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Abstract: Even though groundwater-based irrigation has increased agricultural productivity and
economic activity in the United States (US), the current rate of groundwater withdrawals from
major aquifers could significantly affect the sustainability of agricultural production systems in the
near future. In the major agricultural regions, producers are now facing challenges to irrigate to
meet full crop water needs. There is an increasing need to strategize irrigation management under
various climatic and environmental conditions to optimize water use in agriculture while
optimizing crop yields. This study reviews some of the major challenges facing irrigated
agriculture in the US and the potential measures to ensure the sustainability of groundwater-based
irrigation. Identified challenges included diminishing quantity and quality of groundwater
resources, frequent droughts, low adoption rates of precision irrigation technologies, and rising
energy requirements for irrigation abstractions. Irrigation efficiency improvements, shifting to high
water use efficiency crops, wastewater reuse, groundwater monitoring, availing incentives, and
policy changes, were identified as promising water management strategies to ensure irrigation
sustainability. The success of these strategies will depend on the uptake and adoption by the
producers in the affected agricultural regions.
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1. Introduction

Irrigated agriculture plays a vital role in producing food, feed, and fiber in the
United States (US) [1]. In addition, irrigation has consistently been the largest single
consumer of water in the US, accounting for 80-90% of total consumptive water use [2].
However, pressure on available water resources has increased because of population
growth, changing climate, and excessive depletion of water resources, particularly
groundwater [3]. Resultantly, water has become the major limiting factor for crop
production [3,4]. Major agricultural regions in the US, such as the Ogallala Aquifer
region of the High Plains and the Arkansas Delta, are facing groundwater problems.
Producers now have water supply challenges to irrigate to meet the full crop water needs
under current irrigation and cropping scenarios [5].

Groundwater from aquifers is used in about 60% of the irrigated area in the US,
making it an essential source of irrigation [6]. However, severe groundwater withdrawals
from the aquifers have resulted in significant declines in well capacities and increased
pumping costs [7]. Previous studies have reported that some major agricultural regions
in the US will have severe water scarcity within the next 20 to 30 years if no significant
changes in irrigation management are adopted [8,9]. Therefore, as water resources
continue to dwindle, improved agricultural water management will become crucial to
guarantee the continued success of irrigated agriculture [10]. Sustainable water
management under dwindling groundwater resources will require innovative irrigation
strategies that enhance agricultural water use efficiency [11].

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.


mailto:masasib@uapb.edu
https://doi.org/10.20944/preprints202105.0614.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 May 2021 doi:10.20944/preprints202105.0614.v1

Considering the contribution of irrigated agriculture to the economy and for food
and fiber production in the US, there is no doubt that irrigation management should be
sustainable. Therefore, there is a need to interrogate the status quo of groundwater-based
irrigation to find ways that promote irrigation sustainability. Understanding the
challenges and successes of groundwater-based irrigation is relevant and vital for
managing modern agriculture, particularly under diminishing natural resources,
increasing population, and accelerating climate change. Thus, this study details the
current challenges and progress of groundwater-based irrigated agriculture in the US
and discusses some of the potential areas that can be addressed, including approaches
that may sustain the benefits from irrigation.

2. Water Resources — Challenges and Progress

2.1. High Plains of the Ogallala Aquifer Region

The High Plains (HP) of the Ogallala Aquifer region is one of the most productive
irrigated regions in the US [9,12]. Approximately 97% of irrigation water in the HP region
comes from the Ogallala aquifer, as surface water resources are insufficient for this
purpose [7,13]. However, decades of pumping with limited recharge have resulted in
severe depletion of the aquifer, and its water levels have continuously declined in many
parts of the region [14,15]. For instance, widespread declines of greater than 15 m have
been reported in the eastern parts of Colorado and western Kansas [16]. Because of the
water level declines, well capacities in the region have significantly dropped, and
producers face serious water challenges to irrigate to meet crop water demands [17].
With the current groundwater withdrawal rates from the Ogallala aquifer, indications
are that the aquifer will fail to support irrigation within the next 30 years [6].
Additionally, excessive groundwater depletion in the HP has affected surface water
sources in the region. Dennehy et al. [18] reported a reduction of stream flows and drying
up of surface water channels due to excessive groundwater withdrawals. Frequent
extreme droughts have also exacerbated these occurrences because of reduced
groundwater recharge and surface water resources [7].

In addition to water quantity challenges, deterioration of groundwater quality was
also identified as a potential threat to irrigated agriculture in the HP region. Chaudhuri
and Ale [19] reported contamination of groundwater in the HP of Texas caused by both
anthropogenic and natural processes. Their study highlighted that groundwater
contamination from natural processes was stimulated by extensive groundwater
pumping for irrigation from deep underlying layers. Furthermore, chemicals from
irrigated croplands were also identified as drivers to the rising salinity levels in the
Ogallala aquifer, exceeding environmental thresholds. Tilman et al. [20] explained that
return flows from irrigated croplands have salts, nutrients, and pesticides carried into
surface and groundwater. These have repercussions, particularly to the downstream and
the environment.

Over the past several decades, significant strides were made towards increasing the
efficiency of irrigation systems through technological improvements to combat water
scarcity in the HP region [1,10]. Most gravity irrigation systems were converted to more
efficient center pivot and subsurface irrigation systems [7]. Nonetheless, this has been a
partial triumph towards water conservation, and more irrigation management efforts
will undoubtedly be required [10]. Weinheimer et al. [12] identified strategic irrigation
management as a critical factor in conserving water resources in the region. Management
strategies involving changing crop types and cultivars, sowing date, planting density,
irrigation amount, and scheduling were pinpointed as potential adaptation measures to
cope with water scarcity [21]. Chen et al. [9] underscored the need to shift from
water-intensive such as corn to low water-demanding crops like cotton, grain sorghum,
and winter wheat to extend the lifespan of the Ogallala aquifer. Although cotton
production has expanded into traditional corn production areas in the HP, more
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conversions from corn to drought-tolerant crops could result in additional water savings
in the region [7].

In addition to better crop choices, Bordovsky et al. [22] stated that producers in the
HP region should adopt management practices that involve low irrigation levels instead
of the current irrigation practices. This argument agrees with other studies that have
proposed adopting irrigation management strategies that target maximizing production
per unit of water instead of the traditional thrust of production per unit area [23]. In line
with these views, several studies have highlighted the potential of deficit irrigation as a
strategy to reduce irrigation water use to cope with water scarcity [24]. Incorporating
various monitoring technologies to estimate crop water demand, soil moisture
availability, irrigation application rates, and precipitation in cropping fields could
significantly enhance deficit irrigation [12]. However, Fereres and Soriano [23]
emphasized that deficit irrigation strategies still need to be developed for most crops.
Their study highlighted a lack of knowledge on whether the deficit irrigation strategy can
be used effectively over extended periods in the growing season.

In other studies, irrigation timing was cited as an important factor in advancing
agricultural water conservation [25]. Proper selection of the first and last irrigation date
based on the soil type, crop type, crop growth stage, and evapotranspiration rate could
lead to significant water savings. Although simple in theory, this is a complex process
requiring strategic and tactical planning [26]. The timing of the earliest and last irrigation
affects the level of water conservation. First irrigation applications should be made to
minimize water losses, while last irrigation should ensure no significant water deficits
and overall yield losses. Starting and termination timing for irrigation may be facilitated
by using crop simulation models and soil water monitoring, possibly using soil moisture
sensors [3].

2.2. Arkansas Delta Region

Arkansas ranks third in irrigated cropland in the US and is one of the major
producers of valuable crops like rice, soybean, corn, cotton, wheat, and grain sorghum.
Irrigated crop production is concentrated mainly in the Arkansas Delta, located in the
eastern areas of the state. The Mississippi River Valley Alluvial Aquifer (MRVAA) is the
primary source of irrigation water for crop production in the region. According to Evett
et al. [27], irrigation from wells on individual farm tracts in eastern Arkansas accounts for
85% of the water removed from MRVAA. However, decades of pumping coupled with
the region's geology that limit recharge have resulted in significant groundwater decline
and aquifer depletion [27-29]. Previous studies have reported that the MRVAA is one of
the aquifers with the highest rate of daily water withdrawals in the US. Large areas of
eastern Arkansas have been designated as critical groundwater zones [30,31]. Clark et al.
[32] projected further aquifer depletions across large areas in the Arkansas Delta by 2050
if current pumping practices continue unabated.

In addition to aquifer overdraft due to continuous groundwater pumping, excessive
irrigation activities in the Arkansas Delta are causing contamination of water resources
through surface runoff and deep percolation losses [28]. Furthermore, like most southern
US regions, Arkansas has experienced droughts in recent years [33]. Extended
summertime droughts are becoming more frequent in the Arkansas Delta despite the
relatively high annual rainfall [27,30]. Due to the importance of irrigated agriculture in
Arkansas, the continued groundwater declines of the MRVAA, droughts, and water
quality issues in the Delta will have devastating impacts on the region's economy.

The predominant irrigation method in the Arkansas Delta region is furrow irrigation
on row crops. Several water management strategies have been developed to improve
irrigation efficiency and conserve water in this region. Surge irrigation is one such
strategy that improves infiltration and reduces surface runoff and deep percolation losses
[34]. Other strategies that have significantly gained prominence are the Tailwater
Recovery System and On-Farm Water Storage Systems. Combining these two systems
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allow irrigation and stormwater runoff at the field to be collected and stored, and used
for irrigation during the dry periods, thereby saving groundwater [34;35]. Cultivation of
cover crops to improve soil health has also increased significantly in the region. Some
producers have also started using precision irrigation technologies like soil moisture
sensors to schedule irrigation [29].

3. Discussions

3.1. Irrigation Strategies

Arkansas ranks third in irrigated cropland in the US and is one of the major
producers of valuable crops like rice, soybean, corn, cotton, wheat, and grain sorghum.
Several strategies can be implemented to ensure that groundwater-based irrigation is
sustainable in the US, and these range from agronomic, institutional, and infrastructure
improvements and adjustments. Sustainable irrigation strategies target conserving water
and energy resources while maximizing crop production without negative
environmental effects. Colaizzi et al. [7] evaluated several approaches to reduce
groundwater withdrawals while maintaining crop productivity in the HP. Their study
proposed using weather-based irrigation scheduling, converting gravity irrigation
systems to center pivot irrigation, and shifting from high water demanding crops such as
corn to less water-intensive crops like grain sorghum and cotton. High water-use efficient
and drought-tolerant crops could be appropriate in arid and semi-arid environments like
the HP as they promote water conservation [36,37].

Peterson and Ding [38] found that conversion of flood to more efficient subsurface
drip irrigation systems decreased irrigation applications per acre and groundwater
withdrawals. Scanlon et al. [6] argued that efficiency improvements in
groundwater-reliant irrigation areas would reduce groundwater depletion. The adoption
of efficient irrigation systems promotes energy conservation and reduces the potential for
waterlogging. Waterlogging reduces crop yields and causes groundwater contamination
due to the leaching of agricultural pesticides and fertilizers to the aquifers [20].

In places of limited water supplies, deficit irrigation strategies based on soil-crop
characteristics, climate, and management practices could be used to conserve water while
maintaining or improving crop yields [23]. However, as Fereres and Soriano [23]
reported, there is a need for investigating various deficit irrigation strategies that can
result in yield optimization while reducing irrigation water use. These deficit irrigation
strategies may be developed using crop models such as AquaCrop [39,40] and the
Decision Support System for Agrotechnology Transfer [41].

Alley [42] pointed out the scientific uncertainty of the impacts of groundwater
pumping on surface water sources and highlighted that even though both surface and
groundwater are connected in the hydrological cycle, they are generally managed
separately under different laws and administrative institutions. In the HP, Sophocleous
[43] argued that fragmented institutional arrangements are inadequate to address water
supply and quality and recommended forming an interstate groundwater commission.
Such a commission will provide an opportunity for water managers, researchers, and
policymakers to formulate integrated strategies for managing water resources. This
approach concurs with the argument by Alley [42], who highlighted the need to utilize
available data in the context of water resources sustainability in an integrated way
involving feedbacks among monitoring, simulation, scientific studies, and management
approaches. Fortunately, groundwater data is available for most regions in the US
collected from an extensive network of monitoring wells managed by the United States
Geological Survey (USGS). Therefore, groundwater data availability in the US presents
an opportunity to model and evaluate several groundwater management scenarios to
develop appropriate strategies that ensure the sustainable use of this limited resource.
Such information will assist policymakers in determining the proper mix of regulations,
incentives, and public investments that encourage technological developments and
farm-level adoption of methods that will ensure irrigation sustainability [20,44].
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Irrigation often leads to environmental degradation through salinization, surface
and groundwater pollution, and loss of ecosystem services [45]. Dennehy et al. [18]
emphasized the importance of water quality to the overall health of the agricultural
economy in HP. Their study highlighted that there had been a general focus on water
availability while ignoring water quality, and yet quality in many instances limits the
intended use of the water. Water quality is critical in both the HP and the Arkansas Delta,
where groundwater is conjunctively used by many sectors, including public water
supply. If contaminated, the groundwater may not be suitable for human consumption
due to the high concentration of salts, nitrates from agricultural croplands. Therefore,
even though available water quantity is of great importance in formulating sustainable
irrigation strategies, it is necessary to also include water quality issues in the planning
and management of water resources in these regions. Thus, there is a need to investigate
the impacts of various irrigation management practices on groundwater contamination
to formulate regulations.

Reuse of drainage water from irrigated croplands, wastewater, and proper disposal
systems like evaporation ponds should be promoted to reduce adverse effects of
irrigation on the environment [45]. However, there have been debates surrounding the
impacts of wastewater reuse on the environment and human health. For example, De
Fratuire et al. [37] highlighted that reuse of drainage water might have adverse effects on
the environment due to the accumulation of soluble salts in the soil. Nonetheless, farmers
can blend drainage water with fresh water supplies or use it in sequence with freshwater
irrigations [46].

It is important to note that irrigation may only be sustainable if producers adopt
these strategies. Adoption requires the producers to be convinced that they can derive
benefits from the recommended irrigation strategies and management practices. Low
adoption rates pose problems in implementing water and environmental conservation
policies and programs. For instance, producers may make decisions on crop choices
based on the market value of the crop. In the HP, there is a tendency by producers to
grow high-value crops such as corn and soybean, which are water-intensive, thereby
making water conservation efforts challenging to implement. In this situation,
policymakers may avail incentives, including increasing market value for crops such as
cotton and sorghum, which consume less water. Universities, state, and federal agencies
may employ comprehensive extension programs to educate producers on the
implications of overexploitation of water resources on the future success of irrigated
agriculture and the environment. Emphasizing the importance of ecosystem services
with practical references could motivate producers to be more efficient.

Just like in any field, "you cannot manage what you cannot measure." However,
many producers lack information on how much water they are pumping and how
efficient their irrigation systems are. In Oklahoma, for instance, only 16% of irrigation
wells have meters to monitor groundwater withdrawals [47]. Approximately 88% of the
farms in Oklahoma use subjective and nonscientific irrigation scheduling methods. Thus,
most producers do not have the information regarding whether they are over-irrigating
or under-irrigating. Applying less irrigation reduces yields. On the other hand,
over-irrigating translates to energy overuse and environmental degradation through the
leaching of salts and agricultural chemicals. Policies and regulations that compel
producers to have meters on their irrigation wells to monitor groundwater withdrawals
should be put in place to sustain groundwater-based irrigation in the US.

In many instances, irrigation systems like center pivot systems will continue to
irrigate during rainfall events, mainly due to technological inadequacies of the systems.
In this case, the opportunity for crops to utilize rainfall will be lost. These circumstances
usually result in loss of nutrients due to deep percolation and waterlogging, which lead
to contamination of water resources, yield reduction, and wastage of energy. Producers
should take advantage of the new weather monitoring technologies available on the
market to attach to their irrigation systems. Extension agencies should intensify the
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education of producers on the benefits of new technologies and linking them with the
manufacturers and service providers.

Several studies have reported that decision support systems and monitoring tools
may enhance water conservation in irrigated agriculture [23]. Adeyemi et al. [48]
revealed that incorporating monitoring tools such as soil, plant, and weather sensors into
irrigation decision support systems like crop simulation models could be critical to
achieving optimal use of limited water resources. However, the adoption of monitoring
tools has been slow in the US. For instance, less than 10% of the irrigated farms use soil
moisture sensors or other advanced on-farm water management decision tools [2]. In
Oklahoma, Taghvaeian [47] reported that 8% of the producers utilize the daily
evapotranspiration (ET) products despite the availability of extensive and
well-maintained Mesonet weather stations. Many factors like cost and level of education
could be contributing to the low adoption levels. Sadler et al. [49] reported that some of
the available precision tools were developed without considering the producers' skill
sets, knowledge, and abilities, making it difficult for their adoption and effective use. As
Taghvaeian [47] highlighted, producers can increase technology adoption for irrigation
management; however, more research on applying these technologies is needed to
enhance confidence.

2.2. Irrigation Research Direction and Approaches

The current rate of groundwater declines evidenced in major agricultural regions in
the US will negatively affect regional economies, rural communities, and the agricultural
industries that depend on agricultural production [12]. However, just like in many
water-limited regions, water conservation is possible provided new water management
strategies are adopted [50]. Thus, research is needed to explore various irrigation
management strategies to determine how they affect crop yield and water use and
ultimately select the best possible options for conserving water.

According to Douglas-Mankin [51], simulation studies are one of the future research
focus areas that would help address the needs of decision-makers as they work to ensure
the sustainability of land and water resources. Simulation models may benefit water and
irrigation management to quantify the effects of water on yield because of their capacity
to integrate the impacts of soils, weather, and irrigation management on crop production
at various scales [3,40]. While field research is equally important, valuable information
can be obtained from modeling different irrigation management practices [40]. Various
alternatives can be evaluated quickly and more efficiently than field experiments [9,36].
In most cases, field experiments could not easily assess management alternatives and
their potential outcomes, and generated recommendations are not generalizable for
larger scales [52].

Additionally, several studies have noted a drop in field research on cropping
systems; thus, simulation models may fill that gap and could be applied to optimize
irrigation under limited water supplies while reducing risk and uncertainty in crop
production [3,23]. With historical long-term weather data, crop models provide a
platform to evaluate the effectiveness and trade-offs among different irrigation scenarios,
thereby allowing timely decision-making and quality recommendations for producers
[11,21]. Nevertheless, Evett and Tolk [53] reported a gap between what crop simulation
models can do and what policymakers and water managers need to address.
Incorporating producers' objectives and the potential operational limitations in irrigation
modeling studies is more likely to generate relevant and reliable information, ultimately
enhancing adoption [11]. These views suggest that there is potential for more application
of crop models in irrigation research and management.

Crop models should have a balance between accuracy and complexity to be useful
[54]. Some models often require more specific crop data that may not be easily obtainable
to perform simulations [55]. For instance, some studies have pointed out that the
Decision Support System for Agrotechnology Transfer (DSSAT) is complex and requires
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numerous input parameters for making thorough evaluations of crop growth and
development and water dynamics [56]. On the other hand, the AquaCrop model
developed by the Food and Agricultural Organization (FAO) of the United Nations
balances accuracy and usability [40]. This crop model simulates yield in response to
water management and has a relatively low requirement of specific inputs [36].
According to Araya et al. [52], this model could be used to design and study the effect of
water management options, including irrigation management, planting dates, and
planting densities. Despite its potential, very few studies are available that have utilized
the AquaCrop model for irrigation management research in the US.

5. Conclusions

Irrigation is essential for crop production and economic growth in many regions in
the US, including the HP and the Arkansas Delta, and thus, its sustainability is
imperative. However, the diminishing of the groundwater resources in both quantity and
quality and competition for water resources across sectors have threatened the
sustainability of groundwater-based irrigated agriculture in the US. This study outlined
some of the challenges facing irrigation in the HP and the Arkansas Delta and the
possible measures that can ensure the sustainability of groundwater-based irrigation in
these regions. Overall, there is potential for enhancing water through strategic crop and
irrigation management. Additionally, education, incentives, regulation, monitoring,
evaluation, and efficiency improvements were identified as potential drivers to ensure
irrigation sustainability. However, for irrigation to be sustainable, researchers,
policymakers, water managers, extension workers, environmentalists and most
importantly, producers should come together and find lasting solutions to the current
water resources challenges. Further research should investigate various options
highlighted in this study using integrated approaches, as this could help formulate
effective policies and water management strategies.
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