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Abstract 

The objective of this paper is to investigate the behavior of farmers who 

share a common pool resource; in this case, an underground aquifer . In t he 

case where seepage may occur, t his seepage renders the resource non-exclusive, 

giving ris<' to a spat ia l <'Xtcrnality whereby pumping by on<' user a ffects the 

extraction cost and total amount that is available to other nearby users. The­

oretically, these externalities are potentially important causes of welfare loss. 

Using a unique data set of groundwater users in western Kansas, augmented 

with spatial hydrological data, we are able to empirically measure the physical 

and behavioral effects of groundwater pumping by a farmer 's neighbors. To ad­

dress t he endogeneity of neighbors' pumping, we use t he neighbors ' permitted 

water allocation as an instrument for their pumping. We find tha t one thou­

sand acre-feet pumped by one 's neighbors can lower the water table by about 

1.5 feet , on average. We also find that one thousand acre-feet of pumping 

by one 's neighbors will cause an increas in own pumping of about ten acre­

feet. We estimate that about two percent of the total amount of groundwater 

extracted each year in western Kansas is over-extraction due to the effect of 

spatial externalities. 
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Introduction 

The extraction of wa ter and other natural resources by mult iple agents should be 

modeled using a dynamic spatial model because of the externalities involved when 

each user only consider his own private benefits when deciding how much of the 

resource to extract. In the case of an aquifer or other shared resource where seepage 

(movement of the resource from the area owned by one individual to the area owned 

by another) may occur , this seepage renders the resource non-exclusive (Dasgupta 

and Heal 1979: E waran and Lewis 1984). This property gives ri e to a spatia l exter­

nality whereby pumping by one user affects the extraction co t and total amoun t tha t 

is avai lable to other nearby users. The spatial externality has been disaggregated into 

different types of effects, including a pumping cost externality and a stock or strategic 

externali ty (Provencher and Burt 1993; Negri 1989). The pumping cost externality 

arises because withdrawal by one user lowers the water table and increases the pump­

ing cost for all users. The strategic externality arises because the property rights 

on the water in an aquifer are generally undefin ed. What a fa rm r does not with­

draw today will be withdrawn by other farm ers, which undermine th ir incentive to 

forgo current for future pumping (Negri 1989). Theoretically, these externalities are 

potentially important causes of welfare loss (Dasgupta and Heal 1979; Eswaran and 

Lewis 1984; Negri 1989; Provencher and Burt 1993; Rubio and Casino 2003 ; Msangi 

2004; Saak and Peterson 2007), but empirically we have li t tle evidence to determine 

whether farm er· react to these externalities or have an idea of their magnitude. 

The objective of this paper is to inves tigate, theoretically and empirically, the 

behavior of farmers who share a common pool resource. A spatial dynamic physical­

economic model is developed to characterize agricultural groundwater users ' pumping 

behavior. We compare a social planner 's optimal decisions with those of a group of 
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profi t maximizing individuals who have full property rights to the land , but their 

groundwater is an incomplete common good because they cannot fully capture the 

groundwater beneath their land . 

Hypotheses from the models and data from western Kansas are used to econo­

metrically determine if the pumping behavior of neighbors affects the pumping de­

cision. The estimations are spatially explicit , taking advantage of detailed spatial 

data on groundwaLer pumping from the portion of western Kansas that overlies the 

High Plains Aquife r system. Measuring interactions between neighbors is challeng­

ing, however , because of simultaneity (individuals affect their neighbors and their 

neighbors simultaneously affect them) and patial correlation in observable and un­

observable characteristics (Manski 1993; Brock and Durlauf 2001 ; Conley and Topa 

2002 : Glac -cr , Saccrdotc , and Schcinkrnan 1996; Robalino and Pfaff 2005). 

We use an instrumental variables approach to purge neighbors ' decisions of the en­

dogenous component. Groundwater users in Kansas extract water under Lhe doctrine 

of prior appropriation , meaning that they are allot ted a maximum amount to extract 

each year . This annual amount was determined when the user originally applied for 

the permit. Some permits are as old as 1945, but the majority (about 75 percent ) 

were allocated between 1963 and 1981. The permit amount is a strong d terminant 

of actual pumping, bu t is uncorrelated with the pumping of neighbors, which is deter­

mined by their own permi t. Therefore, we use this permit amounL as an instrument 

for neighbors ' water pumping. In addition, the instrument is weighted by a function 

of the distance between each neighbor that takes into account the way in which water 

moves through an aquifer . Thus , the IV approach controls for errors that may be 

spatially autocorrelated as well as the simultaneity of neighbors ' pumping decisions. 

This is the first study to empirically measure economic relat ion hip between 

groundwater users. If externali t ies in groundwater use arc significant , it !cud , insight 
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into the causes of resource over-exploitation. If they are not significant or are very 

small in magnitude , a simpler model of groundwater user behavior, where each user 

essentially owns their own stock, is sufficient . Both outcomes would give guidance to 

policymakers, although it is important to note that the results are highly dependent 

on the hydrological conditions of the aquifer under study. 

Theory and Model 

Groundwater extraction is not a purely economic problem. There are physical equa­

tions of motion that connect spatiql areas and link consecutive t ime periods to one 

another. The use of a spatially explicit model is important becau e the aqui fer and 

land is quite heterogeneous. This model has several advantages over the standard 

groundwater extraction model that assumes that an aquifer is like a bathtub. In the 

simple bathtub model, a decrease in the level of the aquifer caused by extraction by 

any individual is transmitted immediately and completely to all other users of the 

aquifer , and all users are heterogeneous (Burt 1964). In fact, aquifer systems do not 

adjust instantaneously to withdrawals, and the response can be complex and het­

erogeneous, even within a small geographic area (Heath 1983). Externali t ies present 

within a system woul<l thus reflect the explicit spatial relationship between users, in­

cluding the distance between them, and the physical and hydrological characterist ics 

of the space that separates them. 

The hydrological system 

A physical equation of motion governs the change in water height from one period to 

the next , and from one spatial area to another. The equation of motion for groundwa­

ter stock is derived from simplified hydrological mass-balance equations, and assumes 
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that the land owned by each farmer can be thought of as a "patch" with a urn-

form stock of water b neath each farm. Water flows between "patches" according 

to hydrological rul es . This is obviously a simplification of the t rue physical nature 

of groundwR.ter flows because height is a continuous function (Freeze and Cherry 

1979; Brozovic, Sunding, and Zilberman 2002) , but is a notable improvement on the 

"bathtub" aquifer model which has been used in previous th oretical work (Negri 

1989; Provencher and Burt 1993). Th "patch" framework captur s th important 

characteristics of groundwater movement and allows for heterogeneous user , while 

avoiding the complications of a more sophisticated hydrological model (J anmaat 2005 ; 

Sanchirico and Wilen 2005). The equation of motion is: 

Si = -Wi + 9i( Wi) + .L)ji· 
j E / 

(1) 

The change in groundwater stock si from one period to the next depends on the 

amount agent i is pumping, wi, and the amount of recharge to patch i , gi(wi)· 

Recharge is a function of return fl ow (the proportion of the amount pumped that 

returns to the groundwater table) and precipitation , but the amount that actually 

soaks into the soil to recharge the aquifer dep nds on soil characteristics and topog­

raphy. I assume ~ 2:: 0. 

s also depends on the net flow into i's land that is caused by physical height 

gradients or other hydrological factors that determine how water flows within an 

aquifer. BiJ is defined as the share of the water in the aquifer that starts in patch 

i and disperses to patch j by the next period , so L,BJi is the net amount of water 
jE l 

that fl ows into pa tch i from all other patches in the system. Groundwater fl. ow is 

generally stock dependent; net fl.ow is a function of the stocks of water in all t he 

other patches , so eji(s1) S2 , ... SJ) and ~ ::; 0. A simple while still hydrologically 
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reasonable functional form assumpt ion for net flow is derived from Darcy's Law fo r 

water movement through a porous material: the dispersal of water between patches 

depends on the physical gradients between pa tches, s, - s,, the transmissivity of t he x,, 

material holding t he water , commonly called k, and the cross-sectional area t hrough 

which t he fluid is moving, 5
' ;

52 (Brutsaert 2005). In this simple model, t he net flow 

into patch i is kj · (s,
2
-s2

)

2

, where Xji is the distance between plot i and j . e ji could also x, , 

be more complicated and consider the effects of aquifer bed topology, cont inuous cones 

of depression from pumping, or saltwater intrusion, for example (Janmaat 2005). 

In a long-run equili brium without pumping and a homogeneous aqui fer bed, S i = 

sj , Vi , j; the groundwater stocks under all land patches will be equal. 

The single owner /social welfare maximizer's problem 

The socially optimal rate of extraction would be chosen by a single owner who has 

access to perfect and complete information about both t he hydrological system and 

the economic variables that affect the profi tabili ty of groundwater pumping. To set 

that benchmark, consider a single owner who must make pumping deci ions for an 

entire aquifer basin , upon which lie many "patches" or plots of land with groundwater 

pumps. Revenue earned on each plot i, R;(wi), depends on how much water he 

extracts from the aquifer to irrigate crops, and cost cw is dependent both on the 

amount extracted and the stock available, si. The smaller t he stock, the greater t he 

distance through which the water must be pumped to reach the surface , so ac~:'.s; ) < 0. 

T his planner would seek to maximize t he pre ·ent value of aggregate profi t by planni ng 

for t his aquifer basin (assuming there is no fl ow in or out of t he aquifer): 

(2) 

6 



where the owner chooses the set of pumping volumes on each plot of land in each 

time period, { wi(t) }. The t subscripts have been omitted for simplicity of notation. 

The owner optimizes subject to the equation of motion for the water height under 

each plot si = -wi + 9i(wi) + L_()ji> i = 1, ... , I and the transversality condit ion 

lim e-"l A;tSit = 0, i = 1, ... , I. 
t 00 

jE / 

In thi form ulation Lhe single owner i pumping water from each plot for use on 

that pl t ' crops. 1 The owner wi ll consid r each farm 's shadow value of a unit of 

groundwater stock when determining the optimal solution, so as to internalize any 

externali ty that could occur . The current value Hamiltonian for this problem is 

H(w1 , ... , Wf, Si , ... , Sf , A] , .. . , AJ) = t (R(wi) - cw(si)wi)+ tAi [-wi + 9i(w.;) + 2=Bjil 
i = I -i= I JE I 

The first order conditions to the Ham ii ton ian are 

oR w( ) ogi -- = c Si + Ai - Ai-
OWi OWi 

, , _ oCf(si) , L oeji L' aeij 
TA · - /\ ' -W · + A · - + A ·--

i t - t OS t OS J OS . 
t jE / t jE / t ,,., 

si = - wi + gi(wi) + Leji, i = 1, ... , I 
jE / 

(3) 

(4) 

(5) 

(6) 

The owner will choose the crop-water combination such that the value marginal 

product of the water is equal to the marginal pumping cost plus the shadow value of 

water . The shadow value is a function of the flow onto and off of the farmer's plot. 

Clearly, the social optimum is a function of the water height on all the parcels of land 

under the owner's control, all of the interconnections between parcels, and all of the 

shadow values. It is possible, given heterogeneous co ts or revenue across plots i , that 
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interior solu tions will not be optimal for all plots (i .e., optimal pumping may be zero 

in some plots). 

This program is identical to the single owner problem normally analyzed using a 

bathtub aqu ifer model if we assume that tran. mis ivity is infinite. the aq ui f<'r is para!-

lei sided and flat. bottomed , return flow is zero , and parcels are perfectly homogeneous 

(Negri 1989). It does not matter where the wells are located or how many there are, 

as long as water can be transported costlessly to the entire surface of the parcel. If 

we make these assumptions, t he first order condi tion 5 can be summed over all the 

. 8C'"(s) parcels, and collap e to>-= r>. + Nw---as where N is the total number of parcels 

the planner or single owner controls, and w is the tota,) amount of water withdrawn 

per plot. By integrating, nsing t lw transvcrsality ron rlition , anrl combining tlw first. 

order conditions, the marginal cond ition for an arbitrary I is obtained: 

8R =cw( ) N 1= -r(t-l) aCw(s) d 
!'..} s + e w !'..} t. 
uw t us 

(7) 

To be intertemporally efficient , a landowner will extract water until the marginal 

value product of water is equal to the marginal cost of extraction plus the value of 

t.he marginal unit of wat.er as stock, which is tile <lefin itiou of tile shadow µrice >.. 

The marginal unit left as stock has value because it reduces future pumping costs. 

This is the standard Hotelling solution, where the shadow value grows as a function 

of the rate of interest. 

Individual, dynamically optimizing farmer 

Now compare the social planner 's solution to the solu tion of a group of individual 

landowners , each having property rights to one ' patch" , that partially share the water 

resource. The objective function faced by one of these farmers would be: 
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max f e-rt [Ri(wi) - cw(si)wi] dt , 
Wi(t) 

0 

(8) 

with the equation of motion as in equation 1 and transversality condi tion lim Ait hit = 
l --+ 

0. This problem is similar to that that pos d in Janmaat (2005), but dissimilar to 

much of the previous literature on spatial fisheries, in that each parcel is owned by 

an individual with no claim on the profit earned in any other parcel. 

The first order conditions are derived from the maximization of the Hamiltonian: 

and equation 1. 

a~ w agi 
- = C ( i) + ,\ - Ai­
aw, awi 

r Ai - Ai = -wi aca;"s(,s,) + A ~ [)(}ji 
' 0 as' 

jE I i 

(9) 

(10) 

Again , equation 9 shows that along th optimal extraction path, th individual 

will equate marginal r venue from pumping to marginal cost plus the resource rent 

or shadow value. Recharge decreases the value of the resource as stock. Equation 

10 states that the resource rent must increase at the discount rate, adjusted for the 

effects of net flow and increasing extraction costs. Stock dependent net flow means 

that I.:~ < 0, which in effect increases the discount rate. 
jE I 

To sec the marginal condition another way, the first order condi t ions can be corn-

bined and then integrated to obtain the marginal condition for an arbitrary I: 

8R ( 8 . ) 1 -(r-L: ~) (t-fJ 0Cw( ·) 
__ i = c w(hi) + 1 - _!!::_ e JE I as, Wi i Si dt . 
OWi OWi t OSi 

(11) 

The necessary condition for intertemporal optimization shows that water is extracted 
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until marginal profits are equal to marginal extraction costs plus the present value 

of the shadow value of water. A uni t of groundwater left in Lhe aquifer has value 

only in proportion to the amount that he can capture in the future. The I: o/J;: term 
JE/ 

captures the extent to which the resource is common. As this term gets larger, less 

of the water left as stock can be captured by the owner of the land, decreasing the 

value of the marginal unit of stock. This would shift the extraction path towards the 

present. 

Higher values of ~' t he function describing recharge and return fl ow, will decrease 

the value of the marginal uni t of ground water as stock, increasing present period 

pumping. 

Using fi gure 1, some predictions Ftbout the sign of the effect thFtt neighbors' pump­

ing should have on the quantity of water extracted can be generated . In part (a) , 

individual i faces a larger stock, or equivalently a shorter depth to the water table 

than does j. Due to the negative gravitational gradient , water will fl ow out of i's 

plot. To capture the water before it can flow out , i would pum p more. 

In part (b) of figure 1, the gravitational gradient is posit ive, causing water from j 

to fl ow to i. However, any additional pumping by j will decrease the gradient , causing 

less wFtter t.o fl ow in . Individual i would pump more to maintain , or even increase, 

the grad ient between the two plots . Thus , we cxµ cct the coefficient on neighbors ' 

pumping to be positive regardless of the sign of the gradient , although the reason for 

interrelationship is slight ly different. Anything that increases t he gradient between 

patches will also increase present period pumping, including a greater hydroconduc-

tivity, a smaller distance between patches (neighbors closer together), and higher 

pumping by neighboring patch owners. 

Finally, the solut ion to the individual 's dynamic optimization problem leads to 

greater extraction than would occur under a single owner, as long as (}ii i= 1. (}ii 

10 
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describes the proportion of water starting in patch i which stays in patch i the fo l-

lowing period. If all of the water that starts in i stays in i, for all i , then there is 

no lateral Aow in the aquifer and t he derivat ives ~ and ~ are zero. Consider 

first order conditions 5 and 10. In 10. the in terest. rate is decreased by t he sum of 

the net flow derivatives '2..:~ , and with stock dependent Aow, this sum is negative , 
jE / ' 

effectively increasing the interest rate. In the central planner 's first order condition 

5, the interest rate is furt her adjusted by t he derivatives of flow going from i to j. 

Gi.ven stock dependent flow, ~ ~ 0, or an increase in the stock level at i will cause 

more movement out of patch i to all other patches . Thus , as long as L ~ > 0, it 
jE / 
J;ti 

will negate the eff ct of L ~ and the total amount of water withdrawn per period 
jE/ • 

by the social planner will be less than the total amount of water withdrawn by a ll of 

t he individuals. 

This lead Lo the testable hypothesis that if a farmer owns multiple wells in ad-

joining parcels , he will manage them differently than if each well was owned by a 

different person. Specifically, any effect of pumping from his own wells (on water 

table height or pumping) will be less than the effect of pumping from wells owned by 

others. 

Empirical analysis 

Data 

A unique data set a llows the empirical exploration of many of the hypotheses that 

come from the theoretical model. Kansas has required the reporting of groundwater 

pumping by water rights holders since the 1940s, although only data from 1996 to 

the present are considered to be complete and reliable.2 The data are available in 
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an ArcView based GIS application called the Water Information Management and 

Analysis System (WIMAS) .3 It includes spatially referenced pumping data at the 

source (well or pump) level, and has the farmer , fi eld , irrigation technology, amount 

pumped, and crops grown ident ifi ed. It also contains industrial and municipal points 

of diversion. Also available are spatial datasets of recharge, water bodies , and other 

geographic information. 

The United States Geological Survey 's High Plains Water-Level Monitoring Study 

maintains a network of nearly 10,000 monitoring wells. Data from these wells have 

been used to estimate yearly water levels using a kriging interpolation procedure 

in ArcGIS. The USGS also has information on specifi c yield and transmissivity in 

shape file format, and rainfall data comes from the PRISM Group at Oregon State 

University. 4 Relevant information from the geographic files wru:; captured at t he points 

of d iversion (well ) level using ArcGIS. There are about 8,000 points of diversion for 

each of the 10 years from 1996 to 2005. 

Summary statistics for the variables used in the analysis are presented in tables 1 

and . The average number of acre-feet extracted per irrigation well per year is 136. 

Irrigators own an average of 2.8 wells, and pump an average of about 350 acre-feet 

in total. Each well irrigates an average of 143 acres, and each well owner irrigates 

an average of 308 acres. The average depth to groundwater is 114 feet, but ranges 

from 0.8 to over 350 feeL. The average change in the depth Lo groundwater from one 

year to the next is one foot. Over the ten year period, each point of diversion got 

an average of 22.6 inches of precipitation per year. Recharge, hydroconductivity, and 

soil characteristics are not measure per year; t hey are estimated by the United States 

Geological Survey and evaluated at each point of diversion. Recharge to the Kansas 

portion of the High Plains Aquifer is low; the average amount of recharge is 1.4 inches, 

with a minimum of 0.3 and a maximum of 6 inches. The mean bydroconductivity is 
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6.58 feet/day. 

Three measures of soil quality ar used in the a nalysis. Irrigated capability class 

is a categor ical variable describing the suitabi lity of the soil for irrigated crops; the 

first category being t he most suitable. 45% of t hr plots have so ils in category 1, 37% 

in category 2, and 143 in category 3. Less than 43 of plots are in categories 4, 5, 

and 6. The average available water capacity is 0.18 cm/cm, and the mean slope (as 

a percent of distance) is 1.13 . 

A variety of spatial neighborhood variables are constructed to invest igate the effect 

of neighbors· pumping. Summary 'tatistics are provided in table . A half mil e, one, 

two, thr , and four mile radius around each well is constructed and the average 

number of n ighboring well and the number of acre-feet of groundwater extracted 

from t hose neighboring wells is included in the table. Weighted gradients, calculated 

as the difference in water table height between two wells, divided by t he distance and 

multiplied by hydroconductivity, are used to weight the amount of water pumped by 

neighbor by the impact they should have. To obtain average marginal effe ts , the 

est imated coefficient must be multipli ed by th average weight, o they are presented 

in table . 

Empirical Estimation Strategy 

Using the data from Kansas, we can directly estimate the equation of motion and 

test the effect of pumping 0 11 the change in gro undwater stock from one year to the 

next. The stock or groundwater can be equivalently measured as lift height , or the 

distance from the ground surface to the top of the water table. Because our data 

contains information on static levels (the top of t he ground water table), we use this 

as a measure of stock. Given the assumptions of the equation of motion , the change in 

13 



·-----
groundwater height should depend on the amount that is pumped at the location that 

height is meas ur d (own pumping) , the amount pumped by neighbors , t he d istance 

between the farms, the relative heights of the water tables, and the transmissivity of 

the aquifer at that location . Several models of the form 

( 12) 

a.re esLimated, wh re hi1+ 1 - hit is t he cha nge in lift height from one year to t he next , 

w,1 is ow n-well pumping, w1 1 represents var ious forms of neighb or 's pumping, and X 

is a vector of hydrologica l characteristics and interaction terms. 

Equation 12 estimates the physical relationship between water pumped at various 

locations and changes in groundwater depths . To investigate the behavioral and eco­

nomic relat ionship between neighboring groundwater users , a reduced form approach 

is used. However , neighbors· interactions can be difficult to estimate because of the 

simultaneity resul t ing from each observation being each other observa t ion ·s neighbor. 

Additionally, neighbors may tend to be a ffected by the same unobservable cha racter­

istics, biasing est imates (Manski 1993; Moffitt 2001). The intcrnction of neighbors has 

been studied in oil extract ion (Libecap and Wiggins 1984; Lin forthcoming). It has 

also been investigated in land use change (Irwin and Bockstael 2002 ; Robalino and 

Pfaff 2005) using phys ical attr ibu tes of neighboring parcels as instruments to identify 

the effect of t he behavior of neighbors on an indiv idual. We make u e of t he fact that 

in Kansas, groundwater is allocated under the doctrine of prior appropriat ion (P eck 

1995). Each groundwater user has an appropriation contract which states the maxi­

mum amount that he is allowed to pump in one year. This appropriation is expected 

to be highly correlated with the quantity pumped of the respective appropriator , but 

uncorrelated with the pumping decision of the appropriator's neighbors. 5 
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. A series of simul taneous equations explain farmers ' behavior , and can be modeled 

with a two-step estimation procedure. The first equation is used to predict neighbors ' 

pumping as a function of exogenous individual characteristics. For each individual 

i, a neighborhood M is defined. M could potentially include all water users in the 

aquifer (N). The equation 

( 13) 

is the first stage regression , where t he weights k · · h ;i -h
21 come from the equation J Xj 

for Darcy's Law describing the movement of a fluid through porou material. Again , 

hit - hit is the difference in lift height in a given t ime period , hi is hydroconductivity, 

and XJ is the distance b tween i and j. Thes weights adjust Lhe amount pumped 

by the effect that it should have. For example, if the distance b tween the two well 

is greater , the effect should be smaller. If the height grad ient i larger , the effect 

should be greater. Wj is pumping, and Cj is t he individual 's appropriation contract, 

our exogenous instrumental variable. 

In the second stage, predicted levels of pumping from 13 are used to estimate i's 

expected pumping: 

MEN. ( 14) 

Xit is a matrix of individual specific regressors that affect the pumping decision such 

as the number of acres irrigated , rainfall, and soil quality. ci is the individual's 

appropriation contract, and the estimated coefficient rJ measures the effect of t he 

spatial externali ty. 
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Methodologically, some assumptions are made to estimate the system. There 

are nearly 8000 observations for each year , and technically all could be included 

as neighbors. Al ternatively, a maxi mum distance could be specifi ed . beyond which 

interact ion is not cxpcctcrl to occur , a.s R.obalino and P faff (2005) ::kss umcrl . Fina lly, 

a maximum number of neighbors M could be chosen. We construct several types of 

neighborhoods to check the robustness of the estimates. 

Results and Discussion 

Tables and shows the re ul ts from t he estimation of equation 12, the basic relation­

shi p between acre- feeL that are pumped from one·s own well and surrounding wells 

and the change in water lift height . From table , regressions (1) through (5), one 

hundred acre-feet pumped in one year are associa ted with an increase in lift height of 

0.21 to 0.49 feet the following year, depending on the model specifi cation . Average 

pumping at a single well is 136 acre-feet, and the average change in lift height is 1.0 

feet , so these estimates are qui te reasonable. 

Also included is t he sum of the acre- feet pum ped in increasing distances around 

i . As expected , the effect is significant ly smaller t han the effect of own-well pumping, 

and t he effect of neighbor 's pumping decreases as the distance from i increases. One 

thousand acre-fee t of pumping within a half mile causes an increase in lift height of 

about 1.4 feet, while one thousand acre-fee t pumped 2 miles away is associated with 

an increase in lift height of 0.8 feet. Figure 2 illustrates the decreasing effect; t he 

effect nearly disappears when the distance increases to 3 or 4 miles. 6 

Regressions ( 6) t hrough (9) in table use a slight ly different canst. ruct ion of neigh­

bors' pumping. In these regressions, pumping in the one-mile radius is used exclusive 

of pumping within a half mile; pumping in the two-mile radius is exclusive of pumping 
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within one mile, and so on. We expect the estimates of neighbors ' pumping to be 

smaller than in the previous (non-exclusive) cases, but the estimated coefficients are 

quite similar. The two trajectories are compared in figure 2. Column (10) presents 

the results when all of the concentric buffer arc included in the ame regression. The 

coefficients become le significant , we suspect because of serial correlat ion , but the 

basic re ul t is still evident. Own pumping has the largest effec t , but pumping from a 

neighbor up to two miles away can still r duce the water table at i's w ll. 

In column (11 ) of table, measures of hydroconductivity are included. Hydrocon­

ductivi ty i a measure of how well water flows laterally through an aquifer. Thus , 

higher levels of hydroconductivity, when interacted with neighbor 's pumping, may be 

associated with a gr ater increase in lift height . However, higher hydroconductivity 

may also resul t in higher flow through the aquife r in general, an<l higher levels of re­

covery from pumping. The resul ts from the regression ap pear Lo support the econd 

hypot hesis. The hydroconductivi ty variable is significant and negative and interac­

tion term is insignificant, indicating that in areas with higher hydroconductivity, the 

depth to the water table increases less from year to year, all else constant . 

Recharge measures the potential for percolation into the aquifer; precipitation 

measures the amount of water (in addition to own pumping) that is available to 

recharge the aquifer. Both variables are expected to decrease th lift height. The 

est imated marginal effect of precipitation is negat ive as expected. The estimated 

effect of recharge is negative for slightly above average levels of precipitat ion. 

From the theory, we would expect multiple wells owned by the same person to 

be managed differently than multiple wells owned by different p ople because of the 

various types of spatial externalities discussed in this paper and others. Just as the 

optimal ext raction rate of a social planner would be lower than that of a group of 

individuals, the extraction rate of an individual who owns several wells would be lower 
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than if different people owned each separate well. One way to test th is hypothesis is 

to see if pumping from other wells owned by the same person has an effect on the 

height at location i. It is expected that a farmer would manage his wells such that the 

overall level of groundwater beneath his land decreases at whatever he has determined 

the opt imal extraction path to be. He is more likely to substitute pumping from one 

well with pumping from another. Thus, we expect pumping from other wells owned 

by the same person as the well at location i to have a. small er effect t han pumping 

from wells owned by neighbors, or even a negative effect , on t he groundwater level 

at i . From the resul ts presented in tables and , we can see that this is the case. 

T he coeffi cient on acre-feet pumped from wells owned by t he same person has an 

insignifi cant effect on the wa.ter ta.hi e level a,t, i. While the relat ionship contains 

behavioral implications which have not been explicitly estimated , it is evidence that 

a single owner manages his wells differently than would mult iple owners, which is 

predicted from the theoret ical model. 

Given that t here is empirical evidence fo r significant lateral fl ow in the equation 

of motion , we expect groundwater users to adjust their behavior in response to the 

pumping of neighbors. The reduced-form behavioral model is estimated using equa-

tions 13 and 14, and the results are presented in tables through 8. Table 8 shows that 

the absolute value of neighbors' pumping, weighted by the gradient described in equa­

tion 13, is highly correlated with the absolu te value of those neighbors ' appropriation 
' 

contracts, also weighted by t he gradient , in all of t he specifications used for tables 

, , and . The regressions in these tables are estimated with a simul taneous system 

of equations, using neighbors' appropriation contracts as instruments for neighbors ' 

pumping. Controlling for authorized quantity, precipitation, and soil and hydrologi­

cal characteristics, we find that the weighted sum of neighbors' pumping does have a 

signific.:ant effect on the quantity of water extracted . The average effect (presented at 
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t he bottom of the tables), which is the coefficient on neighbors· pumping multiplied 

by the average weight (provided in table ) , clearly increases as t he neighborhood gets 

closer to i. Column (1) of table uses the weighted sum of the neighbors within 0.5 

miles, column (2) all neighbors within 1 mile, column (3) all neighbors within 2 miles, 

column (4) all neighbors within 3 miles, and column (5) all neighbors within 4 miles . 

The average effect shows that, for example, 1000 acre-feet of additional pumping by 

neighbors within a half mile radius, at th margin and with the average gradient 

weight , would cause one to increase their own pumping by 15 acr -fe t. One thou­

sand acre-feet of pumping by one ' neighbors within a one mile radius is associated 

with an increase in pumping of about 10 acre-feet. Figure 3 shows that at two miles 

t he effect decreases drnma.tically, nearing zero a.s the distance is increa.scd to three 

and four miles. For robustness, we also est imate the effects of pumping exclusive 

of pumping in the smaller radius, and these estimates are presented in table . The 

estimat d effect is only slight ly smaller. 

From table , the average amount of water pumped in a on mil radius is 239 

acre-feet. Therefore, for the average groundwater extractor, pumping by all neighbors 

within one mile would cause him or her to increase their own pumping by an average 

of 2. 5 of an acre-feet. Average pumping is 136 acre-feet, so the effect of neighbors ' 

pumping accounts for about 2 percent of total pumping. 

In regressions (11 ) and (12) of table , neighbors ' pumping is divided among those 

with a negative weight (j 's depth to groundwater is larger than i 's) and those with a 

positive weight (i 's depth to groundwater is larger than j 's) . We expect both of the 

coefficients to be non-negative, bu t for different reasons, as discussed in the previous 

section . We have no a priori predi ction of the relat ive magnitude of the effects. 

Again , we find a significant effect, concentrated in the effect of those neighbors with 

positive weights (a larger depth to groundwater , see figure 1). This may indicate 
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that groundwater users are more concerned about maintaining a rate of inflow from 

neighbors (a beggar-thy-neighbor effect (Janmaat 2005)) than they are with losing 

water to their neighbors. 

Conclusion 

The inefficiencies resulting from the exploitation of common property re ources are of 

continuing concern to economists , resource managers , and policymakers. In the case 

of groundwater or other resources where property rights exist, but may be incomplete 

because spatial movement of the resource makes it impossible to fully capture what 

is officia lly owned , t he' mea.sm ement of t his spati al movement is important because 

it q uan tifi cs the rcs u 1 Ling inefficiency. The cxtcrnali t ics rcsul ting from ground water 

pumping from a common aquifer have been extensively discussed and their importance 

debated (Dasgupta and Heal 1979; Gisser and Sanchez 1980; Eswaran and Lewis 1984; 

Negri 1989; Provencher and Burt 1993; Rubio and Casino 2003; Msangi 2004; Saak 

and Peterson 2007) , but they have never been empirically measured. This paper is 

the first to do so . 

We finci Pvidence of bot h a physical movf'ment of g-roundwatn betwf'en farms 

and a behavioral response to this movement in the agricultural region of western 

Kansas overlying the High Plains Aquifer. The movement of water in the aquifer is 

in response to physical height gradients caused by groundwater extraction, as well as 

other hydrologica l properties that affect groundwater flow. We find that 100 acre-feet 

of pumping i ufficient to lower the static level of the water table at one's own well by 

0.21 to 0.49 feet, and 1000 a.ere- feet of pumping by neighbors within about a two- mile 

rad ius can reduce Lhe static level a L one· well by 0. Lo 1.5 feet t he fol lowing year. 

At t he average levels of pumping by an individual and his neighbors , t his amounts 
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to a reduction in the water table of 0.64 to 1.02 feet per year, about 0.8 percent 

of the mean depth to groundwater. 7 While we don 't have sufficient info rmation to 

estimate the increase in extraction costs du to own and neighbors ' pumping, the 

findin g that ncighhors ' pumping docs affect own depth to groundwatrr makes fur t her 

data co llect ion and investigation of the nature of extraction costs important. 

Spatial externalities resulting from the inability to completely cap ture the ground­

water to which property rights are assigned cause some degree of overextraction in 

theoretical models. Using an instrumental variable and spatial weight matrices to 

overcome estimation difficult ies resulting from simultaneity and spatial correlat ion, 

we find that on average, the spatial externali ty cause overextraction that accounts 

for abo ut 2 p rcent of total pumping. More than one million acre-feet of groundwater 

are extracted from the Kansas portion of the High Plains Aquifer each year, and our 

results indicate that over 20 ,000 acre-feet of this quantity are extracted as a result of 

inefficiencies caused by spatial externalities . 

Policy options available that would be reasonably easy to implement to reduce 

the inefficiency caused by the spatial movement of water in the aquifer are limited . 

Libecap and Wiggins (1984) argue that uni tization and contracting between neighbors 

should occur naturall y; landownr rs most affected by pumping from their neighbors 

would buy up neighboring land to reduce the movement out of their land . Our results 

indicate that this would be effective; in tables and we show that water pumped from 

wells owned by the same person does not have the same affect as an equal amount of 

water pumped by neighboring landowners. Indeed , Kansas has been experiencing a 

decline in the numb r of farms and an increase in the number of acres per farm , but 

it is not clear that it is because of the externalities caused by groundwater movement. 

Increasing returns to scale and size, the availability of off-farm income opportunities , 

and other structural changes within the American agricultural sector may be driving 
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this change. Regardless of the cause, unitization will decrea ·e the importance of 

spatial externali ties. The formation of Groundwater ManagemenL DistricLs, a water 

bank, and the facilitation of leasing or selling back water rights to the state are 

some other measures that the state of Kansas has undertaken , but the fact that 

participation has been nearly nonexistent suggests that transaction costs are higher 

than the possible gains from these programs (Pfeiffer and Lin 2009). 

Notes 

1This is in contrast to the ingle owner/social plan ner depicted in Negri (1989) where the planner 

controls the entire swath of land , pumps from only one location , and then presumably distributes it 

to the spatial location where it is needed 

2 Personal communicat ion with Dr. Jeffrey Peterson, Kansas State Univers ity, April 5, 2008. 

3 http: //hercules. kgs. ku. edu / geohydro/ wimas/ 

~PR ISM (Parameter-elevation Regressions on Independent Slopes Model) data sets are recognized 

world-wide as t he highest-quality spatial climate data. sets currently avai lable. http: //www.pr i rn.oregonstate.eclu / 

5The original allocat ions may be spat ia lly correlated , but the t ime serie nature of our data. will 

provide variation over time. The appropriation contracts are constant over time , so are unlikely to 

be correlated with a neighbor's pumping decision in any one year . 

6 A lag of neighbors ' pumping was included in t hese regressions; (Brozovic, Sunding, and Zilber­

ma.n 2002) argue that it can ta.kc a significant a.mount of time for the effect of pumping in one locat ion 

to be transmitted to anot her location . However, for these locations and hydrological conditions the 

two-year lag is insignificant. so the lags were dropped. 

7Using the est imates of 0.21 to 0.49 feet / 100 acre-feet of own pumping, 1.5 feet / 1000 acre-feet 

of neighbors' pumping within a one mi le rad ius , average own pumping of 136 acre-feet, average one 

mi le radius pumping of 239 acre-feet, and average depth to groundwater of 114 feet. 
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Figure 3: Effects of neighborhood pumping on the groundwater withdrawals 

Table 1: Summary Statistics, 1996-2005 

Individual-year level variables Mean Std. Dev . 
Acre-feet pumped , single well 85 13 136.08 127.24 
Acre-feet pumped , single water rights owner 85813 350.33 731 .81 
Acres planted on irrigable land , single well 85813 143.58 93 .66 
Acres planted on irrigable land , single water rights owner 85813 308.34 539.09 
Depth to groundwater (ft) 85 13 114.31 76.07 
Change in depth to groundwater (ft) 76 12 1.17 14.63 
Change in depth to groundwater, county average (ft) 459 1.00 .18 
Precipitat ion (in ) 85813 22.36 5.79 

Individual level variables 
Recharge (in) 9337 1.41 1.34 
Hydroconductivity (ft/day) 9342 6.58 7.52 
Slope (3 of distance) 8957 1.10 0.94 
Irrigated Capability Class 8740 1.80 0.90 
Available water capacity (cm/cm) 8957 0.18 0.03 
Distance to nearest neighbor (mi) 9337 0.70 0.51 
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Table 2: Summary Statistics of Spatial Neighborhood Variables 

umber of Acre-feet Average gradient Average gradi nt weighL, 
neighboring wells pumped weight exclusiv of inn r radius 

0.5 milr cutoff O.OG 4G.70 75.45 
(0.24) (103.75) (148. 09) 

1 mile cutoff 0.49 239.12 50.12 46.80 
(0.78) (274.26) (93.44) (85.43) 

2 mile cutoff 3.44 977.05 27.81 24.03 
(2.54) (805 .35) (51.56) (43.97) 

3 mile cutoff 9.61 2118.09 20.16 15 . 9 
(5.72) (1611.79) (37.09) (28.91) 

4 mi le cutoff 17.51 3520.91 17.55 14.37 
(9. 16) (2510 .62) (32. 16) (25. 7 ) 

ote: Standard deviations in parentheses. 
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Table 3: Equation of Motion. Dependent Variable: Change in the depth to groundwater from one year to the next (ft) 

(1) (2) (3) (4) (5) 
0.5-mile cutoff 1-mile cutoff 2-mile cutoff 3-mile cutoff 4-mile cutoff 

Amount pumped (acre-feet) 0.00481 0.00410 0.00288 0.00252 0.00213 
(0.0007)*** (0.0007)*** (0.0007) *** (0 .0007) *** (0.0008)** 

Amount pumped at other 0.00028 0.00029 0.00028 0.00026 0.00025 
wells owned by i (acre-feet) (0.0001) * (0 .0001)* (0.0001)* (0.0001)* (0.0001 )* 
Acre-feet pumped by 0.00146 0.00151 0.00082 0.00044 0.00030 
neighbors (0.0008) (0.0003)*** (0.0001)*** (0.0001) *** (0.0000)*** 

1:-.J Precipitation (in) -0.21190 -0.20781 -0.20342 -0.20304 -0.20167 
Ol 

(0.0229)*** (0 .0229)*** (0.0229)*** (0.0229)*** (0 .0229)*** 
Potential recharge (in) 1.95678 1.84501 1.64692 1.58049 1.50933 

(0.3678) *** (0.3685)*** (0.3701) *** (0.3710) *** (0 .3719)*** 
Precipitation *recharge -0.03830 -0 .03544 -0.02999 -0 .02797 -0.02581 

(0.0117)** (0 .0117) (0.0118)* (0.0118)* (0.0118) * 
Constant 2.93436 2. 70519 2.42451 2.37472 2.28930 

(0 .5430)*** (0 .5450)*** (0 .5470)*** (0.5476)*** (0 .5486)*** 
64854 64854 64854 64854 64854 

r2 0.00474 0.00507 0.00555 0.00561 0.00569 
ote: * p< 0.05 , ** p< 0.01 , *** p< 0.001. Standard errors in parentheses. 



Table 4: Equation of Motion , Using Concentric Radii of Neighbors. Dependent Variable: Change in the depth to 
groundwater from one year to the next (ft) 

(6) (7) (8) (9) (10) (11) 
1-mile cutoff 2-mile cutoff 3-mile cutoff 4-mile cutoff Concentric buffers 1-mile cutoff 

Amount pumped (acre-feet) 0.00414 0.00311 0.00313 0.00296 0.00211 0.00401 
(0.0007) *** (0.0007)*** (0.0007)*** (0.0007)*** (0 .0008)** (0.0007)*** 

Amount pumped at other 0.00028 0.00027 0.00025 0.00024 0.00026 0.00027 
wells owned by i (acre-feet) (0.0001) * (0.0001 )* (0.0001)* (0.0001)* (0.0001)* (0.0001)* 
Acre-feet pumped by neighbors , 0.00163 0.00071 0.00135 
exclusive of pumping in half mile (0 .0003) *** (0.0003)* (0.0004)*** 
Acre-feet pumped by neighbors, 0.00093 0.00051 
exclusive of pumping in one mile (0.0001) *** (0.0002)** 
Acre-feet pumped by neighbors , 0.00059 0.00015 
exclusive of pumping in two mile (0.0001)*** (0.0001) 

IV Acre-feet pumped by neighbors, 0.00052 0.00026 
-..J 

exclusive of pumping in three mile (0.0001)*** (0.0001)** 
Precipitation (in) -0.20864 -0.20537 -0.20642 -0 .20533 -0.20079 -0.22978 

(0.0229) *** (0.0229)*** (0.0229)*** (0 .0229) *** (0 .0229)*** (0.0232)*** 
Potential recharge (in) 1.85376 1.6 370 1.67688 1.64140 1.50967 1.44528 

(0 .3685)*** (0.3699) *** (0 .3705)*** (0 .3712)*** (0.3720)*** (0.3746)*** 
Precipitation *recharge -0.03558 -0.03084 -0.03044 -0.02924 -0.02598 -0.02312 

(0 .0117) ** (0.011 )** (0.0118)** (0.01 18)* (0.0118)* (0.0119) 
Hydroconductivity (ft/day) -0 .06578 

(0.0145)*** 
Hydroconductivity* Acre-feet -0.00000 
pwnped by neighbors, 1-mile radius (0.0000) 
Constant 2.75866 2.53294 2.56919 2.52101 2.24895 3.79175 

(0 .5441)*** (0.5457)*** (0.5459)*** (0.5467)*** (0 .5492)*** (0.5820)*** 
r2 0.00504 0.00543 0.00531 0.00533 0.00576 0.00560 
ote: * p< 0.05, ** p < 0.01 , *** p < 0.001. Standard errors in parentheses . 
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Table 5: IV Regressions of Acre-feet Pumped 

(1) (2) (3) (4) (5) 
0.5-mile rntoff 1-mile cutoff 2-milc cuto ff 3-milc cutoff 4-mile cutoff 

Neighbors ' pumping 0.00020 0.00021 0.00008 0.00005 0.00003 
(0.0001)*** (0.0000)*** (0.0000)*** (0.0000)*** (0.0000)*** 

Acres planted on 0.80188 0. 79913 0.79726 0.79667 0.79645 
irrigatable land (0.0047)*** (0.0047)*** (0.0047)*** (0.0047)*** (0.0047)*** 
Appropriation contract' 0.09217 0.09153 0.09094 0.09079 0.09061 

(0.0023)*** (0.0023)*** (0.0023)*** (0 .0023) *** (0.0023)*** 
Precipitation (in) -3.77834 -3.74417 -3.72503 -3.71435 -3.70726 

(0.0816)*** (0.0815)*** (0.0816)*** (0 .0817)*** (0.0818)*** 
Potential recharge (in) 4.24137 4.29666 4.30617 4.30866 4.31787 

(0.3714)*** (0.3706) *** (0 .3703) *** (0.3704)*** (0.3704) *** 
Mean slope -2.46893 -2.55841 -2.59765 -2.60656 -2.62497 

(0.4090)*** (0.4081)*** (0.4079)*** (0.4080)*** (0.4081)*** 
Irrigated capability class 6.11471 6.02273 5.94045 5.91479 5.94918 
=2 (0.8042)*** (0.8024)*** (0.8019)*** (0 .8022) *** (0.8021)*** 

tv Irrigated capability class -3 .67411 -3.05122 -2.83875 -2.78663 -2.71070 00 

= 3 (1.3928)** (1.3913)* (1.3921)* (1.3931)* (1.3940) 
Ir rigated capability class 22.08771 22 .90146 23 .40200 23.54916 23.63303 

=4 (2 .6863)*** (2.6816)*** (2.6826)*** (2.6844)*** (2 .6855)*** 
Irrigated capability class 24.75862 26 .12020 25.94862 26.10584 26.28738 

=5 (5.8976)*** (5.8859)*** (5.8811 )*** (5.8830)*** (5.8839)*** 
Irrigated capability class 41.46339 42.64508 42.70547 42.64843 42.78908 

=6 (3.7169) *** (3. 7105)*** (3. 7084)*** (3. 7090) *** (3.7100)*** 
Available water capacity -4.45c+02 -4.39e+02 -4.38e+02 -4.38e+02 -4.37e+ 02 

(16.5489)* ** (16.5224)*** (16.5171)*** (16.5 198)*** (16.5286)*** 
Constant 178.93640 176.78933 176.12149 175.84160 175.44016 

(3.8134) *** (3.8114)*** (3.8158)*** (3.8204) *** (3.8263)*** 
N 65284 65284 65284 65284 65284 
r2 0.5309 0. 5330 0. 5337 0.5336 0.5335 
partial r 2 (first stage) 0.3910 0.5769 0.7007 0.7836 0.8195 
Average effect 0.01509 0.01052 0.00222 0.00101 0.00053 

Note: * p< 0.05 , ** p< 0.01 , *** p< 0.001. Neighbors' pumping is a weighted sum, absolute value of the weights. Standard 
errors in parentheses. Average effect=bcta. on neighbors ' pumping*a.vcrage w<'ight. 



Table 6: IV Regressions of Acre-feet Pumped , Using the Amount Pumped Exclusive 
of Inner Radius 

(6) (7) (8) (9) 
1-mile cutoff 2-mile cutoff 3-mile cutoff 4-mile cutoff 

Neighbors' pumping 0.00022 0.00007 0.00010 0.00006 
(0.0000)*** (0.0000)*** (0.0000)*** (0.0000)*** 

Acres planted on 0.79897 0.79877 0.79660 0.79790 
irrigatable land (0.0047)*** (0.0047)*** (0.0047)*** (0.0047)*** 
Appropriation contract 0.09167 0.09139 0.09080 0.09092 

(0.0023)*** (0 .0023 )*** (0.0023)*** (0 .0023)*** 
Precipitation (in) -3.74161 -3.74310 -3.70951 -3.72027 

(0 .0815)*** (0.0817)*** (0.0821)*** (0.0819)*** 
Potential recharge (in) 4.27663 4.26826 4.30063 4.29854 

(0.3706)*** (0.3708)*** (0.370 )*** (0.3709)*** 
Mean slope -2.58794 -2.56209 -2 .6031 -2.60740 

(0.4083)*** (0.4085)*** (0.4085)*** (0.4086)*** 
Irrigated capability class 6.01 7 5.99397 5.90909 6.04846 
= 2 (0 .8026)*** (0.8031)*** (0.8032)*** (0.8028)*** 
Irrigated capability class -3 .07169 -3.18339 -2. 4012 -2.93417 

=3 (1.3917)* (1.3937) * (1.3967) * (1.3957)* 
Irrigated capability class 22. 105 22.92909 23.5363 23.23122 
=4 (2 .6 25)*** (2.6 65)*** (2 .6911 )*** (2.6 1)*** 
Irrigated capability class 26.10240 25.28065 26 .11514 26.01200 
=5 (5 .8878)*** (5.8888)*** (5.8904)*** (5 .8910)*** 
Irrigated capability class 42.63485 42. 10414 42.42749 42.52944 
=6 (3 .7118)*** (3 .7128)*** (3.7131)*** (3 . 7146)*** 
Available water capacity -4.38e+02 -4.41e+02 -4.39e+02 -4.38e+02 

(16.5309)*** (16.5369)*** (16.5385)*** (16.5551)*** 
Constant 176.75127 177.25204 175. 9942 176.0454 7 

(3.8132)*** (3.8196)*** (3. 359)*** (3. 340)*** 
N 652 4 65284 652 4 652 4 
'('2 0.5327 0.5324 0.5327 0.5325 
partial r 2 (first stage) 0.6152 0.6995 0.41 0 0.7781 
Average effect 0.01030 0.00168 0.00159 0.00086 

Note: * p<0.05, ** p<0.01, *** p<0.001. Neighbors ' pumping is a weighted sum , 
absolute value of the weights, exclusive of pumping in the smaller radius, i.e., 1-mile 
cutoff is exclusive of pumping in half-mile radius, 2-mile cutoff is exclusive of pumping 
in 1-mile raduis. Standard errors in parentheses. Average effect is beta on neighbors ' 
pumping times the average weight. 
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Table 7: IV Regressions of Acre-feet Pumped , Differentiating Between Positive and 
egative Weights 

(10) (11) 
1-mile cutoff 2-mile cutoff 

Neighbors' pumping 0.00027 0.00013 
(positive weights) (0.0000)*** (0.0000)*** 
Neighbors' pumping 0.00015 0.00003 
(negative weights) (0.0000)*** (0.0000)* 
Acres planted on 0. 79911 0.79728 
irrigatable land (0.0047)*** (0.0047)*** 
Appropriation contract (acre-feet) 0.091 54 0.09098 

(0.0023)*** (0.0023)*** 
Preci pi ta ti on (in ) -3. 74439 -3 .72594 

(0.0815)*** (0.0816)*** 
Potential recharge (in) 4.29551 4.30709 

(0.3705)*** (0.3703)*** 
Mean slope -2 .55733 -2.59943 

(0.4081)*** (0.4078)*** 
Irrigated capability class 6.02494 5.93020 
=2 (0.8024)*** (0.8019)*** 
Irrigated capability class -3.04101 -2.87533 
=3 (1.3912)* (1.3920)* 
Irrigated capabili ty class 22.89804 23.39979 
= 4 (2.6816)*** (2 .6823)*** 
Irrigated capabili ty class 26 .13146 26.24546 
= 5 (5.8858)*** (5.8809)*** 
Irrigated capability class 42.65085 42 .68350 
=6 (3.7105)*** (3. 7080)*** 
Available water capacity -4.39e+02 -4.38e+02 

(16.5223)*** (16.5157)*** 
Constant 176.77195 176.19490 

(3.8114)*** (3.8155)*** 
N 65284 65284 
r 2 0. 53306 0. 53388 
Average effect, pos itive weights 0.01353 0 .00362 
Average effect, negat ive weights 0.00752 0.00060 

Note: * p<0.05, ** p<0.01, *** p< 0.001. Neighbors' pumping is a weighted sum , 
absolute value of the weights. Standard errors in parentheses. A veragc effect is beta 
on neighbors ' pumping times the average weight. 
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Table 8: First Stage RelaLionship Between Neighbors ' Pumping and Neighbors ' Ap­
propriation Contracts. Dependent Variable: Absolute Value of eighbors ' Pumping 

Independent 
variable: 
0.5-mile cutoff 
1-mile cutoff 
2-mile cutoff 
3-mile cutoff 
4-mile cutoff 
1-mile cuto ff 
2-mile cutoff 
3-mile cutoff 
4-mile cutoff 

Estimated coefficients 
eighbors' Neighbors contracts, 
contracts exclusive 

0.3601 *** 
0.4655*** 
0.4657*** 
0.4734*** 
0.4716*** 

0.4910*** 
0.4443*** 

0 .4569*** 
0.4556*** 

Note: * p< 0.05 , ** p< 0.01 , *** p< 0.001 
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Constant r2 

162.44*** 0.4144 
534.47*** 0.5764 

1514. 10*** 0.7041 
247 .76*** 0.787 
3955.75*** 0. 251 
332.53*** 0.60 5 

1497.01 *** 0.6986 
1766.55*** 0.7674 
1983.75*** 0.7886 
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