
water

Review

Policy, Technology, and Management Options for Water
Conservation in the Ogallala Aquifer in Kansas, USA

Jean L. Steiner 1,* , Daniel L. Devlin 1,2, Sam Perkins 3, Jonathan P. Aguilar 4, Bill Golden 5, Eduardo A. Santos 1

and Matt Unruh 6

����������
�������

Citation: Steiner, J.L.; Devlin, D.L.;

Perkins, S.; Aguilar, J.P.; Golden, B.;

Santos, E.A.; Unruh, M. Policy,

Technology, and Management

Options for Water Conservation in

the Ogallala Aquifer in Kansas, USA.

Water 2021, 13, 3406. https://

doi.org/10.3390/w13233406

Academic Editor: Vito Ferro

Received: 30 September 2021

Accepted: 26 November 2021

Published: 2 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Agronomy, Kansas State University, Manhattan, KS 66506, USA; ddevlin@ksu.edu (D.L.D.);
esantos@ksu.edu (E.A.S.)

2 Kansas Center for Agricultural Resources and the Environment, Kansas State University,
Manhattan, KS 66506, USA

3 Kansas Department of Agriculture, Water Resources Division, Topeka, KS 66612, USA; sam.perkins@ks.gov
4 Department of Biological and Agricultural Engineering, Kansas State University, Manhattan, KS 66505, USA;

jaguilar@ksu.edu
5 Department of Agricultural Economics, Kansas State University, Manhattan, KS 66506, USA;

bgolden@ksu.edu
6 Kansas Water Office, 900 SW Jackson Street, Suite 404, Topeka, KS 66612, USA; matt.unruh@kwo.ks.gov
* Correspondence: jlsteiner@ksu.edu; Tel.: +1-405-694-0740

Abstract: The Ogallala Aquifer underlies 45 million ha, providing water for approximately 1.9
million people and supporting the robust agriculture economy of the US Great Plains region. The
Ogallala Aquifer has experienced severe depletion, particularly in the Southern Plains states. This
paper presents policy innovations that promote adoption of irrigation technology, and management
innovations. Innovation in Kansas water policy has had the dual effects of increasing the authority
of the state to regulate water while also providing more flexibility and increasing local input to
water management and regulation. Technology innovations have focused on improved timing and
placement of water. Management innovations include soil water monitoring, irrigation scheduling,
soil health management and drought-tolerant varieties, crops, and cropping systems. The most
noted success has been in the collective action which implemented a Local Enhanced Management
Area (LEMA), which demonstrated that reduced water pumping resulted in low to no groundwater
depletion while maintaining net income. Even more encouraging is the fact that irrigators who have
participated in the LEMA or other conservation programs have conserved even more water than
their goals. Innovative policy along with creative local–state–federal and private–public partnerships
are advancing irrigation technology and management. Flexibility through multi-year allocations,
banking of water not used in a given year, and shifting water across multiple water rights or uses
on a farm are promising avenues to engage irrigators toward more sustainable irrigation in the
Ogallala region.

Keywords: High Plains Aquifer; LEMA; groundwater depletion

1. Introduction

With a global population of 7.8 billion people, projected to grow to about 10 billion
over the next 30 years, current and future food insecurity is an urgent threat. At the same
time, a changing climate poses uncertainty about future productive capacity in many of the
world’s breadbaskets due to increasing frequency and intensity of agricultural droughts,
heat waves, and flooding [1,2]. Irrigation reduced year-to-year crop yield variability
by about 41% in the US [3] and with climate change, irrigation may play an even more
important role in stabilizing yields. Agriculture is the largest use of the human consumptive
water use, so finding ways to sustain irrigated agriculture while conserving water for
other critical needs is essential [4]. As temperatures increase and precipitation becomes
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more variable, irrigated agriculture will be important to sustain the relatively higher food
production as compared to rainfed agriculture. However, water supplies are finite, and in
many cases over-allocated or declining in quality.

Over the past two decades, global groundwater storage has been depleted in all
major irrigation areas [5]. Dieter et al. [6] reported that groundwater extractions for
irrigation in the US increased by 16% from 2010 to 2015. Famiglietti and Ferguson [7] found
that the Southern Ogallala aquifer in the US Great Plains was among the most rapidly
depleting aquifers over the past two decades, with rate of decline abating somewhat in
last 2 years. The Ogallala Aquifer constitutes a major portion of the High Plains Aquifer,
which underlies 45 million ha (111 million acres) of land in the US states of Wyoming,
South Dakota, Nebraska, Kansas, Colorado, Oklahoma, Texas, and New Mexico [8]. The
aquifer provides water for approximately 1.9 million people and has been instrumental in
the development of the robust agriculture economy of the Great Plains region. The Ogallala
Aquifer region accounts for about 30% of all irrigation in the US [6] and more than 30% of
US crops and livestock are produced in this region [9].

The aquifer characteristics, such as saturated thickness, depth to water, and recharge
rates vary significantly across the multi-state region. McGuire [10] reported that the 2015
saturated thickness as a percentage of pre-development saturated thickness has declined
substantially, particularly in Texas, Oklahoma, Kansas, Colorado, and New Mexico. In
addition, the Great Plains region, where the aquifer is located, exhibits a strong precipitation
gradient, decreasing from east to west, as well as pronounced temperature gradients,
increasing from south to north and is vulnerable to projected climate changes [11]. Deines
et al. [12] identified regions of stable, expanding, and decreasing irrigated area in the High
Plains from 1984–2017, and projected that 40% and 54% of currently irrigated land in the
central and southern High Plains, respectively, would no longer be viable for irrigation
by 2100. Increased sustainability of irrigation in the region will require innovations in
technologies and management systems to slow groundwater depletion [13,14]. Since
portions of the aquifer have uranium, arsenic, and other naturally occurring constituents
of concern, [15], it is also important that water conservation consider potential impacts on
regional water quality.

In the Southern Plains, there is widespread awareness of the aquifer decline. Lauer
et al. [16] found that irrigators in the region believe water conservation is important, not
only to allow future irrigation on their own fields, but also to ensure the future of their
communities and region. However, adoption of many new technologies and management
systems has been slow. The hypothesis of this paper is that innovations in policy are needed
to accelerate adoption of more efficient irrigation technologies and management systems
and slow the rate of aquifer depletion. Water law and policy that govern options for
water conservation vary considerably from state to state [17]. Because the greatest decline
in the Ogallala Aquifer has occurred in the Southern Plains states, and because Kansas
has implemented policy innovations that are not available in Oklahoma and Texas, this
paper will focus on Kansas, and show that policy innovations have played a critical role in
accelerating adoption of technology and irrigation management innovations. Applicability
of the demonstrated success of these innovations in slowing the rate of groundwater
depletion to other parts of the Ogallala region as well as other irrigated regions will be
discussed.

2. Kansas Irrigated Agriculture Background
2.1. Water Policy

Water use in Kansas is governed under the 1945 Water Appropriation Act, which
established that water is owned by the state and can be used by individuals under the
prior appropriation doctrine. Approval of water rights to private uses is the responsibility
of the Chief Engineer of the Division of Water Resources in the Kansas Department of
Agriculture (KDA) [18]. There are more than 35,000 active water rights in Kansas [19],
mostly in the Ogallala Aquifer area. With water resources fully developed in many areas
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of the state, policies have been implemented which allow water rights to be modified
or transferred, subject to approval by the Chief Engineer. As concern about depletion of
the Ogallala Aquifer increased, the 1972 Groundwater Management District (GMD) Act
allowed more local input into water policies [18]. Currently there are five GMD in Kansas,
of which GMD No. 1, GMD No. 3, and GMD No. 4 are located over the Ogallala Aquifer in
the west-central, southwest, and northwest portions of the state (Figure 1). Legislation in
1978 established Intensive Groundwater Use Control Areas (IGUCA). Minimum desirable
streamflow limits (MDS) were established following passage of legislation in 1984.

Figure 1. Groundwater Management Districts No. 1, 3, and 4 located in the Ogallala Region of the
Kansas High Plains Aquifer. Source: Whittemore et al. [20].

In 1981, the Kansas Water Office (KWO) was established to plan, coordinate, and
market water. Responsibilities of KWO include compilation of climate, water, and soil data
as related to water resources, develop a State Water Plan, develop guidelines for water
conservation and establish guidelines for management during times of drought (KWO
website). The annual budget to support the State Water Plan is developed by the Kansas
Water Authority, an appointed board, in consultation with watershed-based Regional
Advisory Committees. Implementation of the Water Plan is conducted by the KWO,
KDA, the Kansas Department of Health and the Environment (KDHE) and other agencies.
Importantly, for this paper, in 2012, legislation was passed that authorize additional options
to establish procedures for water leasing, incentive-based water right retirement, multi-year
water allocations, and Local Enhanced Management Areas [18]. Additional policy options
to reduce water allocations through Water Conservation Areas (WCA) were allowed
following passage of legislation in 2015.

2.2. Irrigated Agriculture in Kansas

Agriculture accounts for 88% of land use in Kansas, with the 14% of Kansas cropland
that is irrigated producing 33% of the crop production. Irrigation utilizes about 85% of the
non-domestic consumptive water use in the state, with the largest amount of irrigation
occurring in the western portion of the state. The most common irrigated crops are corn
(Zea maiz), soybeans (Glycine max), winter wheat (Triticum aestivum), alfalfa (Medicago
sativa), and sorghum (Sorghum bicolor). Over 90% of irrigation systems in Kansas are
center pivot systems [21]. Irrigation water extraction developed rapidly in Kansas from
the 1950s through the 1970s, initially using furrow irrigation methods. Early conservation
innovations included use of gated pipe to replace open ditches, and later installation of
tailwater reuse systems [14]. In the 1970s, center pivot irrigation technology triggered
transition to sprinkler irrigation for new systems. The most common appropriation for
irrigation water rights was 6096 m3 ha−1 (2 acre-feet). The development of irrigation in
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western Kansas was followed by rapid development of concentrated animal production
systems and later ethanol energy production systems, greatly increasing the employment
and economic impact of irrigated agriculture in the region. However, significant water
level and saturated thickness declines in the aquifer were documented by Luckey et al. [22],
and that trend continues to this date. Whittemore et al. [20] reported that the saturated
thickness decline since pre-development was 17.1, 31.4, and 7.6 m (56, 103, and 25 ft) for
GMD No. 1, 3, and 4, respectively, and that remaining aquifer thickness for GMD No. 1, 3,
and 4, respectively, was 9.4, 46.0, 21.0 m (31, 151, and 69 ft).

2.3. Resource Monitoring

The Kansas Geological Survey established the Index Well Network in 2007, initially
with three instrumented and continuously monitored wells. Currently, this network has 19
instrumented wells in the three western Kansas GMDs, with additional sites in the central
Kansas GMD. These measurements support modeling and analysis of mechanisms that
control water level changes [23] as well as complement the annual measurement program,
which monitors over 1000 wells manually during the non-irrigation season.

The Kansas Mesonet consisting of automated and near real-time weather monitoring
was established in 1986, with initial sites located at Kansas State Research and Extension
(KSRE) locations [24]. Additional sites to a total of 62 distributed throughout the state
have been added in collaboration with the KWO, GMDs, and USDA Soil Climate Anal-
ysis Network. The stations monitor solar radiation, wind speed and direction, relative
humidity, air temperature and rainfall, and in some sites, soil moisture. These and other
weather data support natural resource monitoring and assessment programs as well as
operational programs such as growing degree days, heat indices, cooling degree days, and
evapotranspiration estimates for irrigation scheduling.

3. Innovation to Enhance Sustainability of the Ogalalla Aquifer

There has been a strong multi-state focus on irrigation technologies, irrigation man-
agement, and irrigation efficiency for many years. The Ogallala Aquifer Program was
established in 2003 as a consortium between the US Department of Agriculture, Agricul-
tural Research Service, Texas A&M University, Texas Tech University, West Texas A&M
University, Kansas State University and the Texas Water Resources Institute [14]. From
2016–2020, the USDA-NIFA funded Ogallala Water Coordinated Agriculture Project [13,25]
conducted multidisciplinary research and outreach focused long-term agricultural sustain-
ability in the High Plains region. Findings from these groups and others contributed greatly
to technology and management innovations discussed below, but policy is dominated by
state law making extension of policy innovations across the region a much slower process.

3.1. Innovations in Policy

There has been a long history of innovation in Kansas water policy with the goal to
reduce the depletion rate in the Ogallala aquifer (Table 1). The body of legislation over
the years has had the dual effects of increasing the authority of the Chief Engineer to
regulate water while also increasing the authority for local input to water management
and regulation. Following passage of the Groundwater Management District Act in 1972,
the Western Kansas GMD (GMD No. 1), the Southwest Kansas GMD (GMD No. 3),
and the Northwest Kansas GMD (GMD No. 4) were established in 1970s. The districts
established various policies, such as spacing requirements from existing water right wells
that have precluded future water rights in most of the western part of Kansas. In addition,
metering requirements were established by the districts to meet the state’s requirement
for water level reporting. Currently, the Chief Engineer requires annual water use reports
which are submitted to the online Kansas Water Use Reporting System. The allocation
of water rights for irrigation has been reduced below the historic 6096 m3 ha−1 (2 acre-
feet), with quantity varying by district. In 1978, the Chief Engineer was authorized to
declare Intensive Groundwater Use Control Areas, based on the following premises: a
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public hearing which determined that groundwater levels are declining excessively, the
rate of groundwater withdrawal exceeds the rate of groundwater recharge, unreasonable
deterioration of groundwater quality has occurred or may occur, or other conditions exist
warranting additional regulation to protect public interest. The IGUCA’s faced strong local
resistance and have been implemented primarily in riparian areas. Legislation in 2012
and 2015 passed to allow establishment of local (Local Enhanced Management Area or
LEMA) and individual (water conservation areas or WCA) voluntary reductions in water
allocations in exchange for increased flexibilities including multi-year water allocations,
and in some cases changes in location or use of allocated water.

Table 1. History of water law and associated policy in Kansas.

Year Law Policy Implemented under the Law

1945 K.S.A. 82a702. Water
Appropriation Act

Established Chief Engineer position in the Division
of Water Resources, Department of Agriculture

1972
K.S.A. 82a-1020 through
82a-1040 Groundwater

Management District Act

Five groundwater management districts (GMD)
established. GMD’s 1, 3, 4 are over the Ogallala

Aquifer

1978 K.A.R. 5-20-2 Intensive Groundwater Use Control Areas (IGUCA)
authorized

1981 Kansas Statute 74-2608 Kansas Water Office established

1981 Kansas Statute 74-2622 Kansas Water Authority established

1984 K.S.A. 82a-703 a, b, c Minimum streamflows established

2006
Water Transition Assistance Program pilot

established for permanent retirement of partial or
full water right in targeted areas. Expires 2022.

2012 K.S.A. 82a-1041 Local Enhanced Management Areas implemented

2015 K.S.A. 82a-745 Water Conservation Areas implemented

In addition to legislation and policy described above to reduce water allocations, in
2006, the Kansas House Bill 2710 established the Water Transition Assistance Program
(WTAP) pilot. This established a fund managed by the Kansas Conservation Commission
to purchase and permanently retire partial or full water rights in targeted areas. The pilot
program expires in 2022.

3.2. Innovations in Technology

Innovations in irrigation technology were the focus of a symposium and journal special
issue as introduced by Lamm et al. [26]. Innovations have focused on engineering systems
to deliver the highest possible fraction of water to the root zone and automation to improve
the timing and placement of water and other inputs to optimize the “crop per drop”. Lamm
et al. [27] reviewed in-canopy and near-canopy sprinkler irrigation and found they result
in nearly 15% lower evaporation losses compared to high-pressure sprinkler designs, but
pose greater challenges for non-uniform applications that can result in runoff, erosion, and
deep drainage losses. One of the earliest near-surface systems was the low-energy precision
application (LEPA), which produced about 16% yield increase compared to above canopy
sprinkler irrigation for irrigation treatments below 50% of full irrigation [28]. A more recent
innovation, mobile drip irrigation (MDI) is a gaining popularity by combining the efficiency
of sub-surface drip irrigation (SDI) [29] with the versatility of center pivot systems together
in a unit [30]. Compared to in-canopy spray nozzles, MDI systems have 35% lower soil
evaporation [31] due to a smaller wetted perimeter associated with MDI. In the Texas High
Plains, SDI compared to mid-canopy spray systems reduced corn water use by 17–18%
while increasing yield by 0–20%, primarily by reducing early season evaporation [32]. In
contrast, Oker et al. [33] compared low elevation spray application (LESA), LEPA, and MDI



Water 2021, 13, 3406 6 of 20

irrigation systems with a range of irrigation capacities and found little effect of irrigation
system on biomass, leaf area, yield, or water use efficiency (WUE). They did identify
reduced wheel-track rutting and ease of fertigation as benefits of MDI. Reynolds et al. [34]
found that producers growing high water use crops such as corn could recover the costs
of conversion from LESA to MDI in 2.3 to 4.9 years for low to medium conversion costs.
Evett et al. [32] identified benefits of SDI to include warmer soil temperatures early in the
season, which reduced evaporation and improved root development and early crop growth.
Goebel and Lascano [35] analyzed the isotopic signature of water in the petioles of cotton
grown with sub-surface drip (SDI) and center pivot irrigation of cotton and found petiole
water of sprinkler-irrigated cotton was 63% rainwater compared to 17% for sub-surface
drip and 32% for rainfed cotton. This could be related to more rooting near the surface
with more frequent wetting by sprinkler irrigation.

Precision application and automation of irrigation systems offers the opportunity
to increase the efficiency even further by meeting crop input needs which vary spatially
within a field and through the season [36]. These systems integrate technologies such as
geographic position system (GPS) location and guidance systems, soil and crop mapping,
precision crop inputs, and precision irrigation based on soil and plant monitoring and
knowledge of critical growth periods. O’Shaughnessy et al. [37] reviewed advantages and
disadvantages of variable rate irrigation technologies and identified changes needed to
better realize the potential of the systems.

3.3. Innovations in Management

Innovations in irrigation management include use of soil water monitoring and
automated computer-aided irrigation scheduling to determine timing and quantity of
applications; improving soil health to maximize infiltration of precipitation and irrigation
water, improve soil water storage capacity, optimize water extraction from the soil by roots;
and drought-tolerant varieties, crops, and cropping systems. Irrigation scheduling has
been recommended for many decades to save water and energy, optimize crop yield and
quality, and minimize loss of inputs to the environment [38]. Approaches to irrigation
scheduling have evolved to include increased use of evapotranspiration (ET) and crop
growth modeling, automated soil moisture sensing, and spectral crop monitoring [38].
Although ET measurement and modeling have been a research focus for decades, recent
research [39] found that commonly used methods still can under-estimate ET under the
low humidity and high wind conditions common in the Great Plains. Irrigation scheduling
often relies on crop coefficients to relate potential ET rates to actual ET rates through the
crop growing season. Evett et al. [40] found that the type of irrigation system can affect the
crop coefficients, with crop coefficient values for corn being 10% lower for SDI compared
to MESA sprinkler irrigation.

As groundwater levels and well capacities decline, research has focused on optimal
irrigation scheduling for different deficit irrigation strategies and different crops. Araya
et al. [41] found that highest simulated yield of corn in southwestern Kansas required 400
to 450 mm of irrigation application and 650–800 mm of ET, and that the highest irrigation
water productivity was 30–33 kg/ha/mm when irrigating at 25% or 50% plant available
soil water. In the Texas High Plains, Thapa et al. [42] evaluated corn production with
300 mm irrigation, 60% of average irrigation applications in the region, and determined
that modern corn hybrids could produce acceptable yields in favorable rainfall years but
with risk of crop failure in drought years.

Monitoring soil water content provides valuable information for making irrigation
decisions. Evett et al. [43] found that in field conditions that have layered soils, plants
available soil water (PASW) is greater than that determined in laboratory conditions. They
recommended irrigators focus on maximum use of soil water stored during wet periods
in the season, measured soil water depletion, and critical sensitive periods for the crop to
optimize amount and timing of irrigation.
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As groundwater supply declines, irrigators may have inadequate capacity to irrigate
traditional high water use crops such as corn. Bhattarai et al. [44] evaluated alternative
forage crops that could supply beef and dairy production, and found that with deficit
irrigation, forage sorghum and millet extracted water from deeper in the profile and
produced greater yield and WUE than corn. In the same experiment, Bhattarai et al. [45]
found that lignin content was lower and digestible energy was higher in corn than millet
and sorghum, but that the forage quality of the higher yielding sorghum was acceptable
for silage. Katuwal et al. [46] evaluated growth-stage-based deficit irrigation for canola,
and found that eliminating a vegetative stage irrigation resulted in deeper water extraction
during a dry year and resulted in reduced ET compared to full irrigation but higher WUE
and similar oil content. Similarly, Himanshu et al. [47] found that imposing water deficits
in the initial or final growth stages had little effect on seed cotton yield, while the peak
bloom growth stage (GS4) was the most sensitive stage to water stress. While cotton has
not been a common crop in western Kansas, it has the potential to produce net returns
comparable to corn, and Baumhardt et al. [48] found that short season, early planted cotton
could be a viable, low-water requirement crop in the southwestern part of Kansas.

In looking to the future of irrigation in the region, Lamm et al. [49] and Evett et al. [14]
emphasize the need to utilize the best engineering and agronomic advances combined. For
example, use of improved cultivars and precision application tools to precisely apply water
and other inputs to meet the plant needs within a field and through the season.

4. Demonstrated Water Conservation

Moving toward more sustainable irrigation in the Ogallala region requires an interplay
of innovation in policy, technology, and management. Policy innovation in Kansas over
recent decades have increased the adoption of innovative technologies and management
as described in the 2021 Kansas Water Authority Annual Report to the Governor and
Legislature [50]. Significant irrigation efficiency advances have been documented through
many programs at farm to field as well as landscape to community scales as briefly
summarized below. Additional information about programs discussed below are provided
on the relevant agency websites.

4.1. Farm and Field Scale Conservation

The KDA supports the WCA program to provide a voluntary, flexible tool available
to any water right owner or a group of water right owners to reduce withdrawals from
the aquifer in exchange for flexibilities such as multi-year water right allocations, moving
allocations between enrolled water rights and allowing the use of water to be changed (e.g.,
from irrigation to stock water). To establish a WCA, the water right owner/s develop a
management plan that includes the geographic boundaries, time period, and goals and
approaches of the plan. After approval by the Chief Engineer, the plan is implemented
through a consent agreement. To date, fifty-three WCA’s have been enrolled, mostly in the
Ogallala region, with a projected water savings of 14.7 mil m3 (11,900 acre-feet) each year.
Most WCA’s are implemented for three-year periods, and some have been renewed.

The Water Technology Farms (WTFarms) are a public–private partnership supported
by the KWO since 2016 that showcase the latest in technology and water conservation
efforts. Over 100 sponsors work with the water right holders who partner to demonstrate
technologies, support field-scale research, and support outreach activities. Seventeen farms
are enrolled in the program, demonstrating a wide range of technologies such as soil
moisture monitoring, irrigation scheduling tools, efficient emitter technologies, subsurface
drip systems, soil health enhancement, precision technologies, and alternative cropping
systems. The farmers work closely with private sector partners who help adapted available
technologies to the goals of the producer. The KWO and KSRE assist with monitoring
and evaluation of the program. Producers submit annual reports that indicate savings of
water extractions ranging from 30 to over 50% of the water right appropriation, generally
with yields and net returns maintained or in some cases increased [51]. Producers who
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enroll in other conservation programs are supported with numerous state and federal cost-
sharing programs and technical support through the KSRE, state agencies, and conservation
districts. Additionally, the KDA Irrigation Technology program supported cost sharing
for irrigation technology and management on over 2200 ha (5000 acres) in 2020 to support
conservation in a targeted ecological region.

The Water Transition Assistance Program has retired water rights for annual savings
of over 3.1 mil m3 (2500 acre-feet). Because the program is targeted to areas that have
been declared sensitive, the retirement of these water rights has been essential in allowing
citizens to meet their drinking water needs while protecting important ecosystems.

4.2. Collective Action for Conservation

While conservation at field to farm scale is important, some challenges may be better
addressed at larger scales that require many people to work together. Legislation passed
in the last decade and implemented through the groundwater management districts and
other agencies have demonstrated the power of collective action for water conservation.

The first LEMA, known as SD-6, was established in GMD No. 4 on 1 January 2013,
for a 5 year period. In the early 21st century, the contiguous 256 km2 area in Sheridan
and Thomas Counties had been identified as a clustered subunit with similar aquifer
characteristics and declared a High Priority Area. Drysdale and Hendricks [52] give
additional details of the LEMA.

Prior to establishment of the LEMA, irrigated area, total water extracted, and water
extracted per unit area inside the LEMA boundaries were similar to the land surrounding
and adjacent to the boundary of the LEMA, which were used as a control area for further
assessment [53]. Drysdale and Hendricks [52] applied difference-in-difference econometric
analysis and determined that farmers within the LEMA reduced water use by 26% com-
pared to the control area, primarily through reduced water applications on similar crops to
the pre-LEMA period. Analysis of the first five years of the LEMA (2013 to 2017) indicated
that the LEMA area had 10.9% less irrigated area, 23.1% less groundwater use, and 16% less
water use per unit irrigated area compared to the surrounding control area [54]. Prior to
2012, the LEMA area had 9.2% less irrigated corn area, but from 2013 to 2017, it had 23.3%
less area of corn compared to the surrounding control area. The LEMA had no significant
impact on alfalfa or soybean irrigated area, but increased sorghum and wheat areas relative
to the control. Producer-reported economic data indicated that cash flow per unit area
or per unit water applied was higher in the LEMA compared to the control area for corn,
sorghum, and wheat crops, but not for soybean which had similar amount of irrigation
applied but lower yield for LEMA than control fields.

In a separate analysis of SD-6, Deines et al. [55] found that the LEMA reduced water
use by 31% over five years, with 72% of the savings realized through increased irrigation
efficiency and 19% of the savings achieved through transition to crops with lower water
demand. Zwickle et al. [56] found that the collaborative governance model was essential
in this LEMA to achieve the collective water savings. Because of the benefits of water
conservation while maintaining economic viability of agriculture in the region, the SD-6
LEMA was extended from 2018 through 2022. Subsequently, a GMD No. 4 District-wide
LEMA was approved, effective 2018 through 2022.

The GMD No. 1 had low pre-development saturated thickness, relative to GMD No. 3
and GMD No. 4 and the area has experienced severe depletion of groundwater levels. The
GMD No. 1 established the Wichita County LEMA effective 2021 through 2025. The plan
will result in 25% reduction in use relative to the 2009–2015 historical period, with five-year
allocations being developed with consideration of low output wells and prior conservation.
A GMD No. 1 district-wide LEMA is under development as of writing.

Additional examples of collective action for conservation are engagement of a variety
of private and public stakeholders including the GMDs and agencies engaged in the
Kansas Water Plan in federal partnerships for conservation. One important effort in the
Ogallala Region of Kansas is the WTAP partnership with the USDA Conservation Reserve
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Enhancement Program (CREP) to achieve permanent retirement of water rights along
the Upper Arkansas River Basin to stem aquifer declines and mitigate municipal water
supply shortages. Both WTAP and CREP contracts require participants to permanently
retire water rights in exchange for compensation. Contracts under the CREP program
require the landowner to plant a permanent vegetative cover while WTAP allows transition
to dryland cropping, pasture, or conservation vegetation. Deines et al. [57] determined
that about 24% of currently irrigated lands in the High Plains Aquifer may not be able to
support irrigation by 2100, and that soils on 13% of the area would be unsuitable to sustain
dryland cropping, indicating that the water right retirement programs are needed and
that conservation plantings following retirement of irrigation and conversion to dryland
farming are both needed options in the region.

Another recent partnership is the Groundwater Recharge and Sustainability Project
(GRASP) funded under the USDA Resource Conservation Partnership Program. The
GRASP project is led by the Playa Lake Joint Venture partnership and focuses on playa
restoration, reduce irrigation pumping, retirement of wells, and/or transition to dryland
cropping in Wichita and Greeley Counties to promote localized recharge and stabilized
water levels near municipal and domestic wells.

4.3. Impacts of Conservation on Groundwater Depletion

Because irrigation is managed independently on different farms in the Ogallala region,
and because of the heterogeneity of the groundwater characteristics, weather, and irrigation
management, it has been difficult to quantify impacts of conservation on groundwater
depletion. Implementation of the SD-6 LEMA in 2013 provided a unique opportunity to
monitor cumulative impacts of the concentrated adoption of irrigation technologies and
efficient management on a community scale. Whittemore et al. [20] found that annual
water use in the SD-6 area declined with growing season precipitation across the region
with lower water use after implementation of the LEMA compared to prior to LEMA.
Butler et al. [58] found a similar relationship (Figure 2) using annual precipitation from the
PRISM system [59]. These studies demonstrated that implementation of the LEMA policy
resulted in the intended reduced extraction of water from the aquifer.

Figure 2. Water use vs. precipitation 2002–2018 for Sheridan-6 LEMA. Source: data for Figure 5 in
Butler et al. [58].
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Even more encouraging, not only was groundwater pumping reduced, but the ground-
water level decline was reduced during the LEMA years. Additionally, the slope of tra-
jectory of water level change relative to water pumped flattened (Figure 3). Both linear
per-LEMA and full period relationships were significant (p = 0.002 and p < 0.001) and the
ratio of the slope for the period including the LEMA years to the pre-LEMA years was 0.94.
These results from SD-6 are rare, because all water users within a contiguous area were
required to reduce water pumping.

Figure 3. Average annual water level change versus annual groundwater use for the SD-6 LEMA in
GMD4. Source: data for Figure 3 in Butler et al. [60].

Irrigation pumping in a given system is affected by combinations of precipitation
and evapotranspiration. To examine water conservation impacts at a GMD-wide level, a
regression equation was developed to relate annual water use to growing season precipita-
tion and summer ET rates for GMD No. 4 (See Appendix A). The equation was applied
to estimate water use for the years 2005–2017, prior to the impacts of new district-wide
LEMA which started in 2018. Figure 4 shows that the 2018–2020 reported water use across
the entire GMD 4 was lower than would have been predicted based on the growing season
climate. While three years of results do not allow comprehensive statistical analysis, the
result is an important indication that the culture of water conservation under innovative
water policy is impacting water extraction.

A similar response was seen in GMD No. 3 (Figure 5), which did not have a LEMA in
the GMD, but which had producers participating in WTFarms, WCAs, and other water
conservation programs that had been made possible by evolving water law and policy in
Kansas (Table 1).
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Figure 4. GMD No. 4 average reported and estimated water use per unit area for 2005–2017 (base
period), 2000–2004, and 2018–2020. See Appendix A for methods.

Figure 5. GMD No. 3 average reported vs estimated water use per unit area for 2006–2017 (base
period), 2000–2005, and 2018–2020. See Appendix A for methods.
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5. Applicability to Other States and Regions

The diversity of climate and water availability in the US Great Plains makes it a good
test site for technologies that can be introduced in other regions of the world. Given the
diversity of water policy environments in states overlaying the Ogallala Aquifer (Table 2),
many states lack the legal and policy basis for flexible local management that have proved
successful in Kansas in reducing water pumping. It remains to be seen the extent to which
policies and programs to establish collective conservation areas are essential to reduce or
stem depletion of the aquifer. However, the Ogallala overall is depleting, and there is a
need and potential to extend the demonstrated innovations in technology and management
to enhance irrigation efficiency and reduce annual water extractions across the region.

Table 2. Contrasting water policy in states overlying the Ogallala Aquifer. Sources: [17,61].

State Water Law Permitting
Agency Local Districts Policy Options Other

Texas Common-law rule of
capture

No statewide
permitting
authority

Groundwater
Conservation
Areas (WCA)

WCA required to
develop plans for

desired future
conditions (DFC).

Can limit
allowable annual

use.

50/50 rule is common
for DFC, 50% current

aquifer storage
remains after 50 years

New Mexico

Water belongs to the
public. Prior

appropriation
subject to beneficial
use. Water rights are

private property.

State Engineer
Office No

Adjudication of water
rights in NM has not
occurred in NE New

Mexico Region.

Oklahoma

Surface—prior
appropriation.

Groundwater—
property right with
appropriation based

on land area and
availability of

unappropriated
water.

Oklahoma
Department of

Water Resources
No

Annual
groundwater use
reports required.

Permit required for
feedlots, irrigation

exceeding 3 ac,
commercial use

exceeding 5 ac-ft.
26 tribes have water

rights dating to time of
establishment of a

reservation

Kansas Prior appropriation Chief Engineer,
KDA

5 Groundwater
Management
Districts, 3 in

Ogallala area, with
taxing and
regulatory
authority

Metering,
moratorium on
new wells. See

Table 1 for history
of water law and

policy.

GMD policy may
require approval of

Chief Engineer

Colorado Prior appropriation Colorado Ground
Water Commission 8, 2 in Ogallala

Monitoring, well
spacing, new well

development

Republican R Compact
settlement

Nebraska
Correlative rights

with reasonable use
clause

Nebraska
Department of

Natural Resources

23 Natural
Resource Districts

with taxing
authority

Well registration
required,

Integrated
management plans
for linked surface
and groundwater

Limited state oversite
of NRDs. Policy

depends on district,
may include

flowmeters, multi-year
allocations, no net new

irrigated area



Water 2021, 13, 3406 13 of 20

Table 2. Cont.

State Water Law Permitting
Agency Local Districts Policy Options Other

Wyoming

Prior appropriation.
Water is property of
the state. Beneficial

use.

Wyoming State
Engineer Office

3 Control Areas in
SE Wyoming with

local Advisory
Boards that advise
State Engineer and
Board of Control.

Board of Control
consisting of State
Engineer and four

District
Supervisors

responsible for
adjudication of

water rights.

Permit required well
drilling for beneficial

use. Irrigation
allocation 1cfs per 70

ac.

The irrigated area has changed differently in different portions of the Great Plains for
a variety of reasons [12]. While Kansas irrigated acres have only declined by 1.3 percent
(16,313 ha) from 1989 to 1997, regional changes are more dramatic (Table 3). In western
Kansas, which basically covers GMD Nos. 1, 3, and 4, about 11% (102,942 ha) of irrigated
area has been converted to dryland agriculture. On the Eastern side of Kansas, there has
been a 93% (19,601 ha) increase in irrigated agriculture. This is reflective of what is happen-
ing across the Great Plains and the whole US. Irrigated area in some GMDs in Nebraska
have decreased due to local regulation of water use; Wyoming irrigated area was decreased
by federal programs to retire water rights; and in other regions due to declines in well
capacity. Some regions have increased irrigated area as efficient technologies were adopted
allowing a given amount of water to be applied to more land. Quintana et al. [62] evalu-
ated groundwater extraction under irrigation scenarios that included climate change and
technical change and found that optimal groundwater extraction would peak in western
Kansas by about 2040. When accounting for climate change, gains from management were
almost 30%, compared to about 6% in prior studies which ignored climate and technical
change.

Table 3. Irrigated area reported to the Kansas Department of Agriculture, Division of Water Resources
in 1989 and 2017 [19].

Reporting Unit
1989 2017 Change % Change

ha ha in ha Since 1989

GMD 1 118,000 71,846 −46,154 −39.1

GMD 3 636,379 563,788 −72,591 −11.4

GMD 4 145,294 158,644 13,350 9.2

Rest of Western Kansas 43,269 45,740 2472 5.7

Total of Western Kansas 942,941 840,017 −102,924 −10.9

GMD 2 38,318 61,023 22,705 59.3

GMD 5 173,670 185,401 11,731 6.8

Rest of Central Kansas 77,971 110,545 32,573 41.8

Total of Central Kansas 289,959 356,968 67,009 23.1

Total of Eastern Kansas 21,196 40,797 19,601 92.5

Total of State of Kansas 1,254,097 1,237,783 −16,313 −1.3

Irrigation technology and management innovations are widely promoted for adoption
on a field or farm scale. However, without the flexibility provided by multi-year water allo-
cations and ability to transfer water from one water right to another or one use to another,
producers may not invest in these technologies. Additionally, if water savings achieved by
more efficient technology or management are not “banked” for future years but instead
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are applied to a different area, then the potential of groundwater depletion reduction
will not be realized. Edwards and Guilfoos [63] evaluated groundwater governance in
contrasting basins and found that while broad, basin-wide solutions to over-allocation
are limited, when policies allow for more stringent pumping controls then externality
problems associated with groundwater over-pumping can be reduced.

Whittemore et al. [20] analyzed annual water use and annual water level change from
2009 to 2016 and determined that the zero water level change intercept occurred at 31, 33,
and 27% reduced pumping for GMD Nos. 1, 3, and 4, relative to the 2009–2016 average.
While these reductions are substantial, they provide a tangible goal which individuals as
well as GMDs could adopt. The WCA and WTFarms are voluntary programs where water
right holders agree to reduced water allocations in exchange for increased flexibility on use
of the water. There are many cost-share and technical assistance resources available to help
irrigators in these voluntary programs to find technology and management systems that
will allow them to sustain their productivity and income while using less water.

In many cases, participants in these programs have reduced their water applications
even more than agreed to in their agreements. The question is whether irrigators will
widely adopt innovative technologies and management and voluntarily reduce their total
water extractions. The results of the WTA, WTFarms, and LEMA programs are showing a
path toward a “new normal” of what irrigation could look like in the area. Bertone et al. [64]
found that farmers manage groundwater allocations dynamically, even if the water rights
do not incentivize them to do so based on crop and energy prices or practices of their
neighbors. In the High Plains Aquifer region of Kansas covering 1990–2014, Sampson
and Perry [65] found clear evidence of peer influence in adoption of LEPA systems from
1990–2014. Concern for the future value of their land and enterprises may provide another
motivation for change. As the variability of aquifer characteristics are better understood
through monitoring and detailed analysis (e.g., 23), irrigators in areas where velocity in the
aquifer is low are seeing that the benefits of conservation are relatively localized which may
be motivation to adopt more stringent water conservation practices to extend the value of
their farms and sustainability of their communities over decadal time scales.

In promoting water conservation, it is important to learn from past experiences.
In a meta-analysis of social science research, Witzling et al. [66] found that farmers got
information from three or more sources when considering change. Preferred sources
included extension and university sources, NRCS, soil and water conservation districts,
and peers, but also crop advisors, input providers, and traditional as well as digital media.
Weather, time, and economics, rather than lack of information, were identified as major
challenges to conservation adoption in the studies they considered, but information was
important to producers. In a survey analysis, agricultural consultants indicated in-person
contact works best with farmers and landowners, and that excessive application time and
paperwork for some programs reduces number of clients worked with as well as the interest
of producers. The consultants suggested that when new programs or changes in existing
programs are being planned, policy makers should focus on streamlined paperwork,
consistent rules and approaches across programs, and communicating changes far in
advance of implementation [67].

Innovative policy implemented in Kansas following enabling state legislation over
recent decades (Table 1), supported by a decades-long commitment to research that has
provided irrigation technology and management innovations [26,49], along with creative
local–state–federal and private–public partnerships have focused on transfer of the new
technologies and management to end users [14]. The most noted success today has been in
the collective action implemented in GMD No. 4, the SD-6 LEMA, which has demonstrated
that reduced water pumping resulted in low to no groundwater depletion in the years
immediately after implementation (Figure 3). Even more encouraging is the fact that
irrigators who have enrolled in one or more of the innovative programs have conserved
more water than their set goals. Flexibility of the new programs through multi-year
allocations, banking of water not used in a given year, and shifting water across multiple



Water 2021, 13, 3406 15 of 20

water rights or uses on a farm are promising avenues to engage irrigators toward more
sustainable irrigation in the Ogallala region.
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Abbreviations

GMD Groundwater Management District
IGUCA Intensive Groundwater Use Control Area
KSRE Kansas State Research and Extension
LEMA Local Enhanced Management Area
LEPA Low-Energy Precision Application
LESA Low Elevation Spray Application
MDI Mobile Drip Irrigation
SDI Sub-Surface Drip Irrigation
WCA Water Conservation Area
WRIS Water Rights Information System

Appendix A

Reported groundwater pumping for irrigation was queried from the KDA-DWR
Water Rights Information System (WRIS) and summarized for each GMD for years 2000–
2020. Predictive variables are based on monthly precipitation and temperature data that
were downloaded from PRISM [59] at https://prism.oregonstate.edu/ (accessed on 29
November 2021), sampled at PLSS section centroids, and spatially averaged over each
GMD’s extent. Sampled temperature data (monthly average daily maximum and minimum,
tmax and tmin) were used to calculate monthly ET for each PLSS section, as approximated
by Hargreaves and Samani [68] following a procedure described by Snyder and Eching [69].
ET was spatially averaged over PLSS sections in each GMD’s extent. Predictive variables
are sums over selected ranges of monthly ET (July–August) and precipitation (March–
June) and are plotted for GMD 4 (Figure A1) and GMD 3 (Figure A2). Ranges of months
selected as predictive variables were arrived at by trial and error, guided by coefficient of
determination (r-squared), standard error of estimate, and coefficient p-values. Regressions
were calculated with Microsoft Excel’s regression tool. The range of years included in the
regression begins with 2005 or 2006 to exclude early years when water use reporting based
on metered wells was ramping up. The estimator error increases significantly after 2017,
so years of regression end in 2017, and estimates for 2018–2020 are based on regression
conditions through 2017 (Figures A3 and A4).

https://agriculture.ks.gov/divisions-programs/dwr/water-appropriation/water-use-reporting
https://agriculture.ks.gov/divisions-programs/dwr/water-appropriation/water-use-reporting
https://prism.oregonstate.edu/
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Figure A1. Predictive climatological variables used to estimate pumping for GMD 4 2000–2020 are
reference ET (Jul–Aug, blue) and precipitation (Mar–June, orange), both plotted against the left axis.
Annual precipitation, plotted against the righthand axis, is shown for comparison.

Figure A2. Predictive climatological variables used to estimate pumping for GMD 3 2000–2020 are
reference ET (Jul–Aug, blue) and precipitation (Mar–June, orange), both plotted against the left axis.
Annual precipitation, plotted against the righthand axis, is shown for comparison.
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Figure A3. GMD 4 reported and estimated * pumping 2000–2020 using a regression based on
2005–2017 data.

Figure A4. GMD 3 reported and estimated * pumping 2000–2020 using a regression based on
2006–2017 data.
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