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ABSTRACT

In recent years there has been increasing regulation of agricultural water use in order to

reduce transboundary and environmental water conflicts. Effective policy analysis to support

new regulations needs to have tools to estimate correctly the value of irrigation water. Irrigat-

ing land increases crop yields and this higher profitability should be capitalized into the sales

price of the land. For irrigation that depends on surface water rights, studies have found this

to be the case (Xu et al. 1993, Faux and Perry 1999). However, studies that have analyzed

the value of groundwater in irrigation have found mixed results. Hartman and Taylor (1989)

and Sunderland, Libbin and Torell (1987) find that groundwater irrigation has no significant

effect on land prices; Torrell et al. (1990) find a significant positive effect of groundwater in

irrigation. One explanation is that in areas where groundwater use is not restricted there is

the option to implement irrigation in the future and thus the presence of groundwater irriga-

tion may not have a large effect on the sales price. Consistent with this idea of option value,

Petrie and Taylor (2007) look at differences in land values before and after a moratorium on

water-use permits and find that permits add value to agricultural land only after the restriction

is in place. An additional econometric issue is that the decision to irrigate is not random but

is based on the underlying characteristics of the land. Thus hedonic estimates of the value

of irrigation rights may be biased. In this thesis we analyze the value of groundwater in an

area with pumping restrictions using both a standard hedonic model and a propensity score

matching model. we use a geospatial database from Chase County, Nebraska that includes

arms length sales, tax assessor’s data, hydrologic and climatic variables. We find that per

acre values of groundwater irrigation are over 15 percent higher using the propensity score
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method compared to the hedonic model. This result is driven in large part by the preferential

adoption of irrigation on intermediate quality land. An important implication for policy is

that hedonic estimates of the value of groundwater in irrigation may underestimate the cost,

to both farmers and the government, of future water use reductions.
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INTRODUCTION AND MOTIVATION

Transboundary and water conflict issues have given rise to increasing regulation of agri-

cultural water use. In order to develop effective policy tools to achieve water conservation,

the value of irrigation water needs to be estimated accurately. Irrigated land is more prof-

itable than dryland because of increased crop yields. This increased profitability of irrigated

land should be capitalized into the sales price of the land. Previous papers on surface water

rights have found this to be the case. Xu et al. (1993) found that irrigation in Washington

State had a positive effect on land price and Faux and Perry (1999) found similar positive

results for irrigated farmland sales in Oregon. On the other hand, studies on irrigation de-

pendent on groundwater have found mixed results. Some studies have found a significant

positive effect of irrigation (Torell et al. 1990), but others find no effect on the sale price of

agricultural parcels (Hartman and Taylor 1989, Sunderland et al. 1987). One explanation for

such results may be that in areas that have no restrictions on groundwater use, there exists

the option to implement irrigation in the future and thus sales prices may not be affected by

existing irrigation. Petrie and Taylor (2007) find this to be the case in the southeastern United

States. They look at differences in land prices before and after a moratorium on water-use

permits in Georgia and find that value is only added to the land after the moratorium is in

effect.

Another issue that arises in modeling the value of irrigation is that the decision to irrigate

a parcel is not random, but is based on underlying observable and unobservable characteris-

tics of the land and its owners. Failure to account for sample selection may result in biased
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estimates when using a standard hedonic method, as is commonly used in the literature. In

this thesis, I use both a standard hedonic model and a propensity score matching model to

evaluate the value of groundwater in an area where pumping restrictions are in place.

My study area is Chase County, Nebraska which is part of the Republican River Basin.

The county covers an area of 584,000 acres and the population is about 4,000. The major-

ity of the land is used for agricultural production: only six sections out of 912 do not have

agricultural land (Figure 1).1 The Republican River Basin has been the source of long-term

litigation between Colorado, Kansas and Nebraska. In 2002, the Supreme Court decided that

groundwater pumping by Nebraska contributed to reduced instream flows in Kansas. As a

result, groundwater management districts in Nebraska were forced to introduce a variety of

restrictions, such as moratoria on new wells (introduced in 1999), metering of existing ones,

and volumetric pumping restrictions.

I use a geospatial database that includes arms length sales, tax assessor’s data, and hy-

drologic and climatic variables. The data include all agricultural parcels in Chase County

that sold between 2000 and 2008, obtained from the Chase County tax assessor’s website

(http://chase.assessor.gisworkshop.com/Assessor/index.jsp). There are 330 observations in

the dataset. Each parcel contains sale prices along with the new ownership and sales date.

In addition, other characteristics of the parcel, such as the presence of outbuildings and the

square footage and age of residences are included. Each observation also has the distribution

of agricultural land (irrigated, dryland, or grassland) and four soil quality types in each type

of land, resulting in a total of twelve soil classes. I also assembled georeferenced data on

estimated depth to water, the rate at which a well can pump water, precipitation and growing

degree days.

1A section is one square mile, which is an area of 640 acres.
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First, I estimate an Ordinary Least Squares Regression Model to characterize the sale

price per acre of the land. Several alternative specifications are considered, including year

dummies, interaction terms between year dummies and irrigation, and dummies between

irrigation and hydrologic variables. The main results are that (i) irrigation has a significant

and positive effect on the sale price of land, (ii) the rate at which a well can pump water is

important in determining the sale price, (iii) depth to water does not have a significant effect

on the sale price per acre of land, and (iv) the climatic variables considered do not have an

effect. From the preferred OLS model, the value of groundwater irrigation is found to be

$712 per acre.

Second, I estimate a propensity score model which involves two steps. First, I estimate

the probability of a parcel of land being irrigated using a probit model. The results from the

probit show that farmers are more likely to irrigate on lands that are of intermediate quality

(soil 2 and soil 3), suggesting that irrigation is land quality augmenting. This follows previ-

ous studies on irrigation technology adoption (Lichtenberg 1989). However, unlike results

from the OLS model, depth to water and climatic variables do affect the decision to adopt

irrigation with expected signs.

In the second step, I match pairs of non-irrigated and irrigated parcels that have the

same probability of being irrigated and analyze whether there is a difference in the sales

price. Results show that once again there is a positive and significant value associated with

groundwater irrigation rights, but the difference is larger than the hedonic analysis at $839.

I find that, controlling for selection, estimates for the value of groundwater irrigation ob-

tained with propensity score matching are higher than estimates obtained with the standard

hedonic model. The difference between models appears to be driven by preferential adoption

of irrigation on intermediate quality land. Presumably, irrigation is adopted on intermediate
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quality land because the difference in profitability from irrigation is higher on these lands

than on both high and low quality lands. Given that irrigation technology is generally con-

sidered to be land quality augmenting, an important policy implication is that simple hedonic

analysis may generally underestimate the value of groundwater in irrigation.

Assuming a five percent interest rate, the hedonic results translate to an annual value

of water of about $34 per acre foot of water while the propensity score matching model

translates to $40 per acre foot of water. In Nebraska and elsewhere where there is an ongo-

ing debate on how to decrease agricultural water use cost-effectively, my results show that

future water use reductions may be more costly than expected to both farmers and the gov-

ernment.

This thesis is laid out as follows. First, I provide some background of my study area.

This includes the relevant regulatory history of the Republican River Basin and the Upper

Republican Natural Resource District in which Chase County is located. Second, I present

both the Ordinary Least Squares and Propensity Score Matching models. In the following

section, I describe the economic, physical, hydrologic, and climatic data I use in the analy-

sis. I then present the results obtained using both methods of estimation and compare them.

Finally, I provide a conclusion with policy implications and future research possibilities in

this area.
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BACKGROUND

In this section I describe (i) previous work that has been done using hedonic analysis to

estimate the value irrigation water and (ii) the institutional background of my study area.

Previous Literature

Irrigating land increases crop yields and this should be capitalized into the sale price of

agricultural land. Irrigation can be either from surface water or groundwater sources. Sur-

face water studies find that irrigation increases the sale price of land. For example, Xu et

al. (1993) analyze agricultural land sales in Washington state and find that irrigation sys-

tems have a positive effect. Their model includes three types of irrigation systems: center

pivot, sprinkler, and rill irrigation in areas where available. Their results show that center

pivot irrigation adds most value to the sale price, followed by sprinkler irrigation and finally

rill irrigation. Faux and Perry (1999) also find surface water irrigation to have a positive

effect on the price of farmland in Malheur County, Oregon. They stress the importance of

including separate land classes as opposed to an averaged composite index as soil class is

not a continuous variable and averaging may result in loss of information. In both Oregon

and Washington States, agricultural production is diverse. Conversely, in my study area, ir-

rigated corn and dryland wheat dominate production.

Studies that use hedonic analysis to estimate the value of groundwater irrigation find
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mixed results. Hartman and Taylor (1989) find that groundwater does not have a significant

effect on the sale price of land in Colorado. Sunderland, Libbin, and Torell (1987) find the

same result in New Mexico, when analyzing land that uses groundwater from the Ogallala

aquifer. Torell et al. (1990) expanded their previous study area from New Mexico to include

Oklahoma, Nebraska, Kansas, and Colorado (all of which use the Ogallala) to estimate the

value of groundwater. They found a positive effect of irrigation on the sale price. They sug-

gest that the difference in results from previous studies is a result of regional differences that

were not included previously. In particular, they found that saturated thickness of the aquifer

and measures of farm income were significant determinants in irrigated land values. They

also found declining price differentials between irrigated and non-irrigated land over time.

Another reason that may explain these mixed results is that in general, groundwater is

private property and its use is not regulated. Without regulations in place there is the option

to implement irrigation in the future and so the potential value of irrigation may be captured

into the price of both currently irrigated land and dryland. Petrie and Taylor (2007) did a

study that is the closest to my analysis. They estimated the value of water in Dooly County,

Georgia before and after a moratorium on water use permits. They found that before the

moratorium on water use permits there was no difference in the prices of agricultural land

with or without permits. However, after the moratorium, land with water use permits at-

tached sold for about 30 percent more than land without permits. Petrie and Taylor’s (2007)

interpretation was that the moratorium added value of the land with permits; an alterna-

tive interpretation is that the moratorium reduced the value of parcels without permits. The

moratorium in my study area is different than that in Dooly County, Georgia: permits in the

latter allow unlimited pumping from a source whereas in my area there are also volumetric

pumping restrictions even with a permit.

To the best of my knowledge, there are no published papers using propensity score
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matching (PSM) for hedonic analysis. However, several working papers use the PSM method-

ology in a hedonic context. Cutter et al. (2009) use PSM to estimate the hedonic value of

open space land and Lynch et al. (2009) estimate the difference in land price due to preser-

vation programs. The PSM method is applicable to my study as I observe both parcels that

are irrigated and those that are not irrigated, and I also have data on the variables that should

affect the decision to irrigate. This allows for the estimation of propensity scores for both

irrigated and non-irrigated parcels in order to match and compare them with each other.

Institutional Background

The Republican River is formed by the merging of the North Fork Republican River and

the South Fork Republican River, both of which originate in northeastern Colorado. It flows

eastward for approximately 445 miles through southeast Nebraska and further south enter-

ing into the Smoky Hills Region of Kansas where it eventually becomes the Kansas River.

The Nebraska portion of the River is known as the Republican River Basin and its watershed

constitutes about 24,900 square miles. In 1943 Colorado, Nebraska and Kansas agreed to the

Republican River Compact which allocated the “virgin water supply” equitably among the

three states. The “virgin water supply” is the “water supply within the Basin undepleted by

the the activities of man” (Hinderlider et al. 1942). The compact also stated that the best use

of the water was “beneficial consumptive use” which was defined as “that use by which the

water supply of the Basin is consumed through the activities of man, and shall include water

consumed by evaporation from any reservoir, canal, ditch or irrigated area” (Hinderlider et

al. 1942).

The original Compact did not include groundwater in the calculation of the “virgin

water supply”. Disputes over Nebraska’s consumptive water use in the Basin finally re-
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sulted in Kansas filing an original action against the states of Nebraska and Colorado in

1998. The United States Supreme Court appointed a Special Master who concluded that

groundwater use should be included in the calculations for the virgin water supply and

the allocations for each state. On May 19, 2003 the three states entered into a Settlement

Agreement and adopted the Special Master’s recommendation, as stipulated by the Supreme

Court (Nebraska Department of Natural Resources and Upper Republican Natural Resource

District 2008).

In Nebraska, water management is undertaken by natural resource districts (NRDs).

These NRDs began operation in 1972. The four NRDs in the Republican River Basin are

the Upper Republican, Middle Republican, Tri Basin, and Lower Republican NRDs. The

NRDs are bounded by the natural boundaries of the Republican River (URNRD fact sheet,

2008). The Upper Republican NRD consists of Perkins, Chase and Dundy counties and

covers 435,337 irrigated acres.2 The goals of the URNRD are to make sure that it is in

compliance with the Republican River Compact, that users of water in the URNRD are only

responsible for their share in complying with the Compact, and to help to sustain compliance

through regulation and incentive programs (Nebraska Department of Natural Resources and

Upper Republican Natural Resource District 2008).

In order to comply with the Settlement Agreement, the Nebraska legislature passed LB

962 in 2004; this required NRDs that were over or fully-appropriated in their water use to

develop and implement integrated water management plans. One of the methods to help con-

trol use was allowing irrigation on only certified acres. A certified acre is any acre of land

that has an allocation of groundwater for irrigation allocated to it (Nebraska Department

of Natural Resources and Upper Republican Natural Resource District 2008). The certifi-

cation process used historical and tax assessors’ rewards to determine the extent of irrigation.

2There are no surface water rights in the study area of Chase County and as a result, all irrigated farmland
uses groundwater irrigation only.
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The Upper Republican River Basin has required that all ground water use be metered and

the data to be reported since 1978. From these data, the NDNR determined that the URNRD

pumping volume for the years 1998-2002 was 531,763 acre-feet. It also estimated that for

the same time period the URNRD’s depletion to stream flow was 74,161 acre-feet. For the

URNRD, these numbers mean a depletion proportion of 44 percent. In 2005, the NDNR and

URNRD adopted an integrated water management plan that provided regulations starting in

2005 and running until 2007. According to this plan, the URNRD was allowed a groundwa-

ter allocation of 13.5 inches per year per certified acre. This plan was implemented to reduce

water usage by 5 percent from the 1998-2002 baseline that was calculated. Furthermore, the

NDNR and URNRD agreed that a 20 percent reduction in pumping from the 1998-2002

baseline would be enough to keep the total depletions within the 44 percent URNRD share

until 2020 (Nebraska Department of Natural Resources and Upper Republican Natural Re-

source District 2008). In 2008, the URNRD further reduced the allocation to 13 acre inches

per year per certified acre.

Note that in the URNRD, if farmers did not face any restrictions on water use, it is

estimated that they would use up to 18 acre inches of water per year per irrigated acre

(Palazzo 2009). Thus, the current allocation of 13 inches per acre per year is binding on

almost all farmers.
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MODEL AND ESTIMATION

I use two different techniques for the estimation process. Below, I describe the theory

behind each of these models, the assumptions made, and the application to my study area.

Ordinary Least Squares

The idea of looking at the value of a good through its characteristics was first introduced

by Lancaster (1966). He outlined three main assumptions of the hedonic approach which

broke with tradition. First, the good does not give utility to the consumer directly, but it is

the characteristics that make up the good which provide utility. Second, individual goods are

made up of numerous characteristics and characteristics do not have to be tied to one good

but can be shared by many goods. Third, if two or more goods are considered together they

may have characteristics that are different to when each of those goods are viewed separately

from each other.

The hedonic method is based on the premise that consumers and producers do not derive

benefits from the good itself, but rather from the characteristics that comprise the good. This

method can be used when the price of a good that has differing characteristics is observed.

The value of the characteristic of interest can then be implicitly estimated using hedonic

analysis. In the case of a parcel of land, it may be composed of many differing characteris-

tics such as the the soil quality, air quality, water availability and quality, and the weather.

The value of a characteristic can then be estimated from the sale price of land even though
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we do not observe a market for that characteristic (Freeman 1993).

Hedonic price theory for an agricultural parcel of land is explained below. In the basic

model an individual receives utility from the consumption of a commodity X , which is a par-

cel of land in this case. This commodity or parcel is composed of a vector of hydrologic and

climatic characteristics called Q, a vector of physical characteristics called S, and a vector of

structural characteristics called N. A person can choose to purchase any parcel of land and

increase their consumption of a particular characteristic by buying a parcel that has more of

that characteristic. For example, a person can choose a parcel that receives more rain if that

is the desired characteristic.

In this thesis, the commodity X is a parcel of land. The vector Q contains the depth

to water, pump rate, precipitation, and beneficial and harmful degree days. The vector S

includes the different soil types 1 through 4 and N is composed of the assessed value of

outbuildings, house size, and age of any house on the parcel.

Mathematically, this model can be represented as:

PLi = Pi(Si,Ni,Qi) (1)

where the price of the ith parcel of land is a function of the vectors of characteristics. This

function can be linear or non linear.

The utility of a buyer of a parcel can be modeled as

u = u(X ,Qi,Si,Ni) (2)

The buyer maximizes their utility according to his/her budget constraint.
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The first order condition for the choice of a characteristic such a better pump rate qi is

∂u/∂qi

∂u/∂x
= ∂Phi/∂qi (3)

This partial derivative with respect to any of the characteristics such as qi, tells us the im-

plicit marginal price of the characteristic; in this case, the pump rate. This is the additional

amount that need to be paid to get one more unit of that particular characteristic.

To estimate the hedonic price function, I use an Ordinary Least Squares (OLS) regres-

sion. The dependent variable is the sale price of land per acre. Recent hedonic studies (Faux

and Perry 1999, Xu et al. 1993) use the per acre sale price. This is because there is such a

high range in the total acres of the parcels. The independent variables included in the model

are a dummy variable for irrigation, the proportions of each soil quality type, the pump rate

(gallons per minute per acre), the house size (square feet per acre), the assessed value of out-

buildings ($ per acre), depth to water (feet), precipitation, beneficial growing degree days,

and harmful growing degree days. Irrigation is captured with a dummy variable equal to one

if the parcel is irrigated and zero if non-irrigated.

Soil qualities were included as better soil qualities are expected to lead to higher yields

and so higher profitability. The pump rate is the rate at which a well can pump water. The

coefficient on pump rate is expected to be positive because a faster rate of pumping would al-

low a farmer to irrigate more land. I include the pump rate per parcel as well as per acre. The

per parcel value provides information about the decision to irrigate an entire parcel while the

pump rate per acre contains information about how much of the parcel the farmer could to

irrigate. Structures such as houses and outbuildings also add value to a parcel of land and

so positive coefficients are also expected for these. The more recently a house was built, the

better condition it should be in, and so we also expect a negative effect of increasing house
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age on the sales price of land. Depth to water measures the distance to the top of the aquifer.

A lower depth would make the water more easily accessible and so a negative coefficient is

expected for this variable. Beneficial degree days are those that are conducive to the grow-

ing of crops and lead to higher yields. Therefore, the coefficient on this variable should be

positive. On the other hand, the coefficient on harmful degree days should be negative as

more harmful days will lead to lower crop yields and lower profitability. More detail on each

variable is provided in the Data section.

Propensity Score Matching

The second model I use estimates the causal effect of irrigation on the sales price of a

parcel of land. Propensity score matching allows for the evaluation of an outcome on partic-

ular units (sale price of land, in this project) based on exposure to a program or treatment.

The theory is that each unit of interest can be exposed to different levels of treatment and

the focus is on a comparison of units that are exposed and those that are not exposed to the

treatment (Imbens and Wooldridge 2009). An issue with this is that most often we do not

observe different levels of the treatment on a single unit. We only observe the unit being

exposed to one level of treatment. Therefore, comparisons must be made between distinct

units that have been exposed to different levels of treatment. In the economics literature the

focus has been on endogeneity or self selection which means that items that are treated are

by definition different that those that are not.

There are two main assumptions that have to be made in order to estimate a PSM model.

The first is the conditional independence assumption. This states that the selection into

treatment is based on observable characteristics. Therefore, selection into irrigation must

be explained by observable variables in the model. The variables that explain selection in
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this model are soil type, pump rate, depth to water, precipitation and growing degree days.

The second is the common support assumption. Having common support means that the

treated and untreated groups must have an overlap of propensity scores in order to match

them for comparison. Probabilities of the irrigated parcels must overlap probabilities for the

non-irrigated parcels.

Propensity score matching is a two step process. In the first step, a probit regression

model is estimated. It estimates the probabilities of the treated and non treated variables.

For this thesis, it measures the probability that a parcel of land will be irrigated. The depen-

dent variable is a dummy variable that is equal to one if the parcel is irrigated and zero if not

irrigated. The independent variables includes in the model are the proportions of soil types,

the pump rate (in gallons per minute per acre and in gallons per minute), depth to water

(feet), precipitation, beneficial degree days and harmful degree days. The soil qualities are

included because irrigation is a land augmenting technology and I expect to see a positive

coefficient for poorer quality soils (Lichtenberg 1989). The pump rate and pump rate per

acre are included and expected to have a positive effect on irrigation adoption (Savage and

Brozović 2009). Depth to water should have a negative coefficient as it would be more ex-

pensive to reach water that was deeper underground. Studies have shown that heat increases

crop yields but extreme heat decreases yields (Schlenker and Roberts 2009). The range of

temperatures for beneficial and extreme heat are discussed in more detail in the data section.

Precipitation and beneficial degree days should have a negative coefficient as more precip-

itation and better growing degree days increase crop yields without the need for irrigation.

However, extreme degree days should have a positive effect. Housing and structure data are

not included as they should not effect the decision to irrigate.

In the second step of PSM, the “average treatment effect of treatment on the treated”

(ATT) values are calculated. This is calculated as the difference between the variables of
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interest in the treated versus the non treated group that have the same probability of being

treated. The control group of untreated variables can be constructed in several ways. Here,

I chose nearest neighbor matching that matches a treated observation to an untreated one

based on the closest propensity score estimated. The results of the ATT provide the differ-

ence in the average of the variables between the treated and control group. PSM controls for

the selection into treatment, in this case selection into irrigation, and allows us to compare

how the sales price and other variables differ if endogeneity is accounted for. The ATT es-

timates the difference in all variables of interest. Therefore, the results for variables such as

housing data and structural data can also be estimated although they are not included in the

first-stage probit.
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DATA

For this analysis I synthesized economic, physical, hydrologic, and climatic data. The

dataset used includes all agricultural parcels in Chase County, Nebraska that sold between

2000 and 2008. First I will describe data from the Chase County tax assessor’s office, and

then hydrologic and climatic data. Descriptive statistics for the data are reported in Table 1.

Tax Assessor’s Data

Chase County is made up of mostly agricultural land. Out of 912 sections in the county

(each one square mile in size), 908 contain some type of agricultural land. The total area of

the county is 583,680 acres and the population is 4,381 (http://www.co.chase.ne.us/about.html).

Agricultural land sales in the area remain in farmland; there is currently no suburbanization

or development pressure for agricultural land.

The Chase County tax assessor’s office maintains records of all parcels in the county.

There are 2257 agricultural parcels. From 2000 to 2008 there were 554 sales of agricultural

parcels. The price range for sales was zero to $4,241,000 with the mean at $146,986. Out of

the 554 sales, 190 had sale prices of zero which likely represent transfers from one family

member to another. There were also 16 sales which were under $1,000.

The tax assessor’s data also include information regarding the type of land in each parcel.
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Agricultural land is divided into three types: irrigated, dryland, and grassland. Given current

crop prices irrigated land is used mostly used for growing corn as it is the most profitable

alternative, and dryland is used to grow wheat. Grassland is not used to grow crops but as

pasture. However, in any year a farmer has the choice either to irrigate (if he has the right

to do so via certified acres) or to be in dryland production. The tax assessor’s office reports

acreages in each soil class in each parcel. The soil classes range from one to four with soil

class one being the best quality and soil class four the worst. The total acreage of the parcel

is the total acreage found by adding averages for all the soil types. Each parcel of land can

contain more than one soil type and many contain all four.

Housing data are also provided by the tax assessor. These include the square footage of

houses on agricultural parcels along with how old such houses are. There are 287 houses in

the complete dataset of 2257 parcels in the county, with a mean square footage of 1550. The

size of houses ranges from 384 to 4000 square feet. The age of these houses ranges from one

year to 128 years with a mean age of 66 years. Other structures reported are outbuildings.

There are 407 parcels with outbuildings.

For the purposes of the analysis in this thesis, I dropped the 206 observations which had

sales prices of either zero or under $1,000 as these do not appear to be arms length sales. I

calculated the sale price per acre by dividing these by the total acreage. This left 348 sales

out of which eight had sale price per acre values of greater than $6,000 and four had total

acreages of less than four. These 12 observations were also dropped from the final analysis.

Parcels with sale prices per acre above $6,000 were dropped as such high prices are incon-

sistent with agricultural use. One of the parcels was purchased by an energy company in

California and is likely to be for an ethanol plant.3 The price of another can be attributed to

a feedlot on the property. Parcels of less than four acres were dropped because such small

3The parcel ID for this purchase is 150002513 and it sold in December 2007.
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acreages may not represent land whose primary purpose is agricultural production.4 These

changes left a total of 330 observations with a mean price per acre of $1178. Descriptive

statistics for these 330 observations are presented in Table 2. Note the clustering of parcels

around 160 acres in size, equal to one quarter section of land (Figure 2).

The soil data were summed up across the four different types (soil 1 through soil 4)

and divided by the total acreage to obtain proportions of each type for the analysis. For

the parcels that sold, the average proportions of soil 1 and soil 4 were similar at 31 and

33 percent, respectively. The average proportion of soil 2 was 15 percent and soil 3 about

20 percent. In addition, a dummy variable for irrigation was also created. The dummy

equaled one if irrigated land was present in the parcel and zero otherwise. Out of the 330

observations, 163 were included some irrigated land and 167 had no irrigated land. Figure

3 shows the distribution of irrigated and dryland in the county with the sale price per acre.

Note that the figure shows more irrigated land in the west of the county. This may be due

in part to a large precipitation gradient across the county with lower precipitation in the west.

There were 34 observations with houses in the final data set, with a mean square footage

of 1514. These were divided by the total acreage and the square feet per acre value was

used in the estimation. This follows Xu et al. (1993) and Torell et al. (1990). Butsic (2007)

and Parsons (1990) have also argued that weighting of the variable by parcel size is the right

specification.5 The mean house size per acre was about 2 square feet. There were 53 parcels

in the final dataset with outbuildings.

Year dummies were also constructed to estimated year fixed effects. The year dummies

were equal to one if there was a sale in that year and zero otherwise. Interaction terms be-

4Sensitivity to these cutoffs was checked and is reported in the Appendix.
5To test if this specification was accurate, the model was also tested using a housing dummy. The results

are robust and are reported in the Appendix.
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tween the year dummies and irrigation dummy were also included. These were equal to one

if there was an irrigated sale in that year and zero otherwise. The number of irrigated and

non-irrigated sales in each year are shown in Figure 4.

Hydrological Data

Hydrological data included in the model are depth to water and the rate at which a well

can pump water (the pump rate in gallons per minute). Both the depth to water and pump rate

data were obtained from the Nebraska Department of Natural Resources (http://www.dnr.state.

ne.us) wells database (Palazzo 2009). Well-level observations were aggregated up to the

section level and spatial interpolation was used to estimate values at section centroids for

all parcels, whether irrigated or not (Savage and Brozović 2009). The depth to water mea-

sures the distance in feet from the land surface to the top of the aquifer. Figure 5 shows the

distribution of depths in the county. The shallowest depths, that is water that is more easily

reachable, are found in the west. Depth to water ranges from about 3 feet to 390 feet with a

mean of 143 feet, for the parcels that sold.

The pump rate is measured in gallons per minute. The rate is an inherent characteristic

of the land and does not depend on the equipment used. Figure 6 shows the distribution of

pump rates and pump rates per acre. Values were calculated at the section level as described

above. The mean pump rate is 1643 gallons per minute and the mean pump rate per acre 18

gallons per minute. Note that there appears to be less spatial correlation in pump rates than

in depth to water (compare figures 5 and 6).

Interaction terms between pump rate and pump rate per acre and the irrigation dummy

were also constructed. These variables were included to capture incremental value of pump
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rate specifically on irrigated land. Similarly, an interaction term between depth to water and

the irrigation dummy was constructed.

Climatic Data

Precipitation and minimum and maximum temperature data obtained from the National

Weather Service are included (http://cdo.ncdc.noaa.gov). The precipitation data collected

were annualized from total monthly precipitation (Savage and Brozović 2009). The tem-

perature data were used to calculate beneficial and harmful growing conditions. Schlenker

and Roberts (2009) found that crop production is non linear in heat: heat is beneficial up

to a certain point but then it is harmful at higher levels. Schlenker and Roberts estimated

that beneficial heat ranges from 8 to 29 degrees Celsius and harmful heat is anything greater

than 29 degrees Celsius. Both beneficial and harmful degree days are calculated as lagged

three year averages over the growing season, which is from March to August (Savage and

Brozović 2009).
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RESULTS

In this section I analyze and discuss the results of both the Ordinary Least Squares model

and its variations and the Propensity Score Matching model.

Ordinary Least Squares Regression Results

To help with interpretation of results, I present several different models. The simplest

model uses Ordinary Least Squares to measure the hedonic value of irrigation (Table 3).

Three variations of the model are presented. The first model does not have year fixed effects,

the second includes year dummies and the third includes year dummies as well as interac-

tion terms between the year dummies and the irrigation dummy. Each of the variations of

the model is discussed below.6

In general, OLS results follow expected coefficients (Table 3). The coefficient for the

irrigation dummy in the first model is 712 and is statistically significant at the one percent

level. This means that an irrigated parcel of land has a sale price that is $712 more than

that of a non-irrigated parcel, holding everything else constant. This is the implicit price of

groundwater in irrigation. The mean sale price for a parcel of land is $1178. The value of

irrigated land at $712 dollars is about 60 percent more than non-irrigated land at the mean

price. This result is comparable with that found by Faux and Perry (1999) but is higher than

6The results presented are for the dataset which includes 330 sales where total agricultural acreage is greater
than four and the sale price per acre is less than $6,000. Different cutoff values were tested to check the
robustness of the model. These are reported in the Appendix.
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values found by Petrie and Taylor (2007) at 30 percent. The pump rate is positive and sig-

nificant at the five percent level. The coefficient of 0.18 implies that a one gallon per minute

increase in the pumping rate would cause the sale price of land to increase by 18 cents per

acre. The house size per acre had a coefficient of 33 and was statistically significant at the

one percent level. This indicates that an increase of one square foot per acre would increase

the sale price by $33.7 The dummy for outbuildings is statistically different from zero at the

five percent level and is a positive coefficient of 307, implying that if there is an outbuilding

on the parcel the sale price per acre of land would increase by $307. As hypothesized in the

model section, depth to water is expected to have a negative coefficient because deeper water

is associated with higher variable pumping costs. However, my results find no significant ef-

fect of depth on the sale price. Climatic variables also do not have an impact on the sale price.

The data on sales are from 2000 to 2008, which includes the boom in corn ethanol pro-

duction. For this reason we might expect to see higher land prices in more recent years. To

test if such a time trend exists the second model includes year dummies (Tables 3). For this

model, the value of irrigation is $723 per acre. It is statistically significant at the one percent

level. Similar to the first model, the pump rate is statistically significant at the five percent

level and a one gallon per minute increase cause the sale price to increase by 18 cents per

acre. An increase in the house size also causes the sale price to go up by $34. The dummy

for outbuildings is statistically significantly positive at the five percent level. If a parcel has

an outbuilding the sale price per acre increases by $300. None of the year dummies are

statistically different from zero, suggesting that there is no strong time trend in sale price per

acre of land (Table 3). However, some of the year dummies are statistically different from

each other. Years 2001, 2002, 2003, and 2005 are different from 2007 and 2008 at the five

percent level. Year 2001 is different from 2004 at the ten percent significance level.8 One

7The housing variable was also entered into the model as a dummy variable. The magnitude and significance
of coefficients are the same and are reported in Appendix Table A-9.

8The models were also estimated using a time trend and a shift variable. The time trend was found to be
significant and also the shift variable which was equal to one after 2006 and zero before. Other coefficients
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reason why no significant trend is observed may be the relatively low number of sales per

year.

The ethanol boom caused prices for crops to increase overall. However, relative to other

crops, corn prices increased the most. In Chase County, where corn is grown on irrigated

land, we might thus expect to see a more pronounced time trend in the sale price of irrigate

land. Model three includes both year dummies and year dummies interacted with the irriga-

tion dummy to test for this. The results are reported in Tables 3. The irrigation dummy is

dropped from the model to enable direct interpretation of the year irrigation dummy interac-

tion terms. The sign, magnitude and significance of most coefficients is unchanged from the

previous model. Again, the year dummies are not statistically different from zero, indicating

no trend in the sale price of all land. As there was a boom in ethanol and corn prices leading

up to 2007, we would expect to see a trend as corn dominates the irrigated agriculture in the

area. Each year is also not statistically different from the others. The year dummies inter-

acted with the irrigation dummy allow for the estimation of the value of irrigation in each

of the eight years represented by the model. The interaction terms are significantly different

from zero from 2003 to 2008. In 2003, the sale price of irrigated land was $716 more than

that of non-irrigated land (significant at the five percent level). The range in the difference

of the sale price per acre in each year is from $514 in 2005 to $1,051 in 2007. In addition,

each of the interaction terms are not significantly different from each other except for 2002

and 2005 compared to 2007. Thus, overall, there is some weak evidence that sale prices of

irrigated land were higher in the last few years. The moratorium on wells went into effect in

1998 and all data is post moratorium. Also, the moratorium was expected and so any value

of water should have already been capitalized into the land for these data.

The OLS model was also estimated with the pump rate, pump rate per acre, and depth

remained the same.
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to water interacted with the irrigation dummy. These variables were included as we would

expect these variables to matter on land that was being irrigated and not necessarily on land

which was not, given the moratorium on new wells. These results are reported in Tables 4.

This model was also run with the year dummies and with year dummy and irrigation dummy

interaction terms. Most previous models of groundwater do not include the pump rate. How-

ever, Palazzo (2009) found that the pump rate is an important factor in determining per acre

returns to irrigation in the Republican River basin.

In all models the interaction term between pump rate per acre and the irrigation dummy is

significant. This implies that a higher pump rate per acre increases the sales price of irrigated

land only. For non-irrigated land, pump rate per acre is not significant. The significance of

the pump rate interaction term is consistent with the results of Petrie and Taylor (2007), as

following a moratorium on new wells, we would expect no additional value on non-irrigated

parcels from variables associated with groundwater availability.

For models with irrigation interaction terms, the value of irrigation must be calculated

as it is no longer the coefficient on the irrigation dummy. The value of irrigation can be

calculated by adding the value of the irrigation dummy coefficient to the pump rate per acre

irrigation interaction term multiplied by the mean pump rate for irrigated land and then sub-

tracting the pump rate multiplied by the mean value of pump rate on irrigated land and the

depth to water irrigation interaction term multiplied by the mean depth to water on irrigated

land. For the first model, without year dummies, the value of irrigation is calculated to be

$729 and for the second model it is $747. In all the models, the pump rate per acre irrigation

dummy interaction term and house size per acre are statistically different from zero. An in-

crease in the pump rate of one gallon per minute per acre increases the sale price of irrigated

land by $24.

24



In the third model, the irrigation dummy is removed from the estimation and the value of

irrigation is estimated for each year. I test the joint significance of the year irrigation dummy

interaction term with the irrigated depth to water, irrigated pump rate, and irrigated pump

rate per acre dummies. I find the dummies to be jointly significantly different from zero

starting in 2003. The range of values of irrigation were from $563 in 2005 per acre to $1083

per acre in 2007. Once again, this provides some evidence that sale prices of irrigated land

have been increasing over time.

Propensity Score Matching Results

In addition to Ordinary Least Squares, I used propensity score matching (PSM) to esti-

mate the value of irrigation water. The decision to irrigate a parcel of land is not random but

is based on the characteristics of that parcel. Thus, the endogeneity in the choice of whether

to irrigate or not may result in biased OLS estimates. PSM is able to tackle this problem by

matching each irrigated parcel to non-irrigated parcels with equivalent propensity scores.

The first step of PSM involves running a probit regression where the dependent variable

is a binary variable (treatment variable). For my model, the treatment is irrigation and the

dependent variable is equal to one if the parcel is irrigated and zero if non-irrigated. Inde-

pendent variables included in the PSM model were soil 2, soil 3, soil 4, pump rate, pump

rate per acre, depth to water, precipitation, beneficial degree days, and harmful degree days.9

The housing and structural data are not included in this model as they are not expected to

affect the decision to irrigate a parcel of land.

Marginal effects of the probit regression are reported in Table 5. These are useful in de-

9Results for the probit are reported in Table A-11.
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scribing how each independent variable effects adoption into irrigation. The marginal effect

of soil 3 is 0.691. All else equal, a parcel that consists of soil 3 only is 69.1 percent more

likely to be irrigated then one that consists of soil 1 only. As the soil types are estimated

as proportions and soil 1 is dropped from the model, these results on soil 3 and soil 4 are

relative to soil 1. This implies that irrigation is more likely to be implemented on intermedi-

ate quality soil, so it is a land-quality augmenting technology (Lichtenberg 1989). However,

unlike the results of Lichtenberg (1989), my results suggest that irrigation is least likely on

the poorest quality soils, implying that there are limits on the productivity goal of irrigation.

The marginal effect of pump rate is positive at 0.0002. This means that at the average

pump rate and increase in one gallon per minute would result in an increase in the probability

of irrigation by 0.0002. The effect of pump rate per acre is -0.012. This negative coefficient

is not what we would expect. One possibility is that there are errors in estimating the pump

rates for parcels that are wholly non-irrigated. The beneficial degree days variable has a

marginal effect of -0.031. This means that if growing degree days increase by one day at

the average level, the probability of irrigation will decrease by 0.0267. The harmful degree

days variable has a positive marginal effect of 0.031. This means that an increase in harmful

degree days, which is extreme heat, will increase the probability of adoption into irrigation

by 0.5195.

Depth to water and climatic variables are significant in the probit results, which is dif-

ferent from what I found using OLS. Overall these results suggest that depth to water is

important in the decision to irrigate, but once that decision has been made, depth to water

no longer matters in land value. Some support for this argument is given by Palazzo (2009),

who found that high well pump rates were a more important factor in per acre profits than

low depth to water. Note that even though Chase County is relatively small, there is a large

rainfall gradient, and this may help to explain the significance of the climatic variables.
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A hit or miss table of the probit results shows that the probit model has a good fit (Table

6). The dataset has 163 irrigated parcels of land and 167 non-irrigated parcels. To measure

the goodness of fit, the irrigated parcels would be considered non irrigated as there are more

non-irrigated parcels. Thus, the fit would be about 50 percent. The probit model predicts 128

of the non-irrigated parcels and 105 of the irrigated parcels correctly. This means that the

goodness of fit is 70 percent, which is higher than what would have been estimated without

the probit model.

The average treatment effects results are reported in Table 7. The coefficient on sale

price per acre is positive and highly significant for the unmatched as well as the matched

results. However, the unmatched results estimate a difference of $721 between irrigated and

non-irrigated land while the difference in the matched results is higher at $839. Thus, with

PSM, the value of irrigation is estimated to be higher than that found with the OLS regres-

sion. Soil 3, soil 4, pump rate, house size, value of outbuildings, house age, depth to water,

and precipitation were significantly different from zero for the unmatched data but these dif-

ferences disappear when they are matched.10.

The values of irrigated land estimated above measure the price per acre of an irrigated

parcel. However, in order to calculate the price of a fully irrigated acre, these estimated must

be divided by the proportion of the parcel on average that is irrigated. Only 83 percent of

irrigated land is irrigated on average and thus all results must be divided by 0.83 to obtain

the value of a fully irrigated acre.

My results show that irrigation is being adopted more on intermediate quality soil and

not on the highest or lowest quality. As irrigation is a land-quality augmenting technol-

10PSM estimators may be sensitive to matching on outliers. The robustness of these results was tested using
different combinations of cutoffs and minimum total acreages (Table A-12)
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ogy, the profits from adopting irrigation on the intermediate quality soil is the greatest

(Lichtenberg 1989). This may explain the higher value of irrigation that are estimated using

the PSM methodology.
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CONCLUSION AND POLICY IMPLICATIONS

Growing environmental concerns regarding depletion of groundwater resources along

with interstate conflicts have led to increased restrictions in agricultural water use. In order

for the water management regulations to be cost-effective, the value of water must be esti-

mated correctly. In this thesis, I compare a standard hedonic model and a propensity score

matching model to estimate the value of groundwater in an area where groundwater use is

permitted and there is a moratorium on new wells. I use propensity score matching in order

to account for selection issues in the hedonic method, as an irrigated parcel is by definition

different from a non-irrigated one and this may cause bias in the results from the first model.

My data are from Chase County, Nebraska and consist of tax assessor’s data, physical, hy-

drologic, and climatic variables related to 330 sales of agricultural land between 2000 and

2008. I compare the results of the two models and find that irrigation does have a significant

and positive effect on land prices. However, the propensity score matching methodology

gives estimates of the value of water over 15 percent higher than those estimated using stan-

dard hedonics.

I find that the value of water estimated using Ordinary Least Squares ranges from $712

to $723, depending on the exact specification The pump rate is an important determinant of

the value of sale price using both OLS and PSM. Conversely, depth to water and climate are

only important in the decision to irrigate, but variations are not capitalized into land value.

There is weak evidence to suggest that prices of land were higher in the last few years than

in earlier years for the period analyzed. The time trend may not be visible due to the small
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number of sales in each year. Using a five percent discount rate along with the allocation of

13 inches per acre per year in the Upper Republican NRD (Nebraska Department of Natural

Resources and Upper Republican Natural Resource District 2008) gives an annual value of

about $34 per acre foot of water. For the propensity score matching, the value is $40 per acre

foot of water per year.11 Note that only 83 percent of irrigated land is irrigated on average.

In order to calculate the value of a fully irrigated acre, the annual value calculated above is

divided by 0.83. Therefore, the estimated value of an acre foot of water per year in Chase

County is $41 using OLS and $48 using PSM. These values are lower than those found by

Palazzo (2009) in the same area but this may be because of the high commodity prices used

in that analysis.

The higher value of irrigation that results from the PSM estimation may be because ir-

rigation adoption is taking place preferentially on intermediate quality soil and not the best

quality soil. This is because irrigation is a land-quality augmenting technology, so that the

highest profit difference between irrigated and dryland agriculture is not on the highest qual-

ity soil (Lichtenberg 1989). Irrigation is expected to be land-quality augmenting in general

and thus the result that OLS may bias values of irrigation downwards is not limited to just

Chase County. Standard hedonic methods that do not account for selection issues will be

biased in other areas as well.

Future work could include analyzing the value of water for other counties in the region

to verify the results obtained here. Most groundwater models use depth to water as an im-

portant determinant of irrigated production and technology and do not consider well yield at

all. Similarly, PSM is only one method to correct for selection issues. The Heckman selec-

tion model could also be used and the results compared to those obtained here. My results

suggest that pump rate is the more important variable in determining profits and may need

11a = rC/1+ r where r=annual interest rate, C=capitalized value, and a=annual value
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to be modeled explicitly.

The results of my thesis have important policy implications in areas such as Nebraska

where there is debate on how to reduce water use effectively. The analyses presented here

suggest that future reductions may be costlier than previous research suggests, and that the

standard hedonic method may not be best in estimating the value of water. In particular, if

policy analyses use a standard hedonic methodology, the reductions will be more expensive

than anticipated to both the government and farmers. In Nebraska, the government has tried

to reduce water use by buying permits from farmers. There has been a lot of resistance to

this and one explanation for this may be that the government is not offering enough compen-

sation for the permits.
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Table 2: Descriptive Statistics: Parcels that Sold, Chase County 2000-2008
Mean Std. Dev. Min Max

Sale Price (per acre) 1178.293 952.183 63.291 5031.25
Irrigation Dummy 0.494 0.501 0 1
Soil 1 Irrigated 0.117 0.255 0 1
Soil 2 Irrigated 0.067 0.164 0 0.886
Soil 3 Irrigated 0.139 0.243 0 1
Soil 4 Irrigated 0.088 0.206 0 0.895
Soil 1 Dryland 0.192 0.345 0 1
Soil 2 Dryland 0.056 0.157 0 1
Soil 3 Dryland 0.052 0.125 0 0.949
Soil 4 Dryland 0.035 0.107 0 0.783
Soil 1 Grassland 0.005 0.022 0 0.189
Soil 2 Grassland 0.024 0.094 0 0.828
Soil 3 Grassland 0.017 0.065 0 0.784
Soil 4 Grassland 0.209 0.351 0 1
Soil 1 0.314 0.391 0 1
Soil 2 0.146 0.245 0 1
Soil 3 0.207 0.279 0 1
Soil 4 0.332 0.383 0 1
Pump Rate (gallons per minute) 1642.598 681.559 297.715 3205.91
Pump Rate (gallons per minute per acre) 17.908 51.629 1.133 658.518
House Size (sq. feet per acre) 1.926 10.267 0 129.335
House Age (years) 7.23 23.784 0 118
Assessed Value of Outbuildings ($ per acre) 41.475 239.077 0 3057.318
Depth to Water (feet) 143.063 86.254 2.988 389.86
Precipitation (inches) 200.877 12.759 138.73 207.947
Beneficial Degree Days 3492.019 46.24 3005.693 3496.441
Harmful Degree Days 72.162 2.435 44.697 72.394
Acres 192.719 131.222 4.600 651.04

Notes: There are four land classes. Soil 1 is the best quality and Soil 4 the worst. The soil data are presented
as proportions of the total acreages in agricultural use in the parcel.
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Table 3: Ordinary Least Squares, n=330

(1) (2) (3)
Variables Model Model Model

Irrigation Dummy 712.41*** 723.34***
(104.452) (104.662)

Soil 2 -92.15 8.94 -28.70
(218.781) (218.544) (224.104)

Soil 3 142.04 120.96 59.87
(211.612) (210.372) (218.511)

Soil 4 163.15 224.75 217.59
(150.029) (149.232) (152.569)

Pump Rate (gallons per minute) 0.18** 0.18** 0.18**
(0.071) (0.071) (0.072)

Pump Rate (gallons per minute per acre) -0.76 -0.65 -0.78
(0.938) (0.938) (0.953)

Depth to Water (feet) -0.27 0.04 0.01
(0.712) (0.717) (0.721)

House Size (sq. feet per acre) 33.32*** 33.69*** 33.68***
(5.141) (5.141) (5.198)

House Age (years) -5.49** -5.40** -5.78**
(2.369) (2.365) (2.409)

Outbuildings Dummy 307.36** 299.95** 295.87**
(145.419) (145.250) (147.875)

Precipitation 1.20 0.89 1.54
(4.293) (4.300) (4.403)

Beneficial Degree Days 1.41 -2.78 -5.77
(18.746) (19.020) (19.281)

Harmful Degree Days -14.97 56.94 114.05
(356.045) (360.643) (365.817)

Constant -3,646.01
(39,816.144)

Year Dummies NO YES YES
Year Dummy and Irrigation Interaction Terms NO NO YES

Continued on Next Page. . .
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Table 3 – Continued

(1) (2) (3)
Variables Model Model Model

Year Dummy 2000 5,796.18 12,289.96
(40,456.289) (40,987.382)

Year Dummy 2001 5,478.53 11,796.29
(40,417.675) (40,961.927)

Year Dummy 2002 5,579.86 11,918.79
(40,454.499) (40,990.005)

Year Dummy 2003 5,616.87 11,831.73
(40,455.449) (40,993.049)

Year Dummy 2004 5,868.01 12,008.73
(40,456.396) (40,990.445)

Year Dummy 2005 5,646.47 11,982.34
(40,469.850) (41,026.755)

Year Dummy 2006 5,765.50 11,923.38
(40,454.944) (40,990.070)

Year Dummy 2007 6,008.51 12,058.77
(40,455.095) (40,991.136)

Year Dummy 2008 6,105.69 12,267.30
(40,455.897) (40,994.504)

Year Dummy 2000*Irrigation Dummy 341.45
(476.352)

Year Dummy 2001*Irrigation Dummy 419.45
(365.632)

Year Dummy 2002*Irrigation Dummy 358.05
(316.081)

Year Dummy 2003*Irrigation Dummy 715.60**
(277.329)

Year Dummy 2004*Irrigation Dummy 841.69***
(228.944)

Year Dummy 2005*Irrigation Dummy 514.30*
(261.954)

Year Dummy 2006*Irrigation Dummy 848.68***
(266.129)

Year Dummy 2007*Irrigation Dummy 1,051.21***
(230.349)

Year Dummy 2008*Irrigation Dummy 844.34**
(328.645)

Standard errors in parentheses
*10% significance; ** 5% significance; *** 1% significance.

Notes: The dependent variable is sales price per acre.
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Table 4: Ordinary Least Squares with Pump Rate, Pump Rate Per Acre,

and Depth to Water Dummies, n=330

(4) (5) (6)
Variables Model Model Model

Irrigation Dummy 486.07 555.61*
(311.534) (309.487)

Soil 2 -47.08 40.98 -5.04
(219.221) (218.805) (224.490)

Soil 3 183.85 151.59 91.93
(212.080) (210.871) (218.852)

Soil 4 208.61 260.55* 249.98
(150.655) (149.805) (153.054)

Pump Rate (gallons per minute) 0.11 0.13 0.12
(0.105) (0.104) (0.105)

Pump Rate*Irrigation Dummy -0.01 -0.04 -0.03
(0.155) (0.154) (0.156)

Pump Rate (gallons per minute per acre) -0.79 -0.73 -0.85
(0.951) (0.953) (0.966)

Pump Rate (per acre)*Irrigation Dummy 24.41** 24.22** 23.53**
(10.087) (10.103) (10.227)

Depth to Water (feet) 0.04 0.28 0.16
(0.815) (0.819) (0.825)

Depth to Water*Irrigation Dummy -0.07 -0.03 0.25
(1.178) (1.169) (1.196)

House Size (sq. feet per acre) 32.68*** 33.26*** 33.22***
(5.136) (5.137) (5.199)

House Age(years) -5.37** -5.31** -5.60**
(2.357) (2.355) (2.401)

Outbuildings Dummy 327.39** 321.28** 308.93**
(145.113) (145.073) (147.691)

Precipitation 1.66 1.11 1.93
(4.339) (4.353) (4.461)

Beneficial Degree Days 0.80 -3.22 -5.30
(18.721) (18.975) (19.253)

Extreme Degree Days -2.83 66.48 105.93
(355.555) (359.789) (365.293)

Constant -2,433.72
(39,761.950)

Year Dummies NO YES YES
Year Dummy and Irrigation Interaction Terms NO NO YES

Continued on Next Page. . .
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Table 4 – Continued

(4) (5) (6)
Variables Model Model Model

Year Dummy 2000 6,639.79 11,174.96
(40,357.313) (40,925.350)

Year Dummy 2001 6,310.81 10,693.75
(40,320.044) (40,898.464)

Year Dummy 2002 6,400.53 10,822.37
(40,355.691) (40,925.282)

Year Dummy 2003 6,443.21 10,742.00
(40,356.793) (40,928.396)

Year Dummy 2004 6,653.91 10,905.61
(40,357.787) (40,927.229)

Year Dummy 2005 6,482.46 10,874.31
(40,370.353) (40,962.788)

Year Dummy 2006 6,576.42 10,815.12
(40,356.357) (40,926.595)

Year Dummy 2007 6,835.72 10,952.00
(40,356.381) (40,928.163)

Year Dummy 2008 6,924.90 11,164.40
(40,356.921) (40,931.039)

Year Dummy 2000*Irrigation Dummy 160.40
(555.604)

Year Dummy 2001*Irrigation Dummy 222.86
(471.543)

Year Dummy 2002*Irrigation Dummy 115.53
(461.896)

Year Dummy 2003*Irrigation Dummy 473.75
(425.235)

Year Dummy 2004*Irrigation Dummy 558.41
(376.330)

Year Dummy 2005*Irrigation Dummy 325.96
(381.690)

Year Dummy 2006*Irrigation Dummy 614.61
(391.256)

Year Dummy 2007*Irrigation Dummy 845.95**
(365.670)

Year Dummy 2008*Irrigation Dummy 612.24
(440.711)

Standard errors in parentheses
*10% significance; ** 5% significance; *** 1% significance.

Notes: The dependent variable is sales price per acre.
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Table 5: Probit Regression Results, Marginal Effects, n=330
Variables Coefficient Std. Error
Soil 2 0.097 (0.139)
Soil 3 0.691*** (0.144)
Soil 4 -0.182* (0.099)
Pump Rate (gallons per minute) 2E-04*** (0.000)
Pump Rate (gallons per minute per acre) -0.012*** (0.004)
Depth to Water (feet) -0.001** (0.000)
Precipitation -2E-04 (0.003)
Beneficial Degree Days -0.031*** (0.001)
Harmful Degree Days 0.595*** (0.026)

Standard errors in parentheses
*10% significance; ** 5% significance; *** 1% significance.

Table 6: Goodness of fit of Probit Model
Predicted

Non-Irrigated Irrigated
Actual Non-Irrigated 128 39 167

Irrigated 58 105 163
186 144
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Table 7: Average Effect of Treatment on the Treated, n=330

Variable Sample Treated Controls Difference Std. Error.
Sale Price (per acre) Unmatched 1543.392 821.938 721.454*** 97.149

ATT 1543.392 703.977 839.414** 115.671
Soil 2 Unmatched 0.162 0.131 0.031 0.027

ATT 0.162 0.153 0.009 0.057
Soil 3 Unmatched 0.325 0.093 0.233*** 0.028

ATT 0.325 0.347 -0.021 0.053
Soil 4 Unmatched 0.242 0.420 -0.178*** 0.041

ATT 0.242 0.277 -0.035 0.079
Pump Rate (gallons per minute) Unmatched 1777.863 1510.572 267.291*** 73.694

ATT 1777.863 1783.349 -5.486 134.459
Pump Rate Unmatched 11.031 24.620 -13.588** 5.644
(gallons per minute per acre) ATT 11.031 11.864 -0.833 1.573
Depth to Water (feet) Unmatched 123.276 162.375 -39.099*** 9.263

ATT 123.276 123.436 -0.160 16.935
House Size (sq. feet per acre) Unmatched 0.543 3.275 -2.733** 1.122

ATT 0.543 0.700 -0.158 0.646
House Age Unmatched 5.000 9.407 -4.407 2.611

ATT 5.000 8.883 -3.883 5.799
Outbuildings Dummy Unmatched .160 .162 -.002 .041

ATT .160 .086 .074 .075
Precipitation Unmatched 203.022 198.783 4.240*** 1.387

ATT 203.022 202.851 0.171 2.579
Beneficial Degree Days Unmatched 3493.470 3490.602 2.867 5.097

ATT 3493.470 3496.441 -2.971 2.971
Harmful Degree Days Unmatched 72.244 72.082 0.162 0.268

ATT 72.244 72.394 -0.150 0.150
*10% significance; ** 5% significance; *** 1% significance.
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Figure 2: Irrigated and Non-Irrigated Sales

Notes: This is a scatter plot of the sale price per acre and total acreage. Non-irrigated parcels are represented by
the darker diamonds and irrigated parcels by lighter squares. Note the clusters of sales at 160 acres, representing
a parcel size of one quarter section.
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Figure 4: Distribution of Irrigated and Non-Irrigated Sales by Year

Notes: This figure shows the distribution of irrigated and non-irrigated sales in each year. The lighter bars
represent non-irrigated sales and the darker bars represent irrigated sales.
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Figure 6: Pump Rate

Notes: The figure on top panel shows the pump rate in gallons per minute. Blue colored squares represent
faster pump rates that allow users to access water more quickly and red colors represent lower pump rates.
The bottom panel shows the pump rate per acre in gallons per minute per acre. Again, blue colored squares
represent faster rates.
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APPENDIX A: SUPPLEMENTAL TABLES AND
FIGURES

Table A-1: Descriptive Statistics: Soil (Parcels that Sold)
Soil Type Mean Std. Dev. Min Max

(per acre) (per acre) (per acre) (per acre)
Soil 1 Irrigated 0.118 0.259 0 1
Soil 2 Irrigated 0.062 0.157 0 0.886
Soil 3 Irrigated 0.137 0.246 0 1
Soil 4 Irrigated 0.085 0.207 0 1
Soil 1 Dryland 0.189 0.345 0 1
Soil 2 Dryland 0.052 0.152 0 1
Soil 3 Dryland 0.061 0.155 0 1
Soil 4 Dryland 0.033 0.104 0 0.783
Soil 1 Grassland 0.007 0.056 0 1
Soil 2 Grassland 0.025 0.103 0 1
Soil 3 Grassland 0.017 0.066 0 0.784
Soil 4 Grassland 0.213 0.356 0 1

Table A-2: Descriptive Statistics: Soil (Parcels without Sales)
Soil Type Mean Std. Dev. Min Max

(per acre) (per acre) (per acre) (per acre)
Soil 1 Irrigated 0.094 0.229 0 1
Soil 2 Irrigated 0.074 0.177 0 0.966
Soil 3 Irrigated 0.098 0.208 0 0.998
Soil 4 Irrigated 0.073 0.18 0 1
Soil 1 Dryland 0.153 0.306 0 1
Soil 2 Dryland 0.046 0.137 0 1
Soil 3 Dryland 0.038 0.11 0 1
Soil 4 Dryland 0.025 0.09 0 1
Soil 1 Grassland 0.011 0.058 0 1
Soil 2 Grassland 0.028 0.097 0 1
Soil 3 Grassland 0.025 0.086 0 1
Soil 4 Grassland 0.337 0.404 0 1
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Table A-3: Descriptive Statistics: Soil (Parcels that Sold)
Soil Type Mean Std. Dev. Min Max
Soil 1 Irrigated 23.51 57.74 0 488.83
Soil 2 Irrigated 10.633 26.222 0 164.26
Soil 3 Irrigated 26.644 52.691 0 428.07
Soil 4 Irrigated 16.534 43.693 0 383
Soil 1 Grassland 0.656 3.068 0 34
Soil 2 Grassland 3.566 13 0 101
Soil 3 Grassland 3.95 16.72 0 213
Soil 4 Grassland 51.924 121.192 0 640
Soil 1 Dryland 28.245 56.492 0 327.5
Soil 2 Dryland 7.7 23.395 0 186
Soil 3 Dryland 8.419 22.157 0 230.42
Soil 4 Dryland 4.701 15.421 0 158.8
Total Acres 186.483 134.001 1.27 651.04

Table A-4: Descriptive Statistics: Soil (Parcels without Sales)
Soil Type Mean Std. Dev. Min Max
Soil 1 Irrigated 19.648 54.342 0 606.14
Soil 2 Irrigated 16.4 43.721 0 526.87
Soil 3 Irrigated 20.689 45.783 0 407.6
Soil 4 Irrigated 18.395 48.662 0 426.6
Soil 1 Grassland 1.917 9.636 0 229
Soil 2 Grassland 6.418 23.625 0 291.5
Soil 3 Grassland 5.562 19.84 0 250.12
Soil 4 Grassland 96.774 156.273 0 668.940
Soil 1 Dryland 27.935 64.556 0 630
Soil 2 Dryland 7.850 25.338 0 465.1
Soil 3 Dryland 6.986 21.165 0 296
Soil 4 Dryland 4.667 16.016 0 307.53
Total Acres 233.241 166.225 0.1 684

Table A-5: Descriptive Statistics: Depth to Water, Pumprate
Mean Std. Dev. Min. Max.

Per Acre
Depth to Water (feet) 3.372 34.647 0.001 1130.3
Pumprate (gallons per minute) 46.61 529.007 0.289 16073.148
Totals
Depth to Water (feet) 140.257 80.613 0.183 423.97
Pumprate (gallons per minute) 1598.981 653.037 178.868 3206.43
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Table A-6: Descriptive Statistics: Sales Price, Sales Date, House Size, House Age, Value of
Outbuildings (All Parcels)

Mean Std. Dev. Min. Max.
Sale Price($) 225596.056 323277.417 1143 4241000
Sales Year 2003.954 3.425 1975 2008
House Size (sq feet) 1552.429 639.997 460 4000
House Age (years) 70.81 33.624 5 118
Outbuildings Value 25992.333 40196.699 10 235872

Table A-7: Descriptive Statistics: Sales Price, Sales Date, House Size, House Age, Value of
Outbuildings (Parcels that Sold)

Mean Std. Dev. Min. Max.
Sale Price 225596.056 323277.417 1143 4241000
Sale Year 2003.954 3.425 1975 2008
House Size 1552.429 639.997 460 4000
House Age 70.81 33.624 5 118
Outbuildings Value 25992.333 40196.699 10 235872

Table A-8: Descriptive Statistics: Sales Price, Sales Date, House Size, House Age, Value of
Outbuildings (Parcels that did not Sell)

Mean Std. Dev. Min. Max.
Sale Price 1.73 13.233 0 140
Sale Year 2004.076 3.137 1981 2008
House Size 1549.393 547.996 384 3600
House Age 65.663 31.425 1 128
Outbuildings Value 20372.819 31192.344 0 240654
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Table A-10: Ordinary Least Squares with Outbuildings, n=330
(1) (2) (3) (4) (5)

Variables Model Model Model Model Model

Irrigation Dummy 785.06*** 712.41*** 765.05*** 762.67*** 771.02***
(107.268) (104.452) (106.036) (103.699) (103.683)

Soil 2 -104.52 -92.15 -221.92 -116.79 -98.46
(223.834) (218.781) (222.613) (218.060) (217.951)

Soil 3 46.54 142.04 111.02 67.08 52.03
(213.511) (211.612) (214.556) (209.215) (209.105)

Soil 4 150.47 163.15 152.00 190.38 181.66
(152.523) (150.029) (152.639) (149.134) (148.574)

Pump Rate (gallons per minute) 0.15** 0.18** 0.21*** 0.20*** 0.19***
(0.071) (0.071) (0.073) (0.071) (0.071)

Pump Rate (gallons per minute per acre) -0.50 -0.76 -0.92 -0.85 -0.85
(0.881) (0.938) (0.954) (0.929) (0.927)

Depth to Water (feet) -0.45 -0.27 -0.28 -0.22 -0.25
(0.712) (0.712) (0.723) (0.705) (0.703)

House Size (sq. feet per acre) 19.12*** 33.32*** 29.55*** 33.73*** 33.91***
(7.061) (5.141) (5.196) (5.163) (5.155)

House Age (years) -1.76 -5.49** -2.89 -3.22 -3.21
(3.912) (2.369) (2.177) (2.120) (2.116)

Outbuildings Dummy 307.36**
(145.419)

Value of Outbuildings ($ per acre) 0.32 0.32
(0.198) (0.197)

Precipitation -0.72 1.20 0.44 1.02 0.84
(4.377) (4.293) (4.371) (4.257) (4.249)

Beneficial Degree Days 2.53 1.41 2.04 -3.06 1.68
(17.453) (18.746) (19.083) (18.649) (18.537)

Harmful Degree Days -34.51 -14.97 -25.56 66.61 -21.57
(331.502) (356.045) (362.460) (354.077) (352.078)

Sale Year 59.55***
(20.404)

Shift Variable for Year 328.76***
(105.299)

Constant -5,709.39 -3,646.01 -4,968.42 -113,309.75** -4,128.01
(37,070.181) (39,816.144) (40,533.234) (54,244.901) (39,372.575)

*10% significance; ** 5% significance; *** 1% significance.

Table A-11: Probit Regression Results, n=330
Variables Coefficient Std. Error
Soil 2 0.248 (0.353)
Soil 3 1.759*** (0.363)
Soil 4 -0.461* (0.252)
Pump Rate (gallons per minute) 5E-04*** (0.000)
Pump Rate (gallons per minute per acre) -0.031*** (0.010)
Depth to Water -0.003** (0.001)
Precipitation -5E-04 (0.007)
Beneficial Degree Days -0.078*** (0.001)
Extreme Degree Days 1.515*** (0.062)
Constant 163.294 (0.000)

Standard errors in parentheses
*10% significance; ** 5% significance; *** 1% significance.
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Table A-12: Average Effect of Treatment on the Treated
Total Acres/

Sale per acre cutoff 6000 7000 8000 9000 10000 No cutoff
0 839.414 884.828 884.828 884.828 925.320 1013.568
5 839.414 884.828 884.828 884.828 925.320 1013.568

10 836.011 881.862 881.862 881.862 922.208 944.258
20 828.697 904.465 904.465 904.465 871.975 1090.011

Notes: The first column of the table shows the total acres of a parcel of land. The first row shows the sale per
acre cut off values that were used to test the robustness of the results. The table shows combinations of cut

offs for total acres and sale per acre.
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Figure A-1: Distribution of Soil Types

Notes: This is a map of the soil types in the area. Each soil type is measured as a proportion of the total
acreage. Soil 1 is the highest quality soil and soil 4 is the lowest quality soil. Note that many parcels and
sections contain multiple soil types.
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APPENDIX B: STATA CODE

1 s e t mem 500m

2 ∗Merge S a l e s d a t a wi th l a n d and s o i l d a t a

3 use "C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \ Data \ S a l e s d a t a .

d t a "

4 s o r t p a r c e l i d

5 merge p a r c e l i d u s i n g "C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data

\ Data \ l a n d t y p e . c l a s s . d t a " , u n i q u s i n g s o r t

6 ∗ S o i l 1 d r y has b l a n k o b s e r v a t i o n s , d rop t h e s e .

7 drop i f s o i l 1 _ d r y ==.

8 gen s o l d =1 i f s a l e s p r i c e ~=.

9 r e p l a c e s o l d =0 i f s a l e s p r i c e ==.

10 drop _merge

11 ∗Merging S e c t i o n−Township−Range Data t o P a r c e l I D s

12 merge p a r c e l i d u s i n g C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \

Data \ s t r . p a r c e l s . d ta , s o r t u n i q u s i n g

13 ∗There a r e two p a r c e l s w i t h o u t S−T−R i n f o r m a t i o n .

14 ∗One i s m i s c a t e g o r i z e d and t h e o t h e r i s 6 . 1 9 a c r e s o f dry

l a n d .

15 ∗Drop t h e s e p a r c e l s , P a r c e l I D s a r e 150018215 and 150034369 .

16 drop i f r a n g e ==.

17 drop _merge
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18 ∗ C r e a t e un iq ue i d e n t i f i e r combin ing s t r

19 ∗ egen s t r = c o n c a t ( s e c t i o n town r a n g e )− Don ’ t know i f I need

t h i s s i n c e t h e f i l e w i th t h e smoothed pwl , gdd , e t c d a t a

may have p a r c e l i n f o r m a t i o n

20 ∗Merge w e l l y i e l d ( pumpra te ) and d e p t h t o w a t e r d a t a ( pwl ) ,

t h i s f i l e i s c a l l e d s a l e s . s o i l . geo . d t a

21 merge p a r c e l i d u s i n g C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \

Data \ p a r c e l s . pwl . pumpra te . d ta , s o r t u n i q u s i n g

22 drop _merge

23 ∗Merge p r e c i p i t a t i o n and gdd da ta , t h i s f i l e i s c a l l e d s a l e s .

s o i l . geo1 . d t a

24 merge p a r c e l i d u s i n g C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \

Data \ pp t_gdd1 . d ta , s o r t u n i q u s i n g

25 drop _merge

26 ∗Turn d a t e s o l d i n t o y e a r s o l d

27 gen s a l e s d a t e = d a t e ( d a t e s o l d , "MDY" )

28 f o r m a t s a l e s d a t e %t d

29 gen s a l e s y e a r = y e a r ( s a l e s d a t e )

30 ∗Merge r e s i d e n c e age and s q u a r e f o o t a g e d a t a

31 merge p a r c e l i d u s i n g C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \

Data \ h o u s i n g _ s q f t _ a g e , s o r t u n i q u s i n g

32 drop _merge

33 ∗Merge a s s e s e d v a l u e o f o u t b u i l d i n g (2008 v a l u e s )

34 merge p a r c e l i d u s i n g C : \ Use r s \ S h a h n i l a \ Documents \ T h e s i s \ Data \

Data \ v a l u e o u t b l d g s , s o r t u n i q u s i n g

35 drop _merge

36 ∗Drop non−a g r i c u l t u r a l p a r c e l d a t a
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37 s o r t s o i l 1 _ i r r i g

38 drop i n 2258/3851

39 ∗G e n e r a t e s o i l p e r a c r e

40 l o c a l j = 1

41 w h i l e ‘ j ’ <= 4 {

42 gen s _ i r _ ‘ j ’ = s o i l ‘ j ’ _ i r r i g / a c r e s

43 gen s_dr_ ‘ j ’ = s o i l ‘ j ’ _dry / a c r e s

44 gen s_gr_ ‘ j ’ = s o i l ‘ j ’ _ g r a s s / a c r e s

45 l o c a l j = ‘ j ’ + 1

46 }

47 ∗G e n e r a t e v a r i a b l e s p e r a c r e

48 gen s a l e p e r a c r e = s a l e s p r i c e / a c r e s

49 gen pump_peracre = pumpra te / a c r e s

50 gen h _ s z _ p e r a c r e = h o u s e _ s q f t / a c r e s

51 gen v b _ o u t _ p e r a c r e = v a l u e _ a s s _ o u t b l d g s / a c r e s

52 ∗Rep lace b l a n k v a l u e s

53 r e p l a c e pump_peracre =0 i f pump_peracre ==.

54 r e p l a c e h _ s z _ p e r a c r e =0 i f h _ s z _ p e r a c r e ==.

55 r e p l a c e v b _ o u t _ p e r a c r e =0 i f v b _ o u t _ p e r a c r e ==.

56 r e p l a c e houseage =0 i f houseage ==.

57 ∗G e n e r a t e S a l e s d a t a f o r P r o p e n s i t y Score p r o b i t

58 ∗Thi s i s a l l i r r i g a t e d s a l e s e q u a l t o one

59 gen I r r i g s a l e =1 i f ( s a l e s p r i c e >1000 & s a l e s p r i c e ~=. & ( s _ i r _ 1

>0 | s _ i r _ 2 > 0 | s _ i r _ 3 >0 | s _ i r _ 4 >0) )

60 ∗Thi s i s t h e i r r i g a t i o n dummy v a r i a b l e

61 gen p s s a l e s =1 i f I r r i g s a l e ==1

62 r e p l a c e p s s a l e s =0 i f ( s a l e s p r i c e >1000& I r r i g s a l e ~=1&
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s a l e s p r i c e ~ = . )

63 ∗G e n e r a t e s o i l s f o r PSM

64 gen s o i l 1 = s _ i r _ 1 + s_ d r _1 + s_ g r _1

65 gen s o i l 2 = s _ i r _ 2 + s_ d r _2 + s_ g r _2

66 gen s o i l 3 = s _ i r _ 3 + s_ d r _3 + s_ g r _3

67 gen s o i l 4 = s _ i r _ 4 + s_ d r _4 + s_ g r _4

68 ∗G e n e r a t e y e a r dummies

69 gen yea r2000 =1 i f s a l e s y e a r ==2000

70 gen yea r2001 =1 i f s a l e s y e a r ==2001

71 gen yea r2002 =1 i f s a l e s y e a r ==2002

72 gen yea r2003 =1 i f s a l e s y e a r ==2003

73 gen yea r2004 =1 i f s a l e s y e a r ==2004

74 gen yea r2005 =1 i f s a l e s y e a r ==2005

75 gen yea r2006 =1 i f s a l e s y e a r ==2006

76 gen yea r2007 =1 i f s a l e s y e a r ==2007

77 gen yea r2008 =1 i f s a l e s y e a r ==2008

78 r e p l a c e yea r2000 =0 i f s a l e s y e a r ~=2000

79 r e p l a c e yea r2001 =0 i f s a l e s y e a r ~=2001

80 r e p l a c e yea r2002 =0 i f s a l e s y e a r ~=2002

81 r e p l a c e yea r2003 =0 i f s a l e s y e a r ~=2003

82 r e p l a c e yea r2004 =0 i f s a l e s y e a r ~=2004

83 r e p l a c e yea r2005 =0 i f s a l e s y e a r ~=2005

84 r e p l a c e yea r2006 =0 i f s a l e s y e a r ~=2006

85 r e p l a c e yea r2007 =0 i f s a l e s y e a r ~=2007

86 r e p l a c e yea r2008 =0 i f s a l e s y e a r ~=2008

87 ∗G e n e r a t e y e a r dummy and i r r i g a t i o n dummy i n t e r a c t i o n te rm

88 gen y e a r 0 0 _ i r r i g = p s s a l e s ∗ yea r2000
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89 gen y e a r 0 1 _ i r r i g = p s s a l e s ∗ yea r2001

90 gen y e a r 0 2 _ i r r i g = p s s a l e s ∗ yea r2002

91 gen y e a r 0 3 _ i r r i g = p s s a l e s ∗ yea r2003

92 gen y e a r 0 4 _ i r r i g = p s s a l e s ∗ yea r2004

93 gen y e a r 0 5 _ i r r i g = p s s a l e s ∗ yea r2005

94 gen y e a r 0 6 _ i r r i g = p s s a l e s ∗ yea r2006

95 gen y e a r 0 7 _ i r r i g = p s s a l e s ∗ yea r2007

96 gen y e a r 0 8 _ i r r i g = p s s a l e s ∗ yea r2008

97 ∗G e n e r a t e i n t e r a c t i o n t e r m s between pumprate , pumpra te p e r

ac re , and d e p t h t o w a t e r wi th i r r i g a t i o n dummy

98 gen i r _ p u m p r a t e = p s s a l e s ∗ pumpra te

99 gen i r _ p u m p _ p e r a c r e = p s s a l e s ∗ pump_peracre

100 gen i r _ p w l = p s s a l e s ∗pwl

101 ∗Run O r d i n a r y L e a s t S q u a r e s R e g r e s s i o n wi th y e a r dummies and

y e a r dummy i r r i g a t i o n i n t e r a c t i o n te rms , n=330

102 r e g r e s s s a l e p e r a c r e p s s a l e s s o i l 2 s o i l 3 s o i l 4 pumpra te

pump_peracre pwl h _ s z _ p e r a c r e houseage out_dummy ∗MA3 i f (

s a l e p e r a c r e <6000 & a c r e s >4 & s a l e s y e a r >1999)

103 r e g r e s s s a l e p e r a c r e p s s a l e s s o i l 2 s o i l 3 s o i l 4 pumpra te

pump_peracre pwl h _ s z _ p e r a c r e houseage out_dummy ∗MA3

y e a r 2 ∗ i f ( s a l e p e r a c r e <6000 & a c r e s >4 & s a l e s y e a r >1999) ,

n o c o n s t a n t

104 r e g r e s s s a l e p e r a c r e s o i l 2 s o i l 3 s o i l 4 pumpra te pump_peracre

pwl h _ s z _ p e r a c r e houseage out_dummy ∗MA3 y e a r ∗ i f (

s a l e p e r a c r e <6000 & a c r e s >4 & s a l e s y e a r >1999) , n o c o n s t a n t

105 ∗Run P r o p e n s i t y Score Matching

106 psmatch2 p s s a l e s s o i l 2 s o i l 3 s o i l 4 pumpra te pump_peracre pwl
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∗MA3 i f ( s a l e p e r a c r e <6000 & a c r e s >4 & s a l e s y e a r >1999) ,

outcome ( s a l e p e r a c r e s o i l 2 s o i l 3 s o i l 4 pumpra te

pump_peracre h _ s z _ p e r a c r e houseage out_dummy ∗MA3)

107 ∗Run P r o b i t M a r g i n a l E f f e c t s

108 d p r o b i t p s s a l e s s o i l 2 s o i l 3 s o i l 4 pumpra te pump_peracre pwl ∗

MA3 i f ( s a l e p e r a c r e <6000 & a c r e s >4 & s a l e s y e a r >1999)
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