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Estimating the Demand for In-situ Groundwater for Climate Adaptation Policy:  A Second 

Stage Hedonic Analysis for the Mississippi River Alluvial Aquifer in Arkansas    
 

 

Abstract 

Observing the substitutability or complementarity of natural capital with other forms of capital is 

possible by examining how the stocks of other capital shift the inverse demand curve for the 

natural capital.  Using fine scale data from Eastern Arkansas, overlaying the Mississippi River 

Alluvial Aquifer, and a unique farm-level irrigation survey, our second-stage hedonic framework 

recovers the underlying demand function for groundwater as measured by saturated thickness.  

We show that social capital can be a substitute or a complement to the stock of groundwater 

depending on the type of peer group a farmer belongs to, and that human capital is a substitute 

for the groundwater stock.  Instruments based on the principle of Tiebout sorting and variables 

from the irrigation survey address the second-stage endogeneity concerns that arise in the 

identification of the inverse demand parameters.  For a twenty foot decrease in saturated 

thickness, equivalent to a 30-year decline in groundwater level, we find welfare losses per acre 

for irrigated farm landowners that range between $148 to $281 depending on the agricultural 

land market.  Landowners on rice farms incur higher welfare losses in the range of $250 to $819 

per acre.     

Keywords: natural resource wealth, social capital, human capital, sustainability 

 

 

 

 

 



2 
 

1. Introduction 

The “Brundtland Commission” defined sustainability as “development that meets the needs of 

the present without compromising the ability of future generations to meet their own needs” 

(Toman 1994).  A key aspect of the debate on sustainability is the extent to which natural capital 

can be viably replaced by other forms of capital.  Early positions in the debate argued that other 

capital (namely, produced capital such as machines and buildings, human capital such as 

knowledge, and social capital such as the network of relationships of people who live and work 

in a society) are substitutes for natural capital, especially natural resources (Barnett and Morse 

1963).  Concerns began to arise however that natural capital is only somewhat substitutable with 

other forms of capital, namely no amount of invention can make up for the loss of key natural 

assets (Neumayer 2003).  This led researchers to pursue the empirical measurement of the 

connection between natural capital and other capital, and these have been found to be weak 

substitutes Markandya and Pedroso-Galinato 2007; Cohen et al. 2019) or even complements 

(Rad et al. 2021).  However, the empirical evidence remains scant in regards to this critical 

question of the sustainability debate.  Our approach to engaging in this debate is the use of a 

second-stage hedonic analysis to estimate the inverse demand equation for a stock of natural 

capital.  The demand shifters, which include the other forms of capital, reveal the impact that 

these other capital have on the shadow price of natural capital.  The application is to groundwater 

in Eastern Arkansas, a natural capital stock, and we examine the complementarity and 

substitution relationships between groundwater and other forms of capital.    

The inverse demand for groundwater that we recover through the second-stage hedonic analysis 

(Bartik 1987; Zhang et al. 2015) depends on the quantity of groundwater and demand shifters 

such as farm and demographic characteristics (e.g. education level, income and size of the farm 
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operation, experience of household members), environmental conditions (e.g. soil quality, 

precipitation), and information on irrigation from social interaction with other farmers or farm 

specialists.  A change in human capital, such as the years of formal education, or in social 

capital, such as the use of an irrigation practice by family and friends, can shift the inverse 

demand for groundwater.  A downward shift implies the other capital decreases the shadow price 

for groundwater (i.e. substitution) while an upward shift means the other capital increases the 

shadow price for groundwater (i.e. complement).  Fenichel et al. (2016) derive the demand for 

groundwater for the Kansas High Plains Aquifer and find that a rise in a water-efficient drop 

nozzle technology shifts the demand downward.  The downward shift showed a substitution 

between natural capital (i.e. groundwater) and produced capital (i.e. water-efficient drop nozzle 

technology).  Similar to Rad et al. (2021) and Yun et al. (2017), we use shadow prices for natural 

capital to examine substitution and complementarity, but the shadow prices come from a hedonic 

model.  The demand equation derived from the hedonic analysis can answer the call to 

empirically measure the relationship between natural capital and other forms of capital rather 

than assume them (Rad et al. 2021; Cohen et al. 2019).             

Groundwater is an essential input for nearly 40% of the global area in use by irrigated agriculture 

(Siebert et al. 2010).  Beyond the benefits received by private landowners, namely as a reliable 

store of water available for crops, the groundwater also helps dilute contaminants that could 

lower aquifer quality, mitigate subsidence that threatens infrastructure integrity, and can 

supplement in-stream flows for riparian habitat.  The Mississippi River Valley Alluvial Aquifer 

(MRVA) is the primary irrigation source for the Mississippi River Delta agricultural region.  The 

largest user of the alluvial aquifer is Arkansas where withdrawals are more than 7 billion gallons 

per day (primarily for rice, soybeans, and corn), and more than half of those withdrawals 
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represent overdraft (ADA 2021).  The most recent water plan by the state of Arkansas (ANRC 

2015) lists “declining groundwater levels and the need to move toward sustainable use” as a 

priority issue.  Concern about the socio-environmental consequences of irrigation has led to the 

implementation of multiple policies to limit groundwater overdraft.  Some policies promote 

increases in the supply of water through river diversions, desalinization, or dam construction 

while others encourage a decrease in the demand for water through greater water use efficiency, 

recycling of wastewater, education, or increases in the price of water (Dinar and Mody 2004).  

However, these policies come at a substantial cost for agricultural producers and taxpayers 

(Schaible and Aillery 2012), and information about the benefits of groundwater conservation, 

especially non-marginal changes, can help determine the scope of the policy response to 

overdraft.           

In situ values of groundwater include the ecological, buffer, subsidence avoidance, recreational, 

sea water intrusion avoidance, and non-use (NRC 1997).  Quantification of the value that the 

public has for the in-situ services of groundwater are mostly from choice experiments (West et 

al. 2021; Birol et al. 2010; Tentes and Damigos 2015).  While the public value is not trivial, the 

owners of the land above the groundwater likely receive a substantial benefit from the aquifer 

from year round access to the groundwater for provisioning services.  These owners of the land 

may operate the land themselves or may lease the land to operators for extractive activities.  

Landowners implicitly pay for the benefits of groundwater by purchasing land that is more 

expensive than similar land without access to the underlying aquifer.  A one foot increase in 

saturated thickness (e.g. the cross-sectional height of water-bearing rock) has been found to 

increase agricultural land value above the Ogallala aquifer from $0 to $17.21 (Brozovic and 
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Islam 2010; Sampson et al. 2019; Torell et al. 1990) and in the Sacramento Valley of California 

by $342 (Bigelow et al. 2019).
1
   

The emphasis in the hedonic property value literature of groundwater has been identifying the 

marginal willingness to pay (WTP) through point estimates.  The aim of welfare analysis though 

is often to find the value of non-marginal changes in a non-market good, and Rosen (1974) 

proposed to use the point estimates from the hedonic model to recover an inverse demand 

function.  In the context of groundwater, after finding the implicit prices of groundwater, the 

second step would be to use the implicit prices as the dependent variable in an inverse demand 

function explained by the quantity of groundwater and a set of demand shifters.  Identification 

difficulties are encountered however in this two stage process.   

One identification problem is that without additional data the inverse demand function estimation 

can do no more than reproduce the coefficients in the hedonic price equation (Brown and Rosen 

1982).  Choosing a functional form for utility has been used to separate the effects of demand 

shifters and quantity change on the implicit price (Chattopadhyay 1999; Kuminoff 2009).  

However, we use the following two alternative approaches.  First, imposing non-linearity in the 

hedonic price gradient through a flexible parametric model helps to overcome the identification 

problem (Ekeland et al. 2004).  Second, we estimate separate hedonic price functions for 

multiple segmented markets and suppose no unobservable differences in preferences across 

landowners (Bartik 1987; Zabel and Kiel 2000; Bishop and Timmins 2019).  In the multiple 

market approach, the different implicit prices in the markets are solely the result of a 

representative landowner facing different quantities of groundwater.  However, the assumption 

                                                           
1
 All dollar estimates in this paper are put into 2019 dollars using the GDP Implicit Price Deflator. 
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that preferences and income are similar in all markets has been challenged by research showing 

that people sort themselves through their tastes (Banzhaf and Walsh 2008).   

This leads to the other identification problem in estimating the inverse demand function, which is 

that the quantity of groundwater and the implicit price are endogenous.  The point chosen by the 

landowner on the hedonic price schedule simultaneously determines the implicit price and the 

quantity of groundwater rather than the situation of an exogenously set price followed by the 

selection of a quantity.  A challenge is to find truly exogenous variables for instruments, 

variables uncorrelated with the implicit price of groundwater but sufficiently related to saturated 

thickness.  We draw on instruments suggested by the literature on residential sorting (Epple and 

Sieg 1999; Klaiber and Kuminoff 2014) and on instruments from survey responses by irrigators 

in the Arkansas Delta. 

We make several contributions to the literature on natural capital.  First, we provide empirical 

evidence for substitution between groundwater and social capital in some cases, and 

complementarity with social capital in other cases.  Also, we find evidence of substitution 

between groundwater and human capital.  Our findings illustrate the need for empirical work in 

the sustainability debate because the relationship between natural capital and the other capital 

depends on type of capital under consideration.  Second, we estimate a non-marginal WTP for 

groundwater using the revealed preference hedonic property value method.  Using the consumer 

surplus from the uncompensated demand, the WTP for a foot increase in saturated thickness is 

$4.70 and $24.80 for all farms and rice farms, respectively, when current thickness is between 

100 to 120 feet.  Third, we show that the demand slope is heterogeneous, in particular the 

demand for in-situ groundwater is more elastic for rice farmers than for all farm landowners. 



7 
 

2. Theoretical model 

Consider the rents flowing to a landowner from an acre of irrigated cropland at time t, 

( ( ), ( ))R N t K t , from the utilization of the natural capital (i.e. groundwater and other natural 

resources), ( )N t , and from other capital, ( )K t .  The net present value of rents (Eq. 1), which 

equals the fundamental value for the land, is   

( )( ) ( ( ), ( ))t

t

V e R N K d    


  ,       (1) 

where the discount factor 
( )te  

 puts the flow of rents over the infinite planning horizon into 

period t values.  The shadow price of the natural capital (i.e. the asset price or accounting price) 

shown in Eq. 2 (Dasgupta and Mäler et al. 2000) is 

( )

( )

N V
p

N t





.          (2) 

The shadow price is the gain the landowner receives in perpetuity for a marginal increase in the 

stock of the natural capital.  The shadow price for the natural capital depends on the discount 

factor, existing institutions (e.g. government support and conservation programs), and the 

physical characteristics of the natural system (Yun et al. 2017).       

The hedonic price function for agricultural land reveals the shadow prices of the characteristics 

of the land, which include the natural capital, since the sale value of the land in a well-

functioning market is the net present value of the rents that depend on the characteristics in ( )N t  

and ( )K t .  Rosen (1974) examines how to estimate a property owner’s marginal bid function for 

characteristics of a property given estimates from the hedonic price function.  The bid function 

gives information about the property owners because in equilibrium a property owner’s marginal 
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bid for the characteristic, i.e. natural capital, equals the marginal price of the characteristic at the 

property owner’s chosen land type.  Consider a general version of the marginal bid function (Eq. 

3),    

( ( ( , )))Np B x N K D ,         (3) 

which depends on a vector of observed demand traits, D , affecting the marginal bid.  Some of 

the traits relate to producer’s management decisions shown as ( , )x K N  which respond to the 

evolving stocks of natural and other capital.  If there is a shift in other capital, Eq. 4 shows the 

shadow price of the natural capital stock after the shift,        

( ( ( , )))N S S

Sp B x N K D .           (4) 

With the inverse demand for the natural capital, the case of N N

Sp p  implies that natural capital 

and the other capital are complements while N N

Sp p  indicates that the two are substitutes.   

3. Case study: Groundwater in the Arkansas Delta 

We use the responses of a 2016 sample of irrigators in the Arkansas Delta to test whether social 

capital, in the form of a network of family or friends who use specific irrigation technologies, 

and human capital, as an index of years of formal education, affect the shadow price of the 

saturated thickness of an aquifer, the natural capital stock.  Arkansas is the largest user of the 

Mississippi River Valley Alluvial (MRVA), which is the third most used aquifer in the USA 

(Konikow, 2013).  A substantial rise in irrigated land, especially rice, has led to a tenfold 

increase in groundwater usage from the MRVA from 1950 to 2010 (Kresse et al., 2014).  An 

extensive part of the region has seen groundwater levels decline to less than half of the pre-
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settlement aquifer thickness (Clark et al., 2013).  Cones of depression from the over-draft of 

groundwater have led to the designation of critical groundwater areas (ADA 2021).    

Government agencies such as the Natural Resources Conservation Service are looking at a 

system approach in promoting on-farm water conservation practices, which emphasizes the use 

of multiple practices to improve various parts of an irrigation system (e.g., irrigation, 

conveyance, water storage, release of water from farm, Sullivan and Delp, 2012).  For example, 

a rice farmer in Arkansas can use alternate wetting and drying irrigation of rice to drain a field 

intermittently through the rice life-cycle rather than continuously flood the field, which can 

generate average water savings from 20 to 70% (Nalley et al. 2015).  In addition, the farmer can 

augment water supply on farm by building a tail-water recovery system and on-farm reservoir to 

capture water released from flooded fields and rainfall runoff and store them for future irrigation 

(Kovacs et al. 2015). The farmer can reduce water use further by adding other practices such as 

flow meters (for monitoring and managing the flow control of irrigation sources) and soil 

moisture sensors (Nian et al. 2020).  Encouragement of a system approach gets producers to 

think about a set of water conservation practices, and farmers gain social capital by observing the 

use of irrigation techniques within their peer network.     

3.1 Data 

We combine agricultural land transactions, farm operator characteristics, and groundwater data 

from numerous sources to estimate empirically the demand for saturated thickness.  The 

agricultural land sale information come from the county land records for Arkansas (DataScout 

LLC 2020).  The sale price and date for each agricultural land transaction that overlays the 

MRVA in Arkansas between 1993 to 2019 and is greater than 10 acres in size has a unique 

identification number for the parcel (Figure 1).  We use the deed type to screen out the 
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agricultural land transactions that are not arms-length to eliminate bias from sales with 

ownership by multiple families.  Any transactions where the total assessed value exceeds the 

land assessed value are also removed to avoid bias from unobserved structural improvements to 

the agricultural land.  Also we exclude transactions with 2019 dollar sale prices per acre greater 

than the 95
th

 percentile or below the 5
th

 percentile to reduce the influence of outliers.  In total 

there are 4,701 agricultural land transactions.     

A geographic information system is used to link a parcel identification number to a spatial 

coordinate for each property.  To identify parcels that irrigate, we suppose the parcel must have 

an irrigation well based on spatially explicit well construction and hydrology characteristics for 

the MRVA from the Arkansas water well construction commission (WWCC).  Owners of any 

well drilled in the state must submit to the WWCC the location coordinates, pumping capacity, 

and designated use of the well.  We expect parcels with a well on property, or near the property, 

to have a lower price per acre because the groundwater is likely to be depleted beneath the 

parcel.  We use dummies for well on parcel, quarter mile of parcel, and half mile from a parcel to 

explore this hypothesis.  The calculation of the saturated thickness is the difference between the 

depth to the bottom of aquifer from the US Geologic Survey (USGS) and the three year rolling 

average depth to the saturated region of the aquifer
2
 from the Arkansas Department of 

Agriculture, Division of Natural Resources.  Figure 2 shows the saturated thickness in 2010, and 

our calculations are consistent with the Arkansas Department of Agriculture and USGS methods 

for the estimation of saturated thickness.  Saturated thickness largely declined over the time 

frame of the analysis, but some sub-regions have seen a recovery (Figure A1).   

                                                           
2
 If the sale of agricultural land occurred between January and May, we associate to the parcel the saturated 

thickness value from the preceding year.  We find our results are robust to other approaches to attach saturated 

thickness to parcel transactions, including the previous year depth and five year rolling average measures. 
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Lateral hydro-conductivity within the alluvial aquifer comes from the spatial interpolation of 

slug tests by the USGS for forty-two wells.  Despite the limited lateral hydro-conductivity 

measurements, the hydro-conductivity does not change significantly over space and presumably 

will not require many wells to detect accurately.  The spatially explicit intermittent stream or 

river features come from the National Hydrology Dataset.  Water infrastructure other than wells 

near to parcels could also influence irrigation returns and productivity.  Spatial detail for on-farm 

water storage such as reservoirs or tail-water recovery systems come from West and Kovacs 

(2018).  Soil characteristics also affect the rents to parcels and the data are from the on-line 

SSURGO soil survey with the USDA Natural Resources Conservation Service.  The soil 

characteristics representing crop productivity and water storability include: the root available 

water storage, the soil organic matter, and percentage of the parcel land with a soil pH less the 

5.3 (acidic soils for the Arkansas Delta).   

Daily gridded weather data merged to the parcels come from the PRISM, and we construct four 

weather variables to understand how recent weather affects the parcel sale: growing season 

precipitation for the previous year before the sale and the previous three year average, the 

average number of degree days between 10 and 32 °C in the past five years, and the average 

number of degree days when heat harms crop growth (i.e. above 32 °C) in the past five years 

(Schlenker et al. 2005).  The controls for urban influence include the commute times to towns 

with greater than 5,000 in population and greater than 40,000 in population.  The commute times 

are calculated with the ArcGIS Network Analyst tool.  We use a dummy variable to indicate the 

sale of parcels greater than 100 acres since institutional investors often prefer large parcels.  The 

summary statistics and descriptions of the variables for transactions with and without a well on 

parcel are given in Table 1.  
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The multiple market approach for the identification of the demand function involves the separate 

estimation of the hedonic price function for each agricultural land market.  This means defining 

different agricultural land markets to place the agricultural land transactions.  The Mid-South 

Land Values and Lease Trend Reports classify agricultural land spatially mainly by differences 

in soil and crop types but also by water availability and the infrastructure for irrigation and 

drainage, and we use these classifications to define the agricultural land markets (ASFMRA 

2020; 2021).  In Figure 3 we show the four agricultural land markets for our analysis
3
 and the 

location of parcels where rice was grown at least once in the five years before the sale.  The 

parcels where rice was grown were determined with the Cropland Data Layer (Johnson and 

Mueller 2010).  Parcels with rice appear throughout eastern Arkansas, but there is a 

concentration in markets 1 (i.e. the central region known as the Grand Prairie) and 3 (i.e. the 

northeastern region).  To examine heterogeneity in the demand for groundwater across the crop 

production region, we use the delineator of whether rice was grown on the parcel in the past five 

years to distinguish land transactions where irrigation likely has greater intensity.                

The estimation of the inverse demand equation involves combining information from first stage 

results with survey responses from farm landowners. The Mississippi State University Social 

Science Research Center administered the survey in the fall of 2016 via phone interviews.  The 

questionnaire had about 150 questions and took respondents (i.e. farm landowners who irrigate 

from the MRVA in Arkansas) between 30 to 40 minutes to finish on average.  Of the accessible 

contacts, 624 were eligible to complete the survey, but only 199 producers completed the survey 

in full for a response rate of 32%.  The surveys used in the second stage analysis are those from 

                                                           
3
 We explored a larger number of groupings for the agricultural land markets than the four in Figure 3.  We split the 

region into six and eight agricultural land markets, respectively.  The implicit price of saturated thickness for the 

parcels are largely robust to these different groupings for the agricultural land markets. 
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farm landowners in the Arkansas Delta: 182 observations.  The surveyed farms have more 

irrigated acres and lower household income than the Census of Agriculture (Table 2).        

Respondents of the survey answer questions about (1) their farm’s water sources for irrigation 

and perceptions of groundwater shortage, (2) their farm’s use of surface water storage and type 

of irrigation system (e.g. gravity versus sprinkler), (3) their farm’s irrigation techniques and farm 

practices to conserve soil moisture, (4) willingness to pay to purchase water from an irrigation 

district or invest in surface water storage, (5) features of the farm and participation in 

conservation programs, and (6) their socioeconomics characteristics.  The features of the farm 

include the number of irrigated acres, and the socioeconomic characteristics are income, 

education, and whether peers like family and friends used twelve different irrigation techniques 

in the last 10 years.  Farmers in the region usually do not know the depth to the groundwater, and 

we estimate saturated thickness using the survey responses based on the county where the farmer 

lives, the crops grown on the farm, and whether the farm has a reservoir.  The same explanatory 

variables are in the first stage data, and the coefficient estimates for the prediction of saturated 

thickness from the first stage are in Table A1.  The prediction equation determines the saturated 

thickness for the farms in the survey.  Lastly, the variables for the available water storage and 

precipitation used in the first stage are matched to survey responses based on the county.  

Summary statistics for the variables used as demand shifters and instruments in the second stage 

model are in Table 2.              
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4 Empirical approach: The second-stage hedonic analysis 

4.1 Partial identification of the demand for groundwater 

Recovery of a buyer’s bid curves for a nonmarket good in the hedonic property value model 

requires going beyond the point estimates of marginal WTP.  Identification problems arise since 

buyers of land above an aquifer choose the quantity of groundwater they will use and the price 

they pay for that groundwater simultaneously (Bartik 1987).  The traditional approach of using 

exogenous shifts in the supply curve to trace out the demand curve is invalid (Brown and Rosen 

1982; Epple 1987).  A shift in supplier characteristics means a movement along the hedonic price 

function, and the consequence is positive bias, due to correlation with unobservable tastes, in the 

slope estimate of the buyer’s bid function (see Figure 1 in Zhang et al. (2015)).   

Partial identifying power to address the demand slope bias include the non-linearity of the price 

gradient and the use of multiple markets.  Hedonic models in a single market can be identified, 

provided the hedonic price gradient is non-linear (Ekeland et al. 2004).  Observable farmer 

characteristics (e.g. income) shift the groundwater demand intercept in a linear fashion, while the 

groundwater desired by buyers beneath the farmland adjusts in a non-linear fashion, and the 

covariance between the groundwater and the farmer characteristics helps identify the slope 

parameter (Bishop and Timmins 2019).  Several sources of identifying variation come from the 

use of multiple markets with the cross market restrictions that all parameters of the demand 

function are identical across markets.  

For estimation with data from multiple markets, partial identifying variation comes from three 

sources. The first is the sensitivity of market-specific averages for groundwater to price gradient 

differences across markets.  For instance, suppose the average landowner use of groundwater is 
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considerably smaller in a market with a large implicit price of groundwater, then this identifies a 

relatively steep marginal WTP slope.  However, in the case that inverse demand has intercepts 

that vary by market, which is the case in our baseline specification, then the market variation in 

the average landowner use of groundwater will not contribute to the identification of the demand 

slope.  Second and third, the sensitivity of cross market differences in i) covariances between 

groundwater and farmer characteristics and ii) variances of groundwater to differences in the 

hedonic price gradient across markets help in identification (Bishop and Timmins 2019).  A 

loosening of cross market restrictions to permit variation in the non-slope coefficients on farmer 

characteristics and the variances of groundwater across markets would remove those sources of 

partial identifying variation.  

The problem with assuming the parameters of the demand function are the same across markets 

is sorting behavior (Kuminoff et al. 2013). Landowners with strong preferences for groundwater 

choose to buy land where groundwater is more abundant, and landowners with similar 

preferences for groundwater live close to each other.  The stratification leads to variation in the 

market being correlated with unobserved demand preferences, positively biasing the demand 

slope parameter (Banzhaf and Walsh 2008).  However, the partial identification mentioned above 

is possible and allows for estimation of a one-sided bound on the parameter of the demand slope, 

namely the actual slope must be less than most negative estimate (Nevo and Rosen 2012).  

4.2 Estimation of first-stage implicit prices and the second-stage demand for groundwater 

The estimation of the hedonic price function for each of the four land markets, with the index j, 

in the sample uses the following functional form, 
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      

it iη z ν x
.  (1) 

Estimation of (1) is through a generalized linear model with a log-link function (i.e. the average 

of the dependent variable is transformed rather than all observations of the dependent variable) to 

avoid bias from the OLS estimation of the log-linear model (Sampson et al. 2019).  The natural 

log of the price per acre of parcel i sold during period t is ln itP , and the saturated thickness of the 

MRVA aquifer is itS .  To test the appropriate functional form for the hedonic model (Cropper et 

al. 1988; Kuminoff et al. 2010), we use the Box-Cox functional form in each land market and 

find the log of price provides the best fit statistically for each market.      

We allow for a non-linear marginal value of stock of groundwater by specifying a cubic form 

for saturated thickness.  We also experimented with a natural log form for saturated thickness, 

but the cubic form was favored for its greater flexibility.  We define itW  as a dummy variable 

taking on the value of one if there is an irrigation well on the parcel i in period t.  Since the 

literature has not established how the spatial proximity of a well interacted with saturated 

thickness affects property value, we considered other spatial thresholds (i.e. quarter mile and 

half mile) for the interaction with saturated thickness and evaluated the first stage estimates.  

The vector itz  comprises various weather and other time-varying characteristics (e.g. recent 

precipitation, number of degree days, proximity of nearby wells or reservoirs to a parcel) while 

time invariant characteristics (e.g. commute time to population centers, proximity to streams, 

soil attributes, and lateral hydro-conductivity) are in the vector ix .   

Spatial fixed effects,  , control for unobserved heterogeneity in land prices that do not vary 

over time, and we explore the scale of spatial fixed effects from no controls to county 



17 
 

subdivision controls.  We also tried a specification with parcel fixed effects (i.e. the finest level 

of spatial fixed effects), but found the much smaller sample no longer representative of the 

population.  Critical groundwater areas (CWA) defined by the state (ADA 2021) by year by 

quarter dummies, , ,c t q , are in all specifications to control for commodity price movements and 

water management rule changes that could affect CWAs differently over time.  Aquifer features 

( itS  and lateral hydro-conductivity iH ), irrigation infrastructure like reservoirs ( itR ), and 

weather such as the previous year precipitation ( itPR ) can affect the price per acre of a parcel 

differently if there is a well on the parcel.
4
  We hypothesize the presence of a well tunes buyers 

into concerns about the availability of groundwater, and this affects the land value associated 

with water sources (i.e. aquifer, on-farm reservoirs, or precipitation).  The subscript j on  , η , 

and ν  indicate that these coefficients, which determine the shape of hedonic price function, are 

estimated for each land market.  Lastly we account for heteroscedasticity from spatially 

correlated errors by allowing for intragroup correlation using counties for the clusters.               

The effect of saturated thickness on agricultural land prices is likely non-linear as 

improvements in saturated thickness have greater well yield benefits when saturated thickness 

is low (Foster et al. 2015).  The implicit price of saturated thickness based on the derivative of 

the hedonic price equation with respect to itS  is,  

      2

1 5 2 6 3 7
ˆ ˆ ˆ ˆ ˆ ˆ2 3SAT j it j j it j it j it j it itp W W S W S P           .   (2) 

The implicit price for saturated thickness is assumed to increase with property value, decrease 

with saturated thickness and vary across markets based on the shape of the hedonic price 

                                                           
4
 Domestic wells in the region draw from a deeper aquifers than the wells for irrigation.  Our focus is the value of 

groundwater for irrigation. 
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function represented by coefficient estimates in Equation (2).  Saturated thickness affects 

agricultural land values more for parcels near a well since buyers will consider groundwater 

conditions more carefully when a well indicates the prior use of a groundwater source.  The 

second stage analysis only uses the implicit prices associated with agricultural parcels that have 

a well on the property.   

The demand function for saturated thickness with the implicit prices in (2) for the dependent 

variable is 

0 1 2 3 4

5 6 7 8 9

10 11 12 13

SATTHICK LMKT1 LMKT2 LMKT3

          AWS PRECIP ACRES INC INC_NA

          EDU PEER_FM PEER_AWD PEER_TWR

SATp     

    

    

     

     

    

.  (3) 

SATTHICK  is the saturated thickness estimate associated with each survey respondent’s farm, 

and LMKT1,  LMKT2,  LMKT3  are land market dummies corresponding to one of the regions 

in Figure 3.  AWS and PRECIP are measures of soil water storage and recent rainfall on the 

farm; ACRES is the acres of cultivated land on the farm; INC and INC_NA represent the 

household income and a dummy if income not reported; EDU is an index for the years of 

education attained;   is an error term, and the vector   are preference parameters to estimate.  

PEER_FM, PEER_AWD, and PEER_TWR are dummies that indicate whether in the last ten 

years the farm operator had family or friends (i.e. peers) who use flow meters, alternate wetting 

and drying, and tail-water recovery, respectively.   

A positive (negative) coefficient on PEER_FM ( 11 ), PEER_AWD ( 12 ), and PEER_TWR (

13 ) imply that producers with a peer who use flow meters, alternate wetting and drying, and 

tail-water recovery systems, respectively, increase (decrease) the shadow price of groundwater, 

and the groundwater and social capital are complements (substitutes).  A negative (positive) 
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coefficient on EDU ( 10 ) means that education decreases (increases) the shadow price of 

groundwater, and the groundwater and human capital are substitutes (complements).      

We develop two set of instruments, one set based on the literature of residential sorting (Epple 

and Sieg 1999; Klaiber and Kuminoff, 2014) and the second set based on land market/demand 

shifter interaction terms (Bartik 1987; Kuminoff and Pope 2012).  The sorting instrument SI is 

an index for the average level of saturated thickness in a county, which takes a value of one in 

the county with lowest saturated thickness, a value of two in the county with the second lowest 

saturated thickness, and so forth.  A second sorting instrument is the interaction of SI and 

PEER_TWR.  The other set of instruments are the land market dummies (LMKT2 and LMKT3) 

interacted with the percentage of farmland in cotton, which is valid under the assumption that 

the hedonic function varies across land market but unobserved tastes do not.  The percentage of 

farmland in cotton proxies as a natural recharge demand shifter in LMKT2 and LMKT3 

because cotton is principally grown in a region with more natural recharge, geographically East 

of Crowley’s ridge and west of the Mississippi River (Figure 2).  West of Crowley’s ridge, but 

in LMKT2 and LMKT3, cotton and natural recharge are much lower.      

5. Results and Discussion 

The results for our hedonic analysis in Table 3 include coefficient estimates for saturated 

thickness variables that reveal the marginal effect for an acre-foot increase in saturated thickness.  

Our indicator for an irrigated parcel is the presence of a well on-property.  We interact saturated 

thickness and the square and cube of saturated thickness with a dummy for a well on a parcel to 

examine how groundwater abundance affects the value of irrigated properties.  The hedonic 

models from left to right in Table 3 indicate progressively more controls for time-invariant 
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heterogeneity.  The far left hedonic model has no spatial controls; the second column from the 

left has spatial controls for 23 counties in the study area, and the third column has the estimates 

for a hedonic model using spatial controls for 235 county subdivisions defined by the US Census 

Bureau.  The far right hedonic model uses the county subdivisions controls but only consider 

parcel that produced rice in the last five years.  The parcels producing rice cultivated on a 

flooded field presumably rely more on irrigation.             

The hedonic model without spatial controls indicates there is no statistically significant effect of 

saturated thickness on the value of a parcel without a well.  The coefficients on the saturated 

thickness variables interacted with well on parcel are significant.  A similar pattern occurs for the 

hedonic models with county level spatial controls and county subdivision fixed effects.  The 

statistical significance of the coefficients for saturated thickness on parcels with a well is 

strongest with county subdivision fixed effects, indicating a correlation of land values and 

saturated thickness with the unobserved spatial heterogeneity.  At the bottom of Table 3 are the 

average marginal effects for saturated thickness for parcels with a well on the parcel, and these 

are significant for the specifications with county subdivision fixed effects.  The estimate of the 

average marginal effect for the capitalized land value of additional water in-storage of all parcels 

with a well is a statistically significant $8.96/ft when the saturated thickness is 80 feet.  Finally, 

when considering the hedonic model for parcels that cultivated rice in the last five years, the 

average marginal effect of saturated thickness when the saturated thickness is 80 feet is slightly 

higher at $9.07/ft.  However, the average marginal effect is not statistically significant different 

from zero in all the hedonic models when the saturated thickness increases to 110 feet.    

Other variables in the hedonic model, though not our main interest, have significant coefficients. 

Very acidic soils (pH less than 5.3) can harm crops, although rice prefers slightly acidic soil, and 
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this lowers the land values.  The coefficient on the acidic soil dummy is significant in the model 

with all parcels but not significant in the model with only rice parcels.  An average increase in 

degree days between 10 and 32 Celsius over the past five years increases land value for the 

hedonic model with only rice parcels.  An increase in commute time to a city with more than 

40,000 people lowers the agricultural land value but greater commute time to a city with more 

than 5,000 people does not.  The negative and significant coefficients on the dummies for the 

well on parcel and the well within a quarter mile indicate that potential buyers view a nearby 

well as evidence that the groundwater beneath the land is depleted and therefore less valuable.      

Several variables, not significant on their own, are significant when interacted with the dummy 

for well on a parcel.  Parcels with a well sold for more if the precipitation in the previous year 

was higher because buyers could have a lower cost of irrigation over the growing season.  Also, 

parcels with a well and greater hydraulic conductivity have higher agricultural land value since 

local depressions in the aquifer created by a well refill faster.  An on-farm reservoir within a half 

mile of a parcel with a well increases the value of the parcel, but a reservoir does not increase the 

value of a parcel without a well. 

First stage hedonic estimates for saturated thickness ( 1 j , 2 j , 3 j , 5 j , 6 j , 7 j ), average land 

price per acre, and average saturated thickness are in Table 4 for each land market.  Of the 24 

first stage hedonic estimates, two in LMKT1 and three in LMKT3 are statistically significant 

(robust standard errors cluster at the county) on saturated thickness without the interaction of the 

well on property dummy, and three in LMKT3 only are statistically significant on the interaction 

variable of saturated thickness and the well on property dummy.  The implicit price of saturated 

thickness if the well is on the parcel, evaluated at the average agricultural land price, is only 

statistically significant in LMKT1 ($78.37 per foot) and LMKT3 ($23.25 per foot) and for 80 
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feet of saturated thickness.  Our implicit price for the entire study area ($8.91 per foot) falls 

within the range of implicit prices for the Ogalalla aquifer, less than $18 per foot (Sampson et al. 

2019), even though the implicit price by land market is higher. 

We test the sensitivity of the first stage results with alternative specifications for saturated 

thickness and different spatial thresholds of well dummies interacted with saturated thickness.  

The use of a natural log form for saturated thickness results in a lower implicit price than the 

cubic form for saturated thickness (see Table A2), and implicit price is not statistically 

significant in the hedonic model for all parcels.  The preferred baseline cubic form is less 

restrictive on the curvature of the relationship between saturated thickness and property value.  

We define irrigated parcels, or properties expected to be influenced by a change in saturated 

thickness, as those with a well on the property.  The spatial extent of saturated thickness 

capitalization could stretch farther however, and we test the assumption by extending the spatial 

threshold of well proximity to the property to a quarter mile and a half mile (see Table A2).  The 

implicit price at a saturated thickness of 80 feet for the hedonic model using all parcels is higher 

when using a quarter mile dummy ($10.26 per foot) than an on property dummy ($8.91 per foot) 

but declines with the half mile dummy ($3.13 per foot).  The value of parcels near a well rather 

than parcels with a well only on the property are responsive to saturated thickness change but 

this diminishes if the well is a half mile or farther away.  We choose the well on property dummy 

because this avoids potential attenuation bias, and is most consistent with the hedonic modeling 

approach taken in states where the water right is tied to the land (Sampson et al. 2019).   

Our last sensitivity test of the first stage results is a parcel fixed effects specification, but caution 

is warranted because the repeat sales sample is much smaller (1,172 observations) than the full 

sample (4,701).  A two-sided t-test reveals statistically significant differences in the explanatory 
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variable averages across the two samples (see Table A3).  With parcel fixed effects, the implicit 

price at a saturated thickness of 80 feet is a statistically insignificant $22.4 per foot (Table A4), 

more than double the implicit price with only county subdivision fixed effects ($8.96 per foot).  

Despite concerns about the smaller sample, this is evidence, similar to Sampson et al. (2019) for 

the Ogallala aquifer and Buck et al. (2014) for California surface water deliveries, that ignoring 

unobserved heterogeneity at the parcel level results in a downward bias of the in-situ value. 

5.1 Second stage results 

The implicit prices from equation (2) are the dependent variable in equation (3) for the 

estimation of the saturated thickness demand parameters.  We estimate demand slope estimates 

for the survey sample using the implicit prices from the agricultural land transactions from the 

four land markets in the study area (Table 5).  We assign a value of zero to observations with a 

negative implicit price in the baseline model for the second stage (Netusil et al. 2010; Day et al. 

2007), and use sensitivity analysis with unadjusted prices to assess the impact of that choice in 

Table A6.  Estimation of IV Model 1 and IV Model 2 is through a two-step instrumental variable 

(IV) generalized method of moments (GMM) estimator
5
 with saturated thickness sorting indices 

(SI and SI*PEER_TWR) used for instrumental variables in IV Model 1 and additional demand 

shifter IVs (LMKT2_PCTCOT and LMKT3_PCTCOT) used in IV Model 2.  Each IV Model 

shows the estimation results using the implicit prices from the first stage using all parcels  

(All farms) and using only the rice parcels (Rice farms
6
).   

                                                           
5
 The two stage least squares (2SLS) IV estimates of the standard errors are inconsistent in the presence of 

heteroscedasticity of an unknown form, which prevents valid inference.  GMM is the usual approach taken to 

address the heteroscedasticity problem (Hansen 1982).  Estimation of the model using two stage least squares 

provides qualitatively similar results.   
6
 Some of the survey respondents in the rice farm models did not report cultivating rice in the previous year but did 

report cultivating rice in years before that.                     
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The negative coefficient on SATTHICK across all models indicates that landowners’ WTP for 

saturated thickness decreases as aquifer conditions improve.  Instrumenting for the endogenous 

quantity variable with the sorting instruments indicates the slope of the demand function is either 

-0.178 or more negative, given the positive bias expected even in IV estimation (Nevo and Rosen 

2012).  The strength of IVs should be evaluated since coefficients even more biased than OLS 

are possible with weak IVs (Stock et al. 2002).  The first stage F-statistic is greater than 199 for 

IV Model 1 and greater than 716 for IV Model 2, with the full set of first stage regression results 

in Table A5.  Another concern is that the IVs are correlated with the error term, and a test for this 

through overidentifying restrictions is possible when the number of IVs exceeds the number of 

endogenous variables.  The Hansen J statistic for GMM estimation is not significant in any 

model, suggesting that correlation of the IVs with the error term is not present.  

Given the positive bias expected in the slope coefficient, the own price elasticity of demand for 

in-situ groundwater (in absolute value terms) is no lower than 0.773 for all farms.  Our elasticity 

is higher than those recently estimated in the groundwater demand literature (e.g. elasticities for 

annual pumping in the range of 0.46 to 0.55 (Bruno and Jessoe 2021; Hrozencik et al. 2021; 

Mieno and Brozovic 2017).  The use of in-situ groundwater is possible over several years or 

longer, and the longer time frame within which to use groundwater increases the elasticity.  

Another factor contributing to the higher elasticity is substitutes through the storage of surface 

water abundant in the Arkansas winter season with reservoirs and tail-water recovery systems 

(Tran and Kovacs 2021).                

Several of the covariates in equation (3) are statistically significant, providing evidence that 

farmers living in areas with higher available water storage in the soil are willing to pay more for 

saturated thickness.  Farmers living in areas with higher average precipitation in the previous 



25 
 

three years have weaker preferences for saturated thickness.  These coefficient signs match 

expectations as farmers have a preferences for soil where water can effectively reach crops and 

where the crop water needs can be met with precipitation rather than costly irrigation inputs.   

Now we turn attention to the demand shifters that include measures of human and social capital.  

We do not have a prior expectation for how the level of formal education, i.e. human capital, 

affects the WTP for saturated thickness.  Education was found to have no effect on the WTP for 

surface water deliveries from irrigation districts in Arkansas (Knapp et al. 2018), and a positive 

effect on the WTP for on-farm surface water infrastructure (Kovacs and Snell 2021).  The 

negative sign on EDU in IV models 1 and 2 indicate that more education lowers the WTP for 

groundwater while potentially increasing it for surface water sources.  Natural capital in the case 

of groundwater in Arkansas appears to be a substitute for human capital.   

There are three measures of social capital related to whether the farmer had a close family or 

friend in the last ten years who uses a flow meter, alternate wetting and drying, or a tail-water 

recovery system.  Having a peer who uses alternate wetting and drying for rice irrigation 

(PEER_AWD) lowers the WTP for saturated thickness in IV Models 1 and 2.  Belonging to a 

peer network associated with a relatively new efficient irrigation practice for rice in Arkansas is 

a type of social capital that is a substitute for groundwater.  However, the coefficients on 

PEER_FM and PEER_TWR are positive, although only statistically significant in IV model 2.  

Having a peer that uses an older irrigation practice related to monitoring groundwater use (i.e. 

flow meters) or using groundwater conjunctively with surface water (i.e. tail-water recovery 

system) are social capital types that complement groundwater.  Some peer networks lead to 

decision-making that deemphasize natural capital and result in substitution with produced/human 

capital (i.e. alternative wetting and drying) while other peer networks build complementarities 
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between natural capital and produced/human capital (i.e. flow meters and tail-water recovery 

systems).    

5.2 Comparison with rice farmers and welfare implications 

To examine heterogeneity in the demand for saturated thickness, we use for the dependent 

variable in equation (3) only the implicit prices from the hedonic model where rice was grown in 

the last five years (Table 5).  The rice parcels are spread throughout the study region but 

concentrated in LMKT1 and LMKT3 (Figure 3).  For the rice farms, IV Models 1 and 2 indicate 

the slope for the saturated thickness demand function is flatter than the all farms estimate.  The 

IV Model 1 slope estimate of the demand function, -0.166, offers more information on the true 

slope [-∞, -0.166], given the positive bias on slope in the IV model.  The LMKT1 dummy has 

the largest coefficient in the rice farm model, compared to the other land market dummies, while 

the LMKT3 coefficient is the largest in the all farms model.  The own price elasticity of demand 

by rice farmers, 1.335, is higher than for all farms.  The presence of more alternative sources of 

water for irrigation in rice production areas, namely extensive on-farm surface water 

infrastructure, may explain the larger elasticity. 

The coefficients on the demand shifters have the same sign across the rice farm and all farm 

versions of the demand model.  The substitution relationship between groundwater and human 

capital is again present with the rice farms.  A difference between the rice farm and all farm 

models is that the coefficient on PEER_FM is statistically significant in IV models 1 and 2 and 

the coefficient on PEER_TWR is statistically significant in IV model 2.  The same substitution 

relationship between groundwater and PEER_AWD and the same complementarity relationships 

between groundwater and PEER_FM or PEER_TWR are present.   
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The welfare implications of a twenty foot decrease in saturated thickness, measured through 

greater per acre property value, are shown for initial saturated thicknesses of 40 feet to 180 feet 

(Table 6).  A 20 foot decline in saturated thickness occurs over a period of about thirty years in 

the overdraft regions of Eastern Arkansas (ADA 2021; ASWCC 2005).  The average landowner 

in all land markets, land market 1, and land market 3 has a saturated thickness of 120 feet, 60 

feet, and 160 feet, respectively.  In all land markets, a decrease in saturated thickness from 120 

feet to 100 feet would decrease the per acre property value by $148 for all farms and $296 for 

rice farms.  Landowners living in LMKT1, who experience a decrease in saturated thickness 

from 60 feet to 40 feet, are predicted to have the largest decrease in per acre property value, $317 

for all farms and $963 for rice farms.  The decrease in per acre property value for LMKT3 

associated with a decrease in saturated thickness from 160 feet to 140 feet is $174 for all farms 

and $154 for rice farms.   

The predicted change in the value per acre for all farms and rice farms associated with saturated 

thickness indicate that groundwater influences property values more for rice farms than all farms 

(Figure 4).  The property value response to saturated thickness plateaus at around 130 feet of 

saturated thickness for all farms but continues to rise for rice farms until at least 160 feet of 

saturated thickness.  A spatial prediction of the change in the property value per acre for a non-

marginal increase (10 feet) in saturated thickness indicates that property value increases the most 

in LMKT1 and in LMKT3 to the West of Crowley’s ridge (Figure 5).       

6. Conclusion 

The absence of a market for natural resources means there is rarely an observable price for 

natural capital.  This creates a challenge for the empirical measurement of the substitutability or 
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complementarity between the natural capital and other forms of capital.  One approach available 

to the practitioner is the second-stage hedonic analysis to estimate an inverse demand for natural 

capital.  Shifters of the demand equation include measures of other capital stocks because those 

other stocks influence people’s management of their natural resources.  Our empirical analysis of 

groundwater in the Arkansas Delta provides evidence for substitution and complementarity of 

natural capital and other capital.  We find that farmers belonging to a peer network who use a 

new efficient irrigation practice substitute away from groundwater.  However, farmers who 

belong to a peer network of old irrigation practices have groundwater as a complement.  These 

findings support the theory that, as the depletion of natural resources progress, the substitution 

relationship between other capital and natural capital changes to complementarity (Drupp 2018).  

Also we find that human capital, measured by formal education, and groundwater are substitutes.  

The relationship between social capital and groundwater and between human capital and 

groundwater has not been examined before in the literature, although a substitution between 

groundwater and produced capital has been observed (Fenichel et al. 2016) and a 

complementarity between canal water and produced capital has been found (Rad et al. 2021).    

Groundwater overdraft is a chronic challenge for agricultural and urban communities alike as 

populations increase, agriculture intensifies, and the climate changes.  Properly managing the 

groundwater means the cost of the groundwater conservation to taxpayers and agriculture has to 

be weighed against the benefits of the conservation.  Policy interventions are often created with 

the aim of significant increases in groundwater as illustrated by the recent development of 

California’s Sustainable Groundwater Management Act (Kiparsky et al. 2017).  However, 

estimation of a non-marginal change in the value of groundwater through the use a groundwater 

demand curve has been a challenge since landowners choose how much groundwater to purchase 
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and the price paid for the groundwater simultaneously.  We address this challenge using the non-

linearity in the hedonic price gradient for saturated thickness through a cubic specification 

(Ekeland et al. 2004) and the estimation of separate hedonic price functions for multiple 

segmented markets under the assumption of no unobservable differences in preferences across 

landowners (Bishop and Timmins 2019).  

We contribute to the hedonic literature on groundwater using a two decade panel dataset of 

agricultural land sales to determine the welfare implications associated with a non-marginal 

increase in saturated thickness.  We overcome the problem of assuming a representative 

landowner across multiple markets when preference-based sorting is present by using IVs 

suggested by the literature on residential sorting and through primary data collected about 

irrigator landowners.  The own price elasticity of demand for in-situ groundwater is 0.773, which 

is larger than the elasticities estimated for the extractive value of groundwater, and we suspect 

this is because the in situ groundwater value is based on use over many years while the extractive 

groundwater value is confined to a single growing season.  We predict that all farm landowners 

in Arkansas lose $148 to $281 in property value per acre from a 120 foot to 100 foot decline in 

the saturated thickness.  Intervention through policy or educational programs are potentially 

warranted if this mitigates the losses in natural resource wealth of farms.    

Heterogeneity in the welfare estimates across all farms and rice farms, as well as across land 

markets, indicates the importance of policies targeted to specific production activities and 

regions.  Looking at the pooled market estimates for all farms, a 120 foot to 100 foot change in 

the saturated thickness would underestimate the all market losses to rice farms by $148 and the 

all farm losses to LMKT3 by $133.  The bias in the property value losses indicate that not 
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specifying how to apply water policy to particular cropping activities or regions would lead to 

inefficiency.           

Central to the sustainability debate are questions around the limits to substitutability and 

complementarity, and properly measured shadow prices of natural capital are needed to address 

those questions.  The shadow prices from Eq. 3 are affected by demand shifters that include other 

capital stocks, and the substitution or complementarity emerges from the underlying preferences 

and management decisions of people in their environment.  Our application to groundwater 

shows that social networks can have a vital role in systems with interacting human and natural 

capital stocks.  Our approach could be extended to include a greater array of produced capital 

(e.g. farm equipment and infrastructure) and natural capital (e.g. water and soil quality).  The 

second-stage hedonic model allows the relationship between capital stocks to arise organically 

from the decisions of many property owners interacting within an agro-environmental system.  

Policy makers and natural resource managers can use the empirically measured relationship 

among the capital stocks to assess tradeoffs in the presence of scarce budgets.  
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Table 1.  Variable summary statistics for the first stage hedonic equation  

Variable 

Well on parcel No well on parcel 

Mean Std. Dev. Min Max Mean Std. Dev. Min Max 

Price per acre ($/acre) 3,146.5 2165.2 203.5 17,490.7 2,689.9 2,473.1 201.2 19,954.6 

Parcel larger than 100 acres (Binary) 0.3 0.5 0 1 0.1 0.4 0 1 

Well within quarter mile (Binary) -- 0.5 0.5 0 1    

Well within half mile (Binary) -- 0.9 0.2 0 1    

Saturated thickness (ft) 119.5 57.8 0.33 269.9 119.1 54.1 0 324.7 

Hydraulic Conductivity (ft/day) 141.1 92.4 5 370.39 142.0 94.7 3 369.2 

Intermittent stream within quarter mile 

(Binary) 
0.6 0.5 0 1 0.6 0.5 0 1 

Reservoir within half mile (Binary) 0.01 0.1 0 1 0.01 0.1 0 1 

Root zone available water storage (inches) 10.2 1.6 0.1 22.1 10.3 1.7 0 24.9 

Soil organic matter (kg per square meter) 1.50 0.4 0.03 3.96 1.49 0.4 0 3.85 

Acidic soils (percent of land pH<5.3) 3.1 12.5 0 98.6 3.5 13.6 0 100 

Growing season precipitation: previous year 

(inches) 
25.5 7.1 10.9 62.9 23.9 6.9 11.5 75.6 

Growing season precipitation: three year 

average (inches) 
24.8 4.7 15.0 59.9 23.7 4.9 14.6 65.2 

Degree days between 10 and 32 Celsius: five 

year average (degrees
c
days) 

2,501.4 314.4 2,102.2 5,905.8 2,493.7 346.1 2,068.2 7,999.8 

Degree days over 32 Celsius: five year 

average  (degrees
c
days) 

0.3 0.5 0 3.4 0.2 0.4 0 3.7 

Commute time to 5,000 population (minutes) 26.3 11.7 3.8 76.3 27.2 12.6 2.9 73.9 

Commute time to 40,000 population 

(minutes) 
50.1 25.5 7.1 157.8 54.6 29.5 4.7 162.6 

Note: Number of parcels with a well on the property is 890, and the number of parcels without a well on the property is 3,811.
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Table 2. Definitions and summary statistics of the farm operation characteristics for the second stage 

groundwater inverse demand equation 

Variable Definition 
Sample 

Mean 

Sample 

standard 

deviation 

2017 

Census of 

Agriculture 

Mean 

SATTHICK Saturated thickness (feet) 84.01 38.25  

Demand shifters     

  LMKT1 =1 if respondent live in the land market one
^ 

0.14 0.35  

  LMKT2 =1 if respondent live in the land market two 0.39 0.49  

  LMKT3 =1 if respondent live in the land market three 0.16 0.36  

  AWS 
Available water storage for the top five feet 

of soil  (inches) 
23.07 3.05  

  PRECIP 
Growing season (April to October) 

precipitation: three year average (inches) 
27.30 2.34  

  ACRES Acres irrigated 2,308 2,716 1459.1 

  INC 
Household income in 2015 from all sources 

($ thousands)  
104.9 105.5 152.2 

  INC_NA =1 if household income not reported 0.23 0.42  

  EDU 
=1 if no formal education and =8 if beyond 

Master’s degree  
4.95 1.55  

  PEER_FM =1 if peer used flow meters in past 10 years
 

0.62 0.49  

  PEER_AWD 
=1 if peer used alternate wetting and drying 

for rice irrigation in past 10 years 
0.33 0.47  

  PEER_TWR 
=1 if peer used a tail-water recovery system 

in past 10 years 
0.66 0.47  

Excluded instruments    

  SI 

Index of the average saturated thickness for a 

county. =1 for the lowest saturated thickness, 

=2 for the next lowest saturated thickness, 

and so forth.  

12.31 6.99  

  SI*PEER_TWR Interaction term of SI and PEER_TWR 7.49 7.71  

  LMKT2_PCTCOT 
LMKT2*Percentage of irrigated cropland in 

cotton 
1.27 7.77  

  LMKT3_PCTCOT 
LMKT3*Percentage of irrigated cropland in 

cotton 
0.86 7.58  

Note: GMM Instruments include all the demand shifters and excluded instruments.  ^ Figure 4 shows the 

land markets.  ^^ Peers include a close family, friend, or neighbor who is an agricultural producer.   

 

 

 

 



41 
 

Table 3. Coefficient estimates for the first stage hedonic model 

 
No spatial fixed 

effects 

County spatial 

fixed effect 

County 

subdivision 

fixed effects 

County 

subdivision 

fixed effects: 

Rice
^ 

Saturated thickness -6.06E-03
 

-4.13E-03 2.99E-03 5.92E-03 

 (5.63E-03) (5.89E-03) (8.25E-03) (6.67E-03) 

Square of saturated thickness 3.47E-05 2.68E-05 -2.16E-05 -4.65E-05 

 (4.33E-05) (4.37E-05) (6.11E-05) (4.79E-05) 

Cube of saturated thickness -4.73E-08 -4.45E-08 4.38E-08 9.91E-08 

 (9.98E-08) (9.83E-08) (1.34E-07) (1.04E-07) 

Well on parcel interacted with 

saturated thickness 
0.013

b
 0.0138

c
 0.023

b
 0.022

a
 

 (0.006) (0.007) (0.009) (0.008) 

Well on parcel interacted with 

square of saturated thickness 
-9.58E-05

c
 -9.74E-05

c
 -1.72E-04

b
 -1.62E-04

a
 

 (5.07E-05) (5.90E-05) (6.89E-05) (5.75E-05) 

Well on parcel interacted with 

cube of saturated thickness 
2.13E-07

c
 2.11E-07 3.82E-07

b
 3.75E-07

a
 

 (1.22E-07) (1.40E-07) (1.57E-07) (1.27E-07) 

Hydraulic Conductivity 1.20E-04 1.11E-04 1.83E-04 3.62E-04 

 (3.18E-04) (3.29E-04) (6.12E-04) (6.26E-04) 

Root zone available water 

storage 
0.019 0.013 0.012 -0.001 

 (0.013) (0.013) (0.010) (0.014) 

Soil organic matter 0.009 0.047 0.0532 0.013 

 (0.049) (0.054) (0.047) (0.061) 

Acidic soils 1.16E-04 -5.52E-04 -1.89E-03
c 

-1.30E-03 

 (7.94E-04) (9.37E-04) (1.04E-03)
 

(1.80E-03) 

Growing season precipitation: 

previous year 
1.24E-03 1.64E-03 3.84E-03 -1.38E-03 

 (6.09E-03) (6.16E-03) (6.49E-03) (7.39E-03) 

Degree days between 10 and 32 

Celsius: five year average 
1.08E-04 1.05E-04 1.17E-04 2.53E-04

c
 

 (8.00E-05) (1.30E-04) (1.17E-04) (1.31E-04) 

Degree days over 32 Celsius: 

five year average 
-0.038 -0.03 -0.041 0.011 

 (0.038) (0.046) (0.044) (0.045) 

Commute time to 5,000 

population 
-8.67E-04 -2.73E-03 -1.59E-03 4.95E-03 

 (2.78E-03) (3.88E-03) (7.35E-03) (5.41E-03) 

Commute time to 40,000 -0.005
a
 -0.007

b
 -0.0129

a
 -0.016

a
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population 

 (0.001) (0.003) (0.003) (0.004) 

 

Well on parcel 
-0.715

a
 -0.747

a
 -0.972

a
 -1.142

a
 

 (0.227) (0.269) (0.305) (0.309) 

Well within quarter mile -0.101
b
 -0.115

b
 -0.133

a
 -0.104

c
 

 (0.044) (0.050) (0.051) (0.055) 

Well within half mile 0.189
b
 0.201

b
 0.213 0.146 

 (0.090) (0.097) (0.132) (0.164) 

Reservoir within half mile 0.057 0.038 0.021 0.019 

 (0.199) (0.180) (0.110) (0.156) 

Intermittent stream within 

quarter mile 
0.046 0.053 0.058 0.0349 

 (0.041) (0.048) (0.048) (0.0416) 

     

Other variables interacted with well on parcel 

Growing season precipitation: 

previous year 
6.26E-04

a
 5.94E-04

a
 7.35E-04

a
 5.74E-04

b
 

 (1.91E-04) (2.21E-04) (2.62E-04) (2.39E-04) 

Hydraulic Conductivity 4.06E-04
c
 4.09E-04

c
 4.79E-04

c
 6.37E-04 

 (2.20E-04) (2.37E-04) (2.91E-04) (3.88E-04) 

Reservoir within half mile 0.335
b
 0.325

c
 0.332

b
 0.335

b
 

 (0.145) (0.134) (0.187) (0.157) 

Implicit price if well on parcel   

  80 feet 1.47 (3.46) 4.58 (3.35) 8.96
b
 (3.92) 9.07

b
 (3.84) 

  110 feet (average) -0.88 (2.38) 0.62 (2.23) -3.28 (3.42) -3.37 (2.99) 

Spatial fixed effects (#) 0 23 235 235 

BIC 85,498 85,400 84,879 75,614 

Number of observations 4,701 4,701 4,701 4,202 

Standard errors clustered at counties in parentheses.  All models have controls for groundwater region by 

year by quarter dummy variables.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1. 

^
 Rice parcels include any parcel with 

rice in the last five years.   
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Table 4. Implicit price for a one foot increase in saturated thickness by land market – All parcels 

 LMKT1 LMKT2 LMKT3 LMKT4 

Coefficient     

 Saturated thickness -0.019 (0.026) 0.006 (0.016) 0.018 (0.006)
a
 -0.035 (0.041) 

  Square 4E-04 (2E-04)
c
 -7E-05 (2E-04) -1E-04 (4E-05)

a
 2E-04 (3E-04) 

  Cube -2E-06 (5E-07)
a
 2.1E-07 (5E-07) 3E-07 (8E-08)

a
 -2E-07 (6E-07) 

     

 Well on parcel interacted  

 with saturated thickness 
-0.039 (0.072) 0.030 (0.038) 0.032 (0.007)

a
 0.084 (0.076) 

  Square 6.4E-04 (0.001) -3E-04 (4E-04) -2E-04 (6E-05)
a
 -7E-04 (7E-04) 

  Cube -2E-06 (5E-06) 1.E-06 (1E-06) 5E-07 (1E-07)
a
 2E-06 (2E-06) 

     

Land price per acre 2,863 2,520 3,165 2,315 

Saturated thickness 61 106 159 99 

     

Implicit price if well on 

parcel 
    

  80 feet 78.37
c
 (47.7) -7.74 (6.01) 23.25

a
 (3.39) -30.24 (35.86) 

  111 feet 55.57 (60.7) -11.26 (10.5) -3.66 (5.99) -44.34 (48.03) 

Standard errors clustered at counties in parentheses.  Land prices per acre are in 2019 dollars using the 

Case-Shiller National Home Price Index.  All models have controls for groundwater region by year by 

quarter dummy variables.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1. 
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Table 5. Coefficient estimates for GMM estimation of the second stage groundwater inverse demand 

equation  

Variable 
IV Model 1 IV Model 2 

All farms Rice farms All farms Rice farms 

SATTHICK -0.178
a
 (0.039) -0.166

a
 (0.062) -0.134

a
 (0.029) -0.120

a
 (0.042) 

LMKT1 20.2
a
 (7.73) 57.6

a
 (17.33) 14.29 (10.43) 48.44

b
 (20.79) 

LMKT2 19.21
a
 (3.16) 24.32

a
 (4.14) 18.45

a
 (3.83) 24.82

a
 (4.67) 

LMKT3 22.33
a
 (3.84) 21.54

a
 (7.33) 20.51

a
 (4.30) 19.99

a
 (6.66) 

AWS 1.78
a
 (0.488) 3.05

a
 (0.953) 1.75

a
 (0.544) 2.86

a
 (0.81) 

PRECIP -3.47
a
 (0.629) -4.03

a
 (0.796) -3.22

a
 (0.633) -3.99

a
 (0.773) 

ACRES 0.001 (0.0004) 0.0003 (0.001) -0.0003 (0.001) -0.0003 (0.001) 

INC 0.004 (0.005) 0.004 (0.009) 0.008 (0.006) 0.009 (0.01) 

INC_NA -1.26 (3.03) -4.88 (5.97) 0.636 (3.17) -2.09 (5.32) 

EDU -1.57
a
 (0.443) -2.52

a
 (0.84) -1.99

a
 (0.445) -3.01

a
 (0.687) 

PEER_FM 2.41 (1.57) 3.54
c
 (2.02) 3.05

c
 (1.61) 4.29

b
 (2.06) 

PEER_AWD -4.39
c
 (2.42) -8.42

c
 (4.89) -5.27

a
 (1.78) -9.18

a
 (3.43) 

PEER_TWR 1.11 (2.66) 1.764 (4.22) 3.98
b
 (1.93) 5.62

b 
(3.19) 

Constant 68.62
a
 (19.91) 57.59 (35.14) 59.73

a
 (15.70) 57.34

b
 (25.26) 

Instruments SI; SI*PEER_TWR 

SI; SI*PEER_TWR; 

LMKT2_PCTCOT; 

LMKT3_PCTCOT 

  Observations        

    Second stage 182 182 

    First stage    4,701 4,202 

R
2
 0.37 0.40 0.39 0.41 

Own price elasticity of 

demand 
-0.773

a
 (0.170) -1.335

a
 (0.088) -1.030

a
 (0.227) -1.849

a
 (0.66) 

First stage F-statistic  

  (p-value) 
199.2

a
 (0.00) 716.40

a
 (0.00)  

Overidentification 

  Hansen J (p-value) 
0.46 (0.49) 0.12 (0.73) 2.76 (0.43) 2.12 (0.55) 

Robust standard errors clustered at counties in parentheses.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1.  The negative 

implicit prices from the first stage are adjusted to zero.  The results for all farms when the negative 

implicit prices are not adjusted to zero are in Table A4.  IV estimation for rice farmers use the implicit 

prices from a first stage specification with township fixed effects and rice parcels.         
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Table 6. Per acre property value benefit from changes in saturated thickness using second stage welfare 

measures 

Change in 

saturated 

thickness 

(feet) 

All farms Rice farms 

All land 

markets 
LMKT1 LMKT3 

All land 

markets 
LMKT1 LMKT3 

20 to 40 362 ± 304 370 ± 429 494 ± 306 488 ± 592 1011 ± 871 442 ± 589 

40 to 60 308 ± 292  317 ± 417 441 ± 294 440 ± 575 963 ± 854 394 ± 572 

60 to 80 255 ± 281 263 ± 405 388 ± 282 392 ± 558 915 ± 838 346 ± 555 

80 to 100 201 ± 269 210 ± 393 334 ± 271 344 ± 541 867 ± 820 298 ± 538 

100 to 120 148 ± 257 156 ± 382 281 ± 259 296 ± 524 819 ± 804 250 ± 521 

120 to 140 94 ± 245 103 ± 370 227 ± 247 248 ± 507 771 ± 787 202 ± 504 

140 to 160 41 ± 233 49 ± 358 174 ± 235 200 ± 490 723 ± 770 154 ± 487 

160 to 180 -- -- 120 ± 224 152 ± 473 675 ± 753 106 ± 470 

95% confidence intervals shown beside each estimate of the per acre property value benefit.  The first 

stage is the quadratic specification for saturated thickness and township fixed effects while the second 

stage is the linear specification for inverse groundwater demand.  Rice farmers include survey 

respondents who produce rice, and the implicit prices come from a first stage specification with township 

fixed effects and rice parcels.         
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Figure 1. Location of parcels with and without a well when sold and the county subdivision boundaries. 

 

 

Figure 2. The saturated thickness in 2010 for the Mississippi Valley Alluvial Aquifer 
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Figure 3. Land markets and the location of parcels with any rice in the five years prior to sale 

 

 

Figure 4. The predicted increase in the value per acre for an average parcel and an average rice parcel 

associated with saturated thickness based on the inverse demand equation for groundwater.  

 

1000

1500

2000

2500

3000

3500

4000

4500

20 40 60 80 100 120 140 160 180

C
ro

p
la

n
d

 v
a

lu
e 

(2
0

1
9

 $
/a

cr
e)

 

Saturated thickness (feet) 

95% CI All farms Rice farms



48 
 

 

Figure 5. Spatial prediction of the average change in the value per acre of agricultural land associated 

with a 10 foot increase in saturated thickness based on the inverse demand equation for groundwater.  
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Appendix 

Tables A1 has the coefficient estimates for predicting the saturated thickness from the first-stage data to 

then determine the saturated thickness for each of the survey responses.  Table A2 has the coefficient 

estimates for the first-stage hedonic model using the natural log of saturated thickness, rather than the 

cubic specification, and by well proximity (i.e. quarter and half mile rather than on property).  Table A3 

has the mean difference t-tests for repeat sale parcels and all parcels.  Table A4 has the coefficient 

estimates for the hedonic model of the parcels with repeat sales.  Table A5 has the implicit prices for the 

rice parcels by land submarket associated with a one foot increase in saturated thickness.  Table A6 has 

the instrumental variable first-stage regression results.  Table A7 has the coefficient estimates for 

alternative second stage groundwater demand equations based on unadjusted implicit prices or OLS 

estimation.  Figure A1 shows the difference in saturated thickness between the three year moving average 

for 1999 and the three year moving average for 2019. 
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Table A1. Estimation of the saturated thickness using the first stage data for the prediction of saturated 

thickness on the farms corresponding to the survey responses 

Variable Coefficient Robust standard error 

County dummies   

  Ashley -9.91 (6.63) 

  Chicot -15.92
a
 (5.06) 

  Clay 24.46
a
 (5.69) 

  Craighead 35.03
a
 (5.41) 

  Crittenden -24.08 (17.53) 

  Cross 15.00
a
 (4.92) 

  Desha -13.66
b
 (5.37) 

  Drew -13.63 (10.70) 

  Greene 25.22
a
 (5.83) 

  Jackson 37.57
a
 (4.52) 

  Jefferson -3.96 (5.17) 

  Lawrence 20.57
a
 (5.06) 

  Lee 31.81
a
 (4.86) 

  Lincoln -13.62
b
 (5.61) 

  Lonoke -37.18
a
 (5.10) 

  Monroe 20.79
a
 (5.99) 

  Phillips 49.32
a
 (4.96) 

  Poinsett 5.44 (4.99) 

  Prairie -23.82
a
 (5.95) 

  Randolph 20.46
a
 (7.65) 

  St. Francis 20.42
a
 (5.95) 

  Woodruff 65.45
a
 (5.15) 

East of Crowley’s Ridge 43.51
a
 (3.59) 

Percent corn in last five years 0.26
a
 (0.073) 

Percent cotton in last five years 0.51
a
 (0.041) 

Percent rice last in five years -0.39
a
 (0.039) 

Percent soybeans in last five years 0.096
a
 (0.037) 

Reservoir within half mile -20.06
a
 (6.31) 

Constant 76.62
a
 (4.18) 

Dependent variable is saturated thickness from the first stage.  Standard errors clustered at counties in 

parentheses.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1.  Number of observations is 2,905.  R-squared is 0.56.  The 

explanatory variables for the prediction of saturated thickness in the first stage are also available and 

collected independently in the irrigation survey.   
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Table A2. Coefficient estimates for the hedonic model with the natural log of saturated thickness and by well proximity 

 
Natural log specification Well proximity 

All parcels Rice parcels Quarter mile Half mile 

Natural log of saturated thickness 0.022 0.027 -- -- 

 (0.093) (0.08) -- -- 

Well on parcel interacted with natural 

log of saturated thickness 
0.075 0.155

b
 

-- -- 

 (0.082) (0.082) -- -- 

Saturated thickness -- -- -0.00714 -0.0015 

 -- -- 
(0.007) (0.022) 

Square of saturated thickness -- -- 3.43E-05 -4.6E-05 

 -- -- (4.96E-05) (0.0002) 

Cube of saturated thickness -- -- -4.07E-08 2.38E-07 

 -- -- (1.15E-07) (4.94E-07) 

Well proximity dummy interacted with 

saturated thickness 

-- -- 
0.028567

a
 0.010461 

 -- -- (0.009) (0.0246) 

Well proximity dummy interacted with 

square of saturated thickness 

-- -- 
-0.00018

a
 -2E-05 

 -- -- (6.54E-05) (0.0002) 

Well proximity dummy interacted with 

cube of saturated thickness 
-- -- 3.39E-07

b
 -9.74E-08 

 -- -- (1.42E-07) (5.22E-07) 

Implicit price if well on parcel     

  80 feet 3.34 (2.43) 6.31
a
 (2.01) 10.26

a
 (3.51) 3.13 (3.69) 

  111 feet (average) 2.41 (1.75) 4.55
a
 (1.45) -0.26 (2.13) -1.26 (2.47) 

Standard errors clustered at counties in parentheses.  All models have controls for groundwater region by year by quarter dummy variables.  
a
 

p<0.01.  
b
 p < 0.05. 

c
 p < 0.1.   
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Table A3.  Mean difference t-test for repeat sale parcels and all parcels as well as summary statistics for repeat sale parcels  

Variable 

Two-sided  

t-test^ 
Well on parcel No well on parcel 

p-value Mean 
Std. 

Dev. 
Min Max Mean 

Std. 

Dev. 
Min Max 

Price per acre ($/acre) 0.15 3,105.9 2,054.6 237.1 17,490.7 2,568.8 2,157.5 203.5 19,675.9 

Saturated thickness (ft) 0.04 122.7 57.4 6.1 250.0 121.9 59.6 2.5 324.7 

Hydraulic conductivity (ft/day) 0.20 145.7 96.5 6.0 357.9 136.8 95.1 5.0 362.4 

Root zone available water storage (inches) 0.00 10.3 1.9 1.3 22.1 10.6 2.3 5.6 24.9 

Soil organic matter (kg per square meter) 0.00 1.5 0.4 0.1 3.4 1.5 0.4 1.0 3.9 

Acidic soils (percent of land pH<5.3) 0.38 2.8 12.0 0.0 87.7 3.3 12.1 0.0 100.0 

Growing season precipitation: previous year 

(inches) 
0.00 26.2 8.0 12.7 62.9 25.2 8.9 11.9 75.7 

Growing season precipitation: three year average 

(inches) 
0.00 25.5 5.9 15.7 59.9 25.0 7.3 14.9 65.2 

Degree days between 10 and 32 Celsius: five 

year average (degrees*days) 
0.00 2,561.5 522.8 2,102.2 5,905.8 2,598.0 638.5 2,110.3 7,999.8 

Degree days over 32 Celsius: five year average  

(degrees*days) 
0.08 0.3 0.5 0.0 3.4 0.2 0.4 0.0 3.4 

Commute time to 5,000 population (minutes) 0.14 27.3 12.3 7.1 59.0 26.3 12.8 3.1 69.7 

Commute time to 40,000 population (minutes) 0.00 50.1 23.7 7.1 117.9 51.1 28.4 7.1 140.7 

Well within quarter mile (Binary)  0.01 -- 0.5 0.5 0.0 1.0 

Well within half mile (Binary) 0.09 -- 1.0 0.2 0.0 1.0 

Reservoir within half mile (Binary) 0.81 0.0 0.1 0.0 1.0 0.0 0.1 0.0 1.0 

Intermittent stream within quarter mile (Binary) 0.66 0.6 0.5 0.0 1.0 0.6 0.5 0.0 1.0 

Parcel larger than 100 acres (Binary) 0.30 0.3 0.5 0.0 1.0 0.1 0.3 0.0 1.0 
Note: Number of repeat sales parcels with a well on the property is 261, and the number of repeat sales parcels without a well on the property is 911.  ^The two-

sided t-test has the null hypothesis that the difference in the mean of each variable across the repeat sale subsample and the full sample is zero.  A p-value of 0.1 

indicates a rejection of the null hypothesis with a type I error of 10%.
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Table A4. Coefficient estimates for the hedonic model of parcels with repeat sales 

 
Township spatial fixed 

effects 
Parcel spatial fixed effects 

Saturated thickness 0.003409 -0.01055 

 (0.008) (0.019622) 

Square of saturated thickness -4.4E-05 0.000121 

 (5.88E-05) (0.000188) 

Cube of saturated thickness 1.37E-07 -2.37E-07 

 (1.38E-07) (5.20E-07) 

Well on parcel interacted with saturated 

thickness 
0.0681

a
 0.032784 

 (0.02) (0.038739) 

Well on parcel interacted with square of 

saturated thickness 
-0.00054

a
 -0.00025 

 (0.0001) (0.0003) 

Well on parcel interacted with cube of 

saturated thickness 
1.24E-06

a
 5.91E-07 

Implicit price if well on parcel   

  80 feet 12.6 (12.6) 22.4 (18.5) 

  111 feet (average) -19.92
a
 (5.49) 17.4 (16.9) 

Spatial controls 235 547 

Number of observations 1,172 

Standard errors clustered at counties in parentheses.  All models have controls for groundwater region by 

year by quarter dummy variables.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1.   
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Table A5. Implicit price for a one foot increase in saturated thickness by land markets – rice parcels 

 LMKT1 LMKT2 LMKT3 LMKT4 

Coefficient     

 Saturated thickness 0.027 (0.11) 0.017 (0.028) 0.021
b
 (0.009) -0.002 (0.03) 

  Square 6E-05 (0.001) -2E-04 (3E-04) -2E-04
a
 (5E-05) -2E-04 (3E-04) 

  Cube -1E-06 (3E-06) 5E-07 (9E-07) 3E-07
a
 (9E-08) 6E-07 (7E-07) 

     

 Well on parcel interacted  

 with saturated thickness 
-0.195 (0.57) 0.027 (0.062) 0.029

a
 (0.009) 0.04 (0.11) 

  Square 0.003 (0.01) -3E-04 (6E-04) -2E-04
a
 (6E-05) -3E-04 (0.001) 

  Cube -1E-05 (5E-05) 1E-06 (2E-06) 5E-07
a
 (1E-07) 6E-07 (3E-06) 

     

Land price per acre 2,884 2,502 3,011 2,199 

Saturated thickness 61 105 156 98 

     

Implicit price if well on 

parcel 
    

  80 feet 201.1 (474.1) -9.40 (7.04) 22.3
a
 (5.86) -29.5 (38.7) 

  111 feet 153.9 (200.9) -14.73 (13.9) -4.32 (5.07) -45.8 (45.2) 

Standard errors clustered at counties in parentheses.  Land prices per acre are in 2019 dollars using the 

Case-Shiller National Home Price Index.  All models have controls for groundwater region by year by 

quarter dummy variables.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1. 
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Table A6.  IV first-stage regression results 

Variable 
Dependent variable: SATTHICK 

IV Model 1 IV Model 2 

RBI 5.30
a
 (0.45) 5.05

a
 (0.46) 

RBI*PEER_TWR -1.06
b
 (0.49) -1.24

c
 (0.72) 

PCTCOT_LMKT2 -- 1.09
a
 (0.07) 

PCTCOT_LMKT3 -- 1.03
a
 (0.04) 

LMKT1 2.99 (5.47) 1.33 (5.21) 

LMKT2 -2.57
b
 (4.65) -6.27

b
 (2.54) 

LMKT3 1.46 (6.62) -2.39 (4.22) 

AWS 0.48 (0.83) -0.08 (0.48) 

PRECIP -1.14 (0.96) -0.59 (0.67) 

ACRES 0.001
c
 (0.0006) 0.0005 (0.0006) 

INC 0.03
b
 (0.02) 0.01 (0.01) 

INC_NA 5.36 (4.18) 2.41 (2.78) 

EDU 0.48 (0.99) 0.2 (0.69) 

PEER_FM -0.16 (3.3) -2.63 (2.28) 

PEER_AWD -2.03 (3.21) -1.3 (2.37) 

PEER_TWR 0.19 (7.81) 4.86 (7.38) 

Constant 37.65
b
 (35.01) 44.3

c
 (21.94) 

  Observations    182 182 

Robust standard errors clustered at counties in parentheses.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1.   
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Table A7. Coefficient estimates for the alternative second stage groundwater demand equations 

Variable 
Unadjusted implicit prices 

OLS estimation with adjusted implicit 

prices 

All farms Rice farms All farms Rice farms 

SATTHICK -0.173
a
 (0.04) -0.137 (0.085) -0.045 (0.096) 0.096 (0.194) 

LMKT1 10.68 (24.93) 28.64 (47.43) 20.26 (12.00) 60.33
b
 (27.06) 

LMKT2 26.59
a
 (6.05) 29.51

a
 (7.67) 18.33

a
 (5.09) 21.99

b
 (9.68) 

LMKT3 29.65
a
 (6.81) 23.48

b
 (11.95) 17.76

b
 (6.41) 11.66 (13.56) 

AWS 3.14
a
 (0.765) 4.36

a
 (1.39) 1.56

b
 (0.634) 2.54

b
 (1.21) 

PRECIP -2.88
a
 (0.939) -3.33

b
 (1.33) -3.39

a
 (0.907) -3.69

b
 (1.74) 

ACRES -0.0003 (0.0003) -0.001 (0.0004) -0.001 (0.0004) -0.0001 (0.001) 

INC 0.019 (0.013) 0.027
c
 (0.016) 0.002 (0.009) -0.001 (0.017) 

INC_NA 3.21 (5.13) 1.73 (8.78) -1.54 (4.13) -6.06 (9.31) 

EDU -4.08
a
 (1.03) -5.69

a
 (1.07) -2.24

a
 (0.699) -3.70

b
 (1.34) 

PEER_FM 4.99
b
 (2.44) 7.54

b
 (3.38) 0.954 (2.11) 0.416 (3.10) 

PEER_AWD -9.46
a
 (2.96) -16.37

a
 (5.03) -2.08 (2.61) -4.39 (4.12) 

PEER_TWR 13.84
a
 (2.68) 20.76

a
 (5.21) 4.61 (3.04) 9.59 (6.95) 

Constant 6.49 (29.34) -8.89 (48.55) 63.26
b
 (27.38) 43.15 (54.09) 

Instruments 
SI; SI*PEER_TWR; 

LMKT2_PCTCOT; LMKT3_PCTCOT 
-- 

  Observations     

    Second stage 182 

    First stage 4,701 4,202 4,701 4,202 

R
2
 0.26 0.09 0.42 0.44 

Own price elasticity 

of demand 
-0.798

a
 (0.19) -1.619 (1.00) -3.08 (6.61) 2.32 (4.69) 

Kleibergen-Paap 

Wald 

F-statistic (p-value) 

716.40
a
 (0.00) -- 

Overidentification 

Hansen J (p-value) 
3.46

c
 (0.33) 2.82

c
 (0.42) -- -- 

Robust standard errors clustered at counties in parentheses.  
a
 p<0.01.  

b
 p < 0.05. 

c
 p < 0.1.  IV estimation 

for rice farmers use the implicit prices from a first stage specification with township fixed effects and rice 

parcels.         
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Figure A1. Change in saturated thickness between the three year moving average for 1999 and the three 

year moving average for 2019 

 


