigation systems or established as static sensors in the field
enable the development of dynamic irrigation prescription
maps (O’Shaughnessy et al., 2012, 2015), which are essen-
tial for responding to the changing spatial variability of
plant-available water throughout the growing season. Ad-
vances in the reliability and affordability of wireless data
transmission (Evett et al., 2018), above the plant canopy and
underground (Dong et al., 2013; Salam et al., 2019), will fa-
cilitate precision irrigation management. The efficacy of
sensor-based irrigation is now well established as a means to
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apply well-regulated and safe deficit irrigation and thus in-
crease the CWP (fig. 8) and yield as compared with current
practices (O’Shaughnessy et al., 2015, 2016). Fully imple-
mented systems are still in commercial development through
public-private partnerships, although some system compo-
nents have been thoroughly tested (e.g., Colaizzi et al., 2018;
Schwartz et al., 2016) and are now available commercially
(e.g., SAP-IP IRT wireless infrared thermometer, Dynamax,
Inc., Houston, Tex.; and TDR-315H and TDR-310H true
TDR soil water sensors as well as a wireless node and gate-
way system with cloud data storage, Acclima, Inc., Merid-
ian, Ida.). Scheduling irrigation in direct response to plant
and soil sensing may well be part of the next wave of im-
provements in overall CWP in the Great Plains and beyond.

Remote sensing technologies also provide an opportunity
to quantify crop canopy stress and crop water use. A system
developed by USDA-ARS and NASA researchers can pro-
vide daily ET with resolutions as fine as 30 m (Anderson and
Kustas, 2008, Anderson et al., 2018). Early work in Colo-
rado correlated crop coefficients to vegetation indices from
proximal sensing (Bausch and Neale, 1987) and satellite im-
agery (Neale et al., 1990). This relationship was updated for
the High Plains by Kamble et al. (2013) and Campos et al.
(2017). Fine-resolution remote sensing data are now inte-
grated into programs to simulate crop development (phenol-
ogy) over large Great Plains areas and to follow regional
crop rotations (Kipka et al., 2015; McMaster et al., 2013,
2014). Ongoing research in Nebraska is using this remote-
sensing-based approach to estimate crop yield and CWP as
well as ET (Campos et al., 2018). As VRI prescription map-
ping software becomes more capable of using aerial im-
agery, satellite imagery, and other georeferenced data, the
use of 30 m ET data from satellite systems is becoming fea-
sible and only waits for the widespread availability of those
data.

CHANGES IN CLIMATE, WATER AVAILABILITY,
IRRIGATED AREA, AND POLICY

The previous discussion of current perspectives on irriga-
tion in the Great Plains largely focused on aquifer depletion,
along with changes in available groundwater and surface wa-
ter resources. More recently, the impact of climate change
on crop water demand has also shaped discussion of present
and future scenarios. However, improved irrigation technol-
ogy, crop cultivars, and regional and local water policy are
interrelated with aquifer depletion and climate change, and
this interrelation is becoming increasingly recognized. We
discuss each of these aspects in the following sections.

Climate Change

Changes in both climate and aquifer storage will affect
future irrigated area and will likely affect public policy. Re-
cent studies reflect how climate change effects will vary by
latitude throughout the Great Plains (Tebaldi et al., 2006).
Air temperatures are expected to increase throughout the
Great Plains, particularly in the U.S. central Great Plains
(fig. 9b), and precipitation is expected to increase in the
northern Great Plains but decrease in the central and south-
ern Great Plains (fig. 9a). Heatwave duration is expected to
increase by 14 days throughout the region and by 21 days in
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Figure 9. Climate change projections for 1990-2030 for (a) precipitation and (b) surface air temperature (source: Tebaldi et al., 2006).

the central Great Plains, and the growing season is expected
to increase by 5 to 10 days (Tebaldi et al., 2006). Depending
on crop and latitude, irrigation water requirements will either
increase or remain relatively static, but in large areas irriga-
tion water requirements are expected to increase. Increases
in water availability, temperature, and growing season may
improve the outlook for irrigation in the northern Great
Plains. Awal and Fares (2018) assessed climate change im-
pacts on crop water requirements in the 2020s, 2050s, and
2090s in the Texas High Plains. Three climate change sce-
narios (higher, medium, and lower greenhouse gas emis-
sions) all indicated that temperature and evaporative demand
(reference ET) would increase and precipitation would de-
crease in the region. The increases in gross irrigation require-
ment for full irrigation were projected to be 2.1% to 3.8% in
the 2020s, 6.2% to 9.3% in the 2050s, and 6.8% to 19.5% in
the 2090s. The crops studied were corn, cotton, sorghum,
and winter wheat. In contrast, a study of winter wheat pro-
duction in the northern part of the Colorado High Plains pro-
jected mostly positive effects from three climate change sce-
narios that ranged from mild to severe (RCP 8.5; RCP stands
for Representative Concentration Pathway, which is a green-
house gas concentration trajectory; IPCC, 2013). Elsayed et
al. (2018) projected temperature increases under all scenar-
i0s, but also projected increases in precipitation of 10% to
15% in January through March. Due to the enhanced precip-
itation, both biomass and yield of fully irrigated winter
wheat were projected to increase under RCP 8.5 in 2050 and
2080, with yield projected to increase by 7% to 13%. For
wheat irrigated at 40% of full ET, increases in yield under
RCP 8.5 were similar in trend to those projected for fully
irrigated wheat. Increased winter temperatures shortened the
wheat growing season, while greater CO;, concentrations
plus increased precipitation combined to increase yields. In
short, for the northern Great Plains, there may be increases
in CWP due to the synergistic effects of increased winter
precipitation, temperature, and CO, concentration, as well as
an opportunity to profitably practice deficit irrigation strate-
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gies that would decrease water demand. These findings are
in line with other climate change studies that projected in-
creased evaporative demand throughout the Great Plains but
much greater increases in the southern portions, including
western Texas, western Kansas, and southeastern Colorado
(McDonald and Girvetz, 2013), and projecting increasing
precipitation and overall effective reduction in irrigation wa-
ter demand in the northern Great Plains (northeastern Colo-
rado, Nebraska, and further north) (Elliott et al., 2014). In
California’s San Joaquin Valley, climate change is expected
to shorten growing periods such that seasonal water demand
is not much increased by rising temperatures (Hopmans and
Mauer, 2007). Similar phenological phenomena may result
from climate change on the Great Plains, but farmers may
adapt by growing higher-yielding longer-season varieties
where growing seasons are lengthened. This could increase
irrigation requirements.

In Nebraska, a decreasing trend in ET has been observed
over the past century (Irmak et al., 2012), and soil moisture
decline was identified as a limiting factor for both ET and
groundwater recharge (Munoz-Arriola et al., 2014). Ex-
pected intensification of the water cycle behavior (both wet-
ting events and consecutive dry days) is likely to result in
increased runoff and a need for runoff storage (reservoirs or
groundwater recharge) to preserve excess precipitation for
later irrigation needs (Munoz-Arriola et al., 2014). Ou et al.
(2018) modeled the influence of climate change in the Re-
publican River basin of Nebraska, Kansas, and Colorado.
They concluded that “(1) water stress in the irrigation season
will be exaggerated due to increased irrigation water de-
mands; (2) recharge will increase in the non-irrigation sea-
son; (3) groundwater levels will decline more in areas with
declining trends in the baseline; and (4) baseflow will in-
crease because of increased groundwater recharge in the Re-
publican River valley.” In a long-term analysis of ET across
the Great Plains, Kukal et al. (2017) found that, in most
counties, corn and soybean have had increasing trends in
crop ET, while trends in reference ET are decreasing. Kukal
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and Irmak (2018) analyzed historical crop yield and meteor-
ological data across the Great Plains and found the trend in
temperature change to be beneficial for corn but detrimental
for sorghum and soybean; the trend in observed precipitation
change was found to be beneficial for all three crops. Efforts
have also been made to characterize actual irrigation patterns
in a way that can be incorporated into land surface modeling
and operational forecast models (Gibson et al., 2017).

Water Availability: Aquifer Storage
and Surface Water Supplies

In parts of Colorado, Nebraska, North and South Dakota,
Wyoming, and Kansas, rivers are important for irrigation
water supply. Most of these river systems are over-allocated.
Irrigation in Montana is mainly from reservoirs and diver-
sions from the Missouri and Yellowstone Rivers and their
tributaries. In North and South Dakota, irrigation is mainly
from reservoirs built along the Missouri River and its tribu-
taries (ECONorthwest, 2008). In addition to state water
laws, interstate agreements and disagreements are key fac-
tors in surface and subsurface water availability for irrigated
agriculture. For example, in 1942, the Republican River
Compact was negotiated by the states of Colorado, Kansas,
and Nebraska and a representative of the president of the
U.S. with approval by Congress in 1943. The compact was
intended to: (1) provide for equitable division of Republican
River basin waters, (2) eliminate causes of controversy and
promote interstate comity, and (3) promote efficient use of
water and control of floods through joint action by the states
and the U.S. (www.republicanrivercompact.org/). Unfortu-
nately, this was only the beginning of a long series of dis-
putes among the three states over equitable division of the
waters, disputes that were only settled in 2002 (http://repub-
licanriver.org/). Another important example is the suit
brought in 1934 by Nebraska against Wyoming and Colo-
rado over rights to North Platte River water. That suit was
only settled in 1945 in an opinion by Justice Douglas for the
U.S. Supreme Court that limited storage and diversion of
water in Colorado and Wyoming (325 U.S. 589, 66 S. Ct. 1,
89 L. Ed. 1815, 1945 U.S. LEXIS 2620).

River systems do not supply substantial irrigation water
in the Texas and Oklahoma Panhandles, where the High
Plains aquifer is practically the only irrigation water source.
In much of western Kansas, eastern Colorado, and Nebraska,
the High Plains aquifer is also the major source of irrigation
water. Irrigation withdrawals greatly exceed aquifer re-
charge in the Texas and Oklahoma Panhandles, Kansas, east-
ern Colorado, and western Nebraska.

In the eight states overlying the High Plains aquifer, the
overall aquifer depletion by volume between 1980 and 2009
was 11% (table 2), but depletion rates varied greatly among
the states (McGuire et al., 2012). The smallest depletion
rates were in South Dakota (<1%) and Nebraska (7%). The
former overlies 2.8% of the aquifer area, but the latter over-
lies 36.9% of the aquifer area, the most of any state. The
largest depletion rates were in Kansas (19%), New Mexico
(40%), and Colorado (33%). Texas overlies the second larg-
est area of the aquifer, at 20.8%, and its High Plains region
relies entirely on the aquifer for irrigation water, so the 15%
depletion rate there is affecting the irrigated area and irriga-
tion methods and management. In the more southern Great
Plains states, the irrigation water supply has decreased some-
what in step with water table and well yield declines since
circa 1950. At current rates of depletion, the Southern High
Plains stands to lose 35% of its irrigated land surface in the
next 20 to 30 years (Scanlon et al., 2012). Between 1980 and
2007, the mean depletion was 10 m in Kansas and 11 m in
Texas (Scanlon et al., 2012), but much greater in some areas.
Chloride mass balance studies have shown recharge to be
greatest (25 to 211 mm year!) in Nebraska and northeast
Colorado and least (<2 to 25 mm year™') in southwest Kan-
sas, southeast Colorado, and the Oklahoma and Texas Pan-
handles (Scanlon et al., 2012).

Steward et al. (2013) studied groundwater supplies, cur-
rent irrigated production and pumping rates, and future sce-
narios in Kansas. They stated that aquifer depletion had
reached 30% and could increase to 69% over the following
50 years if current trends continued. They evaluated scenar-
ios that involved reduction of pumping by 20% to 80% and
concluded that reducing pumping by 80% from current rates
could enable production from irrigation into the indefinite
future, particularly if CWP continued to increase. As aqui-
fers decline, well yields decline due to the decreased satu-
rated thickness. The peak of groundwater depletion (pump-
ing) rates was likely reached in 1999 in the Texas High
Plains, 2002 in eastern New Mexico 2010 in Kansas, and
2012 in the Oklahoma Panhandle. For the High Plains aqui-
fer as a whole, the peak depletion rate likely occurred in
2006 (Steward and Allen, 2016). The same authors projected
peak depletion to occur in 2023 in eastern Colorado, but not
before 2110 in Nebraska, South Dakota, and Wyoming.
These projections inform ongoing policy discussions in Kan-
sas and neighboring states.

Another trend is the dwindling supply of water available
for delivery by surface water projects in Nebraska and parts
of Colorado and Kansas. In 2014, Nebraska irrigators along

Table 2. Summary of overall water supply in the High Plains aquifer and how much was depleted from 1980 to 2009 (McGuire et al., 2012).

Percentage of Total Volume of Water Portion of Aquifer Water Change in Storage 2009 Aquifer Depletion
Aquifer Area in Storage in 1980 in Each State in 1980 from 1980 to 2009 Relative to 1980 Storage
State (%) (10° m*) (%) (10° m*) (%)
Colorado 7.6 97.3 35 -32.4 33
Kansas 17.7 259.4 14.2 -48.6 19
Nebraska 36.9 1,727 62.3 -122 7
New Mexico 53 40.5 1.5 -16.2 40
Oklahoma 43 89.2 32 -8.1 9
South Dakota 2.8 48.6 1.8 0 0
Texas 20.8 316.2 11.4 -48.7 15
Wyoming 4.6 56.8 2.1 -8.2 14
Total 100 2,635 100 -284.2 11
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the Republican River expected to receive between 0 and
64 mm of irrigation water. In the Mirage Flats Irrigation Dis-
trict in the Nebraska Panhandle, the 2014 delivery was set at
64 mm. These two examples are indicative of the increased
level of competition for available water supplies and the di-
minishing supply of surface water available for irrigation. In
eastern Colorado, the water supplies are groundwater and
surface water emanating from snowmelt in the Rocky Moun-
tains. Over-allocation of water supplies, growing urban pop-
ulations and water needs, and the desire to improve riparian
areas will result in a decrease in water available for irriga-
tion. The 2010 Statewide Water Supply Initiative report es-
timated that lack of water availability on the Colorado east-
ern plains will result in a reduction in the irrigated area of
130,000 to 180,000 ha by 2050, more than 20% of the cur-
rently irrigated area (CWCB, 2010). In the past, water defi-
cits in the east were compensated by trans-basin diversions
from the western slope. However, the realization that the
Colorado River basin is also over-allocated has likely halted
any future trans-basin diversions.

Irrigated Area and Policy

The irrigated area in the ten Great Plains states is influ-
enced by the water rights structure in each state and by pub-
lic policy built around those rights. In some states, water
rights are correlative, meaning that the land owner has right
to the water underneath the land; in other states, the prior
appropriations doctrine prioritizes the rights of those who
appropriated water earlier in time. Riparian rights add to the
regulatory framework such that no simple discussion applies
to all states. Here we focus on water policy and irrigated area
in the four Great Plains states with the largest irrigated areas.

In Colorado, from 1998 to 2018, the irrigated area de-
clined by 16% to 995,000 ha. Under Colorado water law,
much of the groundwater, including some portions of the
High Plains aquifer, is considered hydraulically connected
to surface water and thus is regulated under the same prior
appropriation rules used for surface water. Under these rules,
more than 1000 groundwater wells have been shut down in
response to declining river flows. Growers who wish to con-
tinue pumping groundwater often must compensate for any
impacts that their pumping might have on river flows
through an “augmentation” plan in which they recharge the
groundwater from unclaimed surface water or otherwise re-
place projected river flow depletions. Current research stud-
ies and policy debates are focused on ways to use the ground-
water conjunctively with surface waters to maximize flexi-
bility and benefits.

Because Colorado is a headwater state, many irrigators,
including some downstream users in Nebraska and Kansas,
depend on return flows from upstream irrigation. Non-con-
sumptive irrigation water is assumed to return to the rivers
and be used downstream. Thus, water rights in Colorado for
surface and hydraulically connected groundwater are based
on consumptive use (evapotranspiration), rather than diver-
sions or pumped amounts. For this reason, improvements in
irrigation efficiency will not necessarily result in more water
available for irrigated agriculture in the relevant parts of Col-
orado. This greatly reduces the technical options available to
sustain current production levels. Current research on regu-
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lated deficit irrigation and genetically improved varieties is
seeking ways to sustain productivity with reduced consump-
tive use. The Colorado Water Plan (CWCB, 2015) has ob-
jectives to increase the agricultural economy even though
some irrigated areas go out of production as municipal water
demands increase; the plan aims to achieve this by promot-
ing voluntary methods of non-permanent transfer of water
from agricultural to municipal and industrial users, and by
attaining 400,000 acre-feet of water storage to enable better
management of water resources.

In Kansas, the irrigated area was ~1.15 million ha in
2013, having remained fairly steady since 1998 while irriga-
tion methods changed greatly, but the irrigated area then de-
clined by 16% to 966,000 ha in 2018. Rogers and Lamm
(2012) summarized irrigation trends in Kansas, where the
sprinkler and furrow-irrigated land areas were approxi-
mately equal in 1990. Beginning in about 1993, there was a
rapid conversion, lasting until about 2000, during which ap-
proximately 400,000 ha of furrow-irrigated land was con-
verted to center-pivot sprinkler irrigation. This conversion of
furrow irrigation to center-pivot sprinklers or SDI continues.
The remaining furrow-irrigated area is estimated to be only
70,000 ha. SDI is used on less than 1% of the total irrigated
land area in Kansas but is increasing at a rate of approxi-
mately 2000 ha year'. As more producers gain experience
with SDI, it is anticipated that this method will see increased
use, particularly in areas with the greatest decreases in
groundwater well capacity. With declining water resources,
groundwater diversions in Kansas are gradually decreasing
at a rate of approximately 56 million m® year! and are cur-
rently at a total of 37 billion m® year!. Average irrigation
applications are decreasing by approximately 5 mm year™.
Recent changes in Kansas water laws are designed to allow
more flexibility in managing water at the local level and at
the producer level. A group of producers can voluntarily de-
velop a Local Enhanced Management Area (LEMA) to help
restrict groundwater pumping with the goal of conserving
water and improving equitable sharing of the limited water
resources. In 2018, a districtwide LEMA was formed in
northwest Kansas Groundwater District 4, which covers
nearly 1.26 million ha of which 0.16 million ha are irrigated.
Allocated water in this LEMA is reduced by 25% to 37.5%
from permitted water rights. Nonetheless, average applied
amounts are anticipated to be affected to a much lesser ex-
tent, largely due to the multi-year flexible water use alloca-
tions, which will allow individual Kansas producers to bal-
ance their water use across inter-annually variable climate
conditions.

In Nebraska, there was a fairly steady increase in irrigated
area to approximately 3.36 million ha in 2013, even though
the number of active wells had not increased greatly (NDR,
2018), followed by a decline to 3.1 million ha in 2018
(table 1). The decline in depth of water applied was likely
due to improvements in irrigation efficiency, as pressurized
systems have been installed on former gravity-irrigated land.
The percentage of area irrigated with center-pivot systems
(88%) has also increased, as has the number of such systems
powered by electricity (~55% presently). Aquifer levels in
Nebraska have fallen by less than 0.3 m on average over the
last 60 years (Scanlon et al., 2012), and the small water table
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decline is accounted for by recharge nearly keeping up with
overall withdrawals. The greater recharge is due to both less
evaporative demand than in more southerly states and
greater recharge, primarily in the permeable soils in the Ne-
braska Sand Hills, as well as water resource conservation ef-
forts.

In 1972, Nebraska established a system of natural re-
source districts (NRDs) to consolidate smaller districts into
a more efficient, comprehensive system while maintaining
local control through a locally elected board for each NRD
(Bleed and Babbitt, 2015). The NRD system (fig. 10), with
boundaries determined primarily by watersheds, has been
successful in many ways and has been an example of water
governance for other states and countries. Local NRDs de-
termine whether or not to institute allocations for groundwa-
ter pumping, and the size of any allocations. The NRD deci-
sions are based primarily on the need to minimize stream de-
pletion from groundwater pumping. Minimum streamflows
are required for endangered and threatened species and for
interstate water compacts. The Upper Republican NRD ini-
tiated an allocation of 51 ¢cm (20 in) per year in 1978-1979
(https://www.urnrd.org/about), becoming the first govern-
ment entity in Nebraska to regulate groundwater use. This
allocation was slowly decreased over time to the current al-
location of 33 cm (13 in.) per year. Allocations in this and
other NRDs have reduced the rate of water table decline in
the High Plains aquifer. Reducing allocations slowly has
given producers time to adapt and has fostered innovation in
best management practices, improving AE and IWP. While
many of these reductions in pumping have not reduced con-
sumptive use, the adoption of conservation strategies is a
positive outcome. As allocations continue to decline, maxi-
mum yields will no longer be possible, consumptive use will
necessarily be reduced, and deficit irrigation strategies to
maximize CWP will become critical.

The number of NRDs that have implemented integrated
water management plans (IWMPs) has steadily increased
(fig. 10). These plans usually include rules pertaining to wa-
ter meters, yearly water allocation, and limitations on new
irrigated areas. Even NRDs in which the available water is
not fully allocated are trending toward voluntary implemen-
tation of IWMPs. In the far western part of Nebraska, pump-
ing restrictions mean that no additional area can be irrigated,
and a water allocation limits water withdrawals over periods
of 3 to 5 years. These restrictions are gradually moving far-
ther east in response to the development of irrigation wells
in areas that traditionally have supported only rainfed agri-
culture. In 2012, the Lower Elkhorn NRD in northeast Ne-
braska placed a moratorium on new irrigated acres; in 2013,
the district implemented a water allocation plan that required
the installation of water meters on more than 200 irrigation
wells.

In the Texas High Plains, the irrigated area reached a peak
of nearly 2.43 million ha in 1974 but declined to 1.65 million
ha by 2018, largely due to decreased availability of water
from the Ogallala aquifer (fig. 11b). The area irrigated by
gravity steadily declined after 1974 as the sprinkler-irrigated
area increased and the total irrigated area declined. By 2008,
less than 364,000 ha (<19%) were irrigated by gravity.
Sprinklers were mainly center pivots, although early systems
included hand-move lines, side-roll systems, and the Tri-
Matic variant of side roll (Rolland, 1982). Microirrigation
(mainly SDI) has been used in the Trans Pecos and Southern
High Plains areas since circa 1984, mainly for cotton pro-
duction (Henggeler, 1995), but adoption began to increase
more rapidly after 2000. The sprinkler-irrigated area in-
creased to 89% by 2013 but declined to 80% by 2018, mostly
due to the decline in irrigated area in the Texas High Plains
(fig. 11b) and concurrent increase in SDI in the region to
6.6% of the irrigated area by 2018 (USDA-NASS, 2019a).
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Figure 11. (a) Volume pumped and average depth pumped in the Texas High Plains (TWDB, 2001, 2011, 2012; USDA-NASS, 2013, 2019a) and
(b) irrigated area, area irrigated by gravity, area irrigated by sprinkler, and percentage of area irrigated by sprinkler in the Texas High Plains

(TWDB, 2001, 2011, 2012; USDA-NASS, 2008, 2013, 2019a).

Sprinkler adoption was most rapid after 1989, when total ir-
rigated area began to increase again after a lull due to in-
creases in energy prices earlier in the 1980s.

The volume of water pumped from the aquifer for irriga-
tion in the Texas High Plains followed a somewhat similar
trend as irrigated area, although with a decreasing trend after
2000 in volume pumped (fig. 11a). Because well yields have
declined since irrigation development began, the number of
wells more than doubled, from 48,160 in 1958 to 101,299 by
2000, to maintain the volume of water pumped (TWDB,
2001). The average amount pumped per unit irrigated area
(i.e., before application losses) depends on numerous fac-
tors, such as rainfall and climate, energy costs, crops grown,
and irrigation technology and management. However, alt-
hough the irrigation volume pumped has steadily declined
since 2000, the average depth applied has decreased only
slightly and not steadily between 2000 and 2018. The data in
figure 11 for 2013 and 2018 are drawn from the USDA-
NASS and may not be congruent with the earlier data drawn
from Texas Water Development Board (TWDB) reports.

The trend of decreasing volume of water pumped for irri-
gation in the Texas High Plains will no doubt continue dur-
ing this century due to declines in available groundwater, in-
creased pumping depths, and regulations that will limit
pumping. Evidence for this is that although the mean depth
of irrigation applied remained fairly steady from 2008 to
2018, the irrigated area declined by 22% over the same pe-
riod (table 1). Texas recently required that all groundwater
conservation districts establish desired future conditions
(DFCs) of groundwater availability (Mace et al., 2006). To
meet this mandate, districts in the Texas High Plains and
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elsewhere have mandated metering of irrigation wells and
have become more aggressive in promoting or requiring wa-
ter conservation practices (TWDB, 2012). Even if DFCs are
achieved, regional groundwater planning groups project that
the Ogallala aquifer will yield only 50% to 60% of its 2010
capacity by 2060 (TWDB, 2012). By 2060, municipal water
demand at the state level is projected to increase by 11% of
its value in 2010, becoming slightly larger than irrigation de-
mand (Combs, 2014) and putting more pressure on ground-
water conservation districts and producers to conserve wa-
ter. Hence, the loss of irrigated area will be inevitable
(Scanlon et al., 2012), but increases in crop water productiv-
ity will play an important role in sustaining economically vi-
able production.

Crops Grown

Changing economics and genetics are influencing the
kinds of crops grown on irrigated land. Corn is currently pro-
duced on approximately 50% of the irrigated land in Kansas;
the land in corn has been relatively stable since 2000 at ap-
proximately 600,000 ha. Corn yield advances and economics
have reduced the irrigated area for wheat and grain sorghum
to approximately 275,000 and 75,000 ha, respectively, from
the roughly equal division of irrigated area between corn and
these two crops in the mid-1980s. Similar trends of increas-
ing corn cultivation and decreasing sorghum and winter
wheat cultivation have been observed in Colorado, Texas,
and Nebraska. Some of this shift in crops grown is linked to
differences in CWP. The winter wheat CWP is at best ~1.1
to 1.2 Mg m? (fig. 5), sorghum CWP is ~1.5 to 1.7 Mg m™®
for full irrigation and ~2.0 Mg m™ for carefully controlled
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deficit irrigation (figs. 7 and 8), and corn CWP is ~2 Mg
m?3 for full irrigation, increasing to ~2.2 Mg m for well con-
trolled deficit irrigation (Xue et al., 2017), but corn yields
are much larger than for either sorghum or wheat. Facing
limited water supplies, farmers may choose corn over sor-
ghum and winter wheat, unless corn prices are severely de-
pressed relative to those other crops. Xue et al. (2017) ana-
lyzed trends in corn yield and CWP from 1975 to 2013 in the
Texas High Plains and nationally. They found steady yield
increases of 0.12 Mg ha'! year! in both cases. They also
found steady decreases in seasonal water use of 4.2 mm
year! and increases in CWP of 0.023 kg m™ year!. These
changes were attributed to improvements in corn hybrid tol-
erance to drought and other stresses. Irmak et al. (2019) re-
ported lower ET, higher grain yields, and higher CWP for
newly developed drought-tolerant corn hybrids compared to
standard hybrids at two locations in Nebraska. Climate
change is also influencing cropping patterns. The 2°C in-
crease in winter temperature over the past 20 years in the
Texas High Plains have made winter wheat cultivation risk-
ier because winter wheat is coming out of dormancy much
earlier in the late winter and using soil water reserves before
heading and grain filling. Warmer temperatures combined
with improved cotton genetics and irrigation application
methods have resulted in increases in cotton cultivation in
the northern Texas High Plains and into the Oklahoma Pan-
handle and Kansas. The rapid expansion of SDI for cotton
cultivation has promoted earlier cotton growth and an effec-
tively longer cotton growing season due to warmer soils un-
der SDI compared with sprinkler irrigation (Colaizzi et al.,
2000).

Changing price structures and demands for particular
crops will also influence the extent of irrigated lands and the
crops grown on them. In Kansas, the land area devoted to
irrigated corn production is currently greater than that for
any other crop. However, in the Texas Panhandle, corn is
being displaced by cotton as both well capacities and corn
prices decline, resulting in 344,000 ha planted to cotton in
2018, with approximately half that area irrigated (Ledbetter,
2019). One reason for this change is that cotton production
with deficit irrigation is less risky than deficit-irrigated corn;
about half of cotton acreage in this region is dryland,
whereas almost no corn is produced without irrigation. The
irrigated corn area was >560,000 ha in 2016 (Xue et al.,
2017) but declined to ~317,000 ha in 2017 and was further
reduced by ~20% in 2018 (USDA-NASS, 2019b). Almas et
al. (2006) conducted an economic optimization balancing
water availability and extraction costs against crop revenues
and projected a steady decline in corn area, an even steeper
decline in irrigated wheat area, and further declines in irri-
gated sorghum area. Cotton was projected to lose the least
percentage of area and to still be irrigated in 2061, while al-
falfa was projected to gain irrigated area and become the
largest irrigated crop by 2061, largely due to increasing for-
age demand from the growing dairy industry in eastern New
Mexico and the Texas Panhandle. Simplifying assumptions
make exact predictions impossible with such economic mod-
els, and changes in irrigation technology, crop genetics, and
farmer decisions to spread risk were not included in their
model.
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In the future, local and stakeholder input will continue to
be important for groundwater policy, thus engendering sig-
nificant heterogeneity in policy across the High Plains aqui-
fer (Schoengold and Brozovic, 2018) and the Great Plains in
general. Initially less-strict water allocations can have a “sig-
naling impact,” encouraging producers to adopt conserva-
tion practices even though the allocation is not enough to re-
sult in a measurable decrease in profit or yield (Schoengold
and Brozovic, 2018). Regardless of local and regional dif-
ferences in policy, the clear trend is for increased regulation
of irrigation water withdrawals across the U.S. Great Plains.
In addition to local and state policies, federal policy will
have strong impact on crops grown and to some extent on
area irrigated due to crop insurance, price supports, and eth-
anol production policies. As this is written, international
trade tensions and tariffs are contributing to depressed prices
for corn, cotton, soybeans, and wheat. The current U.S. Farm
Bill has strong programs for disaster assistance that some-
what temper the effects of natural disasters linked to climate
change, including both flood and drought. Such payments
are projected to total >$1.7 billion in 2019 (USDA-ERS,
2019).

Future Policy and Partnering

Policies for water allocations, as well as recommenda-
tions for voluntary best management practices, are most ef-
fective when informed by an accurate characterization of
current practices. Grassini et al. (2011) used a large dataset
of commercial fields in central Nebraska and developed a
benchmark for corn water productivity. They found that ac-
tual water productivity on average was 73% of the bench-
mark. Gibson et al. (2018) used nine years of data from ap-
proximately 1400 corn and soybean fields in Nebraska to an-
alyze factors affecting irrigation decisions. Seasonal water
deficit, crop type, and soil properties only explained half of
the variation in field irrigation, indicating that producer be-
havior, skill level, and the “neighbor effect” have a signifi-
cant influence. Foster et al. (2019) used a similar data set
together with remote sensing data and also found that actual
water use was often different from biophysical crop water
requirements.

A recent study from the Council for Agricultural Science
and Technology (CAST, 2019) addressed aquifer depletion
and its impacts on irrigated agricultural productivity in the
U.S., including the Great Plains. The policy and institutional
changes examined herein are reflected in those proposed in
the CAST report. In particular, the Great Plains states have
largely settled on a decentralized approach to regulatory con-
trol, albeit with strong guidance from state institutions. The
prior appropriations doctrine is the rule in some states,
whereby junior water users lose rights to water if their with-
drawals would damage the rights of senior water users. In
other states (e.g., Nebraska, Oklahoma, and Texas), water is
considered a correlative right in which the owner of the land
has a right to the water underneath it. The CAST report states
that “governing access and use of groundwater under the
prior appropriation doctrine has not addressed groundwater
depletion for at least two primary reasons.” The first reason
is that, in most places, a requirement of the doctrine is that
beneficial use of the water right must be consistent over
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time, which is a disincentive to farmers who might otherwise
institute water conservation practices. State laws can address
this if they are put in place. The second reason is that the
typical governance structures in place do not address condi-
tions in which the aquifer cannot be replenished at anywhere
near the rate of depletion, which is the case in the Southern
High Plains. Strict application of the prior appropriations
doctrine would recognize that overdraft by junior water us-
ers will inevitably cause future declines in the water availa-
ble to senior water users; recognizing that fact would require
actions that states and local regulatory districts are loath to
adopt. Where correlative rights are the rule, the states have
set up regulatory frameworks, such as the groundwater con-
servation districts in Texas and the NRDs in Nebraska, with
variable results so far in decreasing or stopping groundwater
depletion. CAST suggests that financial incentives, such as
the low-cost loans from the Texas Water Development
Board or the cost-share programs of the NRCS, have the
most impact in decreasing groundwater depletion where
groundwater is the primary resource used for irrigation but
may have a negative impact in regions where surface water
resources are used and increased efficiencies cause a de-
crease in recharge.

The North American Great Plains are the world’s largest
contiguous area where dryland and rainfed farming are done
in conjunction with irrigation, and where irrigation manage-
ment must take into account precipitation patterns. Because
of this, and due to the wide range in mean annual precipita-
tion and climate in the Great Plains (fig. 2), lessons learned
regarding irrigation in the Great Plains are relevant to irriga-
tion management in semi-arid and subhumid climates
around the world. Several examples of global outreach illus-
trate how important this is becoming. Founded in 2010, the
Daugherty Water for Food Global Institute at the University
of Nebraska is actively transferring knowledge and technol-
ogy from the Great Plains nationally, e.g., California (Bab-
bitt et al.,, 2018), and internationally, e.g., Brazil, India,
Rwanda, and Malawi (Banda et al., 2019) (https://waterfor-
food.nebraska.edu/). Established in 2018, the Irrigation In-
novation Consortium operated out of Colorado State Univer-
sity is “a collaborative research effort to accelerate the de-
velopment and adoption of water and energy efficient irriga-
tion technologies and practices through public-private part-
nerships” both in the western U.S. and internationally
(https://irrigationinnovation.org/). The Consortium has eight
founding industry partners and five founding university part-
ners, four of which are in the Great Plains (Colorado State
University, Kansas State University, Texas A&M, and the
University of Nebraska-Lincoln). In the Southern Great
Plains, the Ogallala Aquifer Program (OAP) was formed in
2003 as a consortium of USDA-ARS laboratories at Bush-
land and Lubbock, Texas, with Kansas State University,
Texas A&M University, Texas Tech University, and West
Texas A&M University (https://ogallala.tamu.edu/). The
OAP consortium partners have research collaborations
throughout the Great Plains, the U.S., and globally.

Looking forward, a key concern is that adoption rates of
irrigation best management practices remain relatively low;
in fact, there may be a greater need for technology transfer
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than for filling knowledge gaps (research). Barriers to adop-
tion include time, cost relative to return on investment, pro-
ducer knowledge gaps, technology literacy, and habit. Irri-
gated systems have become increasingly complex, and part-
nering with industry for technology development may be a
way to maximize impact by incorporating best management
practices into user-friendly industry decision support sys-
tems (e.g., smart phone apps for irrigation monitoring and
control) and into the technology sold by industry to farmers
(e.g., soil, plant, and weather sensing systems integrated into
VRI systems). The OAP consortium partners have tried to
fill some of these technology transfer gaps with major efforts
concerning SDI in 2009-2010 (Lamm et al., 2012) and again
for center-pivot irrigation in 2017-2018. A discussion of the
center-pivot technology transfer effort is provided by Lamm
et al. (2019b). Traditional extension efforts of reaching out
to producers, crop consultants, and irrigation dealers will
continue to be important, but extension’s role should in-
creasingly include demonstrations of new, commercially
available technologies in field settings. Innovative ap-
proaches in extension, such as social media and interactive
farm management competitions, e.g., UNL Testing Ag Per-
formance Solutions (UNL-TAPS, https://taps.unl.edu/), and
demonstration farms, e.g., Texas Alliance for Water Conser-
vation, https://www.depts.ttu.edu/tawc/), are also making an
impact.

CONCLUSIONS

In the Great Plains, soil and water conservation is being
achieved in both dryland and irrigated agricultural systems,
and increasingly in combinations of these systems. Reduced
tillage has increased the retention of crop residues on the sur-
face and reduced the evaporative loss of water, making more
water available for plant growth and yield formation in both
dryland and irrigated systems. Irrigation application effi-
ciencies have steadily improved due to the move from grav-
ity to pressurized systems, and applied irrigation amounts
have declined generally. Efficiency increases have also re-
sulted from the introduction of piped delivery systems, alter-
nate-furrow irrigation, and LEPA and drip irrigation tech-
nologies. The ongoing improvements in reduction of evapo-
rative losses in pressurized systems have improved crop wa-
ter productivity, particularly for SDI. Crop water productiv-
ity has also seen steady increases with advances in crop ge-
netics and more drought-tolerant hybrids and varieties. Im-
proved irrigation scheduling methods and technologies have
reduced losses of water to unproductive irrigation, runoff,
and deep percolation and have also reduced yield loss due to
under-irrigation, leading to overall improvements in crop
water and nutrient productivities. These trends are expected
to continue, as the population of the Great Plains has demon-
strated tremendous adaptability in agriculture and irrigation
methods and management in the past.

Future advances in irrigation technology are likely to fo-
cus more on decision support systems than on irrigation
hardware. Sensor-based decision support systems are being
refined into commercially viable systems and will include
on-board proximal sensors for moving irrigation systems as
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well as aerial imagery and satellite imagery, coupled with
knowledge of biophysical systems, artificial intelligence ap-
proaches, and embedded computational systems that are
linked to irrigation control. These systems, complex on the
inside but simple to the user, will often be cloud-based and
available as user-friendly apps on smart phones, tablets, and
computers. Major irrigation equipment manufacturers are al-
ready offering nascent systems with their equipment. Thus,
rather than producers being asked to adopt an irrigation man-
agement program provided by university or agency technical
service providers, a paradigm that has largely failed, produc-
ers will receive a decision support system as part of their ir-
rigation system purchase.

The future of Great Plains irrigation has often been
viewed as tied to the steady decline of the High Plains aqui-
fer. Recently, a second factor, climate change, has been
added to the perspective, reducing expectations for precipi-
tation and increasing the expectations for evaporative de-
mand due to warming, particularly in the southern half of the
Great Plains. Technical advances, however, have been
largely ignored in predictions of the future, and they are a
third factor in understanding what is to come. Improving ir-
rigation technologies coupled with improving cultivars will
improve crop water productivity and make irrigated agricul-
ture more economically sustainable with decreasing water
supply. However, technical improvements in irrigation man-
agement, methods, and equipment can only improve the ef-
fectiveness of using water for crop production; they cannot
reduce pumping of the mostly non-renewable water resource
in the southern part of the High Plains aquifer to sustainable
levels. Thus, a fourth factor, water policy, is the key to future
positive adaptation. In the end, either the aquifer will be
pumped until the economically obtainable water for irriga-
tion is exhausted, or the people of the Plains will institute
additional policies and regulations that limit pumping to sus-
tainable levels. Fortunately, the sustainability of irrigated ag-
riculture with reduced water supplies has been greatly in-
creased due to advances in irrigation application and man-
agement methods and crop varieties resulting from com-
bined state, federal, and private research and development
efforts. Coupled with the adaptability of the Great Plains
population, this should allow a longer and smoother transi-
tion to less irrigated land in the Great Plains, To be sure, this
will be only a partial victory, given the need for overall ag-
ricultural production increases to feed the future world.
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