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Over the past century groundwater resources around the globe have come under strain 

and climate change is expected to worsen the situation (Richey et al. 2015). While the 

direct effect of climate change on groundwater resources (reduced recharge) is difficult to 

quantify, the indirect effects (increased withdrawals) are expected to be large (Taylor et 

al. 2013). With droughts predicted to increase in severity (Williams et al. 2015; Ficklin et 

al. 2015) and demand increase on account of population growth and consumption 

patterns (Gleick 2010), water users will bridge the gap between fresh water supply and 

demand through increased groundwater withdrawals where possible (Ward 2014; Castle 

et al. 2014). This has the potential to exacerbate existing pressure on groundwater 

commons due to incomplete property rights to groundwater.  

Historically, groundwater irrigators in the United States met very little regulation and 

could extract from shared aquifers based on private costs and benefits. Only recently has 

individual groundwater use begun to be monitored, but the trend is slow and over 70 

percent of the wells in the US continue to operate without meters (U.S. Department of 

Agriculture 2014). The lack of clearly defined and monitored property rights stems 

partially from a deficient understanding of groundwater hydrology, but also from early 

economic research suggesting that the size of the common-pool losses of unmanaged 

aquifers can be quite small (Gisser and Sanchez 1980), eroding the net gains of better 

defining property rights. More recent studies, however, have shown that the gains of 

management are often larger and depend both on the physical factors of the aquifer and 

the existing behavior of water users (Koundouri 2004; Brozović, Sunding, and Zilberman 

2010; Edwards 2016). Furthermore, the losses from continuing a path of unmanaged 

competitive withdrawals of groundwater as opposed to the optimal extraction path are 

expected to be larger when aquifer levels are lower (Koundouri 2004). Policymakers and 

groundwater users increasingly agree that policy interventions are needed to promote 

sustainable extraction (Juliet et al. 2012; Sophocleous 2010; Gleick 2010). The problem 

remains that there is very little scientific evidence on which mix of policy interventions is 

most likely to be successful in promoting the goals of economic performance, 

environmental protection, and sustainability (Megdal et al. 2015). This paper seeks to 

contribute to the ongoing debate about viable policy interventions – particularly price-
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based interventions – by producing new evidence on a recent and unusual policy 

experiment in the Western United States.  

Though price mechanisms for conservation have strong theoretical appeal and are 

becoming more common intervention approaches in general, empirical examples of 

groundwater taxes, specifically, are few and far between. The extant literature often 

concludes a tax will fail in practice to induce large pumping reductions over time and 

even less so in the short-run (e.g. Schuerhoff, Weikard, and Zetland 2013; Ogg and 

Gollehon 1989; Moore, Gollehon, and Carey 1994). The skepticism over the use of a 

pumping tax is often an extension from estimated price elasticities for irrigation water. 

Studies have put the price-elasticity relatively low, generally between -0.03 and -0.40 

(see Koundouri (2004) and Scheierling, Loomis, and Young (2006) for reviews). 

Additionally, often the adjustments are on the extensive margin (land allocation) and over 

the long-run with little adjustment to crop- and acreage-specific water use in the short-run 

(Ogg and Gollehon 1989; Moore, Gollehon, and Carey 1994). However, many of these 

studies use data on small price changes or cross-sectional variation across highly 

aggregated and distinct regions; hence it is not clear these demand elasticity estimates 

provide an appropriate yardstick for large price variations experienced longitudinally. For 

example, if aridity increases the use of irrigation water while it also tends to increase the 

price to secure the scarce water, cross-sectional estimates of elasticity will be biased 

towards zero.1  

Still, the extant analyses of observed groundwater taxes also fail to generate evidence of 

large behavioral shifts. One study found efforts to conserve irrigation water through a fee 

in China were unsuccessful, but notes that the institutional capacity to monitor and 

enforce the fee was lacking (Yang, Zhang, and Zehnder 2003). Another study, 

considering the impact of top-down pumping tax in the Netherlands, also did not find any 

meaningful increase in conservation, but farmers had used political power to exempt 

themselves from the tax (Schuerhoff, Weikard, and Zetland 2013). To contribute to a 
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
1 Longitudinal studies may also exhibit omitted variable bias: areas that tend to pump more water lower 
their water tables more severely, increasing pumping costs by more than areas that pump less. The online 
appendix A includes an extended discussion on groundwater economics and irrigation demand elasticities 
estimates. 



4"
"

stronger evidence base on the use of groundwater taxes, particularly for irrigators in 

developed settings, we leverage a quasi-experiment in a setting that allows for better 

identification of a behavioral response to significantly higher groundwater prices.  

Specifically, we use the formation of Groundwater Subdistrict #1 in the San Luis Valley 

(SLV) of Colorado as a natural experiment. During a severe drought in 2002 and the 

subsequent series of unusually arid years, irrigators pumped heavily from the underlying 

aquifers, reducing the aquifer storage by 1,000,000 acre-feet of water.2 Confronting a 

trajectory of continued groundwater depletion that was perceived by many farmers as 

unsustainable and threats of state regulation, the irrigators and local elected officials 

organized themselves to formulate a homegrown governance response. Farmers in the 

valley were divided into subdistricts tasked with implementing groundwater management 

schemes. For reasons discussed in this manuscript, most subdistricts are opting for a 

variable pumping fee - a Pigouvian-type tax that seeks to internalize the externalities 

(Cody et al. 2015). Notably, Subdistrict #1 implemented theirs first, providing a window 

of time in which other subdistricts do not yet face a tax, generating a viable 

counterfactual to identify the effect using a difference-in-difference framework. In 

exploring the effect of water price in SLV, where farmers primarily grow alfalfa, potatoes 

and small grains, we are also able to expand upon the types of crops that have been 

analyzed in other studies, providing additional evidence for policy makers considering 

the impact of a water-pumping fee in various contexts. Drawing on five years of 

irrigation water and irrigated land data, two from before and three from after the price 

intervention, we analyze overall pumping reductions and separately consider adjustments 

on the intensive margins (groundwater per acre) and extensive margins (acreage irrigated 

and crop choice).   

We find that irrigators are very responsive to the groundwater pumping tax, mostly 

through short-run declines in groundwater pumping on the intensive margin. Suggestive 

evidence can be seen in Figure 1, where we show the distribution for the change in 

pumping per year after the implementation of the fee, relative to pumping prior for both 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
2 An acre-foot is equivalent to 1.23 million liters or 325,851 gallons. 
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control and treatment groups. We note that the control group appears nearly as likely to 

increase pumping as they do to decrease pumping, but those in subdistrict #1, with its 

density function skewed slightly to the left of zero, are relatively more likely to decrease 

pumping and certainly less likely to increase. The variation in responses also underscores 

the flexibility that a price-mechanism affords. Below we provide more formal 

econometric results to better identify the extent of the effect.  

We do acknowledge that these irrigators, though essentially compelled to do so by new 

laws in Colorado, went through an internal process and agreed upon implementing the tax 

and that responses to endogenous and exogenous regulations can induce different 

behavioral responses (Abatayo and Lynham 2016; Lopez et al. 2012; Cardenas 2000). 

The fact that the intervention was designed and implemented through a participatory, 

bottom-up process may have increased the likelihood of this intervention influencing 

irrigation behavior in the intended direction (Ostrom 1990; Andersson 2013). Still, 

because this is one of the first interventions of this type and because it offers a potential 

model for groundwater management under climate change, it is important to examine its 

effectiveness as people seek remedies to water shortages throughout the world.3  

1. Background 

The Western United States is an important and representative example of groundwater 

use. Beginning in the 1940s, expanded access to groundwater improved farm productivity 

and led to a marked increase in US farmland valuation (Edwards and Smith 2016; 

Hornbeck and Keskin 2014). Today groundwater extraction rates in the US are at an all-

time high, averaging 23.8 km3 per year from 2000-2008 compared to 10.8 km3 per year 

from 1990-2000 (Konikow 2013). Like the larger debate over environmental externalities 

(e.g. Goulder and Parry (2008)), the groundwater management literature identifies strong 

theoretical arguments for the use of economic incentive-based instruments, such as taxes, 

to internalize social costs (Gleick 2010; Zilberman, Chakravorty, and Shah 1997; Gisser 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
3 California, for example, in response to groundwater drawdown during their recent multi-year drought, 
enacted the Sustainable Groundwater Management Act in 2014. They are now attempting to develop 
appropriate policies with local stakeholders, with basin-level sustainability plans due by 2020 for the most 
critical areas (California State Legislature 2014).  
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and Sanchez 1980; Feinerman and Knapp 1983). Empirically, however, there remains 

considerable uncertainty over how a tax would perform. By turning to the SLV, we can 

directly analyze how a large pumping tax can influence agricultural production decisions.  

Situated between the Sangre de Cristo and San Juan mountain ranges in Southern 

Colorado, the 3,205 square mile SLV sits at 7,700 feet above sea level. Farming is central 

to the economy; 2012 crop sales, mostly of barley, potatoes, and alfalfa, generated over 

$319 million of gross revenue (U.S. Department of Agriculture 2012). Receiving less 

than 10 inches of rain annually, the farmers historically irrigate over 95 percent of the 

cropland. Initially the region relied solely on the hundreds of irrigation ditches that 

convey snowmelt-derived surface water each spring. As in most of the West, division of 

the surface water relies on the prior appropriation doctrine – providing senior right 

holders their full share before fulfilling junior rights. SLV irrigators first turned to 

groundwater in earnest in the 1950s on account of a drought and access to improved 

pumping technology. Paired with the now ubiquitous center pivot sprinkler technology, 

use of groundwater expanded through the early 1970s. The additional groundwater 

withdrawals were so great that they reduced the flow of the Rio Grande, leading New 

Mexico and Texas to file suit. Colorado responded with a moratorium on new wells, but 

did not restrict the extraction from existing wells.4  

Today, around 3,500 wells continue to withdraw groundwater in the SLV, both from a 

shallow, unconfined aquifer and from a deeper confined aquifer. Groundwater depth from 

the surface ranges from 1.5 to 7.5 meters (Bexfield and Anderholm 2010) and varies 

depending on the season (Emery et al. 1973; Leonard and Watts 1988; Stogner 1997). 

Aquifer transmissivity values for the unconfined aquifer range between 65 m2/day at the 

edge of the SLV to approximately 2,800 m2/day in the western portion of the basin. Most 

hydraulic conductivity values range between 1.5 and 3 m2/day (Bexfield and Anderholm 

2010). With high transmissivity and hydraulic conductivity, the groundwater migrates 

relatively freely and nearly any irrigator could ultimately capture it. Additionally, 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
4 Colorado also made up the accrued water debt and met future deliveries to New Mexico  



7"
"

according to local water officials, little to no compaction occurs in the aquifer, making 

replenishment of previous depletions in the realm of possibility.5  

Despite the common-pool resource characteristics, the aquifer remained stable for many 

years even absent coordinated management, at least partially stemming from unusually 

wet years during the 1980s. Beginning with the 2002 drought, however, aquifer levels 

were vastly reduced because irrigators were largely free to substitute groundwater for 

surface water.6 Shortly after, the irrigators within the Rio Grande Water Conservation 

District (RGWCD) sought to self-regulate and reduce their collective withdrawals after 

being confronted by new evidence of the depleting aquifer, as well a looming threats of 

severe state interventions, most likely in the form of shutting wells down completely.7  

To make the task manageable and enhance the probability of success, the SLV farmers 

and water officials divided the valley farmland into six subdistricts, each charged with 

working amongst those included to create a water management plan. Irrigators of Special 

Groundwater Subdistrict #1 (henceforth “subdistrict #1”) were the first to implement the 

new rules, settling on the use of financial incentives. Irrigators now face a pumping tax 

and are also offered a subsidy to take land out of irrigation. The new rules came into 

force for the 2011 irrigation season; groundwater users in subdistrict #1 faced a $45/acre-

foot pumping tax in 2011 that was subsequently increased to $75 for 2012 and has 

remained in place ever since. We do not observe individual lift costs at various wells, but 

based on well characteristics in SLV and estimated pump costs per foot of lift provided in 

Peacock (1996), we estimate that average marginal costs per acre-foot range anywhere 

between $1.02 to $55.81 per acre foot depending on energy costs, current groundwater 
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
5 This was ascertained during a conversation between a coauthor and Rio Grande Water Conservation 
District officials. 
6 Some limits exist due to the initial depth and flow/rate of the well’s permit or decree. Total volume, 
however, remained open-ended from a regulatory standpoint, especially since most wells lacked meters and 
there was no reporting requirement. 
7 It was generally understood among the farmers in the valley that a failure to self-regulate and produce a 
collective surface water augmentation plan would likely result in the state shutting down a majority of the 
wells entirely as had occurred in other parts of Colorado to protect senior surface right holders. Colorado’s 
actual approach in other basins has been to require individual well users to create and implement 
augmentation plans, replacing any water that their pumping detracts from surface flows and senior surface 
right holders. This onerous process is often not completed or found to be lacking, resulting in the well 
being denied the right to pump. 
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height and pump efficiency. An official of RGWCD, who is also an irrigator, estimated 

costs to range from $25-$55 per acre-foot in SLV.8 Accordingly, the variable fee 

represents a large increase in the cost of groundwater extraction. 

The remaining subdistricts have not yet implemented rules, allowing us to draw on these 

irrigators as a counterfactual group. Naturally, there may be concern that the irrigators in 

subdistrict #1 appear to have opted to form and impose a tax on themselves while 

irrigators of other subdistricts are yet to implement any policy changes, let alone agreeing 

to charge themselves a pumping fee. If the decision to impose a fee is related to constant 

or changing unobserved characteristics of the irrigators that also influence their irrigation 

behavior, causality may remain elusive. We provide contextual evidence here, 

complemented with data based evidence below, that alleviates this concern. First, the 

subdistricts are based on hydrological connectivity, grouping wells that are more 

influential on one another and are somewhat independent from other wells; irrigators are 

unable to self-select into particular subdistricts.9 For instance, subdistrict #1, whose 

extent can be seen in Figure 2, groups a large swath of irrigated land largely separated 

from other irrigated land to the north and east, abutting the San Juan Mountains to the 

west, and most notably, hemmed in by the Rio Grande River to the south – providing 

some separation, hydrologically, from groundwater users to the south.  

However, subdistrict #1’s disproportionate impact on the Rio Grande itself is the very 

reason Colorado required its irrigators to be the first in the SLV to implement rules. In 

addition to the numerous senior surface right holders downstream claiming injury, 

depletions of the Rio Grande driven by pumping within subdistrict #1 challenged 

Colorado’s ability to meet its obligations under the Rio Grande Compact. As a result, and 

under Colorado Law, well owners are now required to replace stream depletions that their 

pumping causes. In order to determine this amount, an extensive and complicated 

hydrological model is required. The Colorado State Engineer Office provides technical 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
8 Source is a personal correspondence that includes some private information. 
9 Having cleaner system borders and the spatial proximity also increases the odds that the irrigators 
themselves are neighbors, perhaps already cooperating on a surface ditch, enhancing social capital and the 
ability to successfully cooperate (Cody et al. 2015). 
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support to make these calculations in SLV, but because of this office’s limited capacity it 

is able to focus on only one subdistrict at a time; and they have prioritized subdistrict #1. 

Accordingly, those irrigators in subdistrict #1 were forced to develop and implement their 

rules first while the other subdistricts have had to wait for their own models and legal 

support to introduce their respective interventions.  

Subdistrict #1 does not appear unique in adopting a pumping fee. The RGWCD has been 

assisting the other subdistricts in formulating policy and based on proposed plans, the 

five remaining are intending to also adopt a pumping fee. For instance, Special 

Groundwater Subdistrict #2 has proposed a pumping fee that can be as large as $150 per 

AF, twice the amount in subdistrict #1 (RGWCD 2015a). The reliance on the fee, rather 

than non-revenue-generating conservation devices, is at least partially due to the need to 

purchase surface water rights to augment stream flow. Though a flat fee could 

accomplish this, a variable fee should also reduce pumping, requiring less expenditure on 

augmentation water.  

Last, we note that not all irrigators within subdistrict #1 voluntarily joined. The formation 

of the subdistrict required a majority of both the lands and landowners within the 

proposed borders to sign a petition and leaders at RGWCD state that meeting this 

threshold was a struggle, requiring plenty of door-to-door efforts. At least two irrigators 

objected strongly enough to take the entire concept to the Colorado Supreme Court more 

than once. All told, the imposition and timing of the pumping fee within subdistrict #1, 

provides a nice natural experiment, unlike anything else hitherto available, to improve 

our understanding of how a pumping fee impacts irrigation behavior. However, we 

recognize that context matters and the effects we identify are an average treatment on 

treated, influenced by the existing crop mix, hydrological conditions, and, perhaps in this 

context, the internal collective action process – potentially changing social norms – that 

brought about the fee.  

2. Data  

Design and implementation of our study were undertaken in consultation with the 

RGWCD. Data for the analysis are primarily from irrigation and agricultural records 
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maintained by the Colorado’s Decision Support Systems (CDSS), a data arm of the 

Colorado Division of Natural Resources, accessed through their own HydroBase 

platform. Additional subdistrict related data are available from the RGWCD. We also 

draw on data from an original survey with 60 irrigation ditch managers during the 2013 

irrigation season.10 

2.1 Well and irrigated land data 

Just prior to the 2009 irrigation season, monitors were installed on the all the active 

irrigation wells within SLV in anticipation of the impending regulations.11  Total 

pumping in acre-feet for each well is recorded on an annual basis. A bulk download from 

HydroBase provided these data for us, complete through the 2013 irrigation season at the 

time of this study. Using unique Water District Identification numbers we link the wells 

to a number of additional variables across data sets. Most importantly, using spatial data, 

we can identify wells within the borders for subdistrict #1 using ArcGIS: 2,286 wells are 

within the subdistrict and 1,186 are outside the boundaries. We are also able to assign 

additional well characteristics from the original well permit form that influence pumping, 

most notably well depth and permitted extraction rate.  

The CDSS have made geospatial databases of irrigated land in SLV available for 1936, 

1998, 2002, 2005, and 2009-2013. To best correspond with our well pumping data, we 

primarily use 2009-2013 data only. Each reported parcel corresponds to a contiguous area 

of irrigated land defined by a single crop and irrigation technology combination. In 

addition to crop, acreage, and irrigation technology, the parcel data provides all surface 

and groundwater sources of irrigation water, allowing us to link parcels to particular 

wells. Parcels are categorized using 13 crop classifications, but we combine barley with 

small grains (predominantly oats) as one category and 8 other minor crops into an “other” 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
10 Surveys were approved and conducted with oversight of University of Colorado, IRB Protocol Number: 
13-0181  
11 Prior to 2009 there exists only spotty records for fewer than 160 wells (only 4.5 percent of all SLV 
wells) 
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category for analytical traction.12 Figure 3 shows the total acreage of crops bifurcated by 

subdistrict membership and year. While total irrigated land is similar inside and outside 

subdistrict #1, those within the subdistrict plant more potato and small grain acreage 

while those outside the subdistrict tend to grow more grass and alfalfa. Below we show 

evidence that the distinction in relative crop mix does not preclude those outside 

subdistrict #1 as a relevant counterfactual. 

2.2 Aggregating well and irrigation data 

Because parcels change size and shape and go in-and-out of production as farmers adapt 

over time, the underlying land data does not constitute repeated cross-sections. 

Furthermore, parcels and wells are not always matched one-to-one. Many wells serve 

more than one parcel and many parcels are served by more than one well.13 The CDSS 

data does not explicitly link these parcels through time and we have no information on 

how much water is applied to individual parcels, only how much was pumped from wells 

that served the parcel. Perhaps more problematic, when a piece of land is no longer 

irrigated, it simply no longer appears as an observation in the raw data.  

To address these data issues, we aggregate annual observations in two alternative ways, 

both offering some advantages and disadvantages. On net, we prefer what we call the unit 

analysis and present these results first, but it is easier to understand the difference if we 

begin from what we call the parcel observations.14 Parcels correspond directly to 

underlying CDSS irrigated land data and are plagued by the issues mentioned in the 

preceding paragraph. The main advantage, however, is that each observation grows a 

single crop. Though we show that groundwater use across subdistrict #1 borders are 

similar despite the imbalance in crop mix, the parcel data allows for important within 

crop analysis, providing greater detail of adjustments made conditional on crop choice.  
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
12 Until 2011, the state did not report barley separate from small grains. The “other” crops are blue grass, 
cover crop, sorghum grain, vegetables, wheat, fall wheat, spring wheat, and corn. In total these crops are 
grown on an average of 6.2 percent of the irrigated land in a given year. 
13 To illustrate both issues, imagine a 40-acre plot growing alfalfa applied irrigation water from two wells 
in one year. If the same unit of land converts 20 acres to grass pasture the following year, we now observe 
two parcels served by two wells. 
14 A non-abridged description of the two observation types, including a visual aide, is provided in the 
online appendix B.  
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Alternatively, we create, and ultimately prefer, fixed irrigation units based on linking 

individual parcels over space and time. This is done in an iterative fashion by first linking 

all parcels served by the same well, then linking these to other units that have parcels in 

common. This is then extended through time to connect wells and parcels through the 

sample period. In the end we have a time-consistent unit defined by a set of wells and all 

the parcels they served. The main advantage of these unit aggregations is that we are able 

to include unit level fixed effects to control for a number of time-invariant factors that 

impact irrigation choices and would have otherwise been omitted. In addition, this 

method also allows us to account for non-irrigated land. To do so, we take the maximum 

observed irrigated acreage (almost always occurring in 1998) and assign the difference in 

any specific year as fallowed land.15    

2.3 Additional data sources 

Surface water remains a relevant source of irrigation water. Because parcels are linked to 

different surface-water ditches, parcels have access to differential amounts of surface 

water determined by snowmelt and water rights. The same geospatial database that 

provides the parcel data also links the parcel to the relevant surface-water organization, 

each with its own Water District Identifier (WDID). Notably, 16 percent of the parcels 

are not linked and draw exclusively on groundwater. We create an indicator variable 

equal to one for these parcels and also use the subset as a robustness check. In another 

bulk download from HydroBase we gather the total diversions for each surface ditch in 

each year. Again, we do not observe how much surface water individual parcels receive. 

Beyond the ditch diversion, the state does not interfere with internal division among the 

irrigators. Responses from our surface ditch survey, described below, indicate the most 

prevalent division is based on shares owned in the joint ditch company (48.28%).16 

Others divide surface water proportional to irrigated land or based on the original 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
15 Though we will refer to this land as fallow, it is possible farmers converted to dry farming. In fact, in 
2012 only 85 percent of cropland in SLV was irrigated, down from 95 percent in prior Agriculture Census 
years. 
16 Ditch companies are often organized as irrigator-owned corporations with shares tradable among 
themselves. 
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privately owned water rights prior to the formation of the joint company. Accordingly, 

surface water variables are limited to the surface ditch-year level. 

Precipitation also can provide an important alternative source of water, though the overall 

scarcity in the region in the region will drastically limit its influence. Precipitation data 

during the growing season from 2008-2014 were extracted from HydroBase and 

calculated to the parcel-year level using inverse distance weighted interpolation in 

ArcGIS. Some parcels were outside of the interpolation boundary, and therefore these 

parcels are removed from the analysis when utilizing this variable. Using similar 

techniques with groundwater height gauges, we also interpolate average height under 

each well in a given irrigation season.17 Both variables are then averaged when 

aggregating to parcel- or unit-year observations.  

Last, during the 2013 irrigation season, we visited the SLV for 4 weeks and engaged in 

60 surface-ditch manager surveys. The sample was random within stratified groups based 

on surface priority, groundwater use, and upstream/downstream positions. The in-person 

interviews lasted around one hour each. Most of the questions are designed to gain 

information on surface-water use. However, we explicitly included a number of questions 

about the subdistricts, particularly for the six main ditches included in the first subdistrict. 

In addition, the interviews and ongoing contact provide us with a firm understanding of 

irrigation practices and institutions in the region.  

2.4 Data summary 

The variables used in analysis, for both unit and parcel level observations, are 

summarized in Table 1.18 Units irrigate 163.32 acres on average and apply 251.07 acre-

feet of groundwater in a season. Watering intensity is around 1.65 AF/acre. The water 

intensity for the parcel-year observations is considerably higher (3.54 AF/acre) owing to 

some outliers in that sample and we note that the median intensity is, somewhat oddly, 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
17 Interpolation for the aquifer was based on an average of 3 monitoring wells per square mile. 
Interpolation for precipitation utilized only 0.003 gauges per square mile. Given the relatively homogenous 
flat land of the intermountain park, we do not expect topography or other features unduly limit our use of 
the interpolation. 
18 Alternative aggregated summary statistics are available in the online appendix, Table B1  
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exactly the same as the unit mean (1.65 AF/acre).19 Many of the main outcomes of 

interest are correlated (a correlation matrix is provided in the online appendix, Table B2): 

e.g. larger units use more groundwater overall but less per acre while alfalfa crops tend to 

receive more water than other crops. For this reason, our main outcome is simply the 

amount of water extracted annually by each unit, capturing indiscriminately adjustments 

along all margins. We then drill down on the mechanisms, considering watering intensity, 

irrigated acreage, crop choice, and irrigation technology as outcomes in additional 

analysis to understand how the irrigators are adjusting.  

3. Econometric Models 

3.1 Estimating the overall impact at the unit-level 

Our main analysis utilizes the unit-year observations and estimates the following 

equation: 

!!"# = !! + !!×!"#$%&'(%)'! ∙ !!"#$!"# + !! + !! + !′!!" + !!"#     (1)    

The primary outcome of interest is the total amount of groundwater pumping done by a 

particular unit (!) in a specific year (!). The subscript ! denotes the surface ditch 

organization the parcel receives surface water from. The coefficient on !!"#$%&'$(&! ∙
!!"#$, !!, is the measure of interest. This dummy indicator equals one if the observed 

unit is within subdistrict #1 boundaries and the year is 2011 or later, when the economic 

incentives are in place. To account for unit-specific-time-invariant attributes, both 

observable and unobservable, that may drive acreage irrigated, crop choice, technology 

used, and, ultimately, groundwater use, we include unit level fixed effects (!!). Because 

inclusion in subdistrict #1 is unit specific and time invariant, making it collinear with the 

unit-level fixed effects, we do not explicitly include an indicator for subdistrict 

membership in equation (1). Differences over time are absorbed by !!, a series of year 

indicators soaking up numerous region-wide changes such as snowpack and market 

prices for outputs and other local inputs. Though crop and irrigated acreage will impact 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
19 The outliers are likely due to our assumptions in dividing groundwater across parcels using the same 
well and not actual irrigator behavior. Dropping the outliers does not alter the results.  
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groundwater demand, we leave these out of the model in order to identify overall changes 

in groundwater extraction, including adjustments along these other dimensions. 

The only other controls we include in the main specification are measures of surface 

water availability (!!"). The relationship between groundwater use and surface water use 

is complex and mixed in SLV. As actual inputs into producing irrigated crops, it is easy 

to assume that groundwater and surface water are perfect substitutes and that irrigators 

are trading off based on marginal costs. First, to allay concerns of simultaneity, i.e. that 

increased groundwater prices reduces groundwater use and drives up surface water use, 

we argue that surface water availability is exogenously determined in our setting and 

cannot be increased. First, the accumulated snowpack that melts each year is almost 

certainly exogenous, as rain does not follow the plow much to the chagrin of early 

settlers. Furthermore, SLV, like most basins, is over adjudicated under the prior 

appropriation doctrine, meaning more rights to surface water exist than there is surface 

water. Meanwhile, the maintenance of a water right requires the water be applied to a 

beneficial use, requiring irrigators to apply whatever surface water is available to them 

independent of costs. Last, perhaps due to the presence of the aquifer, SLV has not 

developed any significant surface water storage. All this is to say that excess surface 

water is not generally available for substitution now that groundwater costs more. 

The amount of surface water available in a given year, however, is a large determinant of 

groundwater demand. Though the two sources generally serve primarily as substitutes, 

there can exist complementarities in general. For example, a significant increase in 

snowpack may lead irrigators to shift to a crop that demands more water but is more 

profitable, ultimately leading to more groundwater use to support the crop than would 

have occurred if less surface water were available. Similarly, an increase in surface water 

could lead an irrigator to attempt a second or even third cut of alfalfa, requiring more 

groundwater later in the season.20 Last, and likely most influential, a number of ditches 

have received special court decrees to utilize surface water to recharge the aquifer.  

Rather than applying surface water directly through flood irrigation, irrigators on these 
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
20 These interactions are similar in spirit to the logic that explains the increase of groundwater use that 
followed the installation of more efficient center pivots in Kansas (Pfeiffer and Lin 2014). 
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ditches utilize it indirectly, allowing the surface water to seep into the ground and raise 

the water table, and then pumping the groundwater to utilize the efficiency of center 

pivots. All of these ditches irrigate land within subdistrict #1. For these ditches in 

particular we would expect to see more surface water – allowing them to maintain a 

higher water table - actually increase groundwater extraction. This effect should be even 

stronger after the implementation of subdistrict #1 rules, as these users are charged the 

pumping fee on their pumping net of their surface water in flows, meaning every acre-

foot of surface water allows them to pump an acre-foot of groundwater without incurring 

the fee.21 Accordingly, !!" includes surface water diversions, surface diversions 

interacted with an indicator for ditches with the special decree, and surface diversions 

interacted with the special decree and an indicator for the treatment period. Finally, we 

note that all standard errors, !!"#, are clustered at the unit level to correct for 

autocorrelation and heteroskedasticity.22 

3.2 Estimating the crop-specific impact at the parcel level 

For the parcel-year observations we are unable to include parcel fixed effects but can 

better consider within crop irrigation adjustments, a distinction we do not make in the 

unit level analysis. We estimate the following equation:  

!!"# = !! + !!×!"#$%&'(%)'! ∙ !!"#$!"# + !!×!"#$%&'(%)'�!" + !′!!" + !′!!" + !! +
!! + !!′!!! + !!! + !!"#     (2)    

Again, the main outcome is total groundwater pumped annually. !"#$%&'(%)'! ∙ !!"#$!"#, 
!!", and !! are similarly defined as in equation (1). Unlike in equation (1) where the 

fixed-effects absorbed subdistrict #1 membership, we explicitly include !"#$%&'(%)'!"#, 
an indicator for parcels in subdistrict #1 before or after the fee implementation, to control 

for any overall differences in pumping habits across treatment and control groups. We 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
21 Furthermore, there is a secondary market for credits. This means that although these irrigators do not 
face the full fee on every unit of groundwater pumped, their remains an opportunity cost as they could have 
reduced their pumping and sold the credit. Prices for this secondary market are not publicly observed. 
22 Recognizing the spatial connectivity of groundwater extraction, we also tried calculating standard errors 
that are adjusted for spatial and temporal autocorrelation following (Conley 2010) and (Hsiang 2010), the 
results are robust and available in Table C3 of the online appendix. 
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also include a number of other variables that are parcel specific characteristics (!!") but 

would have been absorbed by the fixed effects in the unit analysis. These include well 

depth, decreed groundwater flow, and an indicator if the parcel has no access to surface 

water. For the parcel level analysis, we also condition on whether the parcel utilizes 

sprinkler or flood irrigation. Though this can change over time, we present additional 

evidence that in the short time since the introduction of the fee very little expansion of 

sprinkler irrigation has occurred; yet the presence of the sprinkler greatly alters the water 

usage. To account for heterogeneity across ditches, we also include !!, a series of surface 

ditch indicators. Finally, to account for crop specific patterns and market fluctuations 

over time we include a series of indicator variables for the five crop categories (!!) and 

these interacted with the year indicators (!!). Alternatively, we estimate equation (2) on 

subsamples consisting of parcels growing only the same crop. Because parcels are not 

consistent over time, we cluster errors by surface ditch instead. 

As mentioned above, irrigators have the freedom to choose strategically between 

reducing water per acre, reducing acreage, planting crops that require less water, or 

adopting more efficient technology. To get at the first two choices, we also estimate 

equations (1) and (2) using observed changes for acre-feet per irrigated acre and irrigated 

acreage as the outcome. 

3.3 Estimating the impact on crop choice 

To consider crop choice, we estimate two additional regression models guided by the data 

structure for each of our two types of observations. For unit level analysis, due to many 

units having zero acres for many of the crops, a Tobit model to estimate the total acreage 

dedicated to a specific crop (plus non-irrigated land) is most appropriate.  With the non-

linear estimator, we can no longer rely on unit-level fixed effects to account for 

unobserved heterogeneity, as their inclusion would result in biased and inconsistent 

estimators.23 Instead, to leverage our panel structure, we include the unit’s portfolio of 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
23 As a robustness check, however, we do present results of the OLS fixed effect model (equation 1) in the 
online appendix, Table C6. The results are qualitatively similar. 
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crops from the previous year (!_!"#$%!"!!) as additional controls.24 Due to switching 

costs and rotation patterns, cropping choices by farmers are somewhat constrained by 

previous choices. However, there may yet be unobserved heterogeneous factors that 

determine cropping choices that results in serially correlated errors when including 

lagged variables, possibly biasing the estimates.25 At the unit level, the reasons could be 

as varied as farmer knowledge or contract obligation to soil suitability or slope. Therefore 

we utilize a dynamic Tobit model similar to those put forth in Wooldridge (2005), using 

random effects that are conditioned on initial conditions.26 To parallel our other analyses, 

we are using only 2009-2013 data for dependent variables, but use 1998, when all units 

had the largest expanse of irrigated crops, to identify the initial conditions. The model we 

estimate, presented here for alfalfa acres, is:  

!"#$"#$_!"#$%!"# = !! + !!×!"#$%&'(%)' ∙ !!!"#!"# + !!×!"#$%&'(%)'!"# +
!!×!"#$%&'(#)*#(+,(!"!! + !′!!" + !′!!" + !!!_!"#$%!"!! +
+!"#$"#!_!"#$%!"!" + !! + !! + !!"#     (3)    

Where !! represents the unobserved heterogeneity. In lieu of unit fixed effects, we 

include an indicator for subdistrict units (!"#$%&'(%)'!"#), and the vector of well-specific 

characteristics (!!"), but aggregated to the unit level by averaging well depth and 

summing decreed pumping.27 To address constraints from capital investments, we also 

include the previous years sprinkler acreage (!"#$%&'(#)*#(+,(!"!!).  We also opt to 

keep surface water controls in (!!"), even though cropping choices are made before 

diversions are realized. We expect, given snowpack and priorities, irrigators form 

reasonable expectations at the beginning of the season to guide their cropping choices. 

We remain interested in the estimated value of!!!, capturing the impact of the pumping 

fee on altering cropping choices.  

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
24 For 2009 observations, we draw on the 2005 data for lagged values. 
25 Diagnostic testing reveals serial correlation does exist for three of the six crop categories when 
estimating the pooled-Tobit model with lags. 
26 We thank a referee for this suggestion. 
27 Some time-invariant measures are not available for all units, reducing the total number of units in these 
regressions by 57 units. Results are qualitatively similar if these additional controls are excluded and all 
units are included.  
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For parcel level analysis we estimate only one equation, a multinomial probit model to 

predict the likelihood of a parcel growing a particular crop.  

!"#$!"# = !! + !!×!"#$%&'(%)'! ∙ !!"#$!"# + !!×!"#$%&'(%)'!"# + !′!!" + !′!!" +
!! + !!"#     (4)    

where !"#$!"# is a categorical variable indicating what crop is planted on the parcel and 

the variables are defined as in equation (2). The regression is weighted by acreage, so as 

to interpret the results as the probability of planting an acre with a specific crop. 

3.4 Equal trends and causality  

For our difference-difference empirical strategy to identify a causal effect on changes in 

pumping, we require that unobserved shocks are uniform across the two groups – 

subdistrict and non-subdistrict units – and the two groups diverge from a common trend 

only because of the intervention. To examine this assumption we report pre-treatment 

means for our unit observations inside and outside of subdistrict #1 in Table 2. For the 

main outcome, pre-intervention pumping for those inside the subdistrict #1 is just slightly 

higher (259 AF and 228 AF) and statistically distinguishable, but the trends are not. 

Figure 5 provides the annual average groundwater extraction for the subdistrict and non-

subdistrict units by year. The relative change over time during the pre-intervention period 

for the two types of units are similar while a large divergence afterwards is equally 

apparent, hinting at the effect of the intervention. Regression results reported in Table 3 

confirm that the pre-intervention trends for groundwater pumping are statistically 

indistinguishable. These come from estimating equations (1) and (2) but using only 2009 

and 2010 observations and replacing the post period with an indicator for 2010, creating a 

placebo test for any change between 2009 and 2010. Across the main outcomes, acre-

feet, acre-feet per acre, and acreage, there is no statistical evidence the two groups did not 

share a trend. 

Returning to the means in Table 2, the larger amount of total groundwater use in 

subdistrict #1 is due to larger irrigated units, as those outside actually apply more water 

per irrigated area (2.76 inches more). The larger units are in part because irrigators in 
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subdistrict #1 have slightly more wells and are more likely to spread water across more 

fields, resulting in having more crop circles combined in our unit aggregation.28 As a 

robustness check, we limit the analysis units of similar size (100-200 acres) in which 

there are neither statistical nor economical distinctions in the means of the main 

outcomes. Second, because marginal pumping costs (and hence the relative scale of the 

fee) are largely determined by water depth, we note that subdistrict #1 irrigators tend to 

have a lower absolute water table on average. However, they are also slightly lower in 

elevation to begin with and the relative depth to water is only 3 feet greater in subdistrict 

#1 on average. Last, it is worth reiterating that the despite the similar pumping behavior, 

the relative extent of the main crops is quite different.29 For our main outcomes, then, this 

precludes us from generalizing our estimates as average treatment effects and we only 

advance our estimates as treatment on the treated effects since opportunities for 

adjustment are constrained by crop mix or the underlying factors that determine the crop 

mix. Also, unobserved shocks that impact potato and small grain growers 

disproportionately and correlate in time with the tax could threaten our identification 

strategy for our unit analysis, making the within crop parcel analysis an important 

robustness check. 

The online appendix provides additional trend tests by crop and for crop choice and 

acreage. For the main outcomes for parcels conditional on crop choice (Table C1), there 

is little evidence that the groups did not share a trend before the intervention. As far as 

the trends in the cropping patterns themselves (Table C2), there are signs of a shift 

towards grass pasture within subdistrict #1 pre-intervention; perhaps mostly from the 

large reductions small grains and “other” that are also observed. Therefore the 

assumptions to interpret estimates from equations (3) and (4) as causal are less tenable. 

Still, to better understand how subdistrict #1 irrigators are adjusting to the increase in 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
28 This can be seen in Figure B2 of the online appendix. The distribution of units in subdistrict #1 is bi-
modal, lumped at both 126 and 252 acres whereas outside the subdistrict the distribution is more uni-modal 
at 126 acres, though also with a larger density (relative to subdistrict #1) at the smaller 63 acres. 
29 The actual difference in conditional means of acreage by crop across the subdistrict boundaries is again 
more symptomatic of the larger units under our aggregation scheme. More notable is the large difference in 
the number of observations the conditional means are based on. 
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groundwater costs, the results are useful in analyzing whether any of the trends were 

further altered post-intervention. 

In addition, and as discussed above, subdistrict #1 irrigators do not appear unique in 

imposing a pumping fee on themselves, just that they were forced to do so earlier than 

others. Of course we recognize that knowledge of a pending implementation of a 

pumping fee could lead irrigators to increase pumping prior to the fee to capture cheaper 

water. If those in our counterfactual changed their pumping behavior at the same time the 

subdistrict #1 fee was implemented, this would challenge our identification strategy. We 

believe this concern is minimal, as the irrigators in the first subdistrict showed no signs of 

increasing their relative pumping before the fees were levied. Also, those outside 

subdistrict #1, at least in absolute sense, did not further increase their pumping after 2011 

as seen in Figure 5. All told, SLV irrigators outside of subdistrict #1 provide a convincing 

counterfactual group for our difference-in-difference approach.  

4 Results 

4.1 Total groundwater use  

The main results are presented in Table 4. Across all aggregations and crop types we find 

significant reductions in groundwater use following the implementation of the tax. 

Column (1) contains the results from the unit fixed effects model and is best suited to 

capture overall changes in groundwater use having controlled for any number of 

unobserved but time consistent unit properties that constrain cropping and irrigation 

choices. Following the intervention, subdistrict #1 irrigators extract an average of 83.14 

fewer acre-feet of groundwater per unit each season. This represents a substantial 

reduction of more than 32 percent compared to their pre-intervention average.  

Columns (2) through (5) use the parcel level observations and explore changes within 

parcels of a certain crop.30  Conditional on crop choice, grass pasture sees the largest 

relative reduction in groundwater use, followed by small grains and alfalfa. Across all 
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
30 Because the “other” category contains such a wide range of crops we do not report changes for this 
group of parcels. Unsurprisingly, given the underlying variation, the estimates do not find any impact for 
this subsample. 
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parcels, reported in column (6), regressions indicate irrigators reduce pumping by 34.17 

acre-feet, or nearly 25 percent of pre-treatment use. We note that parcel level analysis 

yields smaller estimates than the unit level. This is because, as a reminder, the parcel 

level analysis conditions on irrigating and crop mix whereas the unit fixed effects model 

accounts for alterations on these margins as well. The results are quite robust to 

alternative specifications and samples. A series of regressions is provided in the online 

appendix C.31  

4.2 Intensive groundwater use 

Because there are many ways for an irrigator to adjust their water use, we consider the 

alternative mechanisms. In Table 5 we report results similar to Table 4, but using acre-

feet extracted per irrigated acre as the dependent variable. In column (1) we report that 

irrigators in subdistrict #1 use 0.50 fewer acre-feet per acre after the pumping fee was put 

in place. Given a pre-treatment average of 1.51, the policy leads to nearly a 33 percent 

reduction. The large reduction along the intensive margin starkly contrasts the existing 

literature, which suggests that adjustments on the intensive margin are not prevalent and 

most alterations occur along extensive margins.  

For the parcel analysis, we find irrigators respond differentially conditional on their crop 

choice. Alfalfa, grass, and small grains exhibit large short-run adjustments on the 

intensive margin, all over 50 percent of prior use, while potato fields see no significant 

change. The variation suggests that certain crops may be more tolerant of reducing water 

intensity and the existing crop mix in an area may impact the observed response. For 

instance, the presence of water sensitive annuals like potatoes or corn (often grown in the 

aforementioned studies looking at water demand elasticity) may help explain lower short-

run adjustments. In contrast, the presence of perennials could allow more reductions 

initially as farmers could, in the instance of alfalfa, scale back watering and forego 

second or third cuts while keeping the crop alive for future years.  
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
31 Table C3 provides standard errors adjusted for spatial and autocorrelation. Table C4 provides results for 
unit regressions with acre-feet as the outcome across a wide variety of controls and samples. Table C5 
provides similar robustness as C4 but with parcel level observations. Table C6 provides unit-fixed effect 
results as a robustness to the dynamic Tobit used for estimating crop specific acreage. And last, Table C7 
provides unit-level analysis using alternative methods to construct units. 
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4.3 Extensive margin: irrigated land 

Another way to reduce water use is to irrigate less land. Table 6 provides the results of 

estimating equation (1) and (2) with irrigated acres as the dependent variable. At the unit 

level irrigated acreage has declined by 12.16 acres following the intervention. This is a 

modest but important decline in irrigated acreage, representing a 5.9 percent decline. This 

decline is notably larger than the estimated reduction when conducting parcel analysis, 

reported in column (6), which is only 2.2 percent. This is again due to the fact that land 

completely taken out of production is no longer in the parcel sample while the unit level 

analysis accounts for this land. Therefore the parcel level analysis should be considered 

as adjustment on parcel size given the decision to plant a crop and irrigate it. Furthermore 

across the different crop choices there are distinct responses. Both alfalfa and potato 

parcels tend to be smaller, while small grain parcels remain similar in size and irrigated 

grass pastures actually tend to increase in acreage.  Overall, these adjustments are small 

relative to changes on the intensive margin. They also indicate that when farmers are 

unable to adjust on one margin, say watering less per acre for potatoes, they adjust on the 

other margin, by planting fewer acres.  

Even though total irrigated acreage has declined slightly more than for those outside 

subdistrict #1, we are unable to pinpoint how much is due to the subsidy program versus 

the increased pumping fee. Through the 2013 season the long-term CREP (Conservation 

Reserve Enhancement Program) was not yet underway, though 8,262 acres had enrolled 

in a temporary fallow program during that season (RGWCD 2015b). As of 2015, 5,854 

acres, or 3.5 percent of cropland in subdistrict #1, have entered CREP contracts with a 

long term goal of enrolling nearly 40,000 acres (RGWCD 2016). Local farmers have 

indicated to us that the subsidized fallowing program fails to fully compensate them for 

their foregone profits. Whether the subsidy payments are then windfall gains for 

unproductive land destined for fallowing or justified compensation because the low 

productivity is caused by neighbors’ pumping is up for debate. The enrolled lands to date 

do tend to be near the edge of the subdistrict borders where groundwater accessibility has 

been reduced the most (RGWCD 2016, see appendix F). 

4.4 Demand elasticity 
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The reductions we have found are substantial, but so is the relative size of the pumping 

fee. In view of the important strand of literature that focuses on irrigation water price-

elasticities, we provide our own estimated elasticity here to allow for comparison. 

Though we can approximate groundwater depth and have calculated elevation of the 

wells, no information is available on their power source, utility provider, or efficiency, all 

of which are needed to calculate individual pumping costs. Furthermore, our depth to 

water measure, which is an annual average, masks intra-year variation as cones-of-

depressions are formed which is likely far greater and more influential than the cross-

sectional or inter-year variation we have. Accordingly, we are unable to calculate 

individual well pumping costs, and we instead apply an average pumping cost to all wells 

within the estimated range, settling on $40 per acre-foot. In addition, the estimation 

assumes all adjustments stem from the pumping fee. While this may largely be true, it 

remains that the intervention introduced the fallowing program and may have also altered 

social norms due to the local process of adopting the fee. Still, we find the scaling helpful 

to put the response we observe in context of the existing literature.  To then estimate 

elasticities directly, we re-estimate equation (1) after taking the log of the dependent 

variables and replacing !"#$%&'(%)'! ∙ !!"#$!"# with the log of the pumping fee plus the 

$40 average.32!We then repeat the process for equation (2) and the parcel level data. The 

estimated elasticities from the resulting 18 distinct regressions (6 aggregations x 3 

outcomes) are presented in Table 7.  

For overall groundwater pumping at the unit aggregation, the estimated elasticity is -0.77. 

Of course the estimate is dependent on the actual pumping costs, and the elasticity ranges 

from -0.64 to -0.95 when spanning the underlying pumping costs from $30 to $55 per 

acre-foot. When decomposed into the intensive and extensive margin, most of the 

response comes from reducing acre-feet applied per acre, showing a -0.57 elasticity. And 

the extensive margin, where the existing literature suggests most adjustments are made 

(e.g. Moore, Gollehon, and Carey 1994; Ogg and Gollehon 1989), has a more modest 

elasticity of -0.20.  
"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
32 For example, equation (1) becomes: log!(!!"#) = !! + !!×log!($40 + !""!"#) + !! + !! + !′!!" +
!!"#. For outcomes equal to zero, we add one for the log transformation. In the case of AF/acre, the one is 
added to acre-feet prior to dividing by acres.    
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The overall elasticity on the parcel level analysis is slightly smaller (-.50), but almost all 

attributable to the intensive margin. This is again due to the fact these observations do not 

account for parcels that were previously irrigated but no longer in production. Within 

crop elasticities provide some important insights. For instance, on the intensive margin, 

alfalfa yields the largest response, followed by small grains. Meanwhile, the point 

estimate for potatoes, though statistically insignificant, is closer in line with the existing 

elasticity estimates in the literature. The distinction again highlights the importance of the 

underlying crop production functions, with alfalfa, grass, and small grains being more 

drought resistant and more continuous in regards to irrigation water, whereas potatoes 

(and corn elsewhere) may have a more discontinuous and larger minimal amount of water 

for a successful harvest.  

4.5 Crop choice 

Selecting what crop to grow has a significant impact on irrigation water demand. Though 

we have looked at total and crop-specific parcel sizes, farmers may yet be adjusting their 

cropping patterns across parcels to decrease their need for groundwater.33 Because 

historic cropping choices inside and outside subdistrict #1 are not similar and there is 

even evidence that that trends were already distinct before the intervention (see Table C2 

in online appendix), we are more cautious in advancing our estimates for shifts in 

cropping patterns as causal. Nevertheless, the analysis may be capturing some important 

shifts that do in part stem from the new financial fees. Perhaps most importantly, 

choosing to not irrigate any crop is very important and there is no evidence that fallowed 

acreage within subdistrict #1 exhibited a trend distinct from those units outside of the 

subdistrict prior to intervention, giving us more confidence that the estimated change in 

this specific cropping choice has a causal interpretation.  

In Table 8 we present the estimates for six dynamic Tobit regression estimates (equation 

3), one for each of the five crop categories and another for non-irrigated land acreage. 

The initial crop choice in 1998 explains a significant portion of current crop choices, 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
33 57 of our units do not have crop data in 1998, resulting in 285 fewer observations in the crop acreage 
analysis. 
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particularly for alfalfa and grass pasture. However, we do see lagged crop acreage having 

large influences on current cropping choices. For potatoes and small grains, for example, 

having acres of that crop last year reduces the extent this year, underscoring the annual 

nature of these crops and need for rotation, with the need being greater for potatoes. 

There is also some evidence that small grains follow potatoes and fallowing the field 

precedes the planting of potatoes. The evidence of these more complex cropping patterns 

suggests that the dynamic Tobit model with lags is more appropriate than a fixed effects 

model.  

Beyond the long-term cropping patterns, the irrigators within subdistrict #1 further reduce 

their alfalfa crop by 24.21 acres on average after the intervention. Qualitatively this is 

similar to result found in column (2) of Table 6. However, estimates in Table 6 were 

conditional on a parcel growing alfalfa, whereas estimates here account for reductions in 

acreage regardless of whether existing alfalfa parcels are made smaller or if what once 

were alfalfa parcels have been converted to another crop. In the case of alfalfa, both 

factors appear to be at play and total reduction in alfalfa acres is larger than the reduction 

conditional on planting alfalfa. Recall that the reduction in alfalfa acreage does not 

necessarily correspond to non-water use because other irrigated crops may have displaced 

the alfalfa. Alfalfa, however, does generally require the more water than small grains or 

potatoes (though grass pasture consumes the most per acre).  

Figure 3 helps put the reduction in alfalfa, and the somewhat puzzling increase of grass 

pasture that on average receives the most water per acre, in context. In absolute terms, 

there appears very little change of alfalfa and grass pasture acreage within subdistrict #1, 

which makes sense given the perennial nature of the alfalfa. Instead, the “increase” in 

grass pasture is relative to outside subdistrict #1 where it appears irrigators transitioned to 

alfalfa, initially from grass pasture and later from other crops. Therefore the effect for 

alfalfa and grass pasture, then, depends on whether we would expect subdistrict #1 

irrigators to have similarly converted to alfalfa without the increased pumping costs. On 

the one hand, they may have; alfalfa prices nearly doubled from $107 per ton on average 

pre-treatment to $203 per ton post-treatment, while potato prices only increased by 24 

percent and small grain prices increased by 39 percent. Combined with the greater 
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amount of water needed to grow alfalfa, the implementation of the fee within subdistrict 

#1 may have kept those impacted irrigators from following a similar trend as the new 

pumping fee would have eroded the potential profit gains. On the other hand, given the 

relative small area dedicated to grass pasture within subdistrict #1, the irrigators may 

have already been constrained and incapable of a large conversion of grass pasture to 

alfalfa even absent the fee. Noting that irrigators in subdistrict #1, similar to those outside 

the subdistrict, did increase alfalfa acreage from 2009 to 2010 (and in fact, according to 

regressions in the online appendix, Table C2, converted more), we believe that the fee did 

serve to halt additional conversion beyond 2010 given the continued increase of alfalfa 

prices.  

Other results in Table 8 suggest subdistrict #1 irrigators also drastically reduce their small 

grain acreage and, to a lesser extent, their potato acreage. We caution that the point 

estimate for small grains likely overstates the impact of the fee, as the pre-trend 

assessment in the online appendix (Table C2) supports the evidence in Figure 3 that 

reductions in small grains were already occurring prior to the introduction of the fee. 

Finally, and most importantly from the perspective of reducing water use, there is a 

statistically significant increase in the number of fallowed acres. The 12.23 additional 

acres represents a 76.1 percent increase in the number of fallowed acres per unit when 

compared to before the intervention.  

Last, we return to the parcel level data and provide the results from one multinomial 

probit model for crop choice, weighted by acreage, in Table 9. Again, because fallowed 

land is not directly observed, we can only identify the probability of choosing an actual 

crop conditional on choosing to plant and irrigate the parcel. The qualitative results, 

however, are generally similar to the unit-level analysis above. The probability of 

planting alfalfa is reduced by 7.4 percent while the probability of planting grass pasture 

has increased 8.1 percent following the intervention within subdistrict #1. This dovetails 

with the unit level analysis results. Meanwhile, the probabilities of choosing to plant 

potatoes or small grains remain unchanged. Rather than contrasting the reductions found 

in the unit level analysis, this, combined with the results from Table 6, supports the 

interpretation that what would have been small grain and potato acreage is more likely to 
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be fallowed and not converted to some other crop. For parcel level analysis, which is 

conditional on irrigation taking place, the choice of small grains and potatoes is similar 

and the acreage planted tends to be similar after the implementation of the tax (i.e. likely 

maintaining either the full or half crop circles as before). Therefore the reductions found 

at the unit level likely reflect more or longer fallowing of what are typically potato and 

small grain fields.  

4.6 Technology 

Adopting better irrigation technology would allow an irrigator to increase in the marginal 

productivity of extracted water, possibly reducing their need to extract as much water as 

they did before holding production constant. Over time this may be an important strategy, 

but our analysis provides scant evidence that this is yet to occur in SLV.  

We analyze irrigators’ use of sprinkler irrigation, a method of targeted irrigation 

increasing the effective consumptive use and reducing the gross amount of water needed 

to irrigate a given acreage relative to flood irrigation. We should note, however, that 

sprinklers also reduce groundwater recharge, making the net effect on the aquifer more 

ambiguous. To test whether subdistrict intervention is associated with a greater use of 

efficient irrigation technology, we estimate a logit model, where the dependent variable is 

one if a sprinkler is on the parcel. Presented in column 2 of Table 10, we estimate a 

parcel subject to subdistrict #1 rules is 10 percent more likely to use a sprinkler relative to 

non-subdistrict parcels following the intervention holding the other variables constant at 

their means. The finding, however, does not necessarily indicate wider use of sprinklers 

in an absolute sense, only in relative terms.  

For one, even prior to intervention, 95 percent of parcels within subdistrict #1 utilized 

irrigation sprinklers. Second, only three growing seasons post-treatment are included, 

leaving little time for large capital upgrades. So what explains the apparent increase in 

sprinkler use? The total number of parcels with a sprinkler within subdistrict #1 (reported 

in the online appendix, Table B1) has actually decreased in absolute terms, while outside 

the subdistrict 34 more parcels have the technology since the intervention. This suggests 

that the increased probability we found is due to a reduction in flood irrigated parcels, not 
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an increase in sprinkler irrigation. In other words, the parcels being taken out of 

production within subdistrict #1 are more often the less efficient flood irrigated parcels. 

Indeed, turning to irrigated units and estimating sprinkler acreage by equation (1), we 

find that subdistrict parcels have actually reduced acreage irrigated by sprinklers by 17.58 

acres relative to non-subdistrict counterparts (column (1), Table (10)).   

Although we have shown that the reduction in groundwater use is unlikely driven by big 

technological upgrades, we should not conclude that irrigators are not adjusting on this 

margin. The measure of technology we have is quite coarse, and in truth sprinklers are 

not all of equal efficiency. Irrigators may be upgrading their existing technology on a 

smaller scale to improve efficiency, for example by fixing leaks or removing “end guns” 

from sprinklers.34 Farmers have also reported being more precise with nozzle heights and 

pressures. As of 2015 the RGWCD began reporting the number of acres being served by 

low energy precision application (LEPA) sprinklers, offering an improvement on existing 

sprinklers (only 312 acres (RGWCD 2016)). Meanwhile, larger changes require more 

time. For instance, if the drought continues and farmers learn more about how the new 

water cost structure impacts their business, adoption of other, even more efficient 

technology, such as drip irrigation (81 acres within subdistrict #1 utilized this new 

technology in 2014), may occur over the long-term. 

5 Conclusion  

SLV’s adoption of the groundwater tax has proven effective and flexible. Using RGWCD 

own aggregate pumping measures from within subdistrict #1, overall annual extraction of 

groundwater within subdistrict #1 has been reduced by an average of 13 percent 

compared to 2010 extraction levels for 2011 through 2013 (RGWCD 2016), but these 

estimates do not account for other factors that may also influence groundwater extraction 

both inside and outside of the district (e.g. snowpack and crop price fluctuations).35 

Controlling for many of these factors, we find the use of the tax has resulted in a 

"""""""""""""""""""""""""""""""""""""""" """""""""""""""""""""
34 A center pivot sprinkler inscribes a circle in a square plot; “end guns” attempt to recover the corners but 
are less efficient than the main unit 
35 The 2015 annual report provides aggregate pumping for 2014 and 2015 that are lower still, bringing the 
annual average reduction to 19 percent if these years are included. 
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significant 32-percent reduction of withdrawals, and, unlike command-and-control 

regulation, allowed irrigators to vary their own responses.  

The response corresponds roughly to a price elasticity of -0.77, which is considerably 

more elastic than the median elasticity estimates currently in the literature. The large 

change in price we observe, our ability to correct for omitted variable bias through the 

natural experiment, the particular existing crop mix, or SLV irrigators demonstrating a 

unique response could all possibly account for our higher elasticity estimate. 

Furthermore, in contrast to the earlier findings on price elasticity, which suggest most of 

the adjustments stem from long-term crop and technology choice, we find significant 

short-run adjustments in irrigation intensity for all crops but potatoes. Though some 

reductions have occurred on other margins, such as total acreage and crop choice, it is 

probable that given more time the irrigators will make additional changes, particularly 

with technology, that will result in even more reductions. All told, the range of behavioral 

changes illustrates the flexibility in response that financial incentives afford. 

The program has succeeded in avoiding state intervention, reducing pumping, and 

generating funds to offset injurious surface water depletions; but the ultimate goal of 

aquifer recovery has not yet been realized according to our data. Graphs and regressions 

based on groundwater height at individual wells, provided in the online appendix (Figure 

C1 and Table C8), yield little evidence of improved levels within subdistrict #1. If 

anything, there has been subtle decline in absolute terms, but a relative incline compared 

to the non-subdistrict parcels since 2009.  However, it is too soon to judge the programs 

success by its impact on groundwater levels because the recharge of an aquifer tends to 

take more time than the relatively short period of time that this intervention has been in 

place (McMahon et al. 2011).  

Furthermore, surface water has been scant during the post-treatment period (76, 53, and 

69 percent of average snowpack in 2011, 2012, and 2013 respectively) the aquifer level 

changes should be considered in the context of continued drought, and therefore as a 

potential indication of performance under a changed climate. Furthermore, without the 

other subdistricts implementing their own rules, it remains that some of their pumping 

may still negatively impact those in subdistrict #1. Our results, however, indicate that 
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once fees are implemented, SLV should see further reductions in pumping. It is worth 

acknowledging, however, that current engineering reports from the RGWCD (see online 

appendix, Figure C2) indicate as of 2017 the aquifer has recovered nearly 300,000 acre-

feet of storage since the 2013 irrigation season. Though the absolute gain is not spatially 

explicit and tested within our empirical framework, the increase in storage is 

encouraging. 

The irrigators themselves are cautiously optimistic. During the 2013 growing season, we 

interviewed representatives from sixty surface water user organizations in SLV, including 

six of the major ditch organizations within subdistrict #1 that account for over 85 percent 

of all subdistrict #1 irrigated parcels. Of those six, only one expressed that subdistrict #1 

had had an overall negative impact. The implementation of the fee led half of those 

organizations to alter how they manage their surface water, while only 6 percent of those 

outside subdistrict #1 made changes over the same time period. This indicates that there 

may be spillover effects of from the groundwater fee that has led to more efficient surface 

water use. And though we do not formally address changes in overall welfare, only two 

managers of the six said production has been hurt by subdistrict #1 rules, while three 

managers claim productivity has actually improved. But all six agreed that it was 

appropriate and important that the self-regulating subdistrict was launched. Many inside 

and outside prefer the incentives to the alternative of state intervention. Some surveyed 

even worry that the $75/AF limit on the pumping fee is too low and higher fees are 

needed to further reduce groundwater use. Ultimately, users remain hopeful that the 

drought will subside and wet years will offer relief. 

Many questions related to of the application of this particular Pigouvian tax scheme 

remain unanswered: Is the pumping fee sufficiently large to recharge the aquifer? How 

are the farmers financially impacted? Is the reduction in pumping, given the costs in 

foregone profit, improving welfare? Furthermore, is the effect we find attributable solely 

to the tax, or did the internal process of addressing the issue create a shift in social 

norms, leading to a change in pumping greater than an externally imposed tax would 

have (Lopez et al. 2012; Cardenas 2000)? We leave these questions for future studies, but 

note that self-imposed fees can substantially alter irrigators’ behavior in the short-run 
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along the intensive margin, much more so than what existing studies suggest, and that 

conservation via financial incentives within a groundwater commons in duress can be 

realized.   
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Figure Captions 

 
 

 

 

Fig.%1.%Kernel"density"estimate"for"the"distribution"of"the"percent"change"in"
average"pumping"by"SLV"units"before"and"after"the"introduction"of"the"pumping"
fee."Data"is"censored"at"100"percent"though"a"few"units"increased"pumping"
beyond"this"threshold.""
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Fig.%2.%San"Luis"Valley"irrigated"land,"subdistrict"#1"boundaries,"and"major"
ground"and"surface"water"resources.%"
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Fig.%3.%Total"irrigated"acreage"for"each"crop"group"in"SLV."Intervention"began"
with"the"2011"irrigation"season."
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Fig.%4."Average"groundwater"extraction"per"unit"by"year"measured"in"acreNfeet."
Left"of"the"vertical"line"(maroon)"are"observations"prior"to"intervention"and"to"
the"right"are"after"intervention.""
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Variable Obs Mean
Outcomes

Acre-Feet 8,860         249.77
Acre-Feet/Acre 8,860         1.65

Acreage 8,860         163.88
Sprinkler 8,860         159.24

Alfalfa Acres 2,921         127.60
Grass Pasture Acres 1,002         74.04

Other Acres 702           133.74
Potato Acres 2,822         160.66

Small Grains Acres 3,121         146.69
Fallow Acres 7,839         25.09

Treatment
Active Subdistrict 8,860         0.40

Subdistrict 8,860         0.67

Controls
Surface Water (AF) 8,860         85,528.77

Surface Water/Acre (AF) 8,860         171.28
No Ditch 8,860         0.19

Well Permit Flow (CFS) 8,860         4.91
Well Depth (ft.) 8,575         188.36

Well Elevation (ft.) 8,860         7648.03
Groundwater Height (ft.) 8,488         7614.29

Depth to Water (ft.) 8,488         25.44
Wells 8,860         2.09

Precipitation (in.) 6,093         0.79
Note: Data are summarized here only for years in which all values are available (2009-2013). For unit-
years, sprinkler is the total acreage irrigated via sprinklers, for parcel-years it is an indicator variable. 
Crop acreage means are conditional on having non-zero values. Surface water measures are from ditch-
level data.

Table 1: Descriptive Statistics
Unit-Years

Obs Mean

20,201      110.98
20,201      3.54
20,201      66.89
20,201      0.67
8,042        62.17
3,191        40.00

939          68.25
3,236        89.02
4,793        77.52

N/A N/A

20,201      0.24
20,201      0.42

20,149      32,922.68
20,149      2.26
20,201      0.16
20,201      1.87
19,683      388.98
20,201      7644.34
19,538      7617.34
19,538      20.91
20,201      1.52
11,650      0.78

Note: Data are summarized here only for years in which all values are available (2009-2013). For unit-
years, sprinkler is the total acreage irrigated via sprinklers, for parcel-years it is an indicator variable. 
Crop acreage means are conditional on having non-zero values. Surface water measures are from ditch-
level data.

Table 1: Descriptive Statistics
Parcel-Years
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Variable Obs Mean
Outcomes

Acre-Feet 2,394        259.00
Acre-Feet/Acre 2,394        1.51

Acreage 2,394        194.39
Sprinkler 2,394        193.95

Alfalfa Acres 531          143.78
Grass Pasture Acres 162          82.76

Other Acres 153          134.28
Potato Acres 1,059        162.96

Small Grains Acres 1,149        158.84
Fallow Acres 2,180        16.30

Treatment
Active Subdistrict 2,394        0.00

Subdistrict 2,394        1.00

Controls
Surface Water (AF) 2,394        155,340.80

Surface Water/Acre (AF) 2,394        180.69
No Ditch 2,394        0.14

Well Permit Flow (CFS) 2,394        4.70
Well Depth (ft.) 2,358        118.79

Well Elevation (ft.) 2,394        7629.37
Groundwater Height (ft.) 2,351        7607.89

Depth to Water (ft.) 2,351        18.89
Wells 2,394        2.28

Precipitation (in.) 2,347        0.88

Subdistrict
Table 2: Pre-Treatment Unit Means

Note: Data are summarized here only for pre-treatment years, 2009 and 2010. Crop acreage means are 
conditional on having non-zero values. Surface water measures are from ditch-level data.

Obs Mean

1,150        228.20
1,150        1.74
1,150        127.11
1,150        109.47

603          119.15
328          69.80
13           79.97
75           132.88

358          112.91
797          16           

1,150        0.00
1,150        0.00

1,150        37,257.24
1,150        302.71
1,150        0.29
1,150        5.99
1,072        341.23
1,150        7,686.87

995          7643.23
995          21.93

1,150        1.95
753          0.87

Table 2: Pre-Treatment Unit Means
Non-Subdistrict

Note: Data are summarized here only for pre-treatment years, 2009 and 2010. Crop acreage means are 
conditional on having non-zero values. Surface water measures are from ditch-level data.

Difference

30.80
-0.23

67.29
84.47
24.63
12.95
54.31
30.07
45.93
0.77

0.00
1.00

118,083.56
-122.02

-0.15
-1.29

-222.44
-57.50
-35.34
-3.05
0.34
0.01

Table 2: Pre-Treatment Unit Means

Note: Data are summarized here only for pre-treatment years, 2009 and 2010. Crop acreage means are 
conditional on having non-zero values. Surface water measures are from ditch-level data.  
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(1) (2) (3) (4) (5) (6)
VARIABLES Acre Feet AF/Acre Acres Acre Feet AF/Acre Acres

Subdistrict x 2010 0.343 -0.0542 0.312 4.596 -0.149 1.653
(8.285) (0.0641) (1.231) (5.575) (0.235) (2.186)

Subdistrict -25.88 3.725 -28.96
(70.64) (2.832) (27.50)

2010 57.07*** 0.391*** 0.358 6.475* 0.248 -3.369**
(7.219) (0.0574) (1.062) (3.651) (0.229) (1.405)

Observations 3,544 3,544 3,544 8,453 8,453 8,453
R-squared 0.195 0.143 0.054 0.401 0.200 0.595
Number of units 1,772 1,772 1,772

*** p<0.01, ** p<0.05, * p<0.1

Table 3: Pretrend Test
Fixed Units Parcels

Note: Regression results for equations (1) and (2) using observations from 2009 and 2010 only.  Columns (1)-(3) 
aggregate parcels to consistent units overtime allowing for the inclusion of unit fixed effects. In addition to 
including unit and year fixed effects, surface water controls, including interactions for ditches with recharge 
decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in 
parentheses for the first three columns. Columns (4)-(6) are parcel-year observations. Additional controls include 
a sprinkler indicator, crop fixed effects, year fixed effects, year*crop fixed effects, well depth, well decreed flow, 
surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge 
decrees. Robust standard errors, clustered by ditch, are in parentheses.

 

Units
(1) (2) (3)

VARIABLES Acre Feet Acre Feet Acre Feet

Subdistrict x Post -83.14*** -41.99*** -28.53***
(9.344) (12.73) (9.563)

Subdistrict 63.98*** 20.63
(16.39) (18.70)

Table 4: Difference-in-Difference Results (Acre Feet Extracted)
Parcels

(4) (5) (6)
Acre Feet Acre Feet Acre Feet

-22.41** -35.47*** -34.17***
(8.668) (9.545) (5.516)
-11.33 26.68*** 29.51***
(8.278) (6.629) (10.88)

Table 4: Difference-in-Difference Results (Acre Feet Extracted)
Parcels

Observations 8,860 7,796 3,083
R-squared 0.155 0.448 0.424

Mean Value for Subdistrict Pre-
Treatment 259 189.39 93.90

3,195 4,658 19,643
0.312 0.424 0.386

134.44 143.43 141.47
Percent Change -32.1% -22.2% -30.4%

Parcel Types Fixed Units Alfalfa Grass
Number of unit 1,772
Note: Regression results for equation (1) and (2) using acre-feet pumped as the dependent variable. Column (1) aggregates parcels to consistent units 
overtime allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions 
for ditches with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. 
Columns (2)-(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed 
effects, well depth, well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge 
decrees. Columns (2)-(5) use only parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for 
Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient 
of interest by dividing by the pre-treatment mean.

-16.7% -24.7% -24.2%

Potato Small Grains All

Note: Regression results for equation (1) and (2) using acre-feet pumped as the dependent variable. Column (1) aggregates parcels to consistent units 
overtime allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions 
for ditches with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. 
Columns (2)-(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed 
effects, well depth, well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge 
decrees. Columns (2)-(5) use only parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for 
Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient 
of interest by dividing by the pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1
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(1) (2) (3)
VARIABLES AF/Acre AF/Acre AF/Acre

Subdistrict x Post -0.495*** -1.311** -2.723**
(0.0682) (0.502) (1.244)

Subdistrict 1.924* 5.440***
(1.117) (1.571)

Table 5: Difference-in-Difference Results (Acre Feet per Acre Extracted)

(4) (5) (6)
AF/Acre AF/Acre AF/Acre

0.179 -1.019** -1.064***
(0.136) (0.501) (0.288)
0.192 1.605*** 2.603***

(0.180) (0.454) (0.534)

Table 5: Difference-in-Difference Results (Acre Feet per Acre Extracted)

Observations 8,860 7,796 3,083
R-squared 0.074 0.193 0.243

Mean Value for Subdistrict Pre-
Treatment 1.51 2.39 4.23

3,195 4,658 19,643
0.178 0.186 0.204

1.95 1.96 2.16
Percent Change -32.8% -54.8% -64.3%

Parcel Types Fixed Units Alfalfa Grass
Number of units 1,772
Note: Regression results for equation (1) and (2) using acre-feet irrigated acre pumped as the dependent variable. Column (1) aggregates parcels to consistent units 
overtime allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions for 
ditches with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. Columns (2)-
(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed effects, well depth, well 
decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge decrees. Columns (2)-(5) use only 
parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for Subdistrict 1 represents the average value of the 
dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.

9.2% -52.1% -49.4%

Potato Small Grains All

Note: Regression results for equation (1) and (2) using acre-feet irrigated acre pumped as the dependent variable. Column (1) aggregates parcels to consistent units 
overtime allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions for 
ditches with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. Columns (2)-
(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed effects, well depth, well 
decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge decrees. Columns (2)-(5) use only 
parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for Subdistrict 1 represents the average value of the 
dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1

 

 

(1) (2) (3)
VARIABLES Acres Acres Acres

Subdistrict x Post -12.16*** -7.783** 7.558**
(2.227) (3.765) (3.761)

Subdistrict 4.498 -18.22***
(10.28) (3.075)

Table 6: Difference-in-Difference Results (Acreage Irrigated)

(4) (5) (6)
Acres Acres Acres

-4.985* -1.738 -1.973
(2.602) (1.810) (1.530)

-10.79*** -5.006 -7.857**
(3.279) (4.967) (3.362)

Table 6: Difference-in-Difference Results (Acreage Irrigated)

Observations 8,860 7,796 3,083
R-squared 0.102 0.726 0.388

Mean Value for Subdistrict Pre-
Treatment 194.39 83.66 42.83

3,195 4,658 19,643
0.340 0.517 0.602

98.33 93.88 89.40
Percent Change -6.3% -9.3% 17.6%

Parcel Types Fixed Units Alfalfa Grass
Number of unit 1,772
Note: Regression results for equation (1) and (2) using irrigated acres as the dependent variable. Column (1) aggregates parcels to consistent units overtime 
allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions for ditches 
with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. Columns (2)-
(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed effects, well depth, 
well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge decrees. Columns (2)-
(5) use only parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for Subdistrict 1 represents the 
average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the 
pre-treatment mean.

-5.1% -1.9% -2.2%

Potato Small Grains All

Note: Regression results for equation (1) and (2) using irrigated acres as the dependent variable. Column (1) aggregates parcels to consistent units overtime 
allowing for the inclusion of unit fixed effects. In addition to including unit and year fixed effects, surface water controls, including interactions for ditches 
with recharge decrees, are controlled for but no crop specific controls are used. Robust standard errors, clustered by unit, are in parentheses. Columns (2)-
(6) are parcel-year observations. Additional controls include a sprinkler indicator, crop fixed effects year fixed effects, year*crop fixed effects, well depth, 
well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches with recharge decrees. Columns (2)-
(5) use only parcels planting the indicated crop. Robust standard errors, clustered by ditch, are in parentheses. Mean value for Subdistrict 1 represents the 
average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the 
pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1
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Units
(1) (2) (3)

VARIABLES
Panel A: Acre Feet

Estimated Elasticity -0.773*** -0.623*** 0.0935
(0.0762) (0.174) (0.233)

Table 7: Estimated Elasticities
Parcels

(4) (5) (6)

-0.252* -0.459*** -0.501***
(0.130) (0.104) (0.0929)

Table 7: Estimated Elasticities
Parcels

Panel B: AF/Acre

Estimated Elasticity -0.570*** -0.541*** -0.363
(0.0736) (0.191) (0.238)

-0.178 -0.411*** -0.502***
(0.133) (0.105) (0.0983)

Panel C: Acres

Estimated Elasticity -0.203*** -0.0829* 0.409***
(0.0587) (0.0483) (0.123)

-0.0703* -0.0439 -0.00107
(0.0394) (0.0351) (0.0429)

Parcel Types Fixed Units Alfalfa Grass Pasture

*** p<0.01, ** p<0.05, * p<0.1

Note: Elasticities come directly from estimating equations (1) [Column 1] and a similar version of equation (2) [Columns 2-6], replacing the 
dependent variable with the log and replacing Subdistrict x Post with log(40+fee). Reported coefficients come from 18 separate regressions. Each 
column presents the results for three distinct regressions for the type of observations indicated at the bottom. Panel A uses overall acre-feet pumped as 
the dependent variable, Panel B uses Acre-feet per acre, and Panel C reports for irrigated acreage. Robust standard errors, clustered by unit (column 1) 
or surface ditch (columns 2-6), are in parentheses

Potato Small Grains All

Note: Elasticities come directly from estimating equations (1) [Column 1] and a similar version of equation (2) [Columns 2-6], replacing the 
dependent variable with the log and replacing Subdistrict x Post with log(40+fee). Reported coefficients come from 18 separate regressions. Each 
column presents the results for three distinct regressions for the type of observations indicated at the bottom. Panel A uses overall acre-feet pumped as 
the dependent variable, Panel B uses Acre-feet per acre, and Panel C reports for irrigated acreage. Robust standard errors, clustered by unit (column 1) 
or surface ditch (columns 2-6), are in parentheses
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(1) (2) (3) (4) (5) (6)

VARIABLES
Alfalfa 

Acreage
Grass Pasture 

Acreage
Potato 

Acreage
Small Grain 

Acreage
Other 

Acreage
Fallow 

Acreage

Subdistrict x Post -24.21*** 41.88*** -21.07* -71.43*** -55.28 12.23***
(6.387) (11.62) (12.70) (9.889) (37.22) (1.999)

Subdistrict -49.25*** -82.29*** 179.1*** 46.89*** 206.9*** -0.891
(9.499) (11.86) (14.19) (10.10) (36.48) (2.368)

L.Sprinkler Acres 0.222** -0.134 1.067*** 0.650*** 2.470*** -0.227***
(0.103) (0.121) (0.382) (0.181) (0.880) (0.0312)

L.Alfalfa -0.118 -0.390*** -1.096*** -0.760*** -2.754*** 0.306***
(0.114) (0.139) (0.390) (0.192) (0.893) (0.0336)

L.Grass Pasture -0.262** -0.0277 -0.444 -0.448** -2.256** 0.413***
(0.114) (0.134) (0.389) (0.188) (0.896) (0.0313)

L.Other -0.510*** 0.271* -0.158 -0.519*** -2.318*** 0.440***
(0.121) (0.143) (0.390) (0.197) (0.895) (0.0343)

L.Potato -0.649*** 0.119 -0.899** 0.313* -2.247** 0.354***
(0.117) (0.134) (0.388) (0.189) (0.890) (0.0332)

L.Small Grains -0.588*** -0.00965 0.0907 -0.559*** -2.518*** 0.342***
(0.115) (0.136) (0.388) (0.190) (0.893) (0.0332)

L.Fallow -0.154*** -0.423*** 0.407*** 0.357*** 0.133 0.299***
(0.0472) (0.0640) (0.0558) (0.0481) (0.107) (0.0111)

Table 8: Unit-Level Crop Choice

Y0 (Crop Acre 1998) 31.11*** -53.53*** -27.44* -38.68*** 69.60* 45.89***
(6.766) (11.21) (14.20) (11.20) (38.32) (2.288)

Log-Likelihood value -18,771.94 -7,331.79 -19,729.57 -22,335.18 -6,056.82 -39,243.98
Observations 8,575 8,575 8,575 8,575 8,575 8,575
Censored Observations 5,734 7,644 5,792 5,530 7,892 989
Number of unit 1,715 1,715 1,715 1,715 1,715 1,715

Mean Value for Subdistrict Pre-
Treatment (non-zero) 142.80 85.26 163.29 159.37 136.15 16.08
Percent Change -17.0% 49.1% -12.9% -44.8% -40.6% 76.1%

*** p<0.01, ** p<0.05, * p<0.1

Note: Regressions results from dynamic tobit regressions (equation 3) where the dependent variable is the number of acres of a given crop.  
Observations are at the unit-year level and include only 2009-2013 observations. Lagged acres for each crop are included, using 2005 observations as 
the lagged value for 2009. Inital crop acreage in 1998 is included as well. Additional but unreported controls include year fixed effects, sprinkler 
acreage (lagged), well depth, well decreed flow, and ditch level surface water available including interactions for ditches with recharge decrees. 
Standard errors are in parentheses. Mean value for Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders 
for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.

 

 

 

 

 

 

 



46"
"

"

 

(1) (2) (3) (4) (5)
VARIABLES Alfalfa Grass Pasture Potato Small Grains Other

Subdistrict x Post (Base Choice) 1.518*** 0.185 0.248* -0.490
(0.482) (0.140) (0.147) (0.679)

Subdistrict 0.555 3.478*** 1.867*** 3.941***
(0.384) (0.776) (0.585) (0.336)

Table 9: Parcel-Level Crop Choice 
Crop Choice

Pseudo R
Observations

MEM of Subdistrict x Post -0.074*** 0.081*** 0.005 0.018 -0.030
MEM Standard Error (0.026) (0.024) (0.024) (0.023) (0.032)

*** p<0.01, ** p<0.05, * p<0.1

Note: Coefficient estimates from estimation of equation (4), a single multinomial probit regression with crop choice as the 
dependent variable. Each column presents the estimates for choosing the indicated crop. Observations are parcel-year from  2009-
2013 and are weighted by acreage. Additional controls include year fixed effects, a sprinkler indicator, well depth, well decreed 
flow, and ditch level surface water available including interactions for ditches with recharge decrees. Robust standard errors, 
clustered by ditch, are in parentheses. MEM is the estimated marginal effect at the mean.       

0.205
19,643
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Units
(1)

VARIABLES Sprinkler (Acres)

Subdistrict x Post -17.84***
(2.130)

Subdistrict 

Table 10: Difference in Difference Results (Irrigation Technology)
Parcels

(2)
Sprinkler 

0.772***
(0.272)

2.998***
(0.231)

Table 10: Difference in Difference Results (Irrigation Technology)

Observations 8,860
R-squared 0.095

MEM of Subdistrict x Post
MEM Standard Error

Mean Value for Subdistrict Pre-
Treatment (non-zero) 193.95

19,643

0.10***
(0.034)

Percent Change -9.2%
Number of unit 1,772
Note: Regressions results using sprinkler irrigation as the dependent variable. Column (1) uses 
OLS estimation with unit-year observations for the total acreage under sprinkler irrigation. Year 
and unit fixed effects are included and ditch level surface water available including interactions 
for ditches with recharge decrees. Robust standard errors, clustered by unit are in parentheses.  
Column (2) uses parcel-year observations to estimate a logit model where the dependent variable 
is one if a sprinkler is present.  Additional controls include year fixed effects, well depth, well 
decreed flow, and ditch level surface water available including interactions for ditches with 
recharge decrees. Robust standard errors, clustered by ditch, are in parentheses. MEM is the 
marginal effect at the mean.  Mean value for Subdistrict 1 represents the average value of the 
dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the 
coefficient of interest by dividing by the pre-treatment mean.

Note: Regressions results using sprinkler irrigation as the dependent variable. Column (1) uses 
OLS estimation with unit-year observations for the total acreage under sprinkler irrigation. Year 
and unit fixed effects are included and ditch level surface water available including interactions 
for ditches with recharge decrees. Robust standard errors, clustered by unit are in parentheses.  
Column (2) uses parcel-year observations to estimate a logit model where the dependent variable 
is one if a sprinkler is present.  Additional controls include year fixed effects, well depth, well 
decreed flow, and ditch level surface water available including interactions for ditches with 
recharge decrees. Robust standard errors, clustered by ditch, are in parentheses. MEM is the 
marginal effect at the mean.  Mean value for Subdistrict 1 represents the average value of the 
dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the 
coefficient of interest by dividing by the pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1  
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Appendix A: Additional Groundwater Background 

Though groundwater may be utilized as a strategic buffer against drought and a decline of 
aquifer storage is not inherently economically inefficient, water users face individual 
incentives to expand their use to an unsustainable extent. This is because, like other 
common-pool resources, individuals do not explicitly face the full costs of groundwater 
extraction. Temporally, because the implicit user-cost is hard to measure and easy to 
discount relative to the explicit costs of pumping, irrigators tend to behave myopically 
and extract too much water today relative to incurred future costs. Spatially, because 
lower water levels increase extraction costs at neighboring wells, individual irrigators 
also extract too much relative to current costs.  

Social institutions to manage groundwater can address these externalities, but they are 
currently insufficiently developed, especially when compared to surface water 
institutions. The Western United States is an important and representative example of 
climate change and groundwater use. Beginning in the 1940s, expanded access to 
groundwater improved farm productivity and led to a marked increase in US farmland 
valuation (Edwards and Smith 2016; Hornbeck and Keskin 2014). Entrance has since 
been curbed by spacing requirements (Edwards 2016) and moratoria; nevertheless 
groundwater extraction rates in the US are at an all-time high, averaging 23.8 km3 per 
year from 2000-2008 compared to 10.8 km3 per year from 1990-2000 (Konikow 2013). 
Meanwhile, climatic variability in this region is impacting local hydrological systems 
(Cayan et al. 2010; Williams et al. 2015). Not only has climatic variability reduced 
streamflow and increase evapotranspiration, but it has also caused snowmelt to occur 
earlier (Hidalgo et al. 2009) and extended the growing season (Mix, Lopes, and Rast 
2012)—all of which increase competition for groundwater.  

Like the larger debate over environmental externalities (e.g. Goulder and Parry (2008)), 
the groundwater management literature identifies strong theoretical arguments for the use 
of economic incentive-based instruments, such as taxes, to internalize social costs (Gleick 
2010; Zilberman, Chakravorty, and Shah 1997; Gisser and Sanchez 1980; Feinerman and 
Knapp 1983). In contrast to technology standards, non-tradable quotas, or spacing 
requirements, a pumping tax increases marginal costs, providing incentives for both 
economic and technical efficiency while allowing heterogeneous irrigators to adjust along 
multiple margins according to their individual cost structures (Koundouri 2004; 
Zilberman, Chakravorty, and Shah 1997). Requiring or subsidizing more efficient 
irrigation technology offers a potential way to reduce pumping, though important 
rebound effects may undermine the conservation goals as irrigators shift to more water 
intensive crops (Peterson and Ding 2005; Pfeiffer and Lin 2014).  

Empirically, however, there remains considerable uncertainty over how a tax would 
perform. Set without good knowledge of private costs and benefits, a tax creates 
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ambiguity around the ultimate reduction in pumping. The total reduction realized depends 
greatly on the demand price elasticity of groundwater. Koundouri (2004) finds the range 
of price elasticities in the literature to typically be between -0.03 and -0.40. Scheierling, 
Loomis, and Young (2006), report a wider range (-0.001 to -1.97) in their meta-analysis, 
but still find the median elasticity to be quite low (-0.16), suggestive that a tax may not 
induce much conservation. However, many of the existing analyses are based on 
mathematical programming or econometric models that have small price fluctuations 
and/or only cross-sectional variation.  

Use of spatial variation provided in cross-sectional data has tended to find evidence of 
small reductions in the use of irrigation water in response to higher prices, with most of 
the modest reductions coming through the extensive margins (land use) and not the 
intensive margin (e.g. Moore, Gollehon, and Carey 1994; Ogg and Gollehon 1989), 
suggesting little short-term response will come from a groundwater tax. Cross-sectional 
evidence, however, likely suffers from some omitted variable bias. Most apparently, as 
aridity increases the need for irrigation water, it also tends to increase the price to secure 
the scarce water. It may also be that facing higher water costs forces farmers to grow cash 
crops, like corn or potatoes, to be profitable, but also leads them to use more water. If 
these other factors are not adequately controlled for, estimates of demand price elasticity 
will be biased, and in the two cases mentioned here, biased towards smaller elasticities.   

Longitudinal data has lead to similarly small estimates of water price elasticities, for 
instance -0.25 in a study by Nieswiadomy (1988) exploring Texan irrigators on the 
Ogallala aquifer. Similar to cross-sectional evidence, though, this low elasticity could 
simply be because the price of pumping is endogenous: areas that tend to pump more 
water lower their water tables more severely, increasing pumping costs by more than 
areas that pump less. Panel data offers a number of potential benefits. For instance, 
Hendricks and Peterson (2012) are able to include a number of fixed effects, though their 
overall price elasticity estimate remained low (-0.10), possibly due to the relatively small 
variation of water prices observed across time in the study. Another panel data study, 
looking at surface water delivery charges, does suggest water demand is relatively more 
elastic (-0.79) using panel data and instrumentation for endogenous crop and technology 
choices that may have plagued earlier studies"(Schoengold, Sunding, and Moreno 2006). 
Still, the price varies only $16/acre-foot over the study and impacts all irrigators the 
same, meaning other time varying factors could be influencing the result. By turning to 
the SLV, we can analyze the impact of a much larger price change, $75/acre-foot, where 
we also observe a control group before and after implementation to account for a number 
of potential unobserved endogenous variables and better identify the direct response to a 
pumping tax. In exploring the effect of water price in SLV, where farmers primarily grow 
alfalfa, potatoes and small grains, we are also expanding upon the types of crops that 
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have been analyzed in other studies, providing additional evidence for policy makers 
considering the impact of a water-pumping fee in various contexts. 

References 

Cayan, Daniel R., Tapash Das, David W. Pierce, Tim P. Barnett, Mary Tyree, and 
Alexander Gershunov. 2010. “Future Dryness in the Southwest US and the 
Hydrology of the Early 21st Century Drought.” Proceedings of the National 
Academy of Sciences 107 (50): 21271–76. doi:10.1073/pnas.0912391107. 

Edwards, Eric C. 2016. “What Lies beneath? Aquifer Heterogeneity and the Economics 
of Collective Action.” Journal of the Association for Environmental and Resource 
Economists 3 (2): 453–91. doi:dx.doi.org/10.1086/685389. 

Edwards, Eric C., and Steven M Smith. 2016. “The Role of Irrigation in the Development 
of American Agriculture.” doi:10.13140/RG.2.2.19247.12965. 

Feinerman, Eli, and Keith C. Knapp. 1983. “Benefits from Groundwater Management: 
Magnitude, Sensitivity, and Distribution.” American Journal of Agricultural 
Economics 65 (4): 703–10. http://www.jstor.org/stable/1240458. 

Gisser, Micha, and David A. Sanchez. 1980. “Competition versus Optimal Control in 
Groundwater Pumping.” Water Resources Research 16 (4): 638–42. 

Gleick, Peter H. 2010. “Roadmap for Sustainable Water Resources in Southwestern 
North America.” Proceedings of the National Academy of Sciences 107 (50): 
21300–305. doi:10.1073/pnas.1005473107. 

Goulder, Lawrence H., and Ian W. H. Parry. 2008. “Instrument Choice in Environmental 
Policy.” Review of Environmental Economics and Policy 2 (2): 152–74. 
doi:10.1093/reep/ren005. 

Hendricks, Nathan P., and Jeffrey M. Peterson. 2012. “Fixed Effects Estimation of the 
Intensive and Extensive Margins of Irrigation Water Demand.” Journal of 
Agricultural and Resource Economics 37 (1): 1–19. 

Hidalgo, H. G., T. Das, M. D. Dettinger, D. R. Cayan, D. W. Pierce, T. P. Barnett, G. 
Bala, et al. 2009. “Detection and Attribution of Streamflow Timing Changes to 
Climate Change in the Western United States.” Journal of Climate 22 (13): 3838–
55. doi:10.1175/2009JCLI2470.1. 

Hornbeck, Richard, and Pinar Keskin. 2014. “The Historically Evolving Impact of the 
Ogallala Aquifer: Agricultural Adaptation to Groundwater and Drought.” American 
Economic Journal: Applied Economics 6 (1): 190–219. doi:10.1257/app.6.1.190. 

Konikow, Leonard F. 2013. “Groundwater Depletion in the United States (1900-2008).” 
2013–5079. Scientific Report. US Department of the Interior, US Geological 
Survey. http://pubs.usgs.gov/sir/2013/5079. 

Koundouri, Phoebe. 2004. “Current Issues in the Economics of Groundwater Resource 



51"
"

"

Management.” Journal of Economic Surveys 18 (5): 703–40. doi:10.1111/j.1467-
6419.2004.00234.x. 

Mix, Ken, Vicente L. Lopes, and Walter Rast. 2012. “Growing Season Expansion and 
Related Changes in Monthly Temperature and Growing Degree Days in the Inter-
Montane Desert of the San Luis Valley, Colorado.” Climatic Change 114 (3–4): 
723–44. doi:10.1007/s10584-012-0448-y. 

Moore, Michael R., Noel R. Gollehon, and Marc B. Carey. 1994. “Multicrop Production 
Decisions in Western Irrigated Agriculture - the Role of Water Price.” American 
Journal of Agricultural Economics 76 (4): 859–74. doi:10.2307/1243747. 

Nieswiadomy, Michael L. 1988. “Input Substitution in Irrigated Agriculture in the High 
Plains of Texas , 1970-80.” Western Journal of Agricultural Economics 13 (1): 63–
70. 

Ogg, Clayton W., and Noel R. Gollehon. 1989. “Western Irrigation Response to Pumping 
Costs: A Water Demand Analysis Using Climatic Regions.” Water Resources 
Research 25 (5): 767–73. doi:10.1029/WR025i005p00767. 

Peterson, Jeffrey M, and Ya Ding. 2005. “Economic Adjustments to Groundwater 
Depletion in the High Plains: Do Water-Saving Irrigation Systems Save Water?” 
American Journal of Agricultural Economics 87 (1): 147–59. doi:10.1111/j.0002-
9092.2005.00708.x. 

Pfeiffer, Lisa, and C-Y Cynthia Lin. 2014. “Does Efficient Irrigation Technology Lead to 
Reduced Groundwater Extraction? Empirical Evidence.” Journal of Environmental 
Economics and Management 67 (2): 189–208. 

Scheierling, Susanne M., John B. Loomis, and Robert A. Young. 2006. “Irrigation Water 
Demand: A Meta-Analysis of Price Elasticities.” Water Resources Research 42 (1): 
1–9. doi:10.1029/2005WR004009. 

Schoengold, Karina, David L. Sunding, and Georgina Moreno. 2006. “Price Elasticity 
Reconsidered: Panel Estimation of an Agricultural Water Demand Function.” Water 
Resources Research 42 (9). doi:10.1029/2005WR004096. 

Williams, A. Park, Richard Seager, John T. Abatzoglou, Benjamin I. Cook, Jason E. 
Smerdon, and Edward R. Cook. 2015. “Contribution of Anthropogenic Warming to 
California Drought during 2012-2014.” Geophysical Research Letters. 
doi:10.1002/2015GL064924. 

Zilberman, David, Ujjayant Chakravorty, and Farhed Shah. 1997. “Efficient Management 
of Water in Agriculture.” In Decentralization and Coordination of Water Resource 
Management, edited by Douglas D. Parker and Yacov Tsur, 221–46. New York: 
Springer. doi:10.1007/978-1-4615-6117-0. 

 



Appendix B: Additional Data Information 

Aggregating the data 

We aggregate annual observations in two alternative ways, both offering some 
advantages and disadvantages. Figure B1 provides an illustrative, but not exhaustive, 
overview of the alternative aggregations we use. On net, we prefer what we call the unit 
analysis and present these results first, but it is easier to understand the distinction if we 
begin from what we call the parcel observations. The parcels are represented in the two 
top panels of Figure B1 and correspond directly to the underlying CDSS irrigated land 
data (shown for 2009 and 2013). By construction, each observation is a contiguous area 
of irrigated land defined by a single crop and irrigation technology mix. This is their main 
advantage: that we can consider crop-specific impacts.  

However, there are drawbacks. Most acutely, because these do not exhibit a one-to-one 
relationship with irrigation wells and we only observe pumping amounts at the well-year 
level, we must distribute the water across the parcels served. The main advantage of the 
parcels observations is that by construction each one grows a single crop. For instance, 
the top left crop circle in the 2009 panel of Figure B1, which represents two distinct 
parcel observations, both received water that year from the same two irrigation wells. To 
assign groundwater use to the parcels individually, we assume equal division; dividing 
the total pumped by each well by the number of parcels the well serves. Then, for each 
parcel served by more than one well, we sum up the adjusted pumping amounts. To 
measure well characteristics that also influence pumping (e.g. well depth, permitted 
amount), we average or sum the values for all wells attached to the parcel. Therefore we 
accept some measurement error in order to consider crop-specific adjustments. 

Other problems persist for the parcel level observations. For instance, in 2013 when 4 of 
the shown circles in Figure 4 no longer grow a crop on half, we no longer have an 
observation for that land, leading us to fail to capture large responses on the extensive 
margin; notice the same expanse of land yields 14 observations in 2009 and only 12 in 
2013. The variation and desire to estimate within crop responses precludes us from 
linking the observations through time, making use of fixed effects to capture time-
consistent unobservable characteristics impossible. Accordingly, we create, and 
ultimately prefer, fixed irrigation units based on linking individual parcels over space and 
time (the results can be seen in the bottom left panel of Figure B1). This is done in an 
iterative fashion by first linking all parcels served by the same well, then linking these to 
other units that have parcels in common. This is then extended through time to connect 
wells and parcels through the sample period. For this task we consider all observed years, 
including 1998, 2002, and 2005 for which we know what wells were used but not the 
amount pumped. In the end we have a time-consistent unit defined by a set of wells and 
all the parcels they served. We are assuming the process has yielded fixed plots of land. 
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And though we have visually checked the resulting observations, we admit it is 
theoretically possible that the land is not actually fixed. For instance, hypothetically, if an 
irrigator used one well to irrigate half their field (80 acres) one year and the other half the 
next year, we would be treating it as the exact same 80 acre unit each year when in fact it 
should have been a 160 acre unit irrigated at 50% each year. 

Two alternative methods were used to create time consistent units. First, we determined 
units by lumping wells located on the same quarter of the PLSS system. The same firm, 
however, may not operate some of the wells and parcels that are linked by this method. 
Second, we created units based on names on the original well application. Using links 
from 1950-1970, however, may not align well with current ownership patterns. 
Nevertheless, robustness checks are provided in the appendix C for these alternative unit 
aggregations. 

Our preferred process most often results in units of 126 acres, about the area of a circle 
inscribing a 160-acre square, as most center pivots do.  The distribution for the sizes of 
the units is shown in Figure B2. Besides the 126 acres, smaller clusters appear at circle-
sized versions of the typical 40-acre land increments. Clearly in Figure B1 units 
correspond to what one would assume is a single field planted in two or more crops. But 
the process also combines fields that share water, such as the two crop circles in the 
lower right of unit panel in Figure B1. By doing so we no longer have to make an 
arbitrary assumption as to how to divide water from shared wells while also moving the 
analysis closer to a farm-level analysis. Of course, an irrigator may operate more than one 
field and, if they do not share a well, this process does not link them. The aggregation did 
create some extreme outliers, and we have trimmed units that exceed the 95 percentile of 
water pumped, water pumped per acre, or acreage – though qualitative results are not 
influenced by this choice.  

The main advantage of these unit aggregations is that we are able to include unit level 
fixed effects to control for a number of time-invariant factors that impact irrigation 
choices and would have otherwise been omitted. In addition to our ability to include unit 
fixed effects, this method also allows us to account for non-irrigated land. To do so, we 
take the maximum observed irrigated acreage (almost always from 1998) and assign the 
difference in any specific year as fallowed land. Though we will refer to this land as 
fallow, it is possible farmers converted to dry farming. In fact, in 2012 only 85 percent of 
cropland in SLV was irrigated, down from 95 percent in prior Agriculture Census years. 

Additional Data Descriptions  

In addition to the descriptive statistics in the main text, we have also provided here 
aggregate totals by subdistrict membership and year in Table B1. In Table B2 we present 
pairwise correlations for our main outcome variables for the unit observations.  
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Fig.%B1.%Illustrative"example"of"irrigated"land"data."First"three"panels"show"the"
same"physical"expanse"of"land"which"is"indicated"in"the"fourth"panel."Top"two"
panels"show"the"parcel"observations"used"while"the"third"panel"shows"the"time"
consistent"unit"level"aggregation."
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Fig.%B2.%Irrigated"acreage"of"the"empirically"aggregated"units."63"acres"
corresponds"to"an"80Nacre"square"inscribed"by"a"circle"as"center"pivot"irrigation"
often"does."Therefore"the"63Nacre"increments"provided"on"the"xNaxis"align"with"
typical"land"demarcations"in"the"Western"US."
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Subdistrict 1 Acre Feet AF/Acre Acres Sprinkler

Subdistrict 1 1
Acre Feet -0.04 1
AF/Acre -0.16 0.63 1
Acres 0.32 0.36 -0.16 1
Sprinkler 0.37 0.32 -0.18 0.97 1
Alfalfa -0.24 0.29 0.16 0.13 0.12
Grass Pasture -0.12 0.03 -0.00a 0.05 -0.04
Other 0.13 0.03 -0.04 0.16 0.17
Potato 0.33 -0.00a -0.19 0.46 0.47
Small Grains 0.19 0.11 -0.09 0.39 0.40
Fallow 0.08 -0.16 -0.14 -0.24 -0.23
Wells 0.13 0.46 0.08 0.57 0.50

Table B2: Correlation Matrix

Note: Correlations for unit-year observations from 2009-2013. 8,860 observations are included.                      
a Correlation is not significant at the 1 percent level. All other correlations are.  
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Appendix C: Additional Analysis 

Trends: 

In addition to main pre-intervention trends in the text, we also check for shared trends by 
crop and for crops. The first is reported in Table C1. The table reports estimated 
coefficients for equation (2) from the main text having limited the analysis to 2009 and 
2010 observations and interacting subdistrict membership with year fixed effects. Only 
potato parcels show any statistical signs of shifting pre-intervention, though notably it is 
towards using more water for larger parcels.  

In Table C2 we provide a similar placebo test for crop choice based on equation (3) and 
(4) in the main text. The top panel, for the parcel-year observations, reports coefficients 
from a single multinomial logit regression. The bottom panel, for unit-year observations, 
reports coefficient from six distinct dynamic Tobit regressions. As mentioned in the main 
text, subdistrict and non-subdistrict irrigators may have already been shifting crops and 
crop acreage in different ways prior to intervention. We do want to highlight that the 
most water-thirsty crop, alfalfa, was on the relative rise within the subdistrict, not the 
decline that we find post-intervention. 

Robustness Checks 

In addition to the main analyses, we have conducted numerous robustness checks. First, 
soil, aquifer characteristics, and the pumping externality may all present spatial 
correlations that are important. In Table C3 we report the estimates again for the primary 
three outcomes for equation 1 of the main text but correct standard errors for spatial and 
temporal autocorrelation using methods from Conley (2008) and Hsiang (2010). The 
estimates remain statistically significant at the 1 percent level. 

Tables C4 and C5 present a number of robustness checks for total acre feet pumped, for 
unit observations and parcel observations respectively, to test whether our sample or 
variable selection materially impact our results. Across all specifications the coefficient 
on Subdistrict x Post is relatively stable and robust. Here we wish to highlight a few 
important robustness checks, beginning with the inclusion of groundwater height in 
column 7 of Table C4. The coefficient on groundwater height is positive, indicating that 
units pump relatively more when groundwater is closer to the surface, as it requires less 
energy to bring the water to the surface. If the water table continued to decline post-
intervention, the decrease in pumping we observe could be attributable to the increase lift 
needed, increasing the costs of extraction beyond the pumping fee. And though some 
irrigators towards the edge of the aquifer have reported wells going completely dry in 
extreme cases, we note that even when controlling for groundwater height the impact of 
the policy variable remains stable. Furthermore, below we find that since 2009 the 
aquifer levels have not fallen significantly farther.  



59"
"

"

The final column of Table C4 restricts the sample units between 100 and 200 acres. As 
seen in figure B2 and because subdistrict irrigators are more likely to use multiple wells, 
units nearer to 252 acres [320 acre rectangles] are more prevalent inside the subdistrict 
while the smaller 63-acre units [80 acre rectangles] are more prevalent outside. Notably 
when restricting to the sample to similar sizes, the average pumping within and beyond 
the subdistrict are nearly identical and statistically indistinguishable. The mean result 
remains robust with relative reductions still just over 32 percent of pre-treatment means.  

Using parcel analysis we are able to screen the sample to test sensitivity to some of our 
modeling assumptions. For instance, if we exclude all parcels that receive some surface 
water and focus on groundwater users only, these irrigators still reduce pumping by 22 
percent (Table C5, Column 9). Similarly, including only parcels and wells that match 
one-to-one, removing the need to divide pumping data across parcels (Column 10), there 
remains a 23 percent decline in pumping.  

In Table C6 we present alternative estimates for cropping choices for the unit 
observations. Rather than using the dynamic Tobit model, we simply estimate equation 
(1) by OLS with acreage of specific crops as the dependent variable, using fixed effects 
to account for unobserved determinants of crop choice. The coefficients are qualitatively 
similar except for “other” crops. 

Finally, in Table C7 we report estimates for all our outcome variables from estimating 
equation (1) but using our two alternative methods of creating units. The estimated 
impact of the intervention is quite robust. Though the magnitudes may initially appear 
different, the underlying averages for the variables are also different. When converted to 
percentage of pre-treatment averages, the results are not only qualitatively similar, but 
also very close in magnitude. 

Groundwater Analysis  

Last, we have also analyzed how the intervention has impacted the aquifer and 
groundwater levels to the extent we are able. Figure C1 shows the average groundwater 
height below the extraction wells from 2008 through 2015. There is very little visual 
evidence that groundwater height has recovered within the subdistrict relative to changes 
outside. Estimates from a simple difference-in-difference regression presented in Table 
C8 show that the impact of the intervention is sensitive to the years included in the 
sample. If 2008 is included, there is no statistically significant impact of the intervention. 
If we only observe 2009 on onward, the subdistrict wells raised – relative to wells outside 
the subdistrict – the underlying water table by 2 feet. But even so, our data does not show 
a gain in absolute terms. However, our interpolation may have limits, height beneath 
specific wells may not be indicative of total storage, and our time series cuts off in 2015. 
Alternatively, Davis Engineering Service Inc. has been tasked with monitoring the 
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aquifer since 1976 and we are including their time series graph as Figure C2. The 
precipitous and unprecedented drawdown after 2002 can be seen. Similar to our results, 
aquifer storage further declined from 2009 through 2013. However, we note that the 
aquifer has gained around 200,000 AF from 2015 to 2017. Though this measurement 
does not establish a causal mechanism from the intervention, it does not preclude it and it 
certainly is a positive sign. 
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Fig.%C1."Average"groundwater"height"per"well"by"year"measured"in"feet"above"sea"
level."Left"of"the"vertical"line"(maroon)"are"observations"prior"to"intervention"and"
to"the"right"are"after"intervention."
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Fig.%C2."Davis"Engineering"Service"Inc."time"series"of"change"in"storage"relative"to"
1976."Retrieved"from"RGWCD.org"on"January"11,"2017."
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(1) (2) (3) (4) (5) (6)
VARIABLES Acre Feet AF/Acre Acres Acre Feet AF/Acre Acres

Table C1: Pre-Trend Test by Crop 
Alfalfa Grass Pasture

(7) (8) (9) (10) (11) (12)
Acre Feet AF/Acre Acres Acre Feet AF/Acre Acres

Table C1: Pre-Trend Test by Crop 
Potatoes Small Grains

Subdistrict x 2010 7.396 0.169 0.501 5.546 -0.603 1.743
(8.880) (0.695) (3.716) (8.203) (1.067) (8.483)

Subdistrict -46.33 -1.648 -2.249 -51.00 11.03 -39.70
(119.1) (8.661) (51.28) (105.9) (12.61) (104.0)

22.10** -0.598 11.27* 1.365 -0.229 -0.786
(10.27) (0.385) (5.789) (11.68) (0.407) (2.083)

-284.1** 7.583 -149.9* 17.97 4.376 6.140
(126.7) (4.747) (71.71) (140.7) (5.025) (24.01)

Observations 2,939 2,939 2,939 1,634 1,634 1,634
R-squared 0.443 0.228 0.729 0.398 0.181 0.420

*** p<0.01, ** p<0.05, * p<0.1

Note: Regression results from estimating equation 2 using observations from 2009 and 2010 only. For each regression, only parcel-year observations planted with the indicated crop are included. 
Additional controls include a sprinkler indicator,  year fixed effects, well depth, well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches 
with recharge decrees. Robust standard errors, clustered by ditch, are in parentheses. 

1,293 1,293 1,293 2,361 2,361 2,361
0.272 0.186 0.378 0.459 0.227 0.544

Note: Regression results from estimating equation 2 using observations from 2009 and 2010 only. For each regression, only parcel-year observations planted with the indicated crop are included. 
Additional controls include a sprinkler indicator,  year fixed effects, well depth, well decreed flow, surface ditch fixed effects, and ditch level surface water available including interactions for ditches 
with recharge decrees. Robust standard errors, clustered by ditch, are in parentheses. 

"

(1) (2) (3) (4) (5) (6)
VARIABLES Alfalfa Grass Pasture Other Potato Small Grains Fallow
Panel A: Parcel-year

Table C2: Pre-Trend Test for Crop Choice

Subdistrict x 2010 (Base Choice) 0.700** -1.051 -0.206 -0.290*** N/A
(0.330) (0.697) (0.353) (0.0916)

Subdistrict -8.097** 16.31* 6.168 5.534***
(3.899) (8.816) (4.713) (1.176)

MEM of Year x Subd 0.016 0.054** -0.020 -0.003 -0.048
z-stat 0.60 2.51 -1.47 -0.07 -1.57

Observations
Pseudo-R-Squared
Panel B: Unit-year

Subdistrict x 2010 10.19* 29.60** -130.0* 20.08 -60.55*** 1.936
(5.672) (13.45) (78.10) (18.65) (10.81) (1.413)

Subdistrict Unit -73.80*** -93.72*** 171.6*** 198.6*** 61.51*** 1.976
(13.20) (14.50) (54.97) (20.05) (13.07) (1.863)

8,453
0.208

Log-Likelihood value -7,522.89 -3,429.04 -1,495.66 -8,159.23 -10,523.23 -13,419.41
Observations 3,430 3,430 3,430 3,430 3,430 3,430
Censored Observations 2,325 2,975 3,270 2,310 1,956 548
Number of unit 1,715 1,715 1,715 1,715 1,715 1,715

*** p<0.01, ** p<0.05, * p<0.1

Panel A: Multinomial logit results from a single regression estimating equation 4 using parcel-year observations from 2009 and 2010  weighted by 
acreage. Additional controls include a sprinkler indicator,  year fixed effects, well depth, well decreed flow, and ditch level surface water available 
including interactions for ditches with recharge decrees. Robust standard errors, clustered by ditch, are in parentheses. Panel B:  Regressions results 
from 6 separate dynamic tobit regressions (equation 3) where the dependent variable is the number of acres of a given crop.  Observations are at the 
unit-year level and include only 2009 and 2010 observations. Lagged acres for each crop are included, using 2005 observations as the lagged value for 
2009. Inital crop acreage in 1998 is included as well. Additional but unreported controls include year dummies, sprinkler acreage (lagged), well depth, 
well decreed flow, and ditch level surface water available including interactions for ditches with recharge decrees. Standard errors are in parentheses. 

"
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(1) (2) (3)
VARIABLES Acre Feet AF/Acre Acres

Subdistrict x Post -83.24*** -0.496*** -12.21***
(9.431) (0.0630) (2.797)

Subdistrict 246.3*** 0.800* 80.45***
(81.11) (0.416) (9.464)

Table C3: Spatial Error Robustness

Observations 8,860 8,860 8,860
R-squared 0.891 0.839 0.976

*** p<0.01, ** p<0.05, * p<0.1

Note: Regression results for equation (1) for the three main depedent variables: acre-feet 
pumped, acre-feet per acre pumped, and acreage irrigated. Observations are unit-years 
from 2009 to 2013. In addition to including unit and year fixed effects, surface water 
controls, including interactions for ditches with recharge decrees, are controlled for but 
no crop specific controls are used. Standard errors, in parantheses, are corrected for 
spatial and temporal autocorrelation allowing for spatial lags within 2 miles and 1 
year temporal lags.

"

"

"
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(1) (2) (3) (4) (5)
VARIABLES Acre Feet Acre Feet Acre Feet Acre Feet Acre Feet

Subdistrict x Post -78.77*** -92.42*** -108.0*** -108.9*** -83.14***
(8.914) (8.972) (9.798) (9.912) (9.344)

Subdistrict 30.79*** 90.17*** 101.2*** 83.78***
(10.93) (10.06) (11.68) (15.84)

Decreed Flow 20.49*** 18.51*** 19.12***
(1.395) (1.475) (1.827)

Well Depth 0.153*** 0.144*** 0.149***
(0.0260) (0.0247) (0.0264)

Surface Water 0.000847*** 0.000945** 0.000931***
(0.000285) (0.000418) (0.000303)

Surface Water x Decree -0.000785*** -0.000819** -0.000247
(0.000281) (0.000409) (0.000303)

Surface Water x Decree x Post 0.000135*** 0.000179*** 0.000471***
(3.64e-05) (3.85e-05) (3.16e-05)

Table C4: Unit-Year Robustness Checks; Acre Feet Extracted
(6) (7) (8) (9)

Acre Feet Acre Feet Acre Feet Acre Feet

-70.47*** -86.46*** -85.35*** -77.62***
(9.018) (10.05) (13.69) (11.84)

0.000777*** 0.000971*** 0.000838** 0.000813
(0.000289) (0.000304) (0.000335) (0.000579)
-0.000132 -0.000295 -9.49e-05 9.31e-05
(0.000290) (0.000304) (0.000335) (0.000581)

0.000380*** 0.000475*** 0.000535*** 0.000639***
(2.75e-05) (3.15e-05) (3.86e-05) (6.56e-05)

Table C4: Unit-Year Robustness Checks; Acre Feet Extracted

Sprinkler Acres

Alfalfa Acres

Grass Acres

Other Acres

Potato Acres

Small Grain Acres

-0.686*
(0.383)

1.881***
(0.384)

1.557***
(0.370)

1.494***
(0.380)

1.487***
(0.378)

1.621***
(0.379)

Groundwater Height

Precipitation

0.596*** 0.648**
(0.194) (0.254)

-136.2***
(32.12)

Observations 8,860 8,575 8,575 8,575 8,860
R-squared 0.021 0.296 0.311 0.373 0.155

Mean Value for Subdistrict Pre-
Treatment 259.00 251.95 251.95 251.95 259.00

8,860 8,488 5,947 3,895
0.227 0.161 0.175 0.142

259.00 250.75 262.18 237.18
Percent Change -30.4% -36.7% -42.9% -43.2% -32.1%

Controls:
Well Characteristics x x x x

Surface Water x x x
Surface Ditch Fixed Effects x x

Unit Fixed Effects x
Acreage (Crop and Technology)

Groundwater Height
Precipitation

Sample Restriction
Number of units 1,772
Note: Difference in Difference estimation results for acre-feet groundwater extracted estimated by OLS using unit-year observations from 2009-2013. Subdistrict x Post is the coefficient of interest, a dummy 
variable equal to 1 if the parcel is subject to the financial incentives.  For column (1) only year fixed effects and an indicator for a subdistrict unit are included. Controls are added as indicated for each 
subsequent column. . Robust standard errors, clustered by unit, are in parentheses. Mean value for Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders for 2009-
2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.

-27.2% -34.5% -32.6% -32.7%

x x x x
x x x x
x x x x
x x x x
x

x x
x

100<Acres<200
1,772 1,714 1,549 779

Note: Difference in Difference estimation results for acre-feet groundwater extracted estimated by OLS using unit-year observations from 2009-2013. Subdistrict x Post is the coefficient of interest, a dummy 
variable equal to 1 if the parcel is subject to the financial incentives.  For column (1) only year fixed effects and an indicator for a subdistrict unit are included. Controls are added as indicated for each 
subsequent column. . Robust standard errors, clustered by unit, are in parentheses. Mean value for Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders for 2009-
2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1 "
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VARIABLES

Subdistrict x Post

Subdistrict

Sprinkler

No Ditch

Decreed Flow

Well Depth

Surface Water

Surface Water x Decree

Surface Water x Decree x 
Post

Grass Pasture

Other

Potato

Small Grains

Table C5: Parcel-Year Robustness Checks; Acre Feet Extracted
(1) (2) (3) (4) (5)

Acre Feet Acre Feet Acre Feet Acre Feet Acre Feet

-30.23*** -31.48*** -34.91*** -28.50*** -34.17***
(6.376) (5.999) (5.311) (7.240) (5.516)

73.72*** 48.41*** 33.18*** 27.97*** 29.51***
(11.51) (13.41) (7.589) (9.597) (10.88)

51.41*** 44.78***
(11.12) (13.21)

30.89*** 37.09*** 35.42*** 13.29**
(5.469) (4.966) (4.003) (5.838)

26.26*** 25.77*** 24.01*** 22.93***
(3.371) (3.611) (2.938) (2.760)
0.0144 0.0170 0.0258** 0.0282**

(0.0107) (0.0110) (0.0103) (0.0127)
-0.000128 -0.000295 -0.000164
(0.000211) (0.000209) (0.000498)
0.000339 0.000467** -2.90e-05

(0.000208) (0.000204) (0.000479)

0.000229*** 0.000183*** 3.10e-05
(3.33e-05) (3.39e-05) (5.58e-05)

3.423 -16.72*
(10.92) (10.01)

-65.23*** -60.42***
(10.68) (10.66)
-27.28** -49.43***
(11.45) (12.40)

-33.32** -28.58**
(12.96) (11.75)

Table C5: Parcel-Year Robustness Checks; Acre Feet Extracted
(6) (7) (8) (9) (10)

Acre Feet Acre Feet Acre Feet Acre Feet Acre Feet

-34.29*** -26.12*** -23.32*** -34.67*** -46.12***
(5.746) (7.499) (4.283) (8.453) (8.178)
27.53** 32.85*** 27.39*** 6.068 40.76***
(12.76) (9.165) (5.969) (6.966) (9.509)

43.42*** 30.09*** 43.75*** 104.3*** 49.60***
(12.70) (8.897) (9.732) (5.716) (15.23)
19.63 20.74 2.311 1.691

(20.60) (13.28) (4.041) (5.930)
22.92*** 22.18*** 15.95*** 22.01*** 8.425***
(2.675) (2.728) (1.664) (1.758) (2.064)
0.0269* 0.0307** 0.0118* 0.0290*** 0.105***
(0.0140) (0.0149) (0.00656) (0.00980) (0.0252)
-0.000137 -0.000124 -0.000494 2.32e-05
(0.000488) (0.000483) (0.000363) (0.000678)
-4.50e-05 -7.29e-05 0.000471 -0.000174

(0.000476) (0.000408) (0.000346) (0.000612)

2.38e-05 9.48e-05** 9.97e-05** 6.02e-05
(5.73e-05) (4.62e-05) (3.85e-05) (5.94e-05)

-15.81 -19.99 -23.07*** 31.21 -62.48***
(10.25) (14.19) (7.021) (22.00) (15.14)

-61.95*** -82.41*** -42.39*** -20.51 -80.42***
(9.577) (15.34) (6.871) (17.27) (12.68)

-48.01*** -49.95** -28.79*** 34.65 -63.10***
(11.61) (20.51) (6.915) (21.21) (9.027)

-27.31** -34.83** -15.49** -44.89*** -39.60***
(10.61) (15.02) (6.207) (10.45) (10.65)

Table C5: Parcel-Year Robustness Checks; Acre Feet Extracted

Groundwater Height

Precipitation

0.0243 0.0901
(0.121) (0.118)

70.98
(46.50)

Observations
R-squared

Mean Value for Subdistrict 
Pre-Treatment

20,201 19,683 19,643 19,643 19,643
0.090 0.263 0.275 0.315 0.386

141.47 141.97 141.97 141.97 141.97

19,007 11,160 17,108 3,110 5,872
0.385 0.358 0.443 0.284 0.241

141.46 146.52 124.43 152.62 199.91
Percent Change

Controls:
Well Characteristics

Surface Water
Crop and Technology

Surface Ditch Fixed Effects 
Groundwater Height

Precipitation

Sample Restriction
Note: Difference in Difference estimation results for acre-feet groundwater extracted estimated by OLS using parcel-year observations from 2009-2013. Subdistrict x Post is the coefficient of interest, a 
dummy variable equal to 1 if the parcel is subject to the financial incentives.  For column (1) only year fixed effects and an indicator for a subdistrict parcels are included. Controls are added as indicated 
for each subsequent column. Robust standard errors, clustered by surface ditch are in parentheses other for column (9) where standard errors are simply robust. Mean value for Subdistrict 1 represents the 
average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.

-21.4% -22.2% -24.6% -20.1% -24.1%

x x x x
x x x

x x
x

Note: Difference in Difference estimation results for acre-feet groundwater extracted estimated by OLS using parcel-year observations from 2009-2013. Subdistrict x Post is the coefficient of interest, a 
dummy variable equal to 1 if the parcel is subject to the financial incentives.  For column (1) only year fixed effects and an indicator for a subdistrict parcels are included. Controls are added as indicated 
for each subsequent column. Robust standard errors, clustered by surface ditch are in parentheses other for column (9) where standard errors are simply robust. Mean value for Subdistrict 1 represents the 
average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.

-24.2% -17.8% -18.7% -22.7% -23.1%

x x x x x
x x x x x
x x x x x
x x x x x
x x
x x

Drop Outliers
No Surface 

Water Single Wells
Note: Difference in Difference estimation results for acre-feet groundwater extracted estimated by OLS using parcel-year observations from 2009-2013. Subdistrict x Post is the coefficient of interest, a 
dummy variable equal to 1 if the parcel is subject to the financial incentives.  For column (1) only year fixed effects and an indicator for a subdistrict parcels are included. Controls are added as indicated 
for each subsequent column. Robust standard errors, clustered by surface ditch are in parentheses other for column (9) where standard errors are simply robust. Mean value for Subdistrict 1 represents the 
average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment mean.
*** p<0.01, ** p<0.05, * p<0.1*** p<0.01, ** p<0.05, * p<0.1
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(1) (2) (3) (4) (5) (6)
VARIABLES Alfalfa Grass Pasture Other Potato Small Grains Fallow

Subdistrict x Post -11.93*** 10.36*** 11.50*** -1.529 -20.65*** 12.26***
(2.811) (1.807) (1.937) (2.317) (3.667) (2.239)

Table C6: Fixed Units Fixed Effects

Observations 8,860 8,860 8,860 8,860 8,860 8,860
R-squared 0.012 0.015 0.035 0.002 0.027 0.102
Number of Fixed Units 1,772 1,772 1,772 1,772 1,772 1,772

Mean Value for Subdistrict Pre-
Treatment 31.89 5.60 8.58 72.08 76.24 14.84
Percent Change -37.4% 185.0% 134.0% -2.1% -27.1% 78.6%

Note: Regressions results from OLS regressions where the dependent variable is the number of acres of a given crop. Observations are at the 
unit-year level and include only 2009-2013 observations. Unit and year fixed effects are included. Additional but unreported controls include 
a sprinkler indicator, well depth, well decreed flow, and ditch level surface water available including interactions for ditches with recharge 
decrees Robust standard errors, clustered by unit, are in parentheses. Mean value for Subdistrict 1 represents the average value of the 
dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-
treatment mean.
*** p<0.01, ** p<0.05, * p<0.1
"

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

VARIABLES Acre Feet AF/Acre Acres Sprinkler Acres Alfalfa Acres

Grass 
Pasture 
Acres Other Acres Potato Acres

Small Grains  
Acres Fallow Acres

Panel A: Permit Units

Subdistrict x Post -120.9*** -0.622*** -7.010** -18.11*** -12.73*** 14.94*** 4.742** 1.664 -15.63*** 7.010**
(14.99) (0.0803) (3.494) (2.857) (3.700) (2.760) (2.156) (2.798) (4.715) (3.494)

Table C7: Fixed Units Fixed Effects

Observations 5,640 5,640 5,640 5,640 5,640 5,640 5,640 5,640 5,640 5,640
R-squared 0.103 0.084 0.107 0.100 0.021 0.026 0.040 0.005 0.046 0.107
Number of unit 1,128 1,128 1,128 1,128 1,128 1,128 1,128 1,128 1,128 1,128

Mean Value for Subdistrict Pre-
Treatment 303.96 1.53 209.97 208.94 38.41 6.75 7.44 72.17 85.20 16.55
Percent Change -39.8% -40.6% -3.3% -8.7% -33.1% 221.4% 63.7% 2.3% -18.3% 42.4%
Panel B: Quarter Units

Subdistrict x Post -72.79*** -0.484*** -7.265*** -14.04*** -9.559*** 11.81*** 6.048*** -1.591 -13.98*** 7.265***
(9.255) (0.0720) (1.870) (1.647) (2.395) (1.589) (1.316) (1.628) (2.786) (1.870)

Observations 8,700 8,700 8,700 8,700 8,700 8,700 8,700 8,700 8,700 8,700
R-squared 0.102 0.056 0.105 0.096 0.010 0.025 0.030 0.002 0.023 0.105
Number of unit 1,740 1,740 1,740 1,740 1,740 1,740 1,740 1,740 1,740 1,740

Mean Value for Subdistrict Pre-
Treatment 163.70 1.23 135.87 135.34 21.00 4.40 6.28 51.50 52.69 11.39
Percent Change -44.5% -39.5% -5.3% -10.4% -45.5% 268.4% 96.4% -3.1% -26.5% 63.8%

Note: Difference in Difference estimation results for various dependent variables using OLS for columns  Observations are at the unit-year level and include only 2009-2013 observations. Subdistrict x Post is the 
coefficient of interest, a dummy variable equal to 1 if the parcel is subject to the financial incentives.  Unit and year fixed effects are included as well as ditch level surface water available including interactions for 
ditches with recharge decrees.  Panel A uses aggregated units by original permit applicant names. Panel B aggregates to the Township/Quarter/Section. Robust standard errors, clustered by unit, are in parentheses. 
Mean value for Subdistrict 1 represents the average value of the dependent variable within the subdistrict 1 borders for 2009-2010. Percent change scales the coefficient of interest by dividing by the pre-treatment 
mean.
*** p<0.01, ** p<0.05, * p<0.1
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(1) (2) (3)
VARIABLES Elevation of Groundwater Elevation of Groundwater Elevation of Groundwater

Subdistrict x Post -0.383 2.023*** 2.153***
(0.330) (0.460) (0.456)

Table C8: Groundwater Height at Extraction Wells

Observations 26,727 23,367 16,647
R-squared 0.206 0.229 0.242
Sample 2008-2015 2009-2015 2009-2013
Number of Wells 3,360 3,360 3,360

*** p<0.01, ** p<0.05, * p<0.1

Note: OLS regression results for well-year observations. Dependent variable is groundwater height (in feet above sea level). Subdistrict 
x Post is the coefficient of interest, a dummy variable equal to 1 if the parcel is subject to the financial incentives. Only other controls are 
well and year fixed effects. Robust standard errors, clustered by well, are in parentheses.

 

 

 

 

 

 


