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Irrigation Technology Adoption Under Factor
Price Uncertainty: Groundwater-Irrigated
Production in Nebraska, 1960 — 2005

Abstract

The development of groundwater-irrigated production nedbgies, fed by water from
the Ogallala Aquifer, facilitated the development of agltigre in the High Plains region
of the United States that began during the 1960s. The curadmtof pumping for irri-
gation in the region is causing the aquifer to be depletedanyrareas, which is cause
for concern from a socioeconomic and environmental staintdpdhe goal of this paper
is to assess the factors that affect the decision to adophdweater-irrigated production
by farmers, in the presence of risk differentiated by hefen@ous farmland quality and
groundwater depth. A binary choice model of adoption isnestied for Nebraska, from
1960 — 2005. The results suggest that farmers considertelivagiability, revenue poten-
tial, and potential pumping costs in the investment degisio
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Introduction

The work presented in this paper is an attempt to understandyof data: the population
of farm plots in Nebraska that were converted from drylanadpction to groundwater-
irrigated production during the time period 1960-2005. Bgusing on the interaction
between market prices and the land-quality augmentingotigpaf groundwater-irrigated
production for the plot, a dynamic model of technology adwptvith uncertain returns
to investment is developed to explain the shift from drylartgeat production to irrigated

corn production by farmers in the High Plains region of Nekea



The High Plains Aquifer, or the Ogallala Aquifer, is a 17408quare mile body of
water that underlies portions of six states, from Texas tatls®akota, including 83% of
Nebraska. Its 3.5 billion acre-feet of water currentlygate one fifth of cropland currently
under irrigated production in the United States, but intenpumping and the aquifer’s
slow recharge rate have caused the water level of the adoifdecline significantly in
places Torell, Libbin, and Miller 1990. The declining water level in many areas of the
Ogallala Aquifer has become a major concern for policymsalerd competitive water
users. lIrrigated corn production, which is grown on morgated acreage in the Great
Plains than any other crop, appears to be at the core of tH#epnoNorwood 2000.
Modern irrigation technology has the potential to imprave éfficiency of applied water,
so its adoption has been explored as one of many solutiohg foroblem.

The traditional net present value of investment statesathapting innovating production
techniques should take place when the discounted expeaghael of the investment is equal
to the expected discounted cost of the investment. Wherd faith volatile markets or
weather shocks, the farmer’s decision to invest in a newuyartioh technology—one that
will improve yields and decrease production risk but inseetheir energy requirements,
downside price risk and require substantial sunk capitsisee-are adjusted to account for
the perceived riskiness of the production technology. Ristoduces a “hurdle rate”—
which requires the expected returns to investment be grédzde the expected costs of
investment—into the adoption decision. The observatianttne rate of technological dif-
fusion lags behind expectations based on the expected esdrdrvalue of the investment
has been well documented in agricultural production: dircorn producers’ investmentin
site-specific technologies$s{k 20049); the switch to free-stall housing by Texas dairies de-
spite increased milk productioRq(rvis et al. 1995 investment in modern irrigation equip-
ment by California cotton producer€érey and Zilberman 2002 Carey and Zilberman
(2002 find that the California droughts during the 1980s and eB®§0s spurred much of

the adoption of water-saving, capital intensive productexhnologies by California farm-



ers. They hypothesize that prolonged shocks provide seifichotivation for farmers to
adopt modern agricultural production technologies thatire substantial sunk costs.
Using plot-level, spatially referenced data on the climasigronomic, and hydrologic
conditions and for every farm plot in Nebraska that drillediaigation well from 1960—
2005, this paper develops a discrete choice model of thesidecby the dryland farmer
to adopt groundwater-irrigated production technology.rnies are assumed to choose
the production technology that maximizes their discoumtguected profits, which are in-
fluenced by recent weather conditions, recent market trandsitput prices and energy
prices, the quality of their land, and their groundwaterpamies. Given the high sunk
capital costs required for investment in groundwategéated production, adoption is irre-
versible over the life of the equipment. Pumping costs argrafgcant portion of operating
costs and vary by well depth and yield, so the effect of theratdtion between changes in
energy prices and plot pumping requirements is investigalée significance of changes
in potential profits due to changes in market prices and veeatbnditions on the adoption
decision are analyzed in detail. The remainder of this pa&perganized as follows: the
following section summarizes related research; next, @gamal model of groundwater-
irrigated production technology adoption is developed; data and estimation procedure
are outlined; the results from econometric estimation a&taitkd; lastly, the paper con-
cludes with a discussion of the implications of the analgsid suggested directions for

future research.

Previous Studies

Empirical research on technology adoption by agricultpralducers is found in applied
economics. A brief review of the results and techniques usegbplications to the Ogal-
lala Aquifer is presented. Then, the general modeling tiegles and results obtained by
econometric analysis—particularly as it applies to the@# of risk and uncertainty on the

adoption decision—are reviewed.



The economic literature of technology adoption generaliglgzes the adoption de-
cision in the context of socioeconmic, demographic, andcstral factors, or the rate
of diffusion of innovation through timé. Among the various variables of producer at-
tributes, market characteristics, and land quality cansts that have been studied in the
context of adoption, risk has been recognized as a majaorfactthe adoption decision
(Feder, Just, and Zilberman 198%Jncertainty related to technology adoption in agricul-
ture takes two forms: first, the perceived riskiness of fitiarm profitability under the
new production technology and second, uncertainty in pethdo and prices related to the
dynamic setting of farm optimization decisions.

The effect of risk on investment in agricultural producttenhnology at the farm level is
explored empirically in a variety of frameworks, includiegpected utility maximization
by risk-averse and downside risk averse produdéasiidouri, Nauges, and Tzouvelekas
(2006; Kim and Chavas(2003; Antle (19833) and the role of learning in updating
producers’ expectations of future yields under a new teldgyo(Foster and Rosenzweig
(2004; Cameron(1999; Foltz (2003; Besley and Cas€l993). These farm-level adop-
tion studies estimate empirical models of adoption usiragsisectional data and panel
data with few time periods. The importance of heterogen@oogucer attributes, such as
farmer education levels or past farm profitability, and lap@lity attributes, such as soil
type, are considered in the context of the decision to adept production innovations.
One shortcoming of empirical applications to technologgmbn in agriculture is the
dearth of available farm-level data across time, whichrigstthe researcher to framing
dynamic problems in a static setting. Many studies estinmatdels using cross-sectional
data, which may provide biased estimates of an inherenthaayc processGameron
1999.

Koundouri, Nauges, and Tzouvelek2606 exploit the limits of cross-sectional data in
their analysis of the effect of production risk on profits Isyimating exogenous profit mo-

ments using an approach developedoyle (19830. Koundouri, Nauges, and Tzouvelekas



(2006 find the probability of adopting water-saving irrigatioemchnology increases for
farmers with higher variance of profit and for farmers thatefahe risk of extreme
outcomes. Farmers were surveyed regarding their profitejuation techniques, farm
characteristics, and farmer characteristics at the tirmettoption decision was made but
before production using the modern technology began. Pnofihents are calculated using
the sample profit distribution. A binary probit is used toirastte the adoption decision
as a function of the profit moments, farm characteristics, laousehold characteristics.
Farmer education levels and the number of extension vigts wtatistically higher among
adopters of efficient irrigation technology than among rumders .

The use of profit moments to approximate risk builds off thekvaf Sandmo(1977)
andJust and Popé€1979, which utilize a mean-variance approximation of produatsr
ity in profit. In these analyses, the estimation of utilitywétions of farm profits or farm
production is necessary. In order to incorporate ArrowttfPreasures of risk aversion and
downside risk aversiorAntle (1983 builds the linear moment model (LMM), a flexible
model based on the probability distribution of output. ®ietput distributions are func-
tions of their moments, the stochastic structure of the ypctidn process can be inferred.

The groundwater-saving potential of shifting productioratternative production tech-
nologies in regions fed by the Ogallala has been the focupplfead engineering research.
Norwood (2000 finds limited-irrigated corn yields to be superior to drydacorn yields
when water is scarceO’Brien et al. (200]) find the net returns of center pivot irriga-
tion to be higher than the net returns of furrow irrigatioomach less efficient technique.
Peterson and Din(2005 use a risk programming model to quantify the effect of atign
efficiency on irrigation water use in the Great Plains. Thag fihat the shift from flood
irrigation to higher efficiency techniques are associatéd reduced water use.

One study of particular interestlischtenberg(1989, which analyzes cropping patterns
in the northern High Plains of Nebraska during the perioahfit®66—1980 Lichtenberg

(1989 finds support for the hypothesis that center pivot irrigatiechnology augments



land-quality by supplementing scarce water resources a@mat lwith energy and capital.
This study examines the influence that land quality and cgutet technology adoption
have on cropping patterns for six crop categories: irrigatern, dryland corn, wheat,
sorghum, soybeans, and small grains. County averagedsenes data on crop alloca-
tion, water-holding capacity of the topsoil, the capitasicof a center pivot assuming a
well depth of 200 feet, and crop prices, are used to estimamigltnomial logit of cropland
allocation. The results suggest that land quality is a madgberminant of crop choice and
that center pivot technology fueled the shift in allocatidrom dryland wheat to irrigated
corn during the time period. These results motivate theaggr taken in this paper and
Lichtenberg(1989 also illustrates the data limitations of past empiricarkvim the tech-
nology adoption literature in agriculture: the data usedstimate the econometric model
are county-level averages and there is no data on well dé&ythncorporating data on a
much finer scale, the results of our research have the pakémbffer more information on

the determinants of agricultural groundwater use in Nedaras

Conceptual Model

We consider a farmer currently operating a plot using diylaroduction. The farmer has
a discrete choice between using two technologies: drylandyztion and groundwater-
irrigated production. Irrigated production involves ting a groundwater well and in-
stalling a pump and some sprinkler technology, such as acentot. Irrigation tech-
nology is considered land quality-augmenting in the serefmeld by Caswell and Zil-
berman: by substituting capital and energy for the watepgdti®n capabilities and the
water-holding capacity of the soil, it enhances the aboityower quality land to provide
water and nutrients for crops, thereby reducing the pradtictlifferentials between lower
and higher qualities of landCaswell and Zilberman 1986 In regions that rely on inter-
mittent rainfall patterns, the switch to groundwater iatign can act as a hedge against

downside production risk caused by inadequate precipitaduring the growing season.



The decision to irrigate can invite other sources of risk iitie production process though:
the electric/gas power requirement for operating theatian equipment is a substantial
portion of total variable operating costs, compared to thergy requirements of dryland
production Gonzalez-Alvarez, Keeler, and Mullen 2Q06arm pumping requirements are
determined by well depth and well yield. The potential retunf investing in irrigated pro-
duction over dryland production depend on heterogenougngiwater and land quality
characteristics, and therefore vary across heterogeriaous.

The returns from both production technologies are stoahdsie to uncertainty about
prices, water costs, and climate conditions. Output praceksenergy prices are assumed
to be changing over time, and the farmer has expectatiorssdieg the trend of prices
through time. Severe weather hazards are difficult to ptelolit the farmer forms realistic
expectations regarding weather patterns based on reeewlstr The returns from invest-
ment in irrigated production are given by the differencehi net present value of expected
profits from irrigated production over dryland productiarich are determined by output
prices, relative yields, water costs, and climate cond#ioThe farmer will switch from
dryland production to irrigated production if the expectedue of adoption is positive,
which we observe when the farmer registers the well. Otlsaythe farmer delays the in-
vestment decision until the expected value becomes pesitia later time, in light of new
trends in prices, production costs, or increased weatHatiMy. If the farmer does not ex-
pect irrigated production to have higher profits during teeqga of analysis, the adoption
decision is not observed. With data currently availableydat the population of farm-
ers in Nebraska that adopted groundwater irrigation telcigyoduring the study period,
analysis is restricted to this populatiénln order to derive results regarding the impact
uncertainty plays on the adoption decsision, several siimgplassumptions are made re-
garding the farm’s investment decisionmaking process.dssumed that the farm operates

in perfectly competitive factor and output markets, so faigld effects do not inluence



market prices for inputs or output. Also, existing capitalc& does not significantly affect

the magnitude of uncertainty in the investment decision.

Farm Production and Profits

Farmers utilize a vector of conventional inpxtand irrigation watek,, to produce a sin-
gle outputg through a technology described by a well-behaved (i.e.icoatis and twice
differentiable) production functiofi(-). Additionally, assume the production function has
nonjoint marginal products, so the decision to adopt is nfiiénced by changes in vari-
able inputs such as fertilizer or seed costs, which are ruicitky modeled?® Let p denote
output price anda the corresponding vector of input prices. The farmer ism&slito incur
production risk and price risk as farm profits are affectecalopatic conditions and mar-
ket conditions. Groundwater-irrigated production is ased to be associated with higher
yields and higher production costs. Profit gains associaidd groundwater extraction
and application depend on heterogeneous farm charamggstincluding field size, land
quality, and groundwater depth. The production functiomigten asq = f (a,xw,X).
Groundwater-irrigated water costs are giverrli(a)xy, whereh(a) is a non-decreasing
function of depth to groundwater and evapotranspirationirements.

The farmer’s problem is to maximize the net present valupéeted profit,

(1) maxE [ZtT:Opt n]

X7XW

;
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whereT is the life of the irrigation equipment anal is the farmer’s discount rate. The
farmer’s decision to adopt groundwater-irrigated proguctechnology is modeled as a
binary choice. The farmer can choose to adopt (y = 1) or caatairyland production (y
= 0). The farmer maximizes expected value by consideringliffierence in reduced-form

expected profit,

ENV] =Y oP'E [p(a* &) —rwh(@)x, — 0 —rx! — rx]
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If E[V] > 0, then the farmer invests in groundwater-irrigated préidacand the adoption
decision (y = 1) is observed. If the expected value of adoptidhe current period is nega-
tive, but positive in a future time period, then the decigpr 0) is observed. Farmers with
potentially high pumping costs may choose to delay investmetil real energy prices are
lower or the revenue gains from switching to irrigation ie tturrent period are sufficiently
large to offset increased downside price risk. Given theortgnce of the well’s geophys-
ical characteristics on variable irrigation costs, we exf@mers with inherently cheaper
groundwater-irrigated production costs to adopt earhehe adoption process, as energy

prices have a smaller effect on production costs.

Data and Estimation

Description of the Study Area

Primarily situated in the northern High Plains, much of Nedixa could generally be charac-
terized by expansive, unbroken swaths of range land, pgstnd marginal cropland prior
to the 1960sCenter for Rural Affairs The terrain, especially in the central and western
parts of the state, is dominated by sandy soils and low ptatigm. The water-holding ca-
pacity of the soil makes surface irrigation techniques gkavity systems impractical and
costly, so cropland was typically devoted to producing eager sensitive crops such as
hay and wheat(chtenberg 198P However, 83% of Nebraska is underlain by the Ogallala
Formation Torell, Libbin, and Miller 1990, whose geologic properties make large-scale
pumping at shallow levels possible, given the approprietérology. By the mid-1960s,
the development of center pivot irrigation technology amel availability of inexpensive
electric power made production of water sensitive cropk sisaorn and soybeans possible

on marginal lands that were previously considered uniblgéenter for Rural Affairs



In a report on the impact of center pivot irrigation on Nekeafarmers by the Center for
Rural Affairs (1976), the production risk-reducing effedétswitching from dryland agri-
culture to groundwater groundwater-irrigated productiv@s recognized as significant in
value for the producer. This reduction in production riskfiset by price risk caused by
much higher operating costs associated with center pikigaiion. It notes that “the high
costs and risks inherent in center pivot irrigation haveaisaged many farmers from in-
vesting in them. However, many non-farm investors view f@as a high return investment
for which it is worth risking excess incomeCeénter for Rural Affairs This observation
lends support to evidence from economic research that ndkuacertainty regarding fu-
ture market conditions caused farmers to delay investmaittmore was known about the
distribution of future prices and climate conditions.

Figure gives the general trend of the adoption decision 880 — 2005 and Figure
illustrates the upward trend through time of mean pumpintemavel of installed wells.
Examination of the figures reveals important informationwithe decision to irrigate: a
period of rapid adoption occured from the mid-1960s throtigh1970s, and most of the
wells installed were shallow relative to more recently atisd irrigation wells. Note that
several regions of Nebraska have imposed well drilling nwoia within the last few year.
However, as Figure shows, well installing is still occugin other parts of Nebraska.

Data for every irrigation well installed in the state of Naska from 1900—-2006 were
made available by the Nebraska Department of Natural ResstirBeginning in 1960,
reporting was mandatory once drilling began, so the da&isasomplete and the registra-
tion requirement makes time dependent analysis possibtedécstudy period 1960-2005.
The database provides spatially referenced informationtemded irrigated acreage, well
depth, well yield, and the current owner. Since center pigohnology is operated only
on guarter-sections, analysis is constrained to wells ithgated between 120 and 170
acres. Otherwise, observed installation of other irryatechnologies with different profit

functions may introduce unobserved heterogeneity intatbéel, confounding the results.
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Given these constraints, data on 35,502 wells make up thelgtogn under considera-
tion: dryland farm operators in Nebraska that chose to inmasigated production, likely

center-pivot irrigation, during the time period 1960-2005

Data for Estimation

Dependent Variable

The decision to adopt is assumed to be observed in the nextperod, so explanatory
variables are lagged one year. The decision to invest irtaldptensive production re-
quires planning and wells are not registered until drillaogually begins, so a one year lag
should be sufficient for analyzing the correct data trendesgifration was not mandatory
until 1960 and the previous literature suggest that thisrisasonable starting poiftA
summary of well characteristics is found in Taldle To build the time-series associated
with each registered well, explanatory data for each wellcnsidered up to the year that
the well was registered. This gives an unbalanced panelexddwpt equals zero up to the
registration year, at which point it equals one. The plohentdropped from the estima-
tion sample for later years, which implies irreversibilitiithe investment decision. Given
the high cost of largely unrecoverable capital investmgis, assumption is a reasonable
approximation of the population. From a cross-section gfaximately 35,000 plots with
registered irrigation wells, a panel of over 700,000 obsémdoption decisions is created.

In 1960, there are 35,502 observations; by 2005 there are 926

Land Quality Data

Spatially referenced weather station data on monthly hgakegree days and total monthly
precipitation in tenths of an inch for the study period arailable from the National Cli-
matic Data Centef. Precipitation data were annualized and monthly heatingegedays
were summed over the growing period from April to Septemberorder to match this

data to well location, weather station data were used taeitha surface (lon,lat,climate
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variable) using a cubic spline. Well location was then iptéated to this surface using a
cubic interpolation.

In order to estimate the potential gain in crop yields asged with switching from
dryland to irrigated production, field-level agronomicalatere used in WaterOptimizer—
developed by University of Nebraska-Lincoln Extensieto calculate the maximal farm
yields per acre of dryland wheat production and irrigatech@voduction. This optimiza-
tion technique is based on current input costs and outpaégriso estimated yields are
not exact measures for farm yields during the study periatithey are an accurate ap-
proximation of the magnitude of the gain associated withta@vimg to irrigation, since
time-invariant, field-level agronomic data are used inneation. Because switching to ir-
rigated production is tied to the shift in cropping pattefnosn wheat to cornl{ichtenberg
1989, irrigated corn yields are compared to dryland wheat weltien calculating the gain
in revenue associated with the decision to irrigate. Thauahmeans of real farm prices

per bushel from the USDA are used to calculate potential@egains.

Profit Variables

In order to calculate the potential revenue gain associaitbdrrigation investment on plot
i, the difference in plot revenue per acre of irrigated corth @ryland wheat are multiplied
by irrigated acreage reported at the time of registratidterAatively, price and yield data
for the respective crops could be included separately alatigirrigated acreage, but this
method presents multicollinearity problems in estimatiod the coefficients would not be
as easily interpreted. A summary of the variables used irshienation sample is found in
Table2 and an explanation of the variables used is provided in Table

The magnitude of pumping cost risk is determined by the Setdlative pumping re-
quirements, which are primarily affected by well depth arellwield. If energy prices
increase, variable operating costs for plots with reldivegh pumping requirements in-

crease by several magnitudes greater that the increaseemtm costs for plots with
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relatively low pumping requirements. Pumping costs areneged using two variables by
multiplying real crude oil prices by pumping water level dndmultiplying prices by well
yield.

Land value is estimated using real average state farmlane f¥i@m the previous year,
which is used to proxy farm credit constraints, past farnfifgcand temporal agricultural
policy effects. Average assessed state farmland valueaqoerwere obtained from the
USDA. In future work, tax assessor data on individual fasneitl be used, but this data is

not ready to be used in estimation yet.

Econometric Specification

The condition of adoption implies that the expected valuaddption, given by2), is
positive. The decision to adopt is determined by the farnratp€s expectations of fu-
ture revenue and future costs, which are a function of hg&reous farm characteristics,
climate variability, and market prices. The probabilityasfoption on ploi at timet is
conditional on the value of adoption from the previous sedsg, related to the farmer’s
expected revenue gain, pumping costs, land value, totalemmecipitation, and heating
degree days during the growing season from April to Septeniidgs can be represented

as a linear probability model,
() Py =1|Vit) = G(ViB)

whereG(-) is a known function. In the case of a binary limited depende@niable, either
the logit or probit functions are suitablEdder, Just, and Zilberman 198%stimates for

the logit specification are reported in Taldle
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Unobservable Heterogeneity

In the absence of unobserved heterogeneity, a pooled & gigkls a\/N-consistent esti-

mator of 8 by maximizing the partial log-likelihood function,

@ > Z {Yit logG(VitB) + (L —vVit)log[l - G(VitB)]}

In the presence of unobserved heterogeneity though, dgiimraquires additional assump-
tions. Consider the case where some farmers have an intadiéityt to be more profitable
with center pivot technology than others. The farmer mayehawre technical expertise
and expertise, greater access to credit, or a differemtdétitowards risk than other farm-
ers in the data. Since land values per acre are at the staletle®y are an inexact proxy
of farm value and access to credit. This is problematic bezamobserved heterogeneity
biases the coefficient on any variable with which it is catetl Cameron 1999
Unexplained heterogeneity,, can be modeled as a random effect or as a fixed effect.
The fixed effect logit makes no assumptions regarding the&sgpion ofc;, in contrast
to the random effects probit, which assumes a normal camditidistribution forc;. The
fixed effects logit requires conditional independence farsistency in estimation, which
requires thatiq, ...,y are independent conditional 8),c;. Random effects estimation
is not appropriate for large T-large N data, so the fixed &fflagit estimator is compared
to pooled estimation of an ordinary logit, which assumes nobgerved heterogeneity.

Estimates are reported in Taldle

Estimation Results

Table4 reports the estimation results for the pooled logit modhe fixed effect and random
effect logit model®. The dependent variable is the probability of adoption dtimal on
farm characteristics and market prices. All time-varyimyariates are lagged one year.
Clustered robust standard errors are reported for obtamadcount for correlation in the

pooled model.
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The estimated coefficients for the fixed effects model angptiobed model are similar in
magnitude and significance. The oil price-well depth irntgcen term is the only variable
that the models estimate coefficients with different magtes. The oil price-well depth in-
teraction term is negative and significant at th@596 level and the coefficient for the fixed
effects model is positive, but statistically insignificafte oil price-well yield interaction
term is positive and significant at theD01% level in both models. The lagged price of oll
is negative and significant. The estimated coefficient feemee is positive and significant.
This suggests that farmers respond to revenue signals wakimgthe adoption decision.
The estimated coefficient for pumping cost is negative agdificant, but the magnitude
of its average marginal effect is small compared to the otheables. The implications
for positive revenue responses and negative pumping cggbmses suggest that farmers
exhibit profit maximizing behavior when making producticetdion, though the nature of
their relative effects warrant further investigation.

The estimated coefficient for land value is positive and ificant. As a state-level av-
erage farmland value per acre, the relationship shouldioajgieneral trends in the value
agricultural production statewide. This phenomenon isljikcorrelated with changes in
agricultural policy, expectations of farm profitability dwother system-level changes that
affect farmers’ access to credit.

The estimated coefficients reported in Tabl@r the climate variables are negative, im-
plying that lower rainfall and fewer heating degree daysmprevious year are correlated
positively with the probability of adoption. This result ssipported by the observation
made inCarey and ZilbermafR002 that adoption tends to place after shocks. Since every
plot in the population decides to adopt at some point, rggtipoor climate variables in

the previous growing season should be correlated with aehigiobability of adoption.
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Conclusion

This paper set out to empirically investigate the factoas #ifect farm decisions regarding
irrigation technology adoption in the presence of produrctisk and price risk, which are
influenced by heterogeneous farm characteristics relatkeshtl quality and well depth. To
assess the impact of changes in potential profitability enaithoption decision, a pooled
logit model and of adoption was estimated as a function ofdlienue differential between
irrigated corn and dryland wheat, pumping cost risk, landegprecipitation, and heating
degree days. For farmers that eventually decide to irrjghteprobability of adoption is
negatively impacted higher pumping costs, high rainfaligd @ high number of heating
degree days in the previous year. The probability of adapsopositively impacted by
farmland value and a high revenue differential in the presigear. These impacts are
qualitatively similar to those reported hychtenberg(1989, though that analysis assumed
a fixed pumping water level for the study region.

It is unclear from the estimates that unobserved heterdtyeisea significant source
of bias in the pooled model. The magnitude of the estimatedficeents between the
fixed effects logit and the pooled logit only differ with resp to the oil price-well depth
interaction term and the term is insignificant in the fixectef§ model.

Though this study treats expected revenue and expectedcasimplistic manner, it
does suggest areas for further work. The first is to improeedhta used to estimate the
model. By merging the well database with county tax recoitdsill become possible to
get a more complete picture of farm ownership and land quaht include farmers that
still use dryland production. Detailed soil data also nedokt processed into a usable form.
Work also needs to be done to improve the econometric modith &vatially referenced
observations, accounting for the diffusion of technologyotigh time and space is a po-

tentially useful exercise that could improve the predefpower of the model. Alternative

16



specifications that offer more precise estimates of theahéants of the adoption decision
need to be explored. Discrete time duration models will bestigated in future work.
Another direction for study in this area is to investigateetiter groundwater depth is
factored into the value of groundwater. Since depth is notofed into assessed land
values, a hedonic analysis of land sales prices might reveiélation where assessed land
values do not accurately reflect the actual value in farmifige existence of a negative

relationship between depth to groundwater and the landigeua the farmer is unknown.
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Table 1. Characteristics of the Study Region

Variable Mean  Std. Dev. Min Max
Investment Year 1987.20 12.44 1960. 2005.
Irrigated Acres 141.35 14.09 120.00 170.00
Pumping Water Level, ft 126.71 70.35 1.00 1967.00
Well Yield, ft3/sec 968.50 409.86 0.00 9020.00
Optimal Corn Yield, bu/acre 204.35 7.53 161.31 215.24
Optimal Wheat Yield, bu/acre 47.41 2.97 35.43 54.42

Table 2. Summary Statistics for Estimation Sample

Variable Observations Mean Std. Dev. Min  Max
Revenue ($100,000) 768,892 0.33 0.15 0.12 0.88
Oil*Depth ($100,000) 768,892 0.12 0.43 0.000 8.91
Oil*Yield ($100,000) 768,892 0.15 0.91 0.000 4.85
Land Value ($100) 768,892 1.17 0.04 0.69 2.66
Heating Degree Days (100 degrees Fahrenheit) 733,392 882 2 0.86 20.55
Precipitation (100 inches) 733,392 23.27 6.54 486 59.70
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Table 3. Description of Variables

Variables

Description Expected Sign

Dependent variable
adopt

Binary variable equal to one if irrigation technolag)y
installed in the current peridg zero if no well is registered.

Explanatory variables All variables are lagged one year prior to the year the weH vegjistered.

Revenue

Oil*Depth

Oil*Depth

Land value
Heating degrees

Precipitation

Difference between irrigated corn revenue anddylvheat revenue
using farm prices, assuming maximal crop yield for plot ($&00,000)
Source: USDA, NE DNR, UNL
Interaction between pumping water level and mrate oil costs
(per $1000,000)

Source: USDA, NE DNR
Interaction between well yield and real crudecmbts
(per $1000,000)
Source: USDA, NE DNR
State farmland value ($100 per acre)
Source: USDA
Sum of monthly heating degree days for A@Béptember (per 100 degree days).
Source: NOAA
Total annual precipitation (per 100 inches)
Source: NOAA




Table 4. Estimates for Logit Models

1) (2)
Pooled Logit Fixed Effects
Precipitation —0.332 —0.247+
(0.00804 (0.00965
Heating Deg. —0.0109** —0.0349**
(0.00172 (0.00368
Oil*Depth —0.769 1.272
(0.302 (0.990)
Oil*Yield 2.696* 4.574%
(0.293) (0.245)
Oil Price —0.0403** —0.0353**
(0.00272 (0.00274
Revenue N27 5.873**
(0.03549 (0.0484
Land Value 00858** 0.140
(0.00347 (0.00452
Constant —3.886"*
(0.0344
Log-likelihood —1337213 —829844

Standard errors in parentheses
All variables are lagged one year
*p<0.05* p<0.01,”* p<0.001
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Notes

IFeder, Just, and Zilbermdmh985 provides a detailed survey on technology adoption
literature. Besley and Cas€l993 review the existing empirical technological adoption
models in the context of their consistency to an underlyirggptetical model of optimizing

behavior.

2Future analysis will include data currently in dryland pwotion, which should
improve the scope and richness of the model. Since data gsioce and matching
up databases can be quite arduous, the dataset containingdiytand and irrigated

production is not complete.

3The nonjoint marginal products assumption is necessarystimate the effect of
changes in water input cost requirements in the absencetafatatechnology-specific

cost requirements for the time period of analysis.

4A description of the data, along with a complete library ohtsally referenced data

can be accessed laitp://www.dnr.state.ne.us/

5 (Lichtenberg 198Panalyzed the period of most rapid adoption of center pikot i
gation technology and observations madelihg Kerr Center for Sustainable Agricultiire
and Center for Rural Affairssuggest that growth in groundwater irrigation investniest

gan in 1960s.
6Global monthly surface data are accessiblettt://cdo.ncdc.noaa.gov

"WaterOptimizer was developed by researchers at UnivestNebraska to investigate
optimal planting strategies when water supply is constghir-or additional information,

seehttp://extension-water.unl.edu/
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8The results from the pooled logit specification were simitaa pooled model using
time dummies, following the recommendation of by Wooldedtjooldridge(2002. The
estimated coefficients were similar to the reported pooledehthat included time-varying

covariates that are fixed across units, including land vahdecrude oil price.
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