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Abstract
Aquifer depletion poses a major threat to the ability of farmers, food supply chains, and rural economies

globally to use groundwater as a means of adapting to climate variability and change. Empirical research
has demonstrated the large differences in drought risk exposure that exist between rainfed and irrigated
croplands, but previous work commonly assumes water supply for the latter is unconstrained. In this
paper, we evaluate how aquifer depletion affects the resilience of irrigated crop production to drought risk
using over 30 years of data on historical corn and soybean yields, production areas, and aquifer conditions
for the High Plains region in the United States. We show that aquifer depletion reduces the ability of
farmers to sustain irrigated crop yields and production areas in drought years. Our findings demonstrate
that drought-related production losses on irrigated croplands increase non-linearly with aquifer depletion,
highlighting the need for proactive aquifer conservation interventions to support adaptation and resilience
to future increases in rainfall variability under climate change.
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1 Introduction
Groundwater is an essential input for agricultural production, providing a critical buffer against limited or

variable surface water supplies for farmers in many parts of the world [Scanlon et al., 2023]. Globally,
agriculture’s dependence on groundwater for irrigation is expected to increase in the future because of higher

crop water requirements, more erratic rainfall, and more frequent and extreme drought events caused by
climate change [Zhou et al., 2010, Wada et al., 2013, Wada and Bierkens, 2014, Kreins et al., 2015, Flörke
et al., 2018]. However, many of the world’s most important aquifer systems have experienced large reductions

in storage over recent decades [Wada et al., 2010, Famiglietti et al., 2011, Scanlon et al., 2012, Konikow,
2015, Bierkens and Wada, 2019], which, if not addressed, will negatively affect the ability of farmers, food

supply chains, and rural economies to use groundwater as a means of adapting to climate change.

Despite widespread alarm about the risks that aquifer depletion poses to crop productivity and food security,
empirical evidence is limited about how reductions in groundwater availability will alter farmers capacity to
adapt successfully to drought and rainfall variability. Most empirical studies that have assessed impacts of
drought on agricultural productivity have focused primarily on rainfed production areas due to the greater
exposure of rainfed agriculture to drought-related shocks [Schlenker and Roberts, 2009, Lobell et al., 2014,
Schlenker and Lobell, 2010, Zhou et al., 2020, Borgomeo et al., 2020]. Existing studies also demonstrate the

importance of existing irrigated areas or future irrigation intensification to mitigate negative impacts of
drought [Kuwayama et al., 2019, Zipper et al., 2016, Zhu and Burney, 2022, Zhu et al., 2022, Lu et al., 2020,
Davis et al., 2019, Li and Troy, 2018]. In contrast, most research assessing impacts of aquifer depletion on
resilience of irrigated farmland to drought has relied on simulation modeling [Foster et al., 2015a, Cotterman
et al., 2018, Kahil et al., 2015, Yoon et al., 2021, Rad et al., 2020b], with more limited work that attempts to
empirically evaluate change in drought-related production losses and risks on irrigated lands as a function of

changing aquifer storage [Jain et al., 2021, Suter et al., 2021].

Two pathways exist through aquifer depletion will impact farmers’ ability to access and use groundwater as a
buffer against drought and rainfall variability [Foster et al., 2015b]. First, depletion increases the energy

requirements and costs of pumping water, potentially making it less economically viable for farmers to satisfy
crop water needs [Mieno and Brozović, 2017, Bhattarai et al., 2021]. Second, depletion also reduces the

pumping capacity of wells used to extract groundwater, which may create a physical constraint to the volume
of irrigation that can be applied to a field [Konikow and Kendy, 2005, Foster et al., 2014, Hrozencik et al.,
2017]. The combined effect of these two factors could force farmers to reduce irrigation depths, resulting in

greater risk of drought-related crop stress. Alternatively, or in addition, a farmer may be forced to limit
irrigated area to ensure crop water demands can be met, leading to reductions in total crop production

[Foster et al., 2014, Rad et al., 2020a]. Understanding how these two responses vary as a function of aquifer
conditions is crucial to guide groundwater management planning decisions, in particular given projected
increases in frequency and intensity of droughts under climate change [Ukkola et al., 2020, Chiang et al.,

2021, Cook et al., 2020]

In this paper, we generate empirical evidence about how aquifer depletion affects farmers ability to effectively
and reliably buffer crops against drought risk using data on historical crop yields, production areas, and

aquifer conditions for the High Plains region in the United States. Our analysis advances on previous
research on the impacts of drought on agricultural production by evaluating how drought-related production
losses are influenced by severity of groundwater scarcity, moving beyond prior binary comparisons of rainfed
and irrigated production [Schlenker and Roberts, 2009, Lobell et al., 2014, Lu et al., 2018]. We also provide
new empirical insights about the relative roles of extensive (i.e., irrigated area) and intensive (i.e., per-area

irrigation rates) margin water use adjustments in determining drought-related production losses, which
previously had only been demonstrated through theoretical modeling [Foster et al., 2014, 2017, Rad et al.,

2020a]. Our findings provide important evidence of the value of preserving aquifer storage as a buffer against
drought events. In doing so, our analysis adds weight to the need to improve groundwater resource
conservation and sustainability to enable adaptation to climate change in groundwater-dependent

agricultural systems globally [Jain et al., 2021, Scanlon et al., 2023].
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2 Methods
2.1 Datasets

Our study focuses on the High Plains Aquifer (HPA) in the Central United States. Irrigated agriculture is
central to the landscape and economy of the High Plains Aquifer, with the region accounting for the majority
of grain production in the United States valued in the billions of dollars annually [Fenichel et al., 2016, Smidt
et al., 2016]. To evaluate the impacts of aquifer depletion on agricultural production overlying the HPA, we

rely on data from several sources, which are described below.

County-level irrigated and rainfed yield data for corn and soybean for 1985 through 2016 were obtained from
the U.S. Department of Agriculture’s National Agricultural Statistics Service (USDA-NASS). USDA-NASS
does not report irrigated yields disaggregated by the source of water used for irrigation. However, it is known
that groundwater is the the main source of water for irrigation for counties that overlie the HPA due to the
limited availability of surface water resources in this area. Therefore, we retain both rainfed and irrigated

yield observations for counties where greater than 75% of the county area overlies the boundary of the HPA.
For counties that do not meet this condition, only rainfed yield observations are obtained to avoid the

possibility that irrigated production may be only partly dependent on use of groundwater from the HPA. We
also include additional rainfed yield observations for counties that are outside the HPA, but within the main
states covering the aquifer (i.e., South Dakota, Wyoming, Colorado, New Mexico, Nebraska, Kansas, and

Texas), to enable more accurate estimation of the impact of drought for rainfed production.

Meteorological data needed to estimate spatial and temporal variations in drought conditions across the HPA
were obtained from the gridMET dataset [Abatzoglou, 2013]. The gridMET data is a gridded daily weather

dataset with a spatial resolution of 4km, and has been used in a range of climate impacts studies for
agriculture and other sectors in the United States [Abatzoglou and Williams, 2016, Pereira et al., 2015,

Crane-Droesch, 2018, Venkatappa et al., 2021, Zhu et al., 2019]. Daily precipitation values were extracted for
each gridMET cell overlapping counties in our sample. Daily values of maximum and minimum temperature,

surface radiation, wind speed, and humidity were also obtained from gridMET, and were then used to
calculate daily reference crop evapotranspiration for each grid cell. From these data, we computed the
seasonal water deficit (WBi,t) for each grid cell by subtracting total precipitation from total reference

evapotranspiration for the period May through September, which represents the typical growing season for
corn and soybean in the HPA region. Seasonal water balance estimates were subsequently aggregated to the

county-level to match our agricultural production data using an area-weighted average based on the
proportion of the county covered by each overlapping gridMET cell. Figure 1 presents annual water deficit by
year for the corn and soybean data, illustrating major drought events in the region in years such as 2000,

2002, and 2012. The importance of irrigation is clearly evident in these extreme drought years, with rainfed
yields dipping substantially whereas irrigated yields are mostly unaffected (Figure ??)

As a proxy for the extent of aquifer depletion we use annual estimates of saturated thickness for the HPA
reported in Haacker et al. [2016]. These data provide annual estimates of the saturated thickness of the

aquifer at 250m resolution since 1935, derived based on extensive water level observations from monitoring
wells and detailed maps of both land surface elevation and the bedrock elevation of the HPA. Saturated
thickness estimates for each year were aggregated to the county level using an area-weighted average to
match the resolution of agricultural production data. Saturated thickness values were only estimated for
counties with irrigated yield observations. Furthermore, during the aggregation process, any aquifer cells
within a county that had a saturated thickness value lower than 9m were removed before aggregation to

reflect the fact that saturated thickness lower than this threshold are not considered to be viable for
extraction and therefore it is unlikely these areas contribute groundwater for irrigation production [Fenichel

et al., 2016, Haacker et al., 2016, Deines et al., 2020]. Figure 2 presents the distribution of saturated
thickness across our study area for counties included in corn and soybean analyses. Saturated thickness levels

vary substantially over space and time, which we will exploit in our analysis to quantify how aquifer
influences farmers’ exposure and responses to drought.
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Figure 1: Distribution of water deficit for corn and soybean datasets
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Figure 2: Map showing saturated thickness in 2016 for each county included in our corn and soybean regression
analyses. Counties highlighted in grey are rainfed only, and the red polygon denotes the boundary of the
High Plains Aquifer system
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2.2 Regression Models
Aquifer depletion may impact resilience of irrigated crop production to drought through two main channels:
(1) a reduction in per-area yields due to the economic or physical inability to meet crop water requirements;
and (2) a reduction in the area of land irrigated, resulting in reduced production due to lower yields obtained

through rainfed agriculture.

To assess the first of these impacts, we quantify the impact of seasonal water deficits (WB) during the
growing season (May through September) on county-level rainfed and irrigated yields (Y ) using a

hierarchical generalized additive model, where irrigated yield to drought is conditioned on the level of
saturated thickness (ST ) in the county in a given year. Our regression model is given in Equation 1, with the

same model formulation used for corn and soybean:

yi,t =
4∑

j=1
σjCj +

4∑
j=1

K∑
k

βj,kϕj,k(WBi,t) · Cj + αi + ϕt + vi,t (1)

where county and year are indicated by subscripts i and t, respectively, y is crop yield, and WB is seasonal
water deficit. Cj is a dummy variable that takes 1 if observation i is under category Cj , 0 otherwise. The

observations are grouped into four categories: rainfed production, and county-years with saturated thickness
falling in the [0 − 33.3%)j, [33.3 − 66.7%), and [66.7% − 100%] quantile ranges of saturated thickness. The
three irrigated production groups have about the same number of observations, which ensures statistical
stability in estimating yield response to drought by category. Spline functions are used to capture the

potential non-linearity of the impact of water deficit on yield in a flexible manner, with σj represents the
category specific intercept, ϕj,k kth spline basis function, and βk is its coefficient. To control for

time-invariant heterogeneity across counties and yearly shocks, county fixed effects (αi) and year fixed effects
(ϕt) are also included and standard error estimation is clustered by county.

To estimate the additional impact of saturated thickness on the share of total acres that are irrigated in a
county, a fractional logit model under the generalize additive model framework is used in which the impact of

saturated thickness, average water deficit, and their interactions are estimated semi-parametrically. This
allows for flexible representation of the non-linear relationships between drought risks, aquifer conditions,

and agricultural land use, including potential thresholds in farmers irrigated area choices under water supply
constraints that have been noted in prior work (REF). The model is given in Equation 2 below:

log( si,t

1 − si,t
) = β0 + h(STi,t, WBi) + µt + vi,t (2)

where si,t is the share of irrigated production. h(STi,t, WBi) consists of basis functions and their coefficients
to represent the the impact of STi,t, WBi, and their interactions (see Appendix ?? for further details of how

h(STi,t, WBi) are mathematically defined).

In the final step of our analysis, we then estimate the average crop yield for each county as a function of
aquifer saturated thickness and seasonal water deficit. The average crop yield is estimated as the average of
rainfed and irrigated yields estimated on the basis of Equation 1, weighted by the estimated share of total
acres that are irrigated in the county estimated using Equation 2. Comparing the estimated average crop

yield across different levels of saturated thickness for a given seasonal water deficit provides an indication of
the effect of aquifer conditions on drought impacts, considering impacts of drought through changes in both

per-area yields and the area of land irrigated.
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3 Results
3.1 Aquifer depletion marginally increases sensitivity of crop yields to drought

Figure 3 shows the estimated crop yield response to water deficit for rainfed production and
groundwater-irrigated production at different levels of saturated thickness categories for corn (1st row) and

soybean (2nd row). In wetter years with low crop irrigation requirements (i.e., negative values of water
deficit), rainfed and irrigated yields are very similar for both corn and soybean. As drought severity increases
(i.e., as water deficit increases), rainfed yields of both crops decline significantly whereas irrigated yields are
increasing or stable as deficit increases. This result reflects the positive benefits irrigation provides both as a

buffer against precipitation variability, and as a means of raising overall yields through increased
evapotranspiration and associated biomass accumulation, reductions of heat-related stressors, and other

factors [Zhu and Burney, 2022, Li et al., 2020].

Differentiating irrigated yields by the level of aquifer saturated thickness alters these responses in two ways.
First, for water deficits above around 400mm, yield changes become negative for counties with the lowest

levels of saturated thickness (i.e., 1st quantile in Figure 3). This reflects the restrictions that lower saturated
thickness and associated reductions in well yields place on farmers ability to fully meet crop water

requirements during periods of more severe or extended precipitation deficits [Rad et al., 2020a, Foster et al.,
2014, Hrozencik et al., 2017]. Second, for negative water deficits, counties with the highest levels of saturated
thickness (i.e., 3rd quantile in Figure 3 experience marginal declines in yields resulting in productivity close
to rainfed yields. This counter-intuitive result may be due to the increased possibility of over-irrigation in

regions with high saturated thickness and well capacities [Foster et al., 2019, Gibson et al., 2017, 2019].
However, it is important to highlight that impacts of saturated thickness on yields for negative deficits is

much less pronounced than that for extreme droughts (i.e. high deficits), in particular for corn.

3.2 Aquifer depletion substantially reduces the share of agricultural land under
irrigation

While saturated thickness has a statistically significant impact on per-area irrigated crop yields in moderate
to extreme drought conditions, the magnitude of the yield impact is small when compared to differences
between irrigated and rainfed production. One explanation for this result is that farmers may choose to

retain a smaller proportion of land in irrigated production, so that limited groundwater pumping capacity
can be used to adequately buffer crops against drought on land that remains under irrigation. Reductions in
irrigated areas as an aquifer is depleted have been demonstrated theoretically [Rad et al., 2020a, Foster et al.,

2014, Hrozencik et al., 2017, Deines et al., 2020], but there has been little empirical research on farmers’
irrigated area choices or how these are affected by combinations of drought exposure and groundwater

scarcity.

Figure 4 shows the estimated relationship between saturated thickness and the share of production area that
is irrigated for corn and soybean, respectively, conditioned on variations in drought risk exposure across our
study area. Figure 4 demonstrates clearly that saturated thickness has large and significant impacts on the
share of irrigated production, in particular for corn. As saturated thickness declines, the share of irrigated
acres for corn decreases from around 0.8 (80%) for an average county-level saturated thickness of 150m to 0.5
(50%) for an average county-level saturated thickness of 10m. Reductions in the share of production area

under irrigation is also evident for soybean, although the effect is less pronounced than for corn potentially
due to soybean’s lower water requirements and susceptibility to drought than corn [Zipper et al., 2016, Ruess

et al., 2022].

3.3 Aquifer depletion increases overall drought-related production losses by up
to 25%

The overall effects of aquifer depletion on drought-related production losses is a function of both per-area
yield and irrigated area changes highlighted in Sections 3.1 and 3.2. Combining both responses, Figure 5

shows the relationship between water deficit and average per-area production for corn and soybean.
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Figure 3: The impact of water deficit and aquifer saturated thickness on rainfed and irrigated yields of corn
and soybean in US High Plains
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Figure 4: The impact of saturated thickness on the share of agricultural production under irrigation for corn
and soybean in the US High Plains
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For corn, saturated thickness does not have a significant impact on productivity when precipitation deficits
are small (less than around 200mm). However, beyond this threshold, higher levels of deficit result in

noticeable and significant non-linear reductions to average corn production. This reflects the combination of
lower irrigated yields under drought conditions, and, more importantly, reduced overall productivity due to
smaller share of land under irrigation in areas and years where saturated thickness is lower. Similar effects

are also observed for soybean, although reductions in average production only occur at a higher deficit
threshold (i.e. greater than around 600mm) and are smaller in overall magnitude. For example, for a

seasonal water deficit of 950mm (average water deficit in 2012, the most extreme drought in our historical
record), average corn and soybean productivity are about 25% and 15% lower, respectively, when

differentiating between areas with the highest (3rd quantile) and lowest (1st quantile) saturated thickness.
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Figure 5: Average productivity of corn and soybean in the US High Plains for different levels of water deficit
and saturated thickness

4 Discussion
We demonstrate the important role of aquifer saturated thickness in determining farmers ability to

successfully buffer crops against drought risks in groundwater irrigated agricultural systems such as the High
Plains of the United States. Previous research focused on impacts of drought on agricultural systems has

largely focused either on risks for rainfed production [Schlenker and Roberts, 2009, Lobell et al., 2014,
Schlenker and Lobell, 2010, Zhou et al., 2020, Borgomeo et al., 2020] or for irrigated lands where water

supply constraints are assumed to be minimal [Kuwayama et al., 2019, Zipper et al., 2016, Zhu and Burney,
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2022, Zhu et al., 2022, Lu et al., 2020, Davis et al., 2019, Li and Troy, 2018, Luan et al., 2021]. Our analysis
adds new empirical insights to this literature which show explicitly that reductions in aquifer depletion
increase the vulnerability of irrigated agricultural production areas to drought events. Critically, this

suggests that commonly adopted binary definitions of agricultural land areas into rainfed and irrigated
categories are likely to underestimate exposure of crop production to drought risks, in particular in areas

where water supplies for irrigation are insufficient to fully meet crop water needs in all years due to
constraints imposed by hydrology, policies, and/or economics.

An important implication of our findings is that depletion of groundwater resources is likely to increase
significantly the vulnerability of agricultural production to current and future drought risks. Climate change

is projected to increase the frequency and severity of extreme drought events in many parts of the world
[Ukkola et al., 2020, Chiang et al., 2021, Cook et al., 2020], including in parts of Kansas and Texas [Bradford
et al., 2020, Cook et al., 2022, Mullens and McPherson, 2019] where the High Plains Aquifer continues to

experience prolonged and significant declines in saturated thickness [Scanlon et al., 2012, Haacker et al., 2016,
Cotterman et al., 2018]. Similar trends of increasing drought risks coupled with declining aquifer storage

have been reported in other major groundwater irrigated farming systems worldwide [Wada et al., 2010, Döll
et al., 2014, Famiglietti, 2014, Feng et al., 2018, Bierkens and Wada, 2019]. Our findings suggest that these
simultaneous changes in aquifer conditions will amplify impacts of future climate change on crop production,
with associated ramifications for resilience of supply chains, commodity markets, rural economies, and food

security.

Our findings also provide useful guidance for water managers and policymakers seeking to address
unsustainable groundwater use in the US High Plains and globally. Consistent with prior theoretical

modeling [], we demonstrate that the relationship between aquifer saturated thickness and drought impacts is
highly non-linear when accounting for farmers decisions about irrigated production areas. This indicates that
sustainable groundwater conservation efforts [MacEwan et al., 2017, Butler Jr. et al., 2020, Elshall et al.,
2020] should be targeted in space and time to avoid depletion exceeding critical thresholds which impair

farmers’ ability to effectively buffer production against drought. Analysis such as ours can provide valuable
evidence about these critical thresholds and tipping points to guide proactive management of groundwater
stocks, and, in doing so, limit economically damaging transitions from irrigated to rainfed production [Foster

et al., 2017, Deines et al., 2020]. For example, several groundwater management agencies in the Texas
portion of the HPA have in recent years set out targets to ensure 50% of current aquifer storage remains in
50 years time (so called 50/50 rule) [Closas and Molle, 2018]. The effectiveness of such targets could likely be

improved substantially by setting conservation targets based on empirical evidence about the level of
saturated thickness that is required to ensure adequate levels of drought protection, both now and with

future climate change.

Several opportunities exist for future research to build upon the methods and analyses presented here. First,
due to the limited resolution of our observational data, we were only able to estimate the impacts of different
saturated thickness categories on drought risk. Availability of sub-county crop yield data, for example from

satellite remote sensing and/or in-situ monitoring [Edreira et al., 2020, Deines et al., 2021], would allow
models of the continuous effect of saturated thickness on drought risk to be developed. This would enable

more precise estimates to be made of critical tipping points in the resilience of irrigated agriculture to
drought, which are needed to effectively design and target groundwater conservation policies.

Second, our analysis considered the effects of saturated thickness on farmers decisions to switch from
irrigated to rainfed production, but did not assess other potential responses to aquifer depletion such as

changing crop types. Switching to more drought resistant crops or varieties may enable farmers to maintain
irrigated production at lower levels of saturated thickness, and has been shown to be an important response

to increasing agricultural water scarcity and abstraction policies in other studies [Bhattarai et al., 2021,
Deines et al., 2019, Manning et al., 2017]. Future research should therefore explore potential strategies that
farmers could adopt to lessen the combined impacts of drought and aquifer depletion, alongside efforts to

curb unsustainable groundwater extraction and climate change.

Finally, we focus on the impacts of saturated thickness on agricultural resilience to seasonal water deficits.
However, where water deficits are distributed unevenly during the season, negative impacts of aquifer
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depletion may be even larger. This is because reductions in well yields caused by aquifer depletion will
constrain farmers ability to meet peak crop water demands, increasing yield losses compared with if water
deficits had been distributed evenly throughout the season [Ortiz-Bobea et al., 2019]. Furthermore, irrigation

also has broader benefits for crops such as reducing heat-related stress through cooling of land surface
temperatures [Adegoke et al., 2003, Bonfils and Lobell, 2007, Lobell and Bonfils, 2008, Zhu and Burney,
2022]. Reductions in saturated thickness therefore may have other negative impacts on irrigated crop

productivity, if constraints to water supply due to aquifer depletion are significant enough to limit cooling
benefits of irrigation during the growing season.

5 Conclusion
In this study, we demonstrate the importance of aquifer conservation for ensuring agricultural resilience to

current and future drought events. Using the High Plains Aquifer in the central United States as a case
study, we show that declines in aquifer saturated thickness significantly reduces the overall productivity of
both corn and soybean during drought events. Negative impacts on agricultural productivity during droughts
occur both through reductions in per-area crop yields, and reductions in expected irrigated areas as farmers
are forced to transition land to rainfed production as a result of water supply constraints caused by aquifer
depletion. Our findings demonstrate that unsustainable groundwater use is likely to substantially increase

vulnerability of agriculture to drought in many parts of the world, and highlight the need for greater focus on
proactive conservation of groundwater stocks to support adaptation of farms, agricultural supply chains, and

rural economies to climate change.
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