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Abstract11

Worldwide, there is growing recognition of the need to reduce agricultural groundwa-12

ter use in response to rapid rates of aquifer depletion. To date, however, few studies have eval-13

uated how benefits of conservation vary along an aquifer’s depletion pathway. To address this14

question, we develop an integrated modeling framework that couples an agro-economic model15

of farmers’ field-level irrigation decision-making with a borehole-scale groundwater flow model.16

Unique to this framework is the explicit consideration of the dynamic reductions in well yields17

that occur as an aquifer is depleted, and how these changes in intraseasonal groundwater sup-18

ply affect farmers’ ability to manage production risks caused by climate variability and, in par-19

ticular, drought. For an illustrative case study in the High Plains region of the United States,20

we apply our model to analyze the value of groundwater conservation activities for different21

initial aquifer conditions. Our results demonstrate that there is a range of initial conditions for22

which reducing pumping will have long-term economic benefits for farmers by slowing reduc-23

tions in well yields and prolonging the usable lifetime of an aquifer for high-value irrigated24

agriculture. In contrast, restrictions on pumping that are applied too early or too late will pro-25

vide limited welfare benefits. We suggest, therefore, that there are ‘windows of opportunity’26

to implement groundwater conservation, which will depend on complex feedbacks between27

local hydrology, climate, crop growth, and economics.28

1 Introduction29

Extraction of groundwater for irrigation at rates in excess of natural recharge has led to30

significant depletion of groundwater resources in many countries [Haacker et al., 2015; Richey31

et al., 2015]. Aquifer depletion, in turn, has had negative impacts on agricultural production32

through increases in pumping costs, reductions in well yields, depletion of connected surface-33

waters, and, in some cases, irreversible loss of aquifer storage through salinization and com-34

paction [Aeschbach-Hertig and Gleeson, 2012; Steward et al., 2013; Gorelick and Zheng, 2015].35

A major challenge for research, therefore, is to understand how groundwater should be man-36

aged to meet the food production demands of growing global populations.37

Driven by widespread concern about the implications of ongoing aquifer depletion, a large38

body of research has attempted to quantify the economic value of groundwater conservation39

and management (for reviews see Koundouri [2004]; Qureshi et al. [2012]). A common fea-40

ture of the majority of existing analyses is the assumption of a fixed initial aquifer condition,41
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usually based on pre-development or present day water levels. Studies therefore typically have42

not evaluated how initial aquifer conditions influence the returns to groundwater conservation.43

In real-world systems it is very difficult to implement and enforce regulations to restrict ground-44

water pumping, as evidenced, for example, by the challenges currently being faced in imple-45

menting new groundwater management policies in California in response to ongoing drought46

conditions [Moran and Wendell, 2012]. Given this, an important policy-relevant research ques-47

tion is: at what point along a depletion pathway is it optimal economically to restrict ground-48

water pumping for irrigation?49

To understand how and why the timing of pumping reductions may affect the value of50

groundwater conservation, it is necessary to consider the feedbacks that occur between ground-51

water and agricultural production, and how these interactions presently are represented in in-52

tegrated models used by researchers. The majority of existing hydro-economic research shares53

a common conceptual modeling framework, which assumes that aquifer depletion primarily54

affects farmers’ income through changes in the energy required to pump groundwater. Based55

on this framework, drawdown of water tables caused by irrigation pumping will increase lin-56

early the marginal costs of groundwater extraction over space and time. It is assumed, how-57

ever, that drawdown does not affect the productivity or availability of water (with the excep-58

tion of when the aquifer is fully exhausted). Consequently, most studies typically find that farm-59

ers’ demand for groundwater does not respond strongly to aquifer depletion and the associ-60

ated changes in cost of irrigation [Scheierling et al., 2006; Schoengold et al., 2006; Hendricks61

and Peterson, 2012; Pfeiffer and Lin, 2014]62

To date, few studies have examined the validity of this assumption that the economic63

impacts of depletion on agricultural production are linear with decreasing water levels. In re-64

ality, changes in pumping costs are not the only impact of groundwater drawdown for farm-65

ers. An additional consequence of aquifer depletion are physical reductions in borehole well66

yields, which occur because the reduced saturated thickness is no longer sufficient to sustain67

flows needed to support high pumping rates [Hecox et al., 2002; Boonstra and Soppe, 2006].68

Recent research has demonstrated that these reductions in well yields will have large nega-69

tive impacts on both the productivity and profitability of groundwater-fed irrigation as, below70

a certain threshold, well yield constrains farmers’ ability to schedule irrigation optimally dur-71

ing the growing season leading to increased risks of crop failure especially during drought years72

[Foster et al., 2014, 2015a,b; Collie, 2015]. Existing studies have not considered the dynamic73

hydrological response of well yields to drawdown, or the biophysical and economic impacts74
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that changes in well yields have on agricultural production and farmers’ water use decision-75

making. We suggest that this a significant limitation of current estimates of the value of ground-76

water conservation, and that, in reality, there may be large benefits to managing rates of aquifer77

depletion to avoid or limit the negative impacts of low well yields on irrigated agriculture. Fur-78

thermore, given the dependence of well yields on saturated thickness, we hypothesize that ini-79

tial aquifer conditions may be an important factor governing the value of groundwater con-80

servation, and that an optimal aquifer state may exist at which farmers should be incentivized81

to reduce future extraction.82

To test this hypothesis, we develop an integrated modeling framework that couples an83

agro-economic model of farmers’ field-level irrigation decision-making [Foster et al., 2014,84

2015a] with a physically-based model of a groundwater abstraction borehole [Upton et al., 2013;85

Upton, 2014]. Unique to the developed model is the explicit representation of bi-directional86

feedbacks between aquifer hydrology and agricultural production through changes in both ground-87

water pumping costs and well yields. Subsequently, we apply this model to a hypothetical case88

study in the High Plains region of the United States to evaluate the variation in the economic89

benefits of groundwater pumping quotas as a function of initial saturated thickness.90

The High Plains Aquifer is one of the most important groundwater systems in the world.91

The aquifer supports 30% of irrigated crop production in the United States, providing water92

needed to grow over $35 billion of crops annually and contributing significantly to global food93

security [Basso et al., 2013; Steward et al., 2016]. Across large parts of the aquifer, particu-94

larly in the southern and central High Plains, groundwater extraction has far outstripped nat-95

ural rates of recharge over recent decades, leading to rapid declines in water tables and dry-96

ing up of previously perennial streams. In these areas, it is estimated that usable groundwa-97

ter resources may be exhausted fully within the century [Haacker et al., 2015]. Given the large98

current imbalance between pumping and recharge, the primary challenge for water managers99

and policymakers therefore is to limit further depletion and resultant negative impacts on agri-100

cultural production. This is distinct to management challenges elsewhere in the aquifer (e.g.101

in the Northern High Plains), where long-term depletion trends are less extreme and policy102

is focused more on addressing impacts of pumping on stream depletion. Nevertheless, the chal-103

lenge of managing long-term aquifer depletion due to unsustainable agricultural pumping is104

by no means unique to parts of the High Plains. Efforts to prolong the usable lifetime of aquifers105

to support irrigated crop production are at the forefront of current policy debates in many other106
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major groundwater systems worldwide, including the Central Valley of California, the North107

China Plain, the Indo-Gangetic Plain, the Middle East and North Africa [Richey et al., 2015].108

Our findings demonstrate that, in aquifers experiencing chronic long-term depletion, a109

range of initial conditions exist for which reducing groundwater extraction may have long-term110

economic benefits for farmers by slowing the rate of well yield decline, and, as a result, pro-111

longing the usable lifetime of an aquifer for irrigated production. Moreover, through sensitiv-112

ity analyses, we demonstrate that the bounds of this range, and the size of potential welfare113

gains, are conditioned on local hydrogeological and biophysical properties that control the sen-114

sitivity of irrigated production to groundwater scarcity. Maintaining or, in the case of aquifers115

with limited recharge potential, extending the usable lifetime of groundwater for irrigated agri-116

culture is a critical policy-relevant research question in the High Plains and other groundwa-117

ter systems worldwide [Aeschbach-Hertig and Gleeson, 2012; Basso et al., 2013; Steward et al.,118

2013]. Our study is the first to provide insights and modeling tools that capture how changes119

in well yields affect returns to groundwater conservation through impacts on the future drought120

resilience of agricultural production. Consequently, we provide valuable new information that121

can be used to support inter-temporal policy and management of irrigation water use in or-122

der to maximize economic and food security benefits from limited groundwater resources.123

2 Methodology124

This section discusses the development of the integrated hydro-economic modeling frame-125

work that is presented in this paper. In Section 2.1, a conceptual overview of the design of126

the proposed framework is provided, highlighting the important data exchanges that occur be-127

tween modular components. Subsequently, Sections 2.2-2.4 describe the calculations performed128

by the economic, agricultural, and groundwater model components, respectively.129

2.1 Integrated model design130

Figure 1 illustrates the design of the integrated model, which couples three modular com-131

ponents: an economic model, a crop model (AquaCrop), and a groundwater model (Simulat-132

ing Pumping Boreholes with a Darcy-Forchheimer Regional-Radial Flow Model - SPIDERR).133

Components are linked using Matlab version 2015a [Mathworks Inc., 2015]. A brief descrip-134

tion of the simulation workflow is provided below, noting the resolution and data exchanges135

for each of the modular components.136
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Economic
Model

(annual)

Crop
Model
(daily)

Groundwater
Model
(daily)

Well yield

Irrigation use

Figure 1. Design of the integrated modeling framework, highlighting the key feedbacks and data exchanges

that occur between crop, economic, and groundwater model components.

137

138

Each integrated simulation begins on the planting day of the first simulation year. Be-139

fore advancing in time, all individual sub-models are initialized to set up model parameters140

and initial conditions. The economic model component is then executed to determine the op-141

timal crop mix and irrigation strategy for the first growing season, conditional, in part, on cur-142

rent aquifer conditions (water level and well yield). Next, AquaCrop simulates crop growth143

and groundwater pumping for irrigation on the present day. Pumping decisions are dependent144

on the pre-season choice of crop mix and irrigation strategy, observed weather conditions on145

the current day, current soil moisture level, and also consider restrictions imposed by well yield.146

Given simulated groundwater pumping, SPIDERR then is executed to update aquifer heads147

and well yields for the start of the next simulation day. AquaCrop and SPIDERR continue to148

perform daily time-steps and exchange data in an iterative manner until the start of the grow-149

ing season in the following simulation year. This process is repeated until the end of the full150

simulation period is reached, enabling analysis of the dynamic co-evolution of the coupled agri-151

cultural groundwater system over space and time.152

2.2 Economic model153

The role of the economic sub-model is to determine farmers’ optimal field-level deci-154

sions about crop mix and irrigation strategy for the upcoming growing season. The model is155
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executed once per year at the time of planting, and assumes that the farmer makes irrigation156

decisions myopically with no consideration of the effects that current water use decisions may157

have on aquifer conditions and profits in future periods. On the extensive margin, the farmer158

chooses what proportion of the field to plant with dryland and irrigated crops. A farmer’s in-159

tensive margin decision is characterized by the selection of an intraseasonal irrigation strat-160

egy for the proportion of the field that is irrigated. We assume that a farmer’s intraseasonal161

irrigation decisions can be represented by a soil moisture target strategy, which defines the level162

of soil moisture depletion at which irrigation is initiated in each of the four main crop growth163

stages (initial, development, mid-season, late-season). The specification of the intensive mar-164

gin decision in terms of a soil moisture target strategy provides a behaviorally realistic rep-165

resentation of farmers’ irrigation scheduling heuristics, and captures the biophysical relation-166

ship between intraseasonal soil moisture dynamics and final crop yield [Steduto et al., 2012].167

The optimization approach used to determine a farmer’s joint choice of extensive and168

intensive margin decisions is based on the model developed by Foster et al. [2014, 2015a]. For169

each joint decision, we run AquaCrop (Section 2.3) using historic weather time series to pre-170

simulate distributions of crop yields and irrigation requirements that account for the impacts171

of interannual weather variability. A unique version of each distribution is also pre-simulated172

for different constraints on the maximum daily irrigation rate. Importantly, this enables the sub-173

sequent economic optimization to capture the effects of well yield on farmers’ pre-season pro-174

duction decisions. Low well yields, in particular, constrain significantly instantaneous irriga-175

tion capacity, and previous research has shown that this may create incentives for farmers to176

reduce irrigated area in order to mitigate resulting production risks [Foster et al., 2014, 2015a,b].177

The pre-simulated estimates of crop yield and irrigation requirements, along with eco-178

nomic data describing input and output prices, are used to calculate expected distributions of179

total seasonal profits (Equation 1) and irrigation water use (Equation 2) for each possible joint180

production decision. These calculations consider two feedbacks with the modeled groundwa-181

ter system. First, the current water table depth determines the energy required to pump ground-182

water and, therefore, the variable cost of irrigation. Second, well yield affects crop yield and183

irrigation requirements as described above. Well yield also has small effects on the variable184

cost of irrigation, as, for low well yields, each unit of irrigation takes longer to apply and, there-185

fore, labor and maintenance costs are larger than for higher yielding wells. Equations detail-186

ing the impacts of well yield and water table depth on the variable cost of irrigation are re-187

ported in Foster et al. [2015a], and are based on relationships reported for crop budgets in the188
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High Plains region [Klein and Wilson, 2015]. We do not consider the effects of changes in well189

yield or water table depth on pump energy efficiency, but incorporating these dynamic feed-190

backs would be an interesting extension to our economic model in future work.191

Πj,k,m = ΠIj,k,m
+ ΠDj,k

(1)

=
[
YI
(
Sm,Θj |W

)
·
(
pcI − chI

)
− cfI −XI

(
Sm,Θj |W

)
· cvI

(
W,Z

)]
·Ak

+
[
YD
(
Θj) ·

(
pcD − chD

)
− cfD

]
·
(
Amax −Ak

)

Vj,k,m = XI

(
Sm,Θj |W

)
·Ak (2)

where Π is profit ($), Y is crop yield (tonne ha-1), X is total seasonal irrigation (cm), V is192

total seasonal volumetric irrigation (ha-cm), W is well yield (m3 day-1), Z is total dynamic193

head (m) that the pump must generate to lift and pressurize groundwater for irrigation, S is194

the soil moisture target strategy, A is irrigated area (ha), Amax is the total field area (ha), Θ195

is a time-series of daily weather conditions for the growing season, pc is the crop price ($ tonne-1),196

cf is the fixed production costs ($ ha-1), ch is the crop harvesting costs ($ tonne-1), cv is the197

variable irrigation cost ($ ha-cm-1), subscript I denotes the irrigated crop, subscript D denotes198

the dryland crop, subscript j denotes the year of historic weather data, subscript k denotes the199

choice of irrigated area size, and subscript m denotes the choice of soil moisture target strat-200

egy.201

Output distributions given by Equation 1 subsequently are used to calculate the expec-202

tation, E(Πk,m), and variance, σΠk,m
, of profits for each joint extensive and intensive mar-203

gin decision. Given these estimates, the joint decision is optimized using a certainty equiv-204

alent maximization approach (Equation 3). Equation 3 considers the impact of farmers’ risk205

preferences using the Arrow-Pratt coefficient of relative risk aversion, γ, where a value equal206

to 0 represents a risk neutral farmer and values less/greater than 0 reflect increasingly risk seek-207

ing/averse decision-making. Equation 3 also limits the range of potential joint strategies to ac-208

count for restrictions on groundwater abstraction. Previously, Foster et al. [2015a] imposed ab-209

straction quotas as binding restrictions on water use in each individual year. However, in Equa-210

tion 3 we assume only that expected volumetric pumping must be less than the specified ab-211

straction limit in order to capture more realistically the way quotas are applied in real-world212

settings. For example, pumping restrictions often are enforced over multi-year windows to pro-213
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vide flexibility for farmers to increase water use in drought years whilst decreasing pumping214

in wetter years [Palazzo and Brozović, 2014].215

[
A∗, S∗

]
= max

{k,m}

[
E
(
Πk,m

)
− 0.5 ·

σΠk,m
· γ

E
(
Πk,m

)] (3)

subject to:

E
(
Vk,m

)
≤ Q

where A∗ and S∗ are the optimal irrigated area (ha) and soil moisture target strategy, respec-216

tively, Π is the profit ($), σΠ is the variance in profits ($), γ is the Arrow-Pratt coefficient of217

relative risk aversion, V is total volumetric irrigation use (m3 yr-1), Q is the regulatory restric-218

tion on groundwater pumping (m3 yr-1), subscript k denotes the choice of irrigated area, and219

subscript m denotes the choice of soil moisture target strategy.220

2.3 Crop model221

We use the crop simulation model, AquaCrop-OS [Foster et al., 2017], to simulate in-222

traseasonal crop growth and irrigation use within our integrated framework. AquaCrop-OS is223

an open-source version of AquaCrop (available at http://www.aquacropos.com), a water-224

limited crop yield model originally developed by the Food and Agriculture Organization of225

the United Nations (FAO) [Steduto et al., 2009]. AquaCrop has been applied successfully in226

many areas of the world to evaluate agricultural water management [Vanuytrecht et al., 2014a],227

and, therefore, is ideally suited to address the types of research questions considered in this228

paper.229

Given the optimized crop mix selected pre-season by the economic model, AquaCrop230

runs on a daily time-step to simulate crop growth processes, such as root expansion and canopy231

cover development, based on specified phenological calendars and input weather time series232

(maximum temperature, minimum temperature, precipitation, and estimated reference evap-233

otranspiration). Biomass accumulation on each day is calculated as a function of simulated234

daily crop transpiration and a crop-specific water productivity parameter [Steduto et al., 2009].235

Finally, AquaCrop estimates crop yield as a function of the simulated aboveground biomass236

and crop harvest index.237

During the growing season, crop development in AquaCrop may be affected by both wa-238

ter and temperature stress. Water stress effects are determined as a function of root zone soil239
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moisture depletion and the sensitivity of different biological processes to water deficits. AquaCrop240

updates soil moisture contents daily using a finite-difference solution that considers inflows241

and outflows from precipitation, irrigation, drainage, soil evaporation, and transpiration [Raes242

et al., 2009]. In this study, we calculate the daily volume of applied irrigation dependent on243

the average root zone soil water content, and the farmers’ pre-season choice of a soil mois-244

ture target strategy and irrigated crop area. On days when irrigation is triggered, the applied245

water depth is equal to the current depletion of total available water (field capacity minus per-246

manent wilting point) in the root zone. However, the volumetric rate of irrigation cannot ex-247

ceed well yield, which is calculated by the groundwater model component (Section 2.4).248

2.4 Groundwater model249

A physically-based groundwater model, the Simulating Pumping Boreholes with a Darcy-250

Forchheimer Regional-Radial (SPIDERR) flow model [Upton et al., 2013; Upton, 2014], is used251

to simulate changes in aquifer water levels and well yields in response to the daily irrigation252

pumping decisions made by AquaCrop (Section 2.3). The factors motivating our choice of SPI-253

DERR are discussed below, followed by a description of the approach used to model changes254

in well yields.255

A common feature of many hydro-economic studies to date has been the use of single-256

cell groundwater models, which assume that an aquifer, much like a bathtub, will respond uni-257

formly and instantaneously to extraction. Real aquifers, however, are substantially more com-258

plex, and it has been shown that this assumption may lead to large errors in estimates of pump-259

ing externalities and the value of groundwater management [Brozović et al., 2010]. In response,260

a growing body of work has used spatially-distributed groundwater models, such as MODFLOW261

[Harbaugh, 2005], to provide more realistic estimates of aquifer dynamics and the economics262

of groundwater use (e.g., Brozović et al. [2010]; Mulligan et al. [2014]; Castilla-Rho et al. [2015];263

Hu et al. [2015]). However, due to computational constraints, these models typically have only264

been applied at coarse spatial and temporal resolutions (e.g., km2 and monthly) that are in-265

sufficient to capture the borehole-scale water table drawdown and changes in well yields that266

are experienced by individual farmers.267

Hybrid radial-cartesian groundwater models, such as SPIDERR, provide a solution to268

this limitation, but have yet to be utilized in hydro-economic research. In SPIDERR, a radial269

flow model is used to simulate, at fine resolution, linear and non-linear flow processes in the270
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vicinity of an abstraction borehole. The radial flow model, in turn, is nested within a coarser-271

scale cartesian model grid that captures the response of the wider regional aquifer system to272

localized pumping decisions. Consequently, SPIDERR simulates efficiently and accurately changes273

in aquifer water levels from borehole to catchment scales, which would not be possible us-274

ing either single-cell or spatially-distributed groundwater modeling approaches [Upton et al.,275

2013].276

For a detailed description of the calculations performed by SPIDERR, the reader is re-277

ferred to the associated model documentation [Upton et al., 2013; Upton, 2014]. Here, we de-278

scribe the methodology to estimate changes in well yields as an aquifer is depleted, which have279

not been considered in any previous integrated analysis of groundwater management. In our280

model, we calculate the maximum well yield for each borehole as a function of the initial sat-281

urated thickness. This calculation is performed on the day of crop planting in each simula-282

tion year, and well yield subsequently is fixed until the start of the next growing season. The283

functional relationship between well yield and saturated thickness is pre-simulated by running284

SPIDERR iteratively to determine, for different initial aquifer conditions, the maximum daily285

pumping rate that can be sustained over the length of a typical growing season (e.g., 120-150286

days for corn in the High Plains region) without causing the water table to fall below the base287

of the well. The simulated relationship between well yield and saturated thickness is condi-288

tioned in large part on local aquifer (e.g., hydraulic conductivity, specific yield/storage) and289

borehole properties (e.g., well depth and construction), which influence the size of the cone290

of depression that is formed for a given pumping rate [Hecox et al., 2002]. For example, Fig-291

ure 2 shows three curves simulated using SPIDERR that relate saturated thickness to well yield292

for different hydraulic conductivities.293

3 Illustrative model application299

We apply the modeling framework described in Section 2 to a hypothetical case study300

to illustrate the ability of our model to capture the key feedbacks influencing the co-evolution301

of coupled agricultural groundwater systems, and to evaluate how these feedbacks affect the302

value of groundwater conservation. This section begins with a brief description of the model303

parameterization (Section 3.1). Following this, Sections 3.2 and 3.3 summarize the integrated304

simulations that are conducted in this paper.305
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Figure 2. Relationship between saturated thickness and well yield for three different values of aquifer hy-

draulic conductivity. The simulated curves are conditioned on assumptions of constant pumping and recharge

(30 mm yr-1) over a period of 120 days, that the borehole penetrates the full thickness of the aquifer, and that

aquifer properties are homogeneous and isotropic. Well yields are capped at a maximum value of 8000 m3

day-1 to reflect constraints on flow capacity imposed by pump and irrigation system technology.
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3.1 Model parameterization306

Our case study considers a scenario of an individual producer who farms a single field307

overlying an aquifer, which, in absence of limits on pumping, will be over-exploited. Crop and308

economic model parameters, as described below, are based on typical production conditions309

in the High Plains of the United States, which is an area of intensive groundwater-fed irriga-310

tion. Groundwater model parameters are also consistent with conditions in the High Plains aquifer,311

but also are varied to enable analysis of the influence of initial aquifer conditions and hydro-312

geological properties on the value of groundwater conservation.313

The economic model considers a single farmer who manages a typical quarter-section314

(52.5 ha) field using a center-pivot irrigation system. As described in Section 2.2, the farmer’s315

irrigation decision has two components in our model; an extensive margin choice of the land316

area that will be irrigated, and an intensive margin choice of the intensity of irrigation per unit317

area of irrigated land. On the extensive margin, the farmer may divide this field between ir-318

rigated corn and dryland sorghum crops in increments of 0.5 ha. Irrigated corn and dryland319

sorghum crops were chosen as they reflect typical irrigated and dryland crops grown in large320

parts of the High Plains region. For the area planted with irrigated corn, the intensive margin321

choice of a soil moisture target for each crop growth stage varies, in increments of 0.01, be-322
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tween 0 and 1, which equate to permanent wilting point and field capacity respectively. In-323

put and output prices for both crop types are defined in Table 1 based on reported farm bud-324

gets averaged over the period 2010-2015 [Klein and Wilson, 2015], and it is assumed that crops325

are planted on May 1 each year. Finally, distributions of potential crop yields and irrigation326

requirements for corn are simulated with AquaCrop. These simulations use 34 years (1982-327

2015) of historic weather data (data available from: http://hprcc.unl.edu) recorded328

at Champion in Chase County, Nebraska, and consider constraints on maximum daily irriga-329

tion rates ranging from 0.1 mm to 15 mm in increments of 0.1 mm. Expected dryland sorghum330

yield is set equal to a fixed value (4.4 tonne ha-1), based on average reported yields over the331

period 2010-2015 (data available from: https://www.nass.usda.gov/Quick_Stats),332

due to a lack of data to calibrate AquaCrop adequately for sorghum production in the region.333

This assumption is realistic because our economic model assumes that farmers make plant-334

ing decisions based on expectations of crop yields given known weather variability. Actual re-335

ported sorghum yields therefore should be an accurate proxy for farmers’ expectations of yields336

under current climate variability and management practices.337

Table 1. Economic model parameters338

Parameter Sorghum (Dryland) Corn (Irrigated)

Crop price ($ tonne-1) 190 197

Fixed cost ($ ha-1) 660 1014

Harvest cost ($ tonne-1) 6.7 14.9

Irrigation energy cost ($ kwh-1) - 0.1

Irrigation labor cost ($ hour-1) - 20

Irrigation system repair cost ($ hour-1) - 3.2

AquaCrop requires the definition of crop, soil, and weather input parameters. Crop growth339

parameters for corn are defined according to previous successful applications of AquaCrop in340

the High Plains region [Heng et al., 2009; Foster et al., 2015a], and, as discussed above, we341

assume a fixed dryland sorghum yield due to a lack of calibration data for this crop. Soil type342

is defined as a loamy soil, with soil water contents at permanent wilting point, field capacity,343

and saturation equal to 0.137 m3 m-3, 0.280 m3 m-3, and 0.459 m3 m-3, respectively, and a sat-344

urated hydraulic conductivity of 372 mm day-1. It is assumed that the soil initially is wetted345
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to 80% of field capacity, and that irrigation efficiency is 90% indicative of a typical high-efficiency346

center-pivot system. Finally, a 50-year daily weather time series (minimum and maximum tem-347

perature, precipitation, reference evapotranspiration) is generated by sampling years at random348

from the 34-year historic record.349

In SPIDERR, we define a localized unconfined aquifer with areal dimensions of 2 km350

by 2 km and a maximum thickness of 100 m. The aquifer has impermeable boundaries on all351

sides, with the exception of the upper boundary where there is a constant recharge inflow of352

30 mm yr-1 (120,000 m3 yr-1 over the entire domain). The constant annual recharge inflow is353

distributed evenly over both space and time across nodes in SPIDERR. This assumption, while354

a simplification of reality, is reasonable given that our analysis is focused primarily on situ-355

ations where the water table is tens of meters below the ground surface, for which the thick-356

ness of the unsaturated zone would be expected to smooth out temporal variations in recharge357

due to climate. Additionally, we assume that there is no relationship between the rate of recharge358

and irrigation pumping decisions due to the high level of irrigation efficiency in our study re-359

gion. These assumptions are also consistent with previous hydro-economic model analysis of360

groundwater management in the High Plains region [Bulatewicz et al., 2010; Mulligan et al.,361

2014]. Aquifer hydraulic conductivity and specific yield are set equal to 30 m day-1 and 0.1,362

respectively, and both properties are assumed to be homogeneous. The irrigation borehole is363

located at the center of the modeled domain, and penetrates the full thickness of the aquifer.364

The irrigation system pressure is defined as 207 kPa (30 psi), and the maximum potential well365

yield is restricted to 8000 m3 day-1 to account for technical limits imposed by pump technol-366

ogy. Finally, for the sake of computational simplicity, we ignore the effects of non-linear well367

losses and non-Darcian flow effects in the simulations, which can be included in simulations368

performed by SPIDERR. In reality, these effects may lead to additional increases in drawdown369

during pumping events. However, for our hypothetical case, we choose to neglect these pro-370

cesses in order to simplify our analysis and focus attention on the critical feedbacks between371

well yield and the value of groundwater conservation, which are the primary concern of this372

paper.373

3.2 Model simulations374

To test our hypothesis that initial aquifer conditions are an important determinant of re-375

turns to groundwater conservation, we run simulations for different combinations of initial sat-376

urated thickness and regulatory restrictions on annual groundwater pumping. Initial saturated377
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thickness is varied from 10 m to 90 m in increments of 2 m, capturing aquifers that have al-378

ready been highly overexploited through to those that have yet to experience significant de-379

pletion. Regulatory pumping restrictions are assumed to vary from 120,000 m3 yr-1 to 300,000380

m3 yr-1 in increments of 20,000 m3 yr-1 to cover a spectrum of potential quotas, ranging from381

a lower bound that is equal to average annual recharge to an upper bound that imposes no bind-382

ing restrictions on pumping.383

For each combination of initial saturated thickness and groundwater pumping quota, we384

run our integrated model over a 50-year period. Actual profits in each simulation year are cal-385

culated based on crop yields and irrigation water use simulated by AquaCrop, along with eco-386

nomic values for input and output prices used in the pre-season economic model calculations387

(Equation 1). Given actual profits in each year, total economic benefits over the planning hori-388

zon are calculated using Equation 4. We assume a discount rate of 3 %, which is consistent389

with the social rate of time preference for consumption of natural resources such as ground-390

water [Das et al., 2010; Fenichel et al., 2016].391

NPV =

50∑
t=1

πt

(1 + d)
t (4)

where NPV is the net present value ($), t is the integrated simulation year, π is the actual392

profit ($), and d is the fractional discount rate.393

Subsequently, the outputs from Equation 4 are used to determine the groundwater pump-394

ing restriction that maximizes net economic benefits for each initial aquifer condition. Eco-395

nomic benefits under optimal pumping quotas are compared to those predicted by our model396

for unrestricted extraction to obtain estimates of the potential economic gains from ground-397

water conservation as a function of initial saturated thickness. Note that our model is focused398

on the benefits of groundwater conservation for a single hypothetical farmer, and does not con-399

sider interactions with neighboring producers or the broader regional groundwater system. Fol-400

lowing the results of our analysis, we discuss these simplifications in detail in Section 5 of the401

paper and highlight how our results can be scaled to more complex regional agricultural ground-402

water systems.403
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3.3 Sensitivity Analysis404

The analyses in Section 3.2 test the hypothesis that the returns to groundwater conser-405

vation are a function of initial aquifer conditions at the time pumping reductions are imple-406

mented. These analyses are conditioned, in part, on the specified non-linear feedbacks between407

saturated thickness and the profitability of groundwater-fed irrigation, which occur via changes408

in well yields. As a result, it is important to assess how sensitive our findings are to possible409

variability in these relationships.410

First, we analyze how sensitive estimates of the value of groundwater management are411

to the rate of natural recharge to the groundwater system. Recharge rates will have a strong412

influence on the trajectory of aquifer depletion, and also will determine the level of irrigation413

pumping that is sustainable in the long-term. Consequently, recharge rates may be an impor-414

tant determinant of both the magnitude and timing of economic benefits from groundwater con-415

servation. We repeat the simulations described in Section 3.2 with recharge values decreased416

to 10 mm day-1 and increased to 50 mm day-1. Results are compared to those obtained in pre-417

vious simulations (Section 3.2) for a base recharge rate of 30 mm day-1.418

Second, we evaluate how our results may be affected by variability in the relationship419

between saturated thickness and well yield. As noted in Section 2.4, this relationship is con-420

ditioned on the hydrogeological properties of the aquifer, such as hydraulic conductivity, which421

control the amount of drawdown that occurs within a borehole for a specific rate and dura-422

tion of pumping. Figure 2 demonstrates that in low conductivity aquifers, a greater initial sat-423

urated thickness is required to sustain well yields as drawdown is concentrated in the vicin-424

ity of the borehole. In contrast, in high conductivity aquifers, larger well yields can be main-425

tained as drawdown is distributed across a wider area. We examine how these differences af-426

fect our estimates of the value of groundwater conservation by repeating the analyses described427

in Section 3.2 for each of the three curves shown in Figure 2.428

Finally, we examine how our estimates of the value of groundwater conservation are af-429

fected by the sensitivity of agricultural production to reductions in well yields. In AquaCrop,430

intraseasonal soil moisture deficits affect a range of simulated growth processes, including leaf431

expansion, stomatal conductance, canopy senescence, and pollination. Water stress begins to432

limit each process when root zone soil moisture depletion exceeds a specified upper thresh-433

old, and fully inhibits the process when depletion is equal to our greater than a specified lower434

threshold [Raes et al., 2009]. Both upper and lower thresholds are expressed as proportions435
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of total available water, defined as the water held between field capacity and permanent wilt-436

ing point within the root zone. We construct three parameter sets that represent the plausible437

range of upper and lower water stress thresholds for corn (Table 2) based on parameter bounds438

reported by Vanuytrecht et al. [2014b]. Parameter set 1 is indicative of a corn variety that has439

high sensitivity to soil moisture deficits (i.e. crop growth processes are inhibited at low lev-440

els of moisture stress), where as parameter set 3 represents a corn variety that has low sen-441

sitivity to soil moisture deficits (i.e. crop growth will only be inhibited for higher levels of soil442

moisture depletion). Parameter set 2 matches the calibrated parameter values used in the sim-443

ulations in Section 3.2. For each parameter set, we pre-simulate distributions of crop yields444

and irrigation requirements as described in Sections 2.3 and 3.1, and, using these data, we re-445

peat the simulations in Section 3.2. Comparison of model outputs for each parameter set high-446

lights how our previous estimates of the value of groundwater management may be influenced447

by sensitivity of irrigated crops to reductions in groundwater supply.448

Table 2. Crop water stress parameter sets449

Parameter Stress Type Threshold Set 1 Set 2 Set 3

pexp Leaf expansion Upper 0.10 0.14 0.30

Lower 0.55 0.72 0.80

psto Stomatal conductance Upper 0.50 0.69 0.80

Lower 1.0 1.0 1.0

psen Canopy senescence Upper 0.60 0.69 0.85

Lower 1.0 1.0 1.0

ppol Crop pollination Upper 0.7 0.8 0.95

Lower 1.0 1.0 1.0

4 Results450

4.1 Initial conditions and the value of conservation451

Our results demonstrate that the value of restricting agricultural groundwater use is a highly452

non-monotonic function of initial aquifer conditions, with value increasing and then decreas-453

ing as initial saturated thickness is reduced. Figure 3a illustrates the change in net present value454

from groundwater pumping restrictions, relative to under conditions of unrestricted abstrac-455
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tion, over a 50-year simulation period for different initial aquifer conditions. When initial sat-456

urated thickness is large (greater than 42 m), it is demonstrated that pumping restrictions have457

little positive impact on farmers’ discounted economic benefits over the simulated planning458

horizon. Similarly, the economic gains from imposing pumping quotas also are negligible when459

the aquifer already has been heavily depleted (initial saturated thickness less than 12 m). How-460

ever, within these upper and lower bounds, Figure 3a shows that there is potential to gener-461

ate large economic gains by restricting levels of groundwater abstraction. The peak in economic462

gains occurs for an initial saturated thickness of 22 m, for which optimal regulation of pump-463

ing increases discounted economic benefits by 15.4 % over the 50-year planning period. The464

specific pumping quota that maximizes economic benefits is decreasing within this range of465

initial aquifer conditions (Figure 3b), reflecting the need for increasingly stringent pumping466

reductions as the prior level of depletion increases. Contrastingly, for low or high initial sat-467

urated thickness, the optimal pumping quota is equal to a rate that effectively matches unre-468

stricted rates of abstraction (i.e. no pumping quota increases farmers’ economic benefits). It469

is interesting to note that a number of areas of the High Plains aquifer, in particular in parts470

of Kansas and Texas where depletion trends are significant, currently have saturated thickness471

between 12m and 42m [McGuire et al., 2012]. This finding indicates that farmers in such ar-472

eas may benefit economically from implementing groundwater conservation to limit future de-473

pletion. However, it should be noted that the magnitude specific local benefits will be influ-474

enced by local biophysical, behavioral, and economic factors, and, therefore, further site-specific475

analysis would be need to make predictions for specific locations across the aquifer.476

To explain the impacts of prior depletion on the value of groundwater management that484

are observed in Figure 3, it is necessary to consider the feedbacks between saturated thick-485

ness and well yield in our integrated modeling framework. Imposing pumping quotas leads486

to reductions in the annual volume of groundwater that is abstracted, and, consequently, slows487

the reduction in aquifer water levels over the 50-year simulation period. When initial saturated488

thickness is large, drawdown of water tables has no effect on borehole well yields as water489

levels remain sufficiently high throughout the simulation period to maintain well yields at their490

upper limit. However, when initial aquifer water levels are lower, further drawdown during the491

planning period may result in large reductions in borehole well yields. Figure 4 illustrates this492

effect for the model simulations conducted with an initial saturated thickness of 22 m (where493

the peak in economic benefits from regulation occurs), demonstrating that pumping lifts (panel494

a) are consistently lower, and well yields (panel b) higher, when an optimal groundwater pump-495
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Figure 3. Panel (a) illustrates the change in net present value (%) and total irrigated crop production (%)

under an optimal pumping quota, relative to a scenario of unrestricted groundwater abstraction, for different

levels of initial saturated thickness. For each initial saturated thickness, panel (b) shows the economically

optimal groundwater pumping quota (1000 m3 yr-1) that is selected by the model. Note, results for initial satu-

rated thickness above 60 m are not displayed as no benefits are observed in this range. The optimal pumping

quota is also not displayed for saturated thickness values of less than 12m or greater 42m, as, for these initial

conditions, our model finds that it is not optimal economically to restrict groundwater pumping.

477

478

479

480

481

482

483

ing quota (180,000 m3 yr-1) is imposed relative to when abstraction is unrestricted. Note that496

in both unrestricted and optimal pumping simulations, water levels appear to be effectively con-497

verging to the same steady-state condition. This is because, as well yields are reduced, annual498

groundwater pumping also decreases due to reductions in irrigated area. A steady-state well499

yield thus exists, at which it is not optimal economically or possible physically to pump more500

than the natural rate of recharge. This well yield is associated with a specific saturated thick-501

ness and pumping lift (Figure 2), and, as a result, water levels stabilize at this point. The im-502

pact of conserving groundwater is simply to modify the pathway and time to reach this steady-503

state condition. It is important to highlight that this result emerges, in part, because we assume504

in our model that farmers can’t drill additional wells to increase total pumping capacity. We505

discuss this simplification in detail in Section 5.2, but also note that, in many regions expe-506

riencing chronic aquifer depletion, there are moratoriums in place that limit new well drilling507

for irrigation.508

The effect of pumping restrictions on the trajectory of aquifer depletion and well yields,513

has important implications for agricultural productivity and profitability. For large initial sat-514

urated thickness that buffer well yields fully, economic benefits from pumping restrictions are515
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Figure 4. Change in: (a) total pumping lift (m); and (b) well yield (m3 day-1) over the 50-year simulation

period for an initial saturated thickness of 22 m. Results are shown for model runs where abstraction is un-

restricted (black lines) and where an economically optimal pumping quota (180,000 m3 yr-1) is imposed (red

dashed lines).

509

510

511

512

derived from reductions in irrigation pumping costs because less groundwater is abstracted from516

shallower depths. These economic gains are counteracted though by small declines in irrigated517

corn yields due to the farmer adopting deficit irrigation practices to reduce total water use, mean-518

ing that the net benefits from reducing groundwater abstraction are negligible (Figure 3a). Con-519

trastingly, when initial saturated thickness is small, well yields are constrained significantly520

irrespective of any conservation efforts. In this situation, there are minimal benefits from re-521

stricting pumping as the farmer already has been forced to reduce irrigated area and ground-522

water significantly due to the production risks posed by low well yields [Foster et al., 2014,523

2015b]. Between these upper and lower bounds, however, limiting groundwater pumping can524

have positive impacts on both irrigated crop production and farm profits. Slowing or limiting525

the interannual decline in well yields (Figure 4) enables the farmer to maintain higher irrigated526

production areas, minimize risks of drought-induced crop failure, and slow the transition to527

lower value dryland production (Figure 5). Reductions in production and profits in early years528

are more than offset by gains in later years, with cumulative profits in the optimal quota sce-529

nario increasing above those in the unrestricted pumping scenario beyond year 16 of the 50-530

year planning period (for an initial saturated thickness of 22m). Figure 3a demonstrates that531

these economic gains from regulation are correlated strongly with increases in total irrigation532

corn production, which are achieved because pumping restrictions limit declines in irrigated533

area over the planning horizon.534
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Figure 5. Change in: (a) irrigated corn area (ha); and (b) dryland sorghum area (ha) over the 50-year sim-

ulation period for an initial saturated thickness of 22 m. Results are shown for model runs where abstraction

is unrestricted (black lines) and where an economically optimal pumping quota (180,000 m3 yr-1) is imposed

(red dashed lines).
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536

537

538

4.2 Sensitivity analysis539

4.2.1 Recharge rate540

Figure 6 shows the change in net present value from imposing an optimal pumping quota,541

relative to unrestricted abstraction, for different initial aquifer conditions and recharge rates.542

For each recharge condition, Figure 6 demonstrates that the value of groundwater conserva-543

tion remains strongly dependent on initial saturated thickness. However, important differences544

can be observed in the economic gains from restricting abstraction. In particular, as recharge545

rates are decreased, the range of initial conditions over which restricting abstraction will im-546

prove farmers’ net economic returns expands. For the low recharge scenario (10 mm day-1)547

restricting abstraction will have a positive economic impact when initial saturated thickness548

is between 10 m and 50 m, whereas for the high recharge scenario (50 mm day-1) the range549

is significantly narrower (12 m to 32 m).550

These differences reflect the important effects that recharge rates have on the trajectory555

of aquifer depletion. For low recharge rates, the interannual decrease in water levels is large556

(approximately 0.6 m yr-1 on average for unrestricted abstraction), and greater initial saturated557

thickness is needed to buffer well yields throughout the 50-year simulation in the absence of558

groundwater pumping restrictions. In contrast, for higher recharge rates, interannual water ta-559

ble declines are smaller (approximately 0.2 m yr-1 on average for unrestricted abstraction), and560
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Figure 6. Change in net present value (%) under an optimal pumping quota, relative to a scenario of un-

restricted groundwater abstraction, for different levels of initial saturated thickness. Results are shown for

simulations conducted with recharge rates of 10 mm yr-1, 30 mm yr-1, and 50 mm yr-1. Note, results for initial

saturated thickness above 60 m are not displayed as no benefits are observed in this range.

551

552

553

554

well yields will only be significantly impacted during the simulation period if extensive prior561

depletion already has occurred. The range of initial aquifer conditions for which irrigated pro-562

duction is negatively impacted during the planning horizon, and for which it is beneficial there-563

fore to restrict abstraction, is smaller in systems that have higher recharge rates. Moreover, in564

these systems, the long-term gains from regulation are expected to be greater due to the fact565

that water levels and well yields potentially can be stabilized with modest reductions in an-566

nual extraction, which would not be practical economically in aquifers with lower rates of recharge.567

4.2.2 Well yield response to hydraulic conductivity568

The effects on the estimated value of groundwater conservation of varying the relation-569

ship between saturated thickness and well yield are shown in Figure 7. Aquifer hydraulic con-570

ductivity impacts the magnitude of economic benefits from restricting groundwater pumping,571

and also the optimal time for regulation. As hydraulic conductivity is increased, Figure 7 demon-572

strates that economic gains from limiting groundwater abstraction are constrained to a lower573

range of initial aquifer conditions (10 m to 36 m when conductivity is equal to 50 m day-1).574

Contrastingly, for less conductive aquifers, benefits from regulation are distributed over a wider575

range of initial aquifer conditions (18 m to 54 m when conductivity is equal to 10 m day-1).576
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Figure 7. Change in net present value (%) under an optimal pumping quota, relative to a scenario of un-

restricted groundwater abstraction, for different levels of initial saturated thickness. Results are shown for

simulations conducted with aquifer hydraulic conductivity uniformly equal to 10 m day-1, 30 m day-1, and 50

m day-1. Note, results for initial saturated thickness above 60 m are not displayed as no benefits are observed

in this range.
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581

Inspection of the relationship between saturated thickness and well yield for different582

hydraulic conductivities (Figure 2) provides insights to explain the results observed in Figure583

7. Aquifers with higher hydraulic conductivity, such as those composed of unconsolidated sands584

and gravels, can provide large well yields for small levels of saturated thickness because draw-585

down from pumping is distributed over a wide radius around the borehole. In these aquifers,586

there may be only minimal economic benefits from restricting pumping before significant de-587

pletion has occurred. Beyond this point, however, there may be large value in restricting pump-588

ing to avoid rapid reductions in well yields and associated impacts on irrigated production ar-589

eas. In contrast, low conductivity aquifers (e.g., minimally fractured hard-rock systems) ex-590

perience reductions in well yields for much smaller levels of depletion as water table draw-591

down is concentrated in the vicinity of the borehole itself. Pumping restrictions will be required592

earlier along the depletion pathway in these aquifers, and economic gains will decline to zero593

long before aquifer storage can be fully exhausted hydrologically.594

4.2.3 Crop tolerance to water stress595

Figure 8 shows the impacts on returns to groundwater conservation of varying the soil596

moisture depletion thresholds at which water stress is initiated in AquaCrop. Decreasing crop597
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tolerance to soil moisture deficits (parameter set 1 in Table 2) dampens the potential value of598

conservation. Positive benefits from conservation are found for slightly larger initial saturated599

thickness, and returns to conservation decline to zero earlier. In contrast, increasing crop tol-600

erance to soil moisture deficits (parameter set 3 in Table 2) has markedly less impact on the601

value of conservation relative to the base case simulation (parameter set 2 in Table 2). Indeed,602

the main effect of increasing tolerance to water stress is a small shift in the optimal window603

to restrict abstraction.604
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Figure 8. Change in net present value (%) under an optimal pumping quota, relative to a scenario of un-

restricted groundwater abstraction, for different levels of initial saturated thickness. Results are shown for

simulations conducted with three different parameter sets describing different levels of crop sensitivity to soil

moisture deficits during the growing season (Table 2). Note, results for initial saturated thickness above 60 m

are not displayed as no benefits are observed in this range.
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These results capture the complex effects of intraseasonal and seasonal groundwater sup-610

ply restrictions on crop production. The sensitivity of simulated crop production to water sup-611

ply restrictions is affected by the parameters in Table 2, which describe the degree of soil mois-612

ture deficit a crop can tolerate before growth processes are inhibited and yields begin to be613

reduced. Parameter set 1 is characteristic of a corn variety that is highly sensitive to soil mois-614

ture deficits. For parameter set 1, the farmer may benefit from conserving groundwater to main-615

tain higher well yields and limit intraseasonal irrigation constraints. However, the costs of con-616

serving groundwater are high because, for parameter set 1, the crop is also highly sensitive617

to reductions in total seasonal irrigation. The economic and biophysical benefits of restrict-618

ing abstraction to slow declines in well yields therefore are more limited for crops that have619
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low tolerance to soil moisture deficits. In contrast, parameter set 3 represents a crop that has620

high tolerance to soil moisture deficits during the growing season. Nevertheless, our model621

still finds significant value in conserving groundwater to limit reductions in well yields for this622

parameter set. This is because low well yields lead to the build up of severe persistent soil mois-623

ture deficits over a growing season, which will have negative impacts on yields even for more624

drought tolerant corn varieties. Indeed, the effects of initial aquifer conditions on the value of625

groundwater conservation show only limited differences between parameter sets 2 and 3. These626

findings highlight the complex effects that differences in crop tolerance to water stress (e.g.,627

between crop varieties/types or farmers) may have on the spatial and temporal value of ground-628

water conservation. It is important to note that we assume changes in water stress thresholds629

for different crop growth processes are not independent. In reality, different varieties may have630

greater/lesser drought tolerance for specific aspects of development (e.g. canopy expansion,631

pollination), and this will also influence the potential benefits of groundwater conservation.632

5 Discussion633

5.1 Implications for groundwater management and hydro-economic modeling634

The results presented in Section 4 highlight that initial aquifer conditions are an impor-635

tant, but previously unappreciated, factor governing welfare benefits from groundwater con-636

servation. We demonstrate that a range of initial conditions exist for which reducing extrac-637

tion, either through regulatory intervention or behavioral change, can extend the usable life-638

time of an aquifer for irrigated crop production, and maximize the economic benefits from lim-639

ited groundwater resources. In contrast, efforts to reduce groundwater pumping too early will640

constrain unnecessarily groundwater-fed irrigation. Similarly, conservation that is introduced641

after extensive depletion has occurred will be unable to limit the loss of drought resilience or642

the negative economic impacts of the transition from high value irrigated agriculture to low643

value dryland production. Our model provides useful insights for policymakers about where644

and when to target groundwater conservation efforts to have the greatest positive impacts on645

productivity and profits. This information is especially valuable given that groundwater man-646

agement is politically challenging, time consuming, and expensive to implement and enforce647

[OECD, 2015]. For example, our findings suggest that some of the potential benefits from con-648

servation may have been lost in parts of the High Plains aquifer that have already experienced649

extensive depletion (e.g. Texas, SW Kansas), with urgent reductions in water use required in650
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other areas given projected depletion trends [Scanlon et al., 2012; Steward et al., 2013; Haacker651

et al., 2015].652

Our analysis in this paper is field-level in scale. However, our results also provide valu-653

able insights that can help to guide and inform regional groundwater management and pol-654

icy analysis. Aquifer depletion will have differing effects on well yields for individual farm-655

ers. Variability in well yields, and their relative impacts on crop yields and profits, will arise656

due to heterogeneity in aquifer properties, soil types, climate, crop varieties, well depths, and657

economic costs between producers. The effects of drawdown on well yields thus adds an ad-658

ditional dimension to common-pool externalities of groundwater pumping, which previous eco-659

nomic studies have assumed are related solely to changes in pumping costs. Our findings in-660

dicate that there will be large spatial and temporal heterogeneity in the value of groundwa-661

ter conservation, due to the distributional effects of depletion on farm profits that occur via662

changes in well yields. Moreover, we suggest that targeting groundwater management to pro-663

ducers whose well yields are most sensitive to further depletion is likely to result in greater664

welfare benefits than policies that are applied uniformly. Existing hydro-economic models of665

groundwater management (e.g., Brozović et al. [2010]; Bulatewicz et al. [2010]; Athanassoglou666

et al. [2012]; Peterson and Saak [2013]; Steward et al. [2013]; Medellı́n-Azuara et al. [2015])667

do not capture adequately these important feedbacks between aquifer depletion, well yields,668

and agricultural productivity. We suggest that such models therefore will be unable to provide669

reliable insights about the distributional impacts of depletion, or about how policies to con-670

trol groundwater use should be implemented spatially and temporally to maximise welfare ben-671

efits from limited groundwater resources.672

An important area for future development of our work is to extend our model to a more673

complex, regional aquifer in order to quantify the benefits from policies that target explicitly674

the distributional effects of well yields on crop productivity and profits. Scaling to a regional675

case study is likely to require simplification of some aspects of our model framework. Specif-676

ically, the total run-time of our integrated model (9 minutes per 50-year simulation) is dom-677

inated by the groundwater model sub-component (85% of run-time). For a regional analysis,678

it may be necessary therefore to simplify the groundwater component of the model. Compu-679

tational overheads of spatially distributed hydrologic models are a common issue for hydro-680

economic research [Harou et al., 2009]. One approach to address this challenge is to pre-generate681

response function matrices, which act as a surrogate for the full groundwater model. Response682

function matrices relate pumping stresses to changes in water levels at different locations, and683
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are a useful approach for integrating hydrologic dynamics within multi-disciplinary policy mod-684

els in a computationally efficient manner [Gorelick, 1983; Harou and Lund, 2008; Ahlfeld et al.,685

2009]. This approach has been used in a number of hydro-economic studies of groundwater686

management [Peña-Haro et al., 2009; Mulligan et al., 2014; Mulligan and Ahlfeld, 2016], and687

could be adopted to limit computational demands when scaling our analysis to larger systems.688

Finally, our focus in this study is on an aquifer that is experiencing chronic long-term689

depletion, and where significant water use reductions are needed to stabilize groundwater lev-690

els. This example is typical of major groundwater systems worldwide, including large parts691

of the High Plains and Central Valley Aquifers in the United States [Scanlon et al., 2012; Haacker692

et al., 2015], the Indo-Gangetic Plain [Rodell et al., 2009], the North China Plain [Feng et al.,693

2013], and aquifers in the Middle East and North Africa [Voss et al., 2013]. Nevertheless, there694

are other regions, including parts of the Northern High Plains [Kuwayama and Brozović, 2014;695

Mulligan et al., 2014; Palazzo and Brozović, 2014], where the main policy driver is stream-696

flow depletion caused by drawdown of aquifer water tables. These cases are not the focus of697

this study. However, it is relevant to discuss briefly how connectivity between surface water698

and groundwater may affect the relationship between initial aquifer conditions and benefits from699

groundwater conservation. We hypothesize that a plot of the benefits of conservation as a func-700

tion of initial saturated thickness (e.g. Figure 3) in these systems would display two distinct701

peaks. The first, for large saturated thickness, would represent the benefit of conserving ground-702

water to maintain connectivity with surface water systems, which have benefits for both the703

environment and surface water irrigation. The second peak, for lower saturated thickness, would704

capture the benefits of minimizing well yield reductions when surface water discharges have705

been captured fully. We suggest testing this hypothesis as an interesting area for future work706

in areas where streamflow depletion is the more important driver for groundwater conserva-707

tion.708

5.2 Model limitations and future extensions709

It is important to highlight that the simulations presented in this paper are conditioned710

on a number of assumptions, and discuss how these may influence our findings and inform711

directions for future research.712

First, the economic component of our integrated modeling framework (Section 2.2) as-713

sumes that a farmer makes myopic annual decisions about crop choice and irrigation strategy714
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based on observed pre-season aquifer conditions. In the absence of pumping restrictions, the715

farmer does not account for the impacts of extraction on the future availability and cost of ground-716

water beyond the end of the upcoming growing season. In the real-world, some farmers may717

not act myopically, and, alternatively, may behave in a manner that it is dynamically optimal718

by either conserving groundwater for future periods or increasing extraction rates to avoid fu-719

ture capture of common-pool groundwater by neighboring irrigators [Pfeiffer and Lin, 2012;720

Suter et al., 2012; Guilfoos et al., 2013]. We do not consider interactions between multiple farm-721

ers in this study, but it is likely that the private and social benefits of groundwater conserva-722

tion would be even larger than predicted in Sections 4.1-4.2 if strategic over-extraction leads723

to additional drawdown in the absence of regulations. Contrastingly, benefits from manage-724

ment are likely to be smaller in the case of strategic conservation behavior, as the farmer would725

act independently to preserve groundwater to support irrigated production in future periods.726

Importantly, this latter point highlights that incentivizing farmers to behave non-myopically727

could have similar benefits to external regulations, such as pumping quotas, in terms of man-728

aging inter-annual changes in well yields and their impacts on irrigated agriculture. Support-729

ing changes in behavior towards long-term conservation may also be more successful than an730

external regulator imposing restrictions on farmers, which would entail large economic and731

political costs for monitoring and enforcement, and should be analyzed in future work. Fur-732

thermore, where data exist, an interesting empirical extension of our work would be to use real-733

world data on saturated thickness and irrigated area from a depleting aquifer (e.g. parts of the734

southern and central High Plains) to explore to what extent farmers decision-making is con-735

sistent with the myopic decisions predicted by our model.736

Our integrated model assumes that all non-simulated parameters, such as those describ-737

ing crop growth in AquaCrop, are stationary throughout each 50-year simulation. In reality,738

this may not be the case, and the value of groundwater conservation may be influenced by how739

changes in natural and human system dynamics alter the marginal benefits and costs of con-740

serving an additional unit of groundwater stock. For example, future increases in irrigated crop741

yield potential as a result of improved breeding or development of new crop varieties could742

increase the value of conserving groundwater resources to support higher levels of production743

in future years [Grassini et al., 2013; Steward et al., 2013]. Similarly, as indicated by the anal-744

ysis in 4.2, breeding for improved traits (e.g., drought tolerance) may have complex impacts745

on the future value of water in crop production. Any future gains from groundwater conser-746

vation today also will depend upon the uncertain impacts of concurrent changes in crop irri-747
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gation water requirements due to climate change [Konzmann et al., 2013; Wada et al., 2013;748

Elliott et al., 2014], and variability in crop and input prices that will determine the economic749

value of any additional future production. Addressing the impacts on the value of aquifer man-750

agement of these and other system non-stationarities is beyond the scope of this paper. How-751

ever, there is great need for research to develop new methodologies to assess how these dy-752

namic changes in the future value of natural capital stocks may influence the effectiveness of753

groundwater conservation strategies [Fenichel et al., 2016].754

We estimate the value of groundwater conservation on the basis of a 50-year planning755

horizon. While a 50-year planning period is consistent with existing analyses of groundwa-756

ter management (e.g., Das et al. [2010]; Madani and Dinar [2012]; Mulligan et al. [2014]), this757

assumption means that potential agricultural production beyond year 50 has no economic value.758

Where policymakers or stakeholders care about maintaining irrigated agriculture and other ben-759

eficial uses of groundwater for longer periods, it may be optimal to restrict pumping earlier760

and more stringently in order to ensure sustainable long-term groundwater use. Additionally,761

our analyses also assume that pumping quotas are applied as a constant constraint over each762

50-year simulation period. This assumption reflects the fact that it is politically challenging763

to implement regulations in the real-world, and once regulations are introduced they are of-764

ten hard to adjust over time [OECD, 2015]. However, in a dynamically optimal setting, it is765

likely that additional benefits could be obtained from implementing variable quotas that are766

a function of aquifer saturated thickness, and our results therefore inherently represent a second-767

best policy option. The work of Esteban and Dinar [2013] provides some support for this as-768

sertion, showing that sequential application of groundwater policies outperforms the applica-769

tion of single policies in isolation. Updating pumping restrictions over time would also sup-770

port flexible aquifer management in the face of uncertainty about the future trajectory of both771

depletion and the marginal value of groundwater.772

Our model analyses assume that farmers are subject to an external restriction on ground-773

water pumping, which they can adapt to by either reducing irrigated area or increasing deficit774

irrigation. In practice, however, a wider range of adaptation mechanisms and policies may ex-775

ist to incentivize groundwater conservation, and the choice of policy or response may influ-776

ence returns to conservation. Future work should seek to compare how the benefits from ground-777

water conservation vary for different types of policy that could be used to reduce groundwa-778

ter pumping, such as taxes, energy quotas, water rights buyouts, artificial recharge, or water779

trading. These analyses should evaluate the distributional effects that alternative policies may780
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have across regional-scale groundwater systems where well yield effects on crop production781

are spatially and temporally heterogeneous, and assess how effective different policies are at782

maximizing regional welfare benefits from groundwater conservation. Furthermore, future anal-783

ysis should also consider farmers’ individual ability to mitigate costs of groundwater conser-784

vation through improved field-level management practices that enable irrigation to be reduced785

with less impacts on crop yields and profits than predicted currently by our model. For ex-786

ample, farmers may be able to offset some costs of conservation by adopting techniques to787

reduce non-consumptive irrigation losses to soil evaporation (e.g. soil mulching), or switch-788

ing to crops that have higher economic value per unit of applied water (e.g. switching from789

corn to high-value vegetables).790

Finally, in our model we assume that well yield is only limited by available saturated791

thickness. Saturated thickness is an optimistic measure of when well yields will be affected792

by depletion, and, in practice, farmers’ may experience reductions in pumping capacity long793

before this point depending on the depth of their well and choice of pump [Boonstra and Soppe,794

2006]. Pump head-capacity curves can be used to model changes in well yields as a function795

of borehole water levels for a given pumping system design [Konikow, 2010]. Future research796

therefore should seek to extend our approach to modeling well yields (Section 2.4) to incor-797

porate explicitly pump head-capacity curves. In addition, this work should also consider the798

economic costs and heuristics of farmers’ decisions about when to upgrade their pump or drill799

a deeper well in response to reductions in pumping capacity. No existing study of groundwa-800

ter economics has considered adequately the costs of well drilling and pump replacement as801

an aquifer is depleted. However, in the majority of aquifers around the world, these costs are802

likely to represent a significant impact of long-term depletion for producers, which may en-803

hance the economic and societal value of conserving groundwater stocks.804

6 Conclusions805

In this paper, we extend the literature on the economics of groundwater by analyzing806

how the value of groundwater conservation is influenced by initial aquifer conditions at the807

time pumping reductions are implemented. We develop an integrated modeling framework that808

accounts explicitly for reductions in well yields as an aquifer is depleted, and the non-linear809

impacts that these changes have on farmers’ ability to buffer production against climate vari-810

ability. Through a case study in the High Plains Aquifer, we demonstrate that the value of ground-811

water management is affected strongly by initial aquifer conditions. Our results show that there812
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are ‘windows of opportunity’ when it is optimal economically to restrict pumping in order to813

minimize future declines in well yields and maximise the long-term capacity of groundwater814

stocks to support irrigated agriculture. Finally, sensitivity analyses are used to illustrate how815

the impacts of initial aquifer conditions on returns to conservation are influenced by local prop-816

erties of both the hydrological system and agricultural production.817

Our findings have important implications for research and policy related to groundwa-818

ter management. We suggest that, in a depleting aquifer, efforts to reduce groundwater use should819

be targeted spatially and temporally to minimize future reductions in well yields and resul-820

tant negative impacts on agricultural productivity and resilience to drought. In contrast, con-821

servation policies that are implemented in areas that have experienced limited depletion to date,822

or conversely in regions which the aquifer already is close to exhaustion, are unlikely to be823

welfare-increasing for agriculture. This paper also highlights that existing hydro-economic mod-824

els will underestimate the true economic benefits for farmers from groundwater conservation.825

Current models assume that depletion impacts agriculture through changes in marginal pump-826

ing costs that are linear with depth. However, our findings demonstrate that the non-linear ef-827

fects of well yield reductions on the long-term productivity of groundwater creates a large ad-828

ditional incentive for producers to limit groundwater depletion, which has not previously been829

considered in integrated model analysis of aquifer management.830

Future work should seek to extend the analyses and model developed in this paper to831

provide a comprehensive methodology for estimating the long-term value of groundwater man-832

agement in more complex, regional settings. In particular, research should evaluate the dis-833

tributional affects of aquifer depletion on farmers, and identify which groundwater manage-834

ment policies are most effective at managing the heterogeneous impacts of intraseasonal ground-835

water supply reductions. Future work should also consider how the value of conserving ground-836

water may be affected by uncertainty about future crop yields and irrigation requirements due837

to climate change and crop breeding, and the impacts of costs for pump upgrades and well838

deepening in response to declining well yields that have not been captured in economic as-839

sessments of aquifer depletion to date. Results from these analyses would provide deep insights840

about how limited groundwater resources can be used efficiently and sustainably to meet food841

security needs of growing global populations in the face of climate change.842
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Foster, T., N. Brozović, and A. P. Butler (2015a), Analysis of the impacts of well yield904

and groundwater depth on irrigated agriculture, Journal of Hydrology, 523, 86–96,905

doi:10.1016/j.jhydrol.2015.01.032.906

–33–



Confidential manuscript submitted to Water Resources Research
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