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Abstract: Groundwater depletion is a serious issue in the southern and central parts of the High
Plains Aquifer (HPA), USA. A considerable imbalance exists between the recharge process and
groundwater extractions in these areas, which threatens the long-term sustainability of the aquifer.
Irrigated agriculture has a major share in the economy, and it requires high pumping rates in regions
vulnerable to large groundwater level declines. A literature review has been conducted to understand
the state of affairs of irrigated agriculture in the HPA, along with the dynamics of groundwater decline
and recharge using statistical and remote-sensing based datasets. Also, three irrigation management
and technology-based approaches have been discussed from the perspective of sustainability.
The southern and central parts of the HPA consist mostly of non-renewable groundwater formations,
and the natural water storage is prone to exhaustion. Moreover, the aforementioned regions have
comparatively higher crop water requirement due to the climate, and irrigating crops in these regions
puts stringent pressure on the aquifer. The upper threshold of irrigation application efficiency (IAE)
is high in the HPA, and could reach up to 95%; however, considerable room for improvement in
irrigation water management exists. In general, the practices of irrigation scheduling used in the
HPA are conventional and a small proportion of growers use modern methods to decide about
irrigation timing. Among numerous ways to promote sustainable groundwater use in the HPA,
deficit irrigation, use of soil moisture sensors, and subsurface drip irrigation can be considered as
potential ways to attain higher lifespans in susceptible parts of the aquifer.

Keywords: water resources; irrigation scheduling; groundwater depletion; water management;
sustainability; remote sensing; Ogallala aquifer

1. Introduction

The High Plains Aquifer (HPA) in the United States (US), also known as Ogallala Aquifer, is spread
over an area of 450,658 km2. Being one of the world’s largest aquifers, it serves as the primary
source of water for millions of people living in Texas, Oklahoma, Kansas, New Mexico, Nebraska,
Colorado, Wyoming, and South Dakota [1]. The economy of the aforementioned states relies heavily
on agriculture, and almost 60% of their agriculture-related sales rely on the water supplies from
the HPA [2]. Irrigated agriculture consists almost 23% of the total area situated above this colossal
groundwater formation, which makes agriculture the largest consumer among the sectors benefiting
from the aquifer [3,4] (Figure 1). Almost a quarter of net agricultural water supplies in the US are
dependent on the HPA, and in terms of irrigated crop production, 20 percent of the national corn,
wheat, and cotton harvest originates from this aquifer [5,6].
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Large-scale groundwater extraction in the HPA was made possible due to the availability of
improved and low-cost pumping technology following World War II, when, in order to mitigate the
impacts of recurring droughts (between the 1930s and 1950s), the farmers increased their reliance
on aquifer water [7,8]. In addition, the introduction of a relatively less labor-intensive and high-area
coverage irrigation application method (center-pivot irrigation) in 1952 triggered a rapid growth of
irrigated agriculture in the region, boosting the groundwater use. According to the Irrigation and
Water Management Survey [9], the net groundwater extractions for irrigation in eight beneficiary states
of the HPA were 17 km3 during 2017 with pumping capacity ranging from 48 m3 h−1 to 160 m3 h−1.
It is important to note here that average recharge rate of the HPA, which is as low as <5 mm year−1

in the most vulnerable areas of the aquifer [10], is not adequate to cope with the existing pumping
rates [6]. This scenario has caused continuous declines in the depth to water in most of the areas where
growers are required to practice intensive irrigated farming [11]. The overall decrease in depth to
water is approximately 71 m, and it translates into a reduction in saturated thickness ranging between
10% and 50% on a spatial basis, which occurred from 1950 to 2015 [12]. Based on these facts, a decline
of 24% in the irrigated land in the HPA has been projected by the year 2100 [13], which can be alarming
for the region’s economy.
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Over-drafting is the most crucial issue challenging the sustainability of the HPA [14].
Alley et al. [15] described the sustainability of the groundwater resources as a well-planned utilization
and development of the aquifer, ensuring the indefinite or long-term availability of water. Irrigation
holds a pivotal position in the sustainability debate of the HPA since it is the largest consumer of water
in the region. However, a comprehensive and integrated groundwater management encompassing
the irrigation water use by and large lacks, which undermines the sustainability of the HPA [16].
The economic needs of the region play an important role in the overexploitation of the HPA. To meet
the market demand, the farmers are required to grow water-intensive crops [17,18]. Furthermore,
the continuous production of irrigated energy-crops to feed the biofuel sector brings additional
challenges for effectively managing water resources in the long term [19,20].

Undoubtedly, irrigation acts as a lifeline for the farming sector in the HPA, ensuring livelihoods
by protecting against recurrent droughts, and providing better yields than dryland farming. Therefore,
understanding the bigger picture of irrigated agriculture in the context of sustainability and the
potential role of technology and management interventions to extend the life of the exhaustible parts of
the aquifer is imperative. The main objective of this paper was to look into the sustainability paradigm
of the HPA with respect to the irrigation sector. The sub-objectives were (i) to review and describe
the current state of affairs of irrigated agriculture in the HPA; (ii) to analyze the spatial variation in
groundwater recharge, decline, and soil moisture in the HPA (iii) to discuss three pragmatic solutions
based on irrigation management for promoting the long-term sustainability of the aquifer. This study
would contribute to the development of future policies related to irrigated agriculture and ground
water management in the HPA region. Also, the discussion related to irrigation management and
technology would help extension workers assimilate the water conservation strategies in the context
of sustainability.

The present work is organized as follows: Section 2 explains the general attributes of the HPA,
which are followed by the state of affairs of irrigated agriculture in the HPA with focus on crop
production and water use, irrigation application efficiency, and irrigation scheduling. In Section 3,
overall sustainability paradigm of the HPA has been discussed with respect to groundwater recharge
and decline, and remote sensing-based soil moisture variability. Section 4 focuses on the irrigation
management and use of modern technology to promote sustainability as well as it provides discussion
on some of the adaptation challenges. Section 5 carries the conclusion, and it highlights the importance
of water conservation strategies to increase the life of the HPA’s regions that are vulnerable to rapid
groundwater decline.

2. High Plains Aquifer: The Attributes

It is important to understand the topography, landscape, climate, and surface water availability in
the regions lying above the aquifer in order to gain insight into the sustainability of the groundwater
resources. Based on its hydrogeological boundaries, the HPA has been divided into three regions,
namely the northern, central, and southern regions [17] (Figure 2). The highest elevation in the
landscape is approximately 2255 m in the northwestern regions, whereas the low-lying areas in the
east have an elevation of around 304 m. The topography of the region is either gentle slopes or flat
plains. There are sand dunes sited within the aquifer boundaries and the largest ones are located in
Nebraska. These sand dunes are covered with grass and they significantly contribute to the aquifer
recharge process [21]. In addition, the short-lived shallow natural lakes, known as playas, are also part
of the aquifer landscape. They collect the runoff in the natural land depressions and play their role in
the recharge of Ogallala Aquifer [22].
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Figure 2. Regions in the High Plains Aquifer.

The climate of the HPA region is continental, with hot summers in the south and extreme winters
in the north [23]. The average temperature between the year 1988 and 2017 ranged from 5 ◦C to 18.4 ◦C
(Figure 3a). Moreover, the precipitation gradient is higher in the east in comparison to the western
parts, and the annual average precipitation ranges between 254 and 730 mm (Figure 3b). The northern
regions of the HPA have a higher number of streams than the southern parts. Two major rivers,
Canadian and Arkansas, flow through the central regions. Most of the streams and rivers that drain the
High Plains region have control structures and are channelized in order to utilize water for domestic
and agriculture purposes [24].
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2.1. Agriculture and Irrigation in the High Plains Aquifer

2.1.1. Crop Production and Water Use

The main crops grown in the Ogallala Aquifer region are alfalfa (Medicago sativa), corn (Zea mays),
cotton (Gossypium hirsutum), soybean (Glycine max), winter wheat (Triticum aestivum), and sorghum
(Sorghum bicolor) (Figure 4a). Altogether, irrigation practices to fulfill the crop water needs have an
almost 88% share in the total withdrawals from the HPA [26]. The overall irrigation water requirement
varies with respect to crop types and regional climate (Figure 5). Water demand for these crops could
even go higher in case of extremely dry weather cycles such as droughts [27]. Following Nebraska
with the largest cropped area and ample groundwater availability in the northern HPA, significant area
is irrigated in the southern and central regions i.e., Texas, Oklahoma, and Kansas. These regions have
a long history of recurring droughts, and the potential evapotranspiration (PET) could go considerably
higher during dry years such as 2013 (Figure 4b). Irrigating crops in these regions put stringent pressure
on the aquifer, and repercussions could occur in the form of considerably large annual depletions,
which could go as high as 8.25 km3 with about more than 70% contribution from the aforementioned
states in southern and central regions [28].
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2.1.2. Irrigation Application Efficiency

Irrigation application efficiency (IAE) can be defined as a function of quantity of water emitted from
a system that is being stored in the root zone for crop water uptake [29]. The conventional gravity-based
irrigation techniques usually have lower efficiencies that range from 30 to 62% [30]. Sprinkler irrigation
systems, which include center-pivot, linear, and solid set systems, have comparatively higher application
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efficiencies at farm level ranging between 70 and 90% [31]. Drip irrigation and micro sprinklers’
efficiencies go up to 85%. In the case of the Ogallala Aquifer region, low-energy precision application
(LEPA) and sub-surface drip irrigation (SDI) have pushed the upper threshold of IAE up to 95% [32].
The magnitude of the irrigation-related water withdrawals can be associated with the efficiency of the
irrigation systems. Ideally, the net water withdrawals would decrease as irrigation systems become
more efficient [33]. However, the increase in efficiency may also result in the growth of irrigated area
as more water is available to irrigate extra land [34]. For example, 20 to 25% additional land can
be irrigated using center-pivot sprinklers in comparison with gravity-based furrow irrigation [32].
Aistrup et al. [14] and Upendram and Peterson [35] discussed the increase of irrigated area in the HPA
region resulting from surplus water availability due to water conservation practices, and found that
climatic and economic factors (droughts, net returns on irrigated land) mainly govern the expansion.

2.1.3. Irrigation Scheduling

Though improving the IAE can save a significant amount of water in irrigated agriculture, precise
irrigation scheduling further complements the efforts to develop a path towards the sustainable use of
water resources. Irrigation scheduling can be defined as the optimization of the crop water supply
schedule in order to maintain the root zone at a non-stress water content [36]. Irrigation scheduling is
feasible when there is an adequate or nearly adequate water supply available throughout the cropping
period. Nevertheless, for limited water supply, the irrigation scheduling is further optimized for
saving the plants from water stress during highly sensitive periods of crop growth. There are a
number of methods to make irrigation-related decisions. According to USDA [9], among all the farms
participating in the Irrigation and Water Management Survey from the eight states harnessing the
water from the HPA, about 75% and 40% used traditional irrigation scheduling methods such as the
condition of crop and feel of soil, respectively. Approximately 10% of farms used irrigation scheduling
services and daily crop-evapotranspiration reports, whereas 11.5% relied on modern soil moisture
sensors to estimate the root-zone water availability. Furthermore, almost 7% of farms followed their
neighbors to decide whether they should irrigate or not.

The trend among farmers to decide about irrigation timing shows that conventional methods
dominate the domain of irrigation scheduling in the HPA, which eventually leads towards the excessive
application of water [37]. This also points towards the potential for water savings in the region
by updating the traditional ways for scheduling the irrigation; however, such initiative needs to
be backed with firm support from the public sector. One example of such initiative is Ogallala
Aquifer Program (OAP), which is a ‘research-education consortium’ working for improved water
management for helping the farmers and growers in Kansas and Texas regions of the HPA to save
water. Brauer et al. [38] found that under the OAP’s water conservation programs, a 15% reduction
in irrigation water application was noted in a decade’s time for those farmers who scheduled their
irrigation using evapotranspiration (ET); saving almost $200 million in terms of production cost.
Water Technology Farms in Kansas are another example of partnership between the public and private
sector to encourage water conservation in the HPA, where farmers extend their help demonstrating the
modern agricultural water management practices (e.g., ET-based irrigation scheduling tools, etc.) [39].
Such programs also highlight the importance of a collaborative approach needed to promote sustainable
water use in the HPA.

Moving forward, it is important to understand the hydrological regime of the aquifer to point out
the regions facing severe challenges in term of sustainability [15], since this could help the stakeholders
and policy makers to strategize at regional scale.
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3. Sustainability in High Plains Aquifer–Northern, Central and Southern Regions

3.1. Groundwater Recharge and Decline

Significant variability exists in the type of groundwater storage in different regions of the HPA.
On one hand, the northern regions of the aquifer consist of renewable groundwater formations,
which virtually cannot be fully depleted [18] as they receive continuous recharge through the
hydrological cycle (Figure 6a). On the other hand, the central and southern parts of the aquifer are
the huge reservoirs of the fossil groundwater that are limited by the shortfall of recharge in relation
to extraction by pumping, and are thus exhaustible (Figure 6b). In addition, the net storage of the
groundwater also varies spatially, which was 2882, 735, and 296 km3, according to the 2007 estimates,
in northern, central and southern regions of the aquifer, respectively [40]. Furthermore, the annual
average modeled recharge and depletion in the aforementioned regions was 9.96; 1.07, 1.28; 2.48,
and 0.77; 2.12 km3, respectively. Subsequently, the lifespans of the central and southern region are
estimated as 238 and 81 years, respectively, counted from the year 2007, whereas the northern regions
of the aquifers are renewable and have a theoretically infinite lifespan.
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Plains Aquifer (HPA) from 1950–2015 (Raster Data Source: Houston et al. [5]).

The spatial variation in the extractions and recharge clearly shows that southern parts of the
HPA are the ones that face imminent sustainability-related challenges, and they are followed by the
central parts. In both of these regions, the depletion in the depth to water has been rapid since 1950,
where decline trends are virtually linear in the case of central High Plains, and the southern parts of
the aquifer have faced almost exponential declines [41]. This situation also puts a question mark on
the sustainability of groundwater-fed agriculture in these regions.

From the sustainability perspective, these groundwater depletions are occurring because the
water extractions are comparatively larger than the recharge. In natural conditions, the groundwater
system maintains its storage by balancing between the recharge and the discharge towards the streams
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and base flow of the rivers. However, when intensive pumping operations are performed, the water is
not only harnessed from the storage in the system but also from the components that contribute to
natural discharge. Ironically, in large irrigated areas, the recharge is usually increased because of the
deep infiltration of irrigation applications; however, for net recharge calculations, only the percolation
of irrigation water extracted from surface water resources can be counted as recharge contributing to
the storage [18], as the recharge that comes from the percolation of the same-source groundwater can
simply be considered as a part of the continuous cycle. Moreover, the scale of water extraction also
varies spatially with respect to crop type and evaporative demand (Figure 4b). For example, a study
comparing the annual irrigation water pumped in Nebraska and Texas substantiated almost 30% more
water extractions in the latter state [18].

3.2. Soil Moisture Variability

Soil moisture estimates can provide additional insight into the regional comparison of the HPA in
terms of groundwater use and sustainability. Satellite imagery offers datasets of soil moisture with
high temporal resolution (TR) and coarse spatial resolution (SR), which is suitable for large-scale
spatial studies. For this purpose, monthly normalized soil moisture (NSM) was estimated using the
approach followed by Dutra et al. [42]. Subsurface soil moisture data was downloaded for northern,
central, and southern regions of the HPA from the National Aeronautics and Space Administration
(NASA)–USDA Global Soil Moisture database [43] using Google Earth Engine from 2010 and 2019.
This dataset is produced by integrating the remote sensing-based Soil Moisture Ocean Salinity (SMOS)
level 2 soil moisture observations (SR 0.25◦ × 0.25◦, TR 3-days) and a modified two-layer Palmer model.
Since the top layer of soil is likely to have higher fluctuations in soil water content mainly due to
evaporation, the surface soil moisture was not included in the estimations. Additionally, groundwater
storage percentiles that are estimated by Beaudoing et al. [44] based on GRACE Data Assimilation L4
(SR 0.125◦, TR 7-days) V2.0 were downloaded from 2010 to 2019 using Giovanni V4.33.

The monthly timeline of NSM showed that all three regions of the HPA experienced long-
and short-term droughts during the 10-year period, with variations in magnitude and occurrence
(Figure 7a–c). Almost year-long drought episodes occurring in northern and southern regions of
the HPA during 2012–2013 and 2010–2011, respectively, point towards the additional requirement
of irrigation to offset drought induced crop water stress. The implications of high groundwater use,
however, can be spatially different. The groundwater storage percentile timeline showed that southern
parts of the HPA had the highest impact from extended drought events, followed by central regions,
whereas northern regions evinced lesser impact (Figure 7d). Provided that the groundwater of southern
high plains is exhaustible, such drought events could accelerate the depth to water declines, and the
same applies to central regions. Whereas, for northern regions, the amount of water consumed during
the dry growing seasons can be easily recovered in wet years due to higher recharge rates. Besides this,
the drought timing can be also viewed as a factor challenging the aquifer’s vulnerability in central
and southern regions of the HPA. For example, a severe drought event that started in late 2017 in
the aforementioned regions prevailed till July 2018. The drought coincided with the corn-growing
season in the HPA (spring to fall), and the higher consumption of groundwater for irrigating the crops,
in comparison to non-drought periods, was evident, with considerable drops in groundwater storage
percentiles (Figure 7d).
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4. How Can Irrigation Contribute towards Achieving Sustainability?

Multiple domains overlap each other in the sustainability debate of the HPA including technology,
environment, economics, legislation, social awareness, etc. Among these, improved water management
and advanced water application technologies could have a significant role in promoting sustainable
irrigation practices in the region. In this regard, deficit irrigation, soil moisture sensors, and sub-surface
drip irrigation are some of the potential ways to reduce the load of anthropogenic activities.
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4.1. Deficit Irrigation

Deficit irrigation is the method of applying a certain amount of water to crop’s root zone, which is
marginally below its actual water requirement for improving the water productivity with a nominal
impact on the yield [45]. The concept of deficit irrigation is quite straightforward, as the crop is
not allowed to achieve its potential evapotranspiration with planned cut-offs in the water delivery
schedules and in turn, the water is saved [46]. This unused water can be either used for some other
purposes or could be left in the reservoir for future use. Deficit irrigation is considered as one of the
significant management practices to reduce water withdrawals from finite water resources such as
fossil water aquifers. It can also help in sustaining the irrigated agriculture in regions with declined
pumping capacities [47]. In addition, during the drought periods when the pumping limits are
enforced, deficit irrigation can be adopted as a practical solution to continue the farming operations.

English and Raja [48] described three main benefits of the deficit irrigation that include improved
irrigation efficiency, reduced cost of irrigation, and the opportunity cost of the water. Undoubtedly,
all of these three advantages can directly serve the sustainability of the HPA. Several studies have
been conducted in the High Plains regions to validate the feasibility of deficit irrigation and potential
water savings. Rudnick et al. [49] reviewed numerous research projects on the deficit irrigation for
corn in the HPA beneficiary states. The studies showed that corn’s yield was most sensitive to water
shortages during the milking and dough stages of the growth. Therefore, the provision of required
evapotranspiration at sensitive growth stages while saving water in other growth periods may result a
minimum reduction in the desired yields, and such practices can lead towards a saving of up to 20% of
irrigation water [49].

Likewise, there is a significant prospective of water saving by using the deficit irrigation approach
in cotton farming [46]. Cotton is mostly grown in the southern parts of the aquifer (Texas and
Oklahoma), which are already under stress due to extensive water extractions and limited recharge.
Howell et al. [50] studied the response of irrigated cotton to limited water supply in Texas High Plains
and found that there was 10% decline in the yields by providing 80% of crop water requirement.
Bell et al. [51] managed the deficit irrigation for sorghum around critical growth stages in Texas, and
found an average reduction of 41% in irrigation water with 33% decline in the yield. Variable plant
available water based irrigation thresholds were explored for simulating the impact of deficit irrigation
on soybean in Texas High Plains by Sharda et al. [52], and thresholds of 50% and 65% provided
reasonable yields in comparison to higher thresholds for initiating irrigation.

Apparently, deficit irrigation challenges the rationale of ‘use it or lose it’ by considering the
unused water as a saved resource for future use [53]; a much-required rumination for the region.
However, the adaptation process requires several adjustments in the multiple domains of farming sector,
e.g., agronomic practices, crop genetics, growers’ capacity, incentives, water-use policies, subsidies,
crop insurance, etc. In addition to this, information on root zone water availability is crucial to growers
for making educated decisions related to deficit irrigation, which leads to soil moisture sensing.

4.2. Soil Moisture Sensing

Soil moisture sensors measure the amount of water present in soil at single or multiple depths.
These sensors provide a unique opportunity for farmers to have real-time information about the
presence of moisture in their fields without disturbing the soil [54]. In general, soil moisture sensing
devices require minimum maintenance compared to traditional soil moisture measurement and
monitoring techniques, and procuring them does not cost a fortune because of a considerable decline
in prices in the past few years. From the water-saving viewpoint, a soil moisture sensor brings a great
opportunity for the growers to implement precise irrigation and avoid unnecessary application of
water to their fields [55]. One of the significant potential advantages of using soil moisture sensors
in irrigated agriculture is the optimum scheduling of irrigation activities for fulfilling crop water
requirements [56]. As mentioned earlier, only a small proportion of farms in the beneficiary states
of the HPA use efficient methods (e.g., crop evapotranspiration reports, sensors) to make informed
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decisions regarding the irrigation scheduling. This implies that there are considerable prospects for
water conservation in the HPA farming sector by improving irrigation scheduling practices using
soil moisture sensors [57]. Furthermore, the farmers who are already experiencing decreased well
capacities in the HPA [58] can better strategize their irrigation management by using soil moisture
sensors [59].

The approach of using sensors to save irrigation water is simply based on the idea of knowing the
root zone water availability and optimization of crop water supply according to plants’ needs,
by restricting the unnecessary deep percolation [60]. Since conventional irrigation scheduling
approaches do not incorporate the moisture availability in the soil layers, there is a high chance
of overwatering the fields. This application of extra water results in the infiltration into deeper layers
of the soil that are not contributing to the root-water uptake.

The soil moisture sensor technology fits as one of the keys which are required for a pragmatic
solution to the HPA’s sustainability issues. Considerable reduction in water use for irrigation during
the growing season has been evidenced in the ground-water management districts in Kansas that
use soil moisture sensors for scheduling their crop water supplies [61]. Similarly, higher crop water
productivity has been anticipated for irrigated agriculture in Texas by using soil water sensors.
Also, a monetary benefit of almost $10 million in terms of cost saving has been predicted in the result
of a complete implementation of sensing technologies for irrigation scheduling all over Texas [62].
Moreover, considering the information from soil moisture sensors for irrigation scheduling plans
has been recommended for irrigated agriculture in Colorado [63]. Clearly, by knowing about the
moisture content in the root zone, the irrigators would have a better understanding of the crop water
use trends and soil water storage, and they would be able to project the number of future water
applications with higher accuracy. According to Nebraska Corn Board [64], growers who have installed
the soil moisture sensors at multiple depths in their farms, are confident regarding their irrigation
timing decisions, thus they save water by making necessary adjustments to their irrigation schedules.
Similarly, the extractions from the vulnerable regions of the HPA could be reduced following this
approach, hence extending the aquifer’s life. Additionally, the availability of sensors to accurately
manage the root zone water also provides confidence to farmers for adopting precise water application
technologies such as SDI.

4.3. Sub-Surface Drip Irrigation

SDI is the method of applying water to the crops by using drip tubes or tapes, which are usually
buried at a depth ranging from 0.2 to 0.7 m in the root zone depending on multiple factors, e.g., soil type,
crop, climate [65]. The SDI systems operate at a pressure range approximately equal to low-pressure
center-pivot irrigation systems (<25 m of head) [66]. Since the water is applied directly at the root
zone, the chances of water loss due to evaporation and low application uniformity because of wind are
negligible. Subsequently, the SDI promotes higher water use efficiency for the crops as relatively less
water is required for the irrigation operations, which can reduce the water usage up to 45% on average,
with an application efficiency up to 97% [67–69]. Besides the water saving benefits, an additional
advantage of the SDI systems is their capability to operate under low flow rates that are often caused
due to declining well capacities in the HPA [70,71].

Keeping in view the potential benefits of the SDI, this technology can definitely be seen as the
future of the irrigation for the regions of the HPA that are vulnerable to higher declines in depth to
water and low pumping capacities [32]. Several studies have been conducted with the purpose of
assessing the prospects of shifting some of the cash crops of the region (i.e., corn and cotton) to SDI
system. The efficacy of SDI was tested for corn in Nebraska and the results showed that yield-based
irrigation water use efficiency was almost three times greater in comparison to treatments with 10%
higher irrigation application [72]. A Texas-based study for comparing SDI and mid-elevation spray
application (MESA) technique for corn crop demonstrated that SDI was able to decrease the irrigation
water application by 147 mm along with a 20% increase in yield [73]. Field experiments conducted for
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cotton under different irrigation systems in North Texas high plains evidenced the effectiveness of SDI
for low capacity irrigation systems [67].

Though the SDI is not a new technology for the farming community of the HPA [68], shifting
from the conventional irrigation systems (furrow, center-pivot) to the relatively expensive SDI would
require an incentivized transition framework such as cost-sharing arrangements [74] along with
a comprehensive capacity development and technological support from the government agencies,
e.g., the Ogallala Aquifer Initiative [75] and the Regional Conservation Partnership Program [76].
Another factor that slows down the adoption of SDI is that more than half of farmland in the US
is rented [77], and the landlords (80% not actively involved in farming) are to make this decision.
Also, the need of global positioning system-guided tractors for planting the crop precisely according
to the driplines’ positions could add additional input cost [78].

It is important to note here that the combination of management and technological approaches
(i.e., deficit irrigation and SDI, respectively) can bring supplementary benefits in terms of water
savings and long-term use of the exhaustible parts of the aquifer. Therefore, it is vital from the
sustainability perspective that continuous and thorough research is carried out for finding the feasible
options of reduced agricultural water usage coupled with SDI; aiming to serve the future needs of the
groundwater management.

5. Conclusions

Groundwater depletion is a critical issue in the High Plains Aquifer, especially in the southern
and central regions that lie on non-renewable groundwater formations with approximate life
spans of 81 and 238 years, respectively. A significant imbalance exists between the recharge and
irrigation-dominated groundwater extractions in the southern and central HPA, which restricts the
long-term sustainability/availability of the aquifer. This study focused on the irrigation sector in the
HPA to review its state of affairs and discuss some of the potential strategies to improve the long-term
use of the aquifer. Irrigated agriculture is the largest consumer of water in the HPA, and with a
considerable share in the economy it requires higher pumping rates that augment the declines in
depth to water. Crop production-related water use is high in the vulnerable parts of the HPA mostly
because of higher evaporative demand. Almost 75% of the farms, in the beneficiary states of the
HPA, lack the modern sensing equipment to decide when to irrigate their crops; instead, conventional
methods are used for irrigation scheduling (e.g., condition of crop, feel of soil)–subsequently leading
to excess application of irrigation water causing over-pumping from irrigation wells. For interlinking
the debate of sustainability and potential water saving in the irrigation sector, three approaches based
on water management and technological advancement were discussed. These approaches comprise
(a) implementation of deficit irrigation approach to reduce the overall volume of water that is applied
to the crops, (b) use of soil moisture sensors for optimizing the decisions pertaining to irrigation
scheduling, and (c) shifting to sub-surface drip irrigation for minimizing the evaporation losses, and
to enhance the viability of low-discharge wells. Though the southern and central parts of the HPA
cannot be considered as an everlasting source of water to feed the irrigated agriculture of the region,
the abovementioned approaches still could help increase the useful life of the aquifer–keeping it
beneficial for more upcoming generations of growers. Policymakers could refer to this study while
devising future policies related to irrigated agriculture and groundwater use in the HPA region.
Also, the extension workers could assimilate the water-saving strategies in the context of sustainability
by looking at the bigger picture. Future studies may focus on the integrated water-saving approaches
by combining management and technological advancements to assist growers in harnessing the aquifer
for prolonged periods.
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