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Abstract
We estimate market power in California’s surface water
market. Market power may distort the potential welfare
gains from water marketing. We use a Nash-Cournot
model and derive a closed-form solution for the extent of
market power in a water market setting. We then use this
solution to estimate market power in a newly assembled
dataset on California’s water economy. We show that,
under the assumptions of the Nash-Cournot model, mar-
ket power in this thin market is limited.
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1 | INTRODUCTION

We study the extent and impact of market power in water markets. Such markets are not abundant
globally but their prevalence has been increasing. In countries or river basins where rights to water
use are allowed to be sold or leased, water marketing reallocates water from lower to higher
value uses (Grafton et al., 2011). Although reallocation is known to substantially increase the effi-
ciency of water use (Browne & Ji, 2023; Bruno & Jessoe, 2021; Jenkins et al., 2004; Rafey, 2023;
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Vaux Jr. & Howitt, 1984), most water markets have relatively little trading, suggesting they remain
underutilized. Why? Two leading explanations are high transaction costs (Carey et al., 2002; Leonard
et al., 2019; Regnacq et al., 2016) and market power (Bruno & Sexton, 2020; Chakravorty et al., 2009;
Easter et al., 1999; Holland, 2006; Jacoby et al., 2004; Rosegrant & Binswanger, 1994; Wheeler, 2022).
Both sources of friction may distort the potential welfare gains from water marketing, but they may
call for different policy remedies, depending on which is more important.

Our setting is California’s statewide surface water market. California is one of the world’s largest
water markets by quantity and value of water traded. At the same time, water transactions are a
small fraction of total water used, suggesting large potential gains from trade. Recent work has made
progress in quantifying the role of transaction costs (Hagerty, 2023), but the contribution of market
power is less clear. Existing conditions may support market power: Trading of water in California is
dominated by large water districts that hold rights on behalf of farmers or households. Some of these
districts are enormous; for example, the Metropolitan Water District of Southern California serves
19 million people. The belief that large districts, in particular those that are buyers, may have market
power is held by many stakeholders, and it is supported by previous literature (Hagerty, 2023;
Hansen et al., 2014; Tomkins & Weber, 2010).

Our contribution is twofold. The first contribution is methodological; we propose a novel mea-
sure of market power tailored to the setting of water markets. This measure is derived using a Nash-
Cournot model of water transactions that is inspired by the model setup of Ansink and Houba
(2012). We will motivate this model choice by comparing it with a Nash-in-Nash bargaining model.
Under two main assumptions, discussed below, this model allows us to derive a closed-form solution
for the extent of market power in a water market setting. We write this solution in terms of willing-
ness to pay and accept. It is sufficiently general to be adapted and applied to other endowment econ-
omies, including permit markets. A methodological advantage of our model is that we do not rely on
a conjectural variations approach that employs consistent conjectures (Bresnahan, 1989). This
approach is not compatible with standard notions of rational behavior since the game theory revolu-
tion (Lindh, 1992).1 Despite of this, our solution allows for an extension to conjectural variations
that avoids prior selection of the side of the market that holds market power.

The second contribution is that we empirically test the extent of market power in California’s
surface water market. We apply our model to a newly assembled dataset on California’s water econ-
omy by Hagerty (2023) and Hagerty (2022). The data that we use are 1993–2015 panel data on water
transactions in California, with detailed information on quantities and prices by water district, com-
bined with detailed spatial data on locations of buying and selling districts as well as geographical
factors that may affect market power. The data allow us to control for main water uses of buying
and selling districts as well as various types of associated transaction costs. The results of our estima-
tion allow us, ultimately, to estimate measures of market power for California’s water market.

The model starts with two main assumptions, both of which are later relaxed. One assumption is
that we fix the side of the market on which market power resides. Our starting point is buyer-side
market power, as explained above. We then estimate the model in the other direction, allowing for
seller-side market power, and find none. To check the relevance of this assumption, we also employ
a model specification where we allow for market power on both sides at once; we find compelling
empirical support for market power on the buyer side only. The second main assumption is that we
use linear demand, originating from a quadratic benefit function of water use. This functional form
is commonplace in the water economics literature and allows for a straightforward empirical strategy
to derive our results. Constant linear demand across selling districts may not be realistic, however,
and therefore we relax this assumption in an alternative specification where, instead, we impose a
constant price elasticity. This alternative specification, with constant price elasticity, is presented as

1In Hagerty (2023), the same dataset is analyzed, but the focus is on the impact of transaction costs in obstructing water markets. As a
robustness check, the potential impact of market power as an alternative explanation for market friction is explored, using an approach that
employs consistent conjectures. Other papers, including Bruno and Sexton (2020), use this same approach.

TOMORI ET AL. 1275

 14678276, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ajae.12434 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



part of a larger class of model specifications featuring homogeneous demand, for which we present a
closed-form solution as well.

Our main result is that market power in California’s water market is limited. Our main specifica-
tion implies that buyer power yields an average markdown of 6% of the transaction price. This result
is obtained for the linear model but continues to hold for the nonlinear specification and is robust to
other model modifications. It is surprising in the sense that the thinness of water markets, including
California’s, is conventionally associated with higher possibilities of exploiting market power. Intui-
tion for this result may be found in the idea that an individual buyer rarely purchases a large fraction
of any seller’s endowment of water. Each seller not only has many potential buyers but also con-
sumes water directly, leaving residual supply highly elastic to each buyer.

This finding suggests that market power is not a first-order concern for policy reforms aimed at
improving the efficiency and flexibility of water allocation in California, and perhaps in other water-
scarce contexts as well. Reform efforts can focus on other considerations instead, such as transaction
costs and political economy factors. Proposals to, for example, break the control of water districts
over water rights may or may not be desirable on other grounds, but market power in the statewide
water market does not appear to be one of them.

Our empirical estimates are relevant to the specific context of surface water in California, and
similar analyses in other settings may reveal different results. However, a broadly relevant lesson is
that market power is less likely to be a major problem in settings in which water rights are the pri-
mary allocation mechanism and markets perform only secondary reallocation. The reason is simply
that potential buyers or sellers must compete with the outside option of consuming the water one
already owns. Although such a configuration would not describe a situation in which, for example,
all water rights are initially held by a single entity, it does describe the vast majority of settings in
which water markets are active or under consideration.

2 | BACKGROUND AND DATA

Water in California is initially allocated each year on the basis of water rights and contracts. Water
rights originate from historical claims and continue to be recognized by the state.2 Contracts are
long-term agreements held with federal and state agencies under three major water projects: the
Central Valley Project, the State Water Project, and the Lower Colorado operations. The main agents
that hold these water rights and contracts are mostly local water utilities we refer to as water districts.
Water districts divert water from rivers, or receive deliveries from canals, and distribute them among
their constituent farmers and/or households.3

Following initial yearly allocations, water districts may transfer water to other parties, typically in
return for monetary compensation. Physically, it is feasible to move water between nearly any pair of
districts in the state, due to an extensive network of canals, reservoirs, and pumps that constitute
one of the world’s largest interconnected systems of surface water infrastructure. Legally, transfers
are allowed, but they are subject to many different regulatory approval processes depending on the
project or type of right the transferred water is based on, where the water originates, the intended
destination, and the transfer pathway (California State Water Resources Control Board, 1999). Prac-
tically, transfers are completed on a bilateral basis, without a central clearinghouse or auctions; water
managers (and sometimes independent brokers) reach out to each other and reach agreements with
the help of attorneys (Brewer et al., 2008).

2Most water rights are based in the legal doctrine of prior appropriation; California also recognizes riparian rights, but these constitute a small
fraction of total water use.
3By water district, we mean any organization that supplies water to wholesale or retail customers. Most are local government agencies, though
some are nonprofit or for profit, and they carry various names, such as irrigation districts, water conservation districts, or mutual water
companies. Some individual farms hold their own water rights without a district intermediary, but they constitute a small fraction of total water
use in the state.

1276 WATER MARKET POWER
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Although water transactions are possible, they also face transaction costs arising from all of these
frictions: the need to pump water uphill and account for evaporation losses (conveyance charges and
delivery costs), the need to comply with regulatory requirements and delays (regulatory, verification,
and monitoring costs), and the need to find potential counterparties and reach agreement (search,
information, negotiation, and contracting costs). Transaction costs in the California water market
are more thoroughly detailed by Regnacq et al. (2016), Scheer (2016), and Hagerty (2023). Our treat-
ment of transaction costs is consistent with a frequently cited definition provided by McCann et al.
(2005): “the resources used to define, establish, maintain, and transfer property rights.”

Many types of districts and other parties buy and sell water. Transactions may be agricultural to
urban (i.e., a district that primarily supplies irrigation water to farms selling to a district that primar-
ily supplies domestic water to residential households), agricultural to agricultural, urban to urban, or
(rarely) urban to agricultural. They also may be agricultural or urban to environmental, in which an
environmental nonprofit or government agency purchases water from farmers or municipalities for
instream use (i.e., to be left in the river). Our analysis encompasses all these types of transactions,
which are conducted bilaterally, at arms length, and at freely negotiated prices. We exclude
longstanding arrangements between wholesale and retail water districts (e.g., the Metropolitan Water
District and the City of Los Angeles), as well as government programs that offer to buy or sell
water at fixed prices (e.g., in cases of late-season surplus or deficit) because observed prices are less
informative in these situations.

There are a variety of reasons why water districts trade water. The key point is that trading allows
water to be reallocated from lower to higher value uses. This reallocation allows selling districts to
raise additional revenue streams, whereas buying districts do so to adjust their water allocation strat-
egy, minimizing losses when faced with water shortage. In such circumstances, agricultural districts
with a large share of perennial crops like almonds and grapes will value water more than those with
predominantly annual crops. Urban districts will want to secure water for household and industrial
use, whereas buybacks by the government may be crucial for environmental purposes particularly
when water is scarce.

There are two main types of surface water transactions: leases and permanent sales. Leases are
short-term transfers of water volumes with a high degree of certainty. Permanent sales are transfers
of the underlying right either to divert water from rivers or to receive deliveries from federal or state
water projects. Permanent transfers bundle an expected annual water volume with year-to-year vari-
ability on the basis of weather conditions and seniority. We focus our analysis on leases because their
prices are easier to interpret without strong assumptions about discount rates and risk preferences,
and because they allow us to use year-to-year variation to identify parameters in panel data. Leases
also constitute a majority of transactions, and their observed prices are much less noisy than for per-
manent sales.

The timing of water management and agricultural decisions in California follows an annual cycle
known as the water year, which runs from October 1 through September 30. Nearly all precipitation
in the state falls between October and March, and most water demand aligns with the main growing
season, roughly April through September. By the end of winter, the quantity of water available for
the upcoming summer is known with high certainty. For example, yearly allocations in the Central
Valley Project are initially announced in the third week of February; they are often revised through
April or later, but the revisions are small compared with the interannual variation (Hagerty, 2022;
Stene, 1995). As we show below, most water leases are completed during April and May for delivery
sometime during the rest of the water or calendar year. This timing comes after districts resolve most
of their uncertainty over their water endowment for that year and before they consume most of that
endowment. Because both water transactions and market activity follow this kind of annual cycle,
we aggregate our analysis to yearly observations of water use and transaction choices.

In focusing on surface water, our analysis also excludes transactions of groundwater rights or
permits. Groundwater markets also exist in a few basins that have undergone a process called adjudi-
cation to clarify property rights (Ayres et al., 2021), though in most of the state, extraction is largely
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unregulated and unmonitored. Legally, groundwater is fully distinct from surface water, and trade of
groundwater rights is sufficiently different as to require distinct theoretical and empirical models.
For example, groundwater transactions typically transfer the right to pump water rather than the
water itself, and groundwater pumping also can only be traded within a basin, whereas surface water
can be transported across long distances and may be thought of as a statewide market.

Market power in California’s water market is not unlikely. In the Cournot-Nash model that we
develop in the next section, such power originates from the number of players on either side of the
market. If buyers are on the short side, then they can exploit their favorable position with mark-
downs on the price. Several aspects have been found to affect this relative position of buyers and
sellers in California’s water market. Hansen et al. (2014) point to the presence of some “dominant”
buying districts. Tomkins and Weber (2010) suggest informational asymmetries with selling districts
being less aware of buying districts’ options. Bruno and Sexton (2020) mention capacity constraints
in conveyance infrastructure as well as an environment that is “conducive to forming cartel-like coa-
litions.” Combined, these aspects may cause buyers to be able to exercise some degree of market
power.

We use recently assembled data on California’s water economy, first described by Hagerty
(2023). We mainly use three datasets. The first is a proprietary dataset compiled by WestWater
Research, LLC, listing prices, volumes, and other information related to water transactions in
California. These raw transactions are supplemented by data on the geographical and institutional
characteristics of water districts, assembled from geospatial files and other sources. This dataset iden-
tifies the locations of buying and selling districts, and is used to estimate distances and identify other
parameters related to transaction costs. Full details on these two datasets and their cleaning and
processing are provided in Hagerty (2023, Section 4 and Appendix G). The third is a dataset on
yearly surface water entitlements and deliveries in California, compiled from the archives of the Cali-
fornia Department of Water Resources, the U.S. Bureau of Reclamation, and the State Water
Resources Control Board. Details of this dataset are provided in Hagerty (2022).

The combined dataset provides panel data on water deliveries and transaction prices in Califor-
nia over the 23 year period 1993–2015. The panel data are unbalanced because districts can be
involved in more than one transaction per year. Our unit of observation is the water district. The
water district is the lowest possible level where (a) we can unambiguously match transactions to
units, and (b) we have sufficient information on the units’ entitlements and deliveries. Roughly 75%
of all transactions in our transaction dataset can be matched to districts with complete information
on entitlements and deliveries.4

The WestWater water transactions database includes a total of 6309 transactions over the period
1990–2015. We impose several sample restrictions following the discussion above. First, to focus on
the surface water market, we drop transactions of permits for small volumes of groundwater
pumping within adjudicated basins in Southern California. Second, to limit our analysis to short-
term leases, we drop transactions of permanent water rights. Third, to focus on transactions from
which we can infer useful information, we exclude transactions whose price is missing or known to
be set administratively (i.e., not at arms length).

Because we will assess transactions both from the sellers’ and from the buyers’ perspective, we
duplicate each transaction and split the dataset into two: one for buyers and one for sellers. A minor-
ity of transactions involve more than one district on each side of the transaction. We split up such
transactions (i.e., by dividing the transaction volume equally over the number of districts involved),
such that each observation contains one selling and one buying district. Finally, we exclude transac-
tions executed before 1993 (because data on water deliveries is only available from 1993 onward).
We subsequently lose 28% of our remaining observations (slightly more for buyers than for sellers)

4The alternative to districts as units of observation would be to either use planning areas or DAU-county areas (both are hydrogeographical
areas defined by the California Department of Water Resources). Doing so would facilitate the matching with entitlements and deliveries. The
downside, however, is that it would severely reduce the number of observations in our final dataset because transactions would be lumped into
fewer units.
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when merging our transactions dataset with our dataset on districts’ entitlements and deliveries. Our
final dataset contains 1131 observations, 592 for sellers and 539 for buyers.

Summary statistics (mean, standard deviation, and number of observations) on transactions for
both buyers and sellers are shown in Table 1. In addition to transaction volumes and prices, this
table lists statistics on six different factors that were found by Hagerty (2023) to be costly to buyers
or sellers and thereby generate transaction costs. The first three are costly to sellers: (S1) transactions
that cross the Sacramento-San Joaquin Delta, (S2) transactions where the buyer is primarily using
water for agricultural purposes, and (S3) the total distance if water is conveyed along a river. The
next three are costly to buyers: (B1) the virtual distance between buyer and seller if water is trans-
ferred against the direction of flow, (B2) transactions that are subject to a State Water Boards review,
and (B3) transactions that export water from a federal or state water project. Two factors cause dif-
ferences in the data between buyers and sellers. One is that, in merging transactions with entitle-
ments, we lose more observations for buyers than for sellers, and this difference is apparently not a
random draw. The second factor is that the buyer observations include a substantial share, 24%,
where water is acquired for instream use, whereas for sellers this is only 1%. Such transactions tend
to have much lower prices, roughly 50% lower than transactions where buyers are purchasing water
for consumptive use. We will check whether the inclusion of these transactions affects our results.

Transactions mostly occur in a limited number of hydrologic regions. Sellers are mostly located
in the Sacramento River and San Joaquin River regions, whereas buyers are mostly located in the
Tulare Lake, San Joaquin River, and South Coast regions. We find only few instances of districts that
both sell and buy, suggesting that we can assume fixed roles for districts as sellers or buyers in our
model that we present in the next section. Examining transactions for which we have the exact date
of transaction, we find that they are largely spread out over months 3–7 with more than 50% of
transactions occurring in April and May, the start of the summer growing season. Transactions in
our database cover a total of 161 districts, which implies a mean number of 592/161 = 3.7 transac-
tions per district over our 23-year period from the sellers’ perspective and 539/161 = 3.3 for buyers.
This low number suggests that California’s water market is thin.5

3 | MODEL

Models that are able to quantify market power range from the Cournot-Nash model to the recent
Nash-in-Nash bargaining model (Collard-Wexler et al., 2019). The former model provides a succinct
framework that centers around competition in quantities and has been adapted to accommodate
water markets (Ansink & Houba, 2012). The Nash-in-Nash bargaining model shares certain similari-
ties with the Cournot-Nash model. A major advantage is that it incorporates bilaterally negotiated
contracts, which would capture many realistic aspects of our setting.

There are, however, two disadvantages to the use of Nash-in-Nash bargaining. The first is practi-
cal. Nash-in-Nash has yet to find effective applications in nonstandard settings such as the one given
by water markets. There is no version of Nash-in-Nash available in the literature that accommodates
our setting of an endowment economy with endogenous trading networks and transaction costs.
The second disadvantage is more conceptual. Nash-in-Nash bargaining recognizes the asymmetry of
bargaining power as an additional source of market power and is not able to distinguish the two.
Collard-Wexler et al. (2019), for example, maintain a general notion of contracts that leaves the rela-
tionship between quantities and prices unspecified, thereby equating market power to bargaining
power. More recently, Alviarez et al. (2023) provide a formulation of Nash-in-Nash that employs
negotiated bilateral quantities and inverse demand functions to determine prices. In general, the

5One could argue that our data suffer from selection bias because we only observe realized transactions and these are typically from pairs of
trading districts with low transaction costs. Note, however, that we only observe equilibrium transactions and any nonobserved transaction
price would be “out of equilibrium.”
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application of Nash-in-Nash requires specifying one side of the market operating along either
the demand or supply curve. Although this formulation bears similarities to the Cournot-Nash
model, it also implies a concept of market power that combines both bargaining power and strategic
quantity manipulation.

For these reasons, we resort to the established Nash-Cournot model as the structural model in
our investigation of market power in the Californian water market and leave application of the
Nash-in-Nash approach for future research. Note, though, that both models share an important
commonality. By relying on the Nash equilibrium concept, it is presumed that an invisible hand
steers individual expectations toward equilibrium even in the absence of market institutions such as
auctions or clearinghouses. In the Californian water market, this makes sense. Water district man-
agers and water brokers have both a good understanding of the market and good information on
aspects that may affect market trading such as weather fluctuations, institutional rules, and different
types of transaction costs.6

3.1 | A model of market power in water markets

We develop a Nash-Cournot model of water transactions in order to derive a novel measure for the
extent of market power in a water market setting. Consider a water market with water transactions
between sellers at origins o¼ 1,2,…,No and buyers at destinations d¼ 1,2,…,Nd . Water is a homo-
geneous good and purchases from different sellers are (physically) perfect substitutes. Both sellers
and buyers have endowments of water, denoted either eo > 0 or ed ≥ 0, depending upon their role.
Although variation in rainfall and snow melt may cause endowments to change over time, we sup-
press time subscripts in this section to keep notation simple. The amount of water sold by seller o to
buyer d is denoted qod ≥ 0. Obviously, sellers cannot sell more water than their endowments, that
is
PNd

d¼1qod ≤ eo.
Water use by buyers consists of their endowment plus purchased water: Qd � edþ

PNo
o¼1qod .

Buyer d’s benefit from using this total sum of water equals f d Qdð Þ, which is increasing in the neigh-
borhood of ed (buyers are unsatiated at ed), strictly concave, and twice continuously differentiable in
Qd . For later reference, we introduce buyers’ willingness to pay, denoted WTP, which is defined as
the partial derivative of net benefits with respect to water use. Formally,

T A B L E 1 Summary statistics on transactions by sellers/buyers.

Sellers Buyers

Mean SD Obs Mean SD Obs

Price (2010$/AF) 237.49 296.79 592 185.50 173.75 539

Volume (AF) 8.74 24.70 583 8.93 26.67 530

S1: Delta crossing (1 = yes) 0.33 0.47 568 0

S2: Agricultural buyer (1 = yes) 0.47 0.50 592 0

S3: River distance (km) 0.09 0.10 568 0

B1: Virtual distance (km) 0 0.08 0.11 534

B2: State water boards review (1 = yes) 0 0.42 0.49 539

B3: Export from project (1 = yes) 0 0.05 0.22 539

6The thinness of the market and lack of a central clearinghouse will create additional transaction costs. Such costs are consistent with our
model as is shown in the online supplementary appendix where we present a model version that includes transaction costs.
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WTPd Qdð Þ¼ f 0d Qdð Þ: ð1Þ

In any bilateral trade, buyer d does not pay more than their WTPd through the transaction-spe-
cific price pod ≤ f

0
d Qdð Þ.

Water use by sellers consists of their endowment minus sold water: Qo � eo�
PNd

d¼1qod . Seller o’s
benefit from using the unsold amount of water equals f o Qoð Þ, which is increasing in the neighbor-
hood of eo (sellers are unsatiated at eo), strictly concave, and twice continuously differentiable in Qo.
Seller o’s net benefits of water use are now given by f o Qoð Þ plus revenues from selling water, intro-
duced below. For later reference, we introduce sellers’ willingness to accept, denoted WTA, which is
defined as the partial derivative of net benefits with respect to water use. Formally,

WTAo Qoð Þ¼ f 0o Qoð Þ: ð2Þ

In any bilateral trade, sellers must be financially compensated for these opportunity costs
through the transaction-specific price, and this imposes pod ≥ f

0
o Qoð Þ.

Recall that we consider the case where buyers hold all market power. In the standard oligopoly
model in economics, consumers react to the quantities chosen by the competing producers, and this
is modeled by setting the market price equal to the inverse demand or price function. The price
function can be interpreted as either the market-clearing price that equates market demand to the
chosen market supply or as the willingness to pay for the chosen market supply. In our case, seller’s
WTA takes over the role of the price function. Then WTAs can be seen as either market-clearing
prices that equate market supply to the market demand chosen by the buyers or as the willingness to
accept for the chosen market demand. Formally,

pod ¼WTAo Qoð Þ ð3Þ

Buyer d’s expenditure on buying water from seller o is then given by qod �WTAo Qoð Þ. Similar to
standard Cournot oligopoly models, our model is static and all buyers take their quantity decisions
simultaneously. Therefore, each buyer maximizes over all potential sellers to purchase water.
Formally,

max
q1d ,…,qNod

f d Qdð Þ�
XNo

o¼1

qod �WTAo Qoð Þ ð4Þ

Using the positive relation between Qd and qod as well as the negative relation between Qo and
qod , a buyer’s first-order condition with respect to qod for an interior solution is given by7

f 0d Qdð Þ�WTAo Qoð Þþqod �WTA0
o Qoð Þ¼ 0 ð5Þ

Substituting Equation (1) into Equation (5) and rewriting yields

WTPd Qdð Þ¼WTAo Qoð Þ�qod �WTA0
o Qoð Þ

≥WTAo Qoð Þ ð6Þ

7For simplicity we omit the first-order condition for pairs of districts that do not trade. To derive this first-order condition for pairs of trading

districts we use the chain rule to obtain ∂
∂qod

f d Qdð Þ¼ ∂
∂Qd

f d Qdð Þ � ∂Qd
∂qod

¼ f 0d Qdð Þ. Likewise, we
obtain ∂

∂qod
WTAo Qoð Þ¼ ∂

∂Qo
WTAo Qoð Þ � ∂Qo

∂qod
¼�WTA0

o Qoð Þ.
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Note that in a partial equilibrium of perfect competition the inequality in Equation (6) would
hold with equality for every pair of trading districts, see for example, Hagerty (2023). Under buyers’
market power (and �qod �WTA0

o Qoð Þ > 0), the willingness to pay will be larger than the willingness
to accept for every pair of trading districts, whereas such power keeps markets away from equality.
The wedge between buyers’ WTP and sellers’ WTA reflects the possible price range for each
transaction.

As the last step we substitute (Equation 3) into Equation (6) and rewrite to obtain the following
system of equilibrium conditions that we will use in our estimations below:

pod ¼WTAo Qoð Þ, ð7aÞ

pod ¼WTPd Qdð Þþqod �WTA0
o Qoð Þ ð7bÞ

Recall that WTA0
o Qoð Þ < 0 such that the last term of Equation (7b) is negative. This markdown

makes the market price lower than the buyer’s willingness to pay.
In many economic contexts, it is standard to construct measures of market power based on rela-

tive markdowns or markups.8 We, therefore, rewrite our pair-specific relative markdowns to con-
struct a novel pair-specific measure of heterogeneous market power given by

WTPd Qdð Þ�WTAo Qoð Þ
WTAo Qoð Þ ¼�qod

Qo
� QoWTA0

o Qoð Þ
WTAo Qoð Þ ð8Þ

It consists of the quantity elasticity of the seller’s WTA weighted by the ratio of transaction vol-
ume to this seller’s total water use. This elasticity is the reciprocal of seller o’s individual price elastic-
ity of demand. Our estimate of the system of Equation (7) provides us with an estimate of
WTA0

o Qoð Þ and WTAo Qoð Þ from which we calculate our measure of market power (Equation 8) to
address such power in California’s water market.

Our model is illustrated in Figure 1. With two types of districts (buyers and sellers) and one good
(water), whose supply is given, our model is an endowment economy, and so we can visualize it in a
chart with a secondary mirrored vertical axis, whereas the total available water is on the horizontal
axis. Demand for water is displayed using the WTAo Qoð Þ curve for sellers and the WTPd Qdð Þ curve
for buyers. Starting from water endowments eo and ed in Figure 1, water transactions increase
buyers’ water consumption and decrease sellers’ water consumption, while closing the wedge
between buyers’ WTP and sellers’ WTA. Compared with the competitive equilibrium, buyer power
implies a lower transaction volume, which leaves a positive wedge, as discussed in this section and as
illustrated in the figure.

The necessary and sufficient condition for a positive bilateral trade in the Nash-Cournot equilib-
rium of Figure 1 is that WTPd edð Þ >WTAo eoð Þ, or f 0d edð Þ > f 0o eoð Þ. The interpretation is that the mar-
ginal benefit of water use at the initial endowment of each destination exceeds the marginal benefit
of water use at the initial endowment of each origin. In other words, trade must be (marginally) ben-
eficial at the initial endowment levels.

A relevant indicator for water authorities is the (relative) damage caused by market power.
Similar to the Herfindahl–Hirschman Index used by antitrust authorities, we investigate—as an
easy approximation of individual damage—the markdown times the quantity sold:
WTPd Qdð Þ�WTAo Qoð Þð Þ �qod . This damage consists of the rectangle bordered by three red dotted
lines and the blue dotted line in Figure 1. Next, we relate this damage to the monetary value of own

8Closely related measures are the (markup) Lerner Index used in industrial organization and the markdown of monopsony power used in labor
economics. For homogeneous static labor supply ℓ, revenue R ℓð Þ and endogenous wage w ℓð Þ, the latter states that R0 ℓð Þ�w ℓð Þ

w ℓð Þ ¼ ℓ �w0 ℓð Þ
w ℓð Þ (see

e.g. Ashenfelter et al., 2010). Note the difference with (8) where we add the term �qod
Qo

to adjust for heterogeneity between pairs of trading
districts.
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water use by individual sellers by dividing by pod �Qo. Doing so and making use of Equation (3) and
the measure of market power (Equation 8) yields as approximated individual relative damage9:

� qod
Qo

� �2

� QoWTA0
o Qoð Þ

WTAo Qoð Þ ð9Þ

Aggregate relative damage follows after summing over all sellers in the market. The latter can be
seen as a modified Herfindahl–Hirschman Index for water markets. Further investigation of this
index is left for future research.

3.2 | Main specification

The preferred specification of our model uses quadratic benefit functions for both buyers and sellers.
This specification allows us to estimate a linear model. Our proposed benefit functions allow for het-
erogeneity across buyers and sellers as well as over time, which is why we add time subscripts from
here on.

For each origin we have f ot Qotð Þ¼Qot αot � 1
2δQot

� �
, where αot ¼ϕoþβt þ vot captures heteroge-

neity in productivity between different sellers and time periods, while parameter δ is kept constant.
This benefit function implies that f 0ot Qotð Þ¼ αot�δQot , which is the sellers’ WTA in Equation (2).
Similarly, for each destination we have f dt Qdtð Þ¼Qdt adt� 1

2γQdt

� �
, with adt ¼ψdþβtþudt and

therefore f 0dt Qdtð Þ¼ adt � γQdt , which is the buyers’ WTP in Equation (1). Note that in the online
Supplementary Appendix (Data S1) we generalize our main model specification to also allow hetero-
geneous pair-specific transaction costs. We do so after presenting the solution to our main model
specification under homogeneity as well as under heterogeneity in productivity.

Recall that the necessary and sufficient condition for positive quantities in the Nash-Cournot
equilibrium is that f 0dt edtð Þ > f 0ot eotð Þ, which implies

F I G U R E 1 Stylized visualization of endowments (dashed, blue) and Nash-Cournot equilibrium (dotted, red), where
WTPd Qdð Þ�pod equals the markdown, see Equation (7b). The shaded area is an approximation of damage due to market
power.

9Our measure resembles the individual contribution to industry’s damage relative to industry’s revenue in deriving the Herfindahl–Hirschman
Index for Cournot oligopolies in Hirschman (1945). In this index, individual market shares (in quantities) are squared, divided by the price
elasticity of market demand, and then summed over all firms. In the Cournot model, both the elasticity and aggregate production are the same
across firms, and then the sum of individual damage can be rewritten as a simple formula. In water markets, heterogeneity in both Qos and
elasticities rule out a simple formula.
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adt � γedt > αot �δeot ð10Þ

The interpretation is that the marginal benefit of water use at the initial endowment of each des-
tination exceeds the marginal benefit of water use at the initial endowment of each origin. In other
words, trade is (marginally) beneficial at the initial endowment levels.

4 | EMPIRICAL STRATEGY

The objective of our empirical exercise is to measure market power in California’s water market. We
do so using our measure for market power (Equation 8). Calculation of this index requires an esti-
mate of WTA0

ot Qotð Þ. For our linear model specification we have WTA0
ot Qotð Þ¼ f 00ot Qotð Þ¼�δ,

which we will estimate using the system of Equation (7). Note that this parameter δ is the only esti-
mate that we need according to our markdown measure of market power (Equation 8). To see this,
note that our linear model specification with buyer power allows us to write this index in terms of δ
as well as transaction prices and quantities podt and qodt , which are present in our transaction data:

WTPdt Qdtð Þ�WTAot Qotð Þ
WTAot Qotð Þ ¼�qodt

Qot
� QotWTA0

ot Qtð Þ
WTAot Qotð Þ ¼ δ � qodt

podt
ð11Þ

Below, we present our empirical strategy to estimate parameter δ.
Given our panel data on transaction prices and quantities, we construct a fixed effects model,

which exploits variation in observed transaction prices, WTA, and WTP across trading districts and
across time. This approach rests on two requirements. The first is that we have sufficient variation in
WTA and WTP over time. In our data, such variation over time is caused by variation in water
endowments over time, which imply movements along the benefit function of water use, thereby
changing districts’ marginal benefits of water use. Water endowments are determined by the interac-
tion of weather fluctuations with historically determined allocation rules, which are markedly differ-
ent across regions of California. The second requirement is that WTA and WTP are exogenous,
conditional on unobserved district characteristics (as captured by the fixed effects). We meet this
requirement by assumption since our model dictates that WTA (and, implicitly, WTP) determines
transaction prices.

There are two possible sources of endogeneity in our data, one of which is that omitted variables
may cause biases. Ideally, we would control for these using both year fixed effects as well as time-
invariant district-by-counterparty fixed effects (the counterparty being the other district involved in
the transaction). The latter would capture any variation in prices caused by unobserved heterogene-
ity across pairs of trading districts. Unfortunately, we do not have sufficient observations per trading
district pair to estimate such fixed effects. We resort to separate seller and buyer fixed effects instead.
The second possible source of endogeneity is reverse causality, which we discuss at the end of this
section.

We substitute the linear specification of our model into the system of Equation (7):

podt ¼�δQotþϕoþβt þ vot , ð12aÞ

podt ¼�γQdt �δqodtþψdþβt þudt ð12bÞ

An implicit assumption underlying the regression of individual transaction prices on (some func-
tion of) total water use levels is that districts do not hedge against the risk of water shortage within
each year. One example would be that districts buy “too much” water and will try to resell later that
same year. We find, however, that only a handful of districts in our dataset have ever been active on
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both sides of the market within 1 year. Hence, this assumption of no risk hedging seems warranted.
It is also consistent with the situation in many Western US watersheds, where predictions on water
availability in early spring provide “reasonably accurate forecasts” of actual availability
(Draper, 2001). Although districts face some degree of uncertainty before the start of the growing
season as water allocation percentages are being updated, this uncertainty does not appear to affect
their trading behavior.

Without risk hedging, price differences across transactions for a particular district and year
should not occur, except in the case of transaction costs, or market power. In model variations, we,
therefore, control for various types of transaction costs. Transaction costs are pair specific and time
invariant, and they apply to either the seller or the buyer in a specific transaction as summarized in
Table 1. In the regressions below, transaction costs are included as Todr ¼ τrCodrþ τoþ τdþ εodr ,
where vector Codr includes seller-, buyer-, and pair-specific transaction costs, with units (mostly
dummies) as presented in Table 1, whereas τo and τd represent district fixed costs. Because each
transaction is assessed twice in this system, we add r to indicate whether the transaction is assessed
from the seller’s perspective r¼ 0ð Þ or the buyer’s perspective r¼ 1ð Þ. We expect τr ≥ 0 if r¼ 0 and
τr ≤ 0 if r¼ 1. That is, transaction costs enter sellers’ WTA positively, because these have to be com-
pensated for sellers on top of the sellers’ net benefits, whereas transaction costs enter the buyers’
WTP negatively, because these decrease sellers’ net benefits.

We add transaction costs to Equation (12) and re-order and relabel terms:

podrt ¼�δQot þ ϕoþ τoð Þþ τdþβt þ τrCodrþ vot þ εodrð Þ
¼�δQotþϕoþψdþβtþ τrCodrþ εodrt ,

ð13aÞ

podrt ¼�γQdt�δqodt þ τoþ ψdþ τdð Þþβt þ τrCodrþ udtþ εodrð Þ
¼�γQdt �δqodtþϕoþψdþβt þ τrCodrþ εodrt:

ð13bÞ

Note that coefficient δ appears in both equations. We estimate both equations simultaneously by
constructing two variables, Ro

odtk and Rd
odtk, that combine the coefficients on water use from Equation

(13). We also add a counter k, because there can be multiple transactions between one origin o and
one destination d within 1 year t:

Ro
odtk ¼

Qot if r¼ 0,

qodtk if r¼ 1,

�
and Rd

odtk ¼
0 if r¼ 0,

Qdt if r¼ 1

�

The combined regression equation, which also suppresses the intercept, is:

podrtk ¼�δRo
odtk� γRd

odtkþϕoþψdþβtþ τrCodrþ εodrtk ð14Þ

In the next section, we will estimate variations of Equation (14) using linear regression.
Unlike standard models of supply and demand, we are estimating a system with two demand

functions (with slopes given by parameters γ and δ), whereas the annual supply of water is deter-
mined by rainfall and snow melt. With hydrological variation between years, the total amount of
water in the system changes exogenously each year. Summed over all districts, annual supply cannot
respond to changes in price.

Despite this exogeneity in supply, individual districts may still respond to price changes by
changing the volume of water bought or sold. We therefore also estimate Equation (14) while
instrumenting for water use with districts’ water allocations in each year. Water allocations are the
product of a time-invariant maximum entitlement for each district and a year-varying allocation
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percentage. Allocation percentages are determined bureaucratically on the basis of environmental
conditions (i.e., rainfall and snow melt in the mountains during the preceding winter) and do not
respond to demand-driven factors. They are determined separately for each of 13 categories of water
entitlements (for more details see Hagerty, 2022, 2023). With district and year fixed effects, identify-
ing variation comes from fluctuations in each district’s annual water endowment, relative to other
districts in the same year. In line with Hagerty (2023), we argue that it is reasonable to assume
changes in water allocations reflect pure supply shocks and are uncorrelated with changes in
demand.10

5 | RESULTS

The estimates of regression Equation (14) are shown in Table 2. Recall that the aim of this regression
is to estimate the impact of market power on transaction prices via the markdown
WTPdt Qdtð Þ�WTAot Qotð Þ. Applying a model with quadratic benefit functions implies that Seller
water use (i.e., RO

odtk) is one of the independent variables, whose coefficient gives the slope of the
sellers’ benefit function, parameter δ. Multiplied by transaction volume, this parameter gives
the markdown for each transaction.

In Model (1), estimated using ordinary least squares (OLS), we model water use as our only
explanatory variable, combined with seller, buyer, role, and year fixed effects. The coefficient on
Seller water use implies that δ¼ 0:018, which is more than double the size of γ¼ 0:008, implied by
the coefficient on Buyer water use. The difference indicates that selling districts have steeper demand
curves than buying districts. In Model (2) we attempt to improve the efficiency of these estimates.
Given the large number of clusters compared to observations, we replace year fixed effects by a time
trend. No comparable simplification was found feasible for the other fixed effects. Particularly, there
is no obvious possibility to replace seller and buyer fixed effects with a coarser set of dummy vari-
ables. As a result of replacing the year fixed effect by the time trend, the number of clusters decreases
sharply. Compared to Model (1), the Model (2) estimates for both δ and γ increase significantly.

In Model (3) we instrument water use by districts’ water entitlements. The resulting estimates of
δ and γ increase sharply, in absolute terms, compared to those of Models (1) and (2). The fact that
the IV estimates are so much greater in magnitude than the OLS estimates suggests that the OLS
estimates are biased by selection into trading. In the OLS estimates, prices appear to respond mini-
mally to changes in water use—but this water use is observed after water users have already con-
ducted endogenous water transactions. In contrast, the IV estimates isolate variation in water use
driven by exogenous changes in water supply, so it more accurately identifies the slope of the benefit
function. Finally, in Model (4), we add seller- and buyer-specific transaction costs, which do not
appear to improve the model results, decreasing the F-statistic and increasing the standard error of
our main coefficient of interest. The Cragg-Donald F-statistics for the first stages of the IV models
are both higher than their critical values as reported by Stock and Yogo (2005), suggesting that
Models (3) and (4) do not suffer from weak instruments. Variations of Models (3) and (4) featuring
year-fixed effects rather than a time trend would yield a large number of clusters compared to obser-
vations, similar to Model (1). Such model variations would deteriorate efficiency and would turn the
estimates of δ and γ insignificant.

Based on these model results and interpretation, our preferred model is Model (3) and we use
the main coefficient of interest from this specification, δ¼ 0:580, in the remainder of this section.11

The interpretation of δ is that sellers’ WTA, which equals the water price in our model, increases by

10Hagerty (2022) shows that the effect of surface water supplies on crop choice is precisely unaffected by the inclusion or exclusion of flexible
controls for weather in the same or preceding year.
11Another reason to prefer one of the larger coefficients is that we are less likely to underestimate the impact of market power. Because our
main result is that market power is rather limited, this is a conservative choice.
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$0.58/AF for each 1000 AF sold.12 More important for our analysis, however, is that δ is used to cal-
culate the markdown WTPdt Qdtð Þ�WTAot Qotð Þ¼ δqod . Doing so we find that the average mark-
down, after removing one outlier, equals $4.60/AF (SD= 8.66). This markdown corresponds to
about 6.4% of the transaction price, on average, with markedly higher markdowns (both in absolute
and relative terms) for transactions with low prices. We use transaction-specific markdowns to com-
pute our measure of market power (Equation 11) and plot these in Figure 2. This figure shows that
our measure is relatively low. It is markedly higher, though, for a small set of transactions with low
prices, which also tend to have the highest transaction volumes; a substantial share of these transac-
tions is water transferred from agriculture to environmental use. All in all, we find that market
power is relatively low in California’s water market.

6 | ROBUSTNESS

In this section, we report on six robustness checks. First, we use a conjectural variations approach.
Second, we check robustness when we focus on relevant subsamples of the data. Third, we apply an

T A B L E 2 Estimating WTA and WTP: Linear model.

Price (2010$/AF)
(1) (2) (3) (4)
OLS OLS IV IV

Seller water use (1000 AF)
(Coefficient �δ)

�0.018** �0.028** �0.580*** �0.932**

(0.008) (0.013) (0.208) (0.445)

Buyer water use (1000 AF)
(Coefficient �γ)

�0.008** �0.014** �0.309** �0.311**

(0.003) (0.006) (0.132) (0.156)

Seller fixed effects ✓ ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓ ✓

Year fixed effects ✓

Quadratic time trend ✓ ✓ ✓

Transaction costs ✓

# Observations 1034 1034 879 877

# Clusters 543 337 308 307

# FE dummies 212 190 164 163

Cragg-Donald F-statistic 9.94 8.68

First stage (Seller water use)

Seller entitlements (%) 128.3*** 225.6**

(26.75) (75.20)

Buyer entitlements (%) �76.92 �31.46

(60.13) (54.81)

First stage (buyer water use)

Seller entitlements (%) 6.255 �227.4*

(47.77) (97.74)

Buyer entitlements (%) 531.7*** 519.7***

(134.6) (142.8)

Note: Coefficient estimates from fixed effects models using ordinary least squares (OLS) and instrumental variables (IV). Standard errors in
parentheses, clustered by seller, buyer, and year (but only by seller and buyer in Models (2)–(4) where year fixed effects are replaced by a
quadratic time trend).
*p < 0.10; **p < 0.05; ***p < 0.01.

12AF: acre-foot. One acre-foot equals 1233 m3.

TOMORI ET AL. 1287

 14678276, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ajae.12434 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



alternative model specification featuring nonlinear benefit functions. Fourth, we alter the calculation
of districts’ water use to account for the timing of transactions within 1 year. Fifth, we check whether
selling and buying districts can be reasonably assumed to have similar benefit functions. Finally,
despite the results of our conjectural variations approach, we estimate a model with seller power.

Note that this list of robustness checks is not exhaustive. Importantly, we also checked for differ-
ential levels of market power. One such example would be differential market power occurring in
wet versus dry years. In wet years, one could imagine that buyers have better opportunities to exer-
cise market power. Using the Sacramento Valley Water Year Hydrological Classification Index to
classify years, we fail to find such differences. Another option is differential market power depending
on the location of buyers and sellers. The argument would be that buyers that are more central
would have more opportunities to switch to another seller and could therefore achieve higher mark-
downs. This argument ignores, however, that the Californian water market features an almost com-
plete hydrological network enabling water transfers between nearly any two districts. As a result,
although central buyers would probably face lower transaction costs, they do not have increased
opportunities to exercise market power compared to buyers at the periphery.

6.1 | A conjectural variations approach

We proceed to compare our results to those obtained using a conjectural variations approach in
order to verify whether our assumption of buyer power is warranted. In this approach, the term
expressing market power is multiplied by some weight that dampens this term. A recent example
that employs this approach and analyzes Californian groundwater is Bruno and Sexton (2020).
Accordingly, we introduce conjectural variations using parameter θ� 0,1½ � that measures the degree
of buyer power, whereas ξ� 0,1½ � measures the degree of seller power. Conceptually, at most one of
these parameters can be positive and the other is equal to zero. Nevertheless, in order to avoid repeti-
tion of arguments, we include both parameters simultaneously in the derivation below. We rewrite
(Equation 7a,b) to include these market power weights:

podt ¼WTAot Qotð Þ�ξ �qodt �WTP0
dt Qdtð Þ, ð15aÞ

podt ¼WTPdt Qdtð Þþθ �qodt �WTA0
ot Qotð Þ ð15bÞ

The new terms capture districts’ expectations about other districts’ reactions to a change in trans-
action quantities. These expectations may tend to the expected reactions under perfect competition

F I G U R E 2 Scatter plot of transaction prices and the measure of market power as given by Equation (11) (one outlier
removed).
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versus settings with buyer or seller power. As a result, the maximum possible markups or mark-
downs are dampened by, respectively, θ or ξ. In our analysis so far we have assumed θ,ξð Þ¼ 1,0ð Þ,
that is, only buyer power. Two other special cases of the model are seller power—which would imply
θ,ξð Þ¼ 0,1ð Þ—and perfect competition, which would imply θ,ξð Þ¼ 0,0ð Þ.

We proceed to estimate this system of equations. The resulting values of θ and ξ will verify
whether our assumption of buyer power is warranted using this conjectural variations approach.
Taking similar steps as before, we first substitute the linear model specification:

podrt ¼ α�δQotþ γqodt � 1�ξð Þγqodt
þϕoþψdþβt þ τrCodrþ εodrt ,

ð16aÞ

podrt ¼ a�δqodt � γQdtþ 1�θð Þδqodt
þϕoþψdþβtþ τrCodrþ εodrt

ð16bÞ

The combined regression equation becomes:

podrtk ¼�δRo
odtk� γeRd

odtkþ 1�θð ÞδbRo
odtk� 1� ξð ÞγbRd

odtkþϕoþψdþβt þ τrCodrþ εodrtk ð17Þ

with Ro
odtk as defined earlier, whereas eRd

odtk, bRo
odtk, and bRd

odtk are defined as follows:

eRd
odtk ¼

�qodtk if r¼ 0

Qdt if r¼ 1,

� bRo
odtk ¼

0 if r¼ 0

qodtk if r¼ 1

� bRd
odtk ¼

qodtk if r¼ 0

0 if r¼ 1

�

In order to get a clear view on the parameters of interest, we apply extremum estimation of the
IV criterion function, transformed such that we optimize our parameters δ, γ, θ, and ξ. Table 3
reports the results for the case where the zero–one interval restrictions on the parameters in the IV
criterion function were dropped in order to obtain precise estimates. We present three models. In
Model (1) we allow only buyer power and in Model (2) only seller power. Both models are motivated
by standard practice with an ex-ante subjective choice on which side holds market power. Ambiguity
would arise if both models were to indicate some degree of market power. For this reason, we also
include the novel and mathematically motivated “let the data speak” Model (3) in which both mar-
ket power parameters are allowed to take a nonzero value. Ideally, the estimation results would sug-
gest which side holds market power by forcing the other side’s parameter to a value indicating no
market power. In addition to the coefficients on Seller water use and Buyer water use, �δ and �γ, we
report coefficients on both market power weights, θ and ξ, while suppressing the coefficients on the
terms bRo

odtk and bRd
odtk, because these coefficients are combinations of the four parameters that are

already reported.
The results in Table 3 support our assumption of buyer power. Starting with Models (1) and (2),

estimates for �δ and �γ are very close to those obtained in our preferred Model (3) of Table 2. The
unrestricted estimates for seller and buyer power weight, ξ and θ, are found to lie outside the bounds
of [0, 1]. We find that the buyer power weight θ is larger than 1 in Model (1), whereas the seller
power weight ξ is negative in Model (2). These results are both in a direction that is consistent with
buyer market power. Imposing the restrictions that either ξ� 0,1½ �,θ¼ 0½ � or ξ¼ 0,θ� 0,1½ �½ � leads
to the expected result: estimates at the closest boundaries of these intervals. Given that the amount
of observations in the dataset is relatively low compared to the number of parameters and fixed
effects, and hence both estimates and standard deviations cannot be extracted with too great preci-
sion, we do not report these results but take them as an indication that buyer power is the most rea-
sonable assumption.
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The estimation results for Model (3), which allows both market power parameters to take a non-
zero value, support this result. Estimates for �δ and �γ are, again, very close to those obtained in
our preferred Model (3) of Table 2. In addition, whereas the unrestricted estimate for seller power
weight ξ is statistically not different from zero, the unrestricted estimate for buyer power weight θ is
close to the buyer power estimate of Model (1). All three models combined, we take these results as
an indication that buyer power is the most reasonable assumption.

6.2 | Subsample analysis

We repeat our preferred Model (3) of Table 2 for three subsamples of interest. Table 4 shows the
results of these additional regressions. For reference, we include the preferred model as Model (1). In
Model (2) we drop all observations that involve water for environmental use, for instance, buybacks
by the government. Arguably, such transactions are markedly different from transactions between
districts that intend to use the water for consumptive purposes. In Model (3) we include only trans-
actions where agricultural districts are selling, which seem to represent the smaller, weaker actors in
the market. Unfortunately, our sample size does not allow us to focus only on water sales from agri-
cultural to urban districts (slightly more than 100 transactions), which seem to represent the larger,
stronger actors capable of exercising market power (Isaaks & Colby, 2020). By focusing on all sales
from agricultural districts, we may still capture the fact that agricultural districts may have less mar-
ket power than the other types of districts. Note that half of these sales are to other agricultural dis-
tricts, while the other half is shared roughly equally between buying urban districts and
environmental projects. In Model (4) we drop outlier transactions. We exclude the 5% transactions

T A B L E 3 Estimating WTA and WTP: Conjectural variations.

Price (2010$/AF)

(1) (2) (3)
IV IV IV
Buyer power Seller power

Both(ξ¼ 0) (θ¼ 0)

Seller total water use (1000 AF)
(Coefficient �δ)

�0.577*** �0.610*** �0.573***

(0.162) (0.180) (0.162)

Buyer total water use (1000 AF)
(coefficient �γ)

�0.242*** �0.282*** �0.241***

(0.070) (0.082) (0.070)

Seller power weight �8.581** 1.251

(Coefficient ξ) (3.570) (2.422)

Buyer power weight 5.664*** 6.155***

(Coefficient θ) (0.658) (1.237)

Seller fixed effects ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓

Year fixed effects

Quadratic time trend ✓ ✓ ✓

Transaction costs

# Observations 879 879 879

# FE dummies 164 164 164

Note: Coefficient estimates from fixed effects models using extremum estimation. The covariance matrix is computed as a robust sandwich
covariance matrix, following the theory of extremum estimation (Cameron & Trivedi, 2005, Section 6.3.4). Standard errors in parentheses.
Models (1)–(3) correspond to Model (3) of Table 2, but using the conjectural variations approach. First-stage regressions are omitted for
brevity.
**p < 0.05; ***p < 0.01.
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with lowest and 5% transactions with highest transaction prices and similarly for transaction
volumes.

Coefficients of subsample Models (2)–(4) are not statistically different from those of the pre-
ferred model. Model (2), which discards 17% of the observations, performs similarly in terms of
precision and slightly worse in terms of the F-statistic. Unexpectedly, Model (3) does not show a
higher coefficient (in absolute terms). Hence, there is no indication of more buyer power when buy-
ing from an agricultural district. Model (4) suggests that some of the market power we find is driven
by outlier transactions in terms of price or volume, as one could expect. Combined, these additional
regressions show that our main results are robust to including only specific subsamples of interest.

6.3 | Constant price elasticity

In the main specification of our model, we have imposed a constant slope of the benefit functions
and a variable price elasticity. In this section, we impose instead that these functions have a constant
price elasticity and, consequently, a variable slope. In particular, we consider the class of nonlinear
WTA functions that are homogeneous.13 Given our earlier assumption of differentiability, we have
that Euler’s Homogeneous Function Theorem14 applies to the equilibrium conditions and our mea-
sure of market power.

For arbitrary homogeneous WTAot Qotð Þ of order �κo, we can rewrite the markdown
WTPdt Qdtð Þ�WTAot Qotð Þ as

�qodt �WTA0
ot Qotð Þ¼�qodt

Qot
� Qot �WTA0

ot Qotð Þ� �¼ qodt
Qot

� κo �WTAot Qotð Þ½ � ð18Þ

T A B L E 4 Estimating WTA and WTP: Subsamples.

Price (2010$/AF)

(1) (2) (3) (4)
IV IV IV IV
Preferred No env No env No outliers

Seller water use (1000 AF)
(Coefficient �δ)

�0.580*** �0.520** �0.570*** �0.442***

(0.208) (0.201) (0.179) (0.142)

Buyer water use (1000 AF)
(Coefficient �γ)

�0.309** �0.278** �0.284*** �0.232**

(0.132) (0.127) (0.108) (0.091)

Seller fixed effects ✓ ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓ ✓

Quadratic time trend ✓ ✓ ✓ ✓

# Observations 879 728 778 737

# Clusters 308 248 261 250

# FE dummies 164 149 133 132

Cragg-Donald F-statistic 9.94 7.06 14.01 10.82

Note: Coefficient estimates from fixed effects models using IV. Standard errors in parentheses, clustered by seller and buyer. Model (1)
corresponds to our preferred Model (3) of Table 2. In Model (2) we drop transactions from or to environmental use. In Model (3) we keep only
transactions where agricultural districts are selling. In Model (4) we drop transactions that are outliers in terms of price or volume. First-stage
regressions are omitted for brevity.
**p < 0.05; ***p < 0.01.

13The function f :R!R is homogeneous of order κ �R if f μxð Þ ¼ μkf xð Þ for all x and μ > 0.
14Let the function f :R!R be homogeneous of order κ �R. Euler’s Homogeneous Function Theorem states that x � f 0 xð Þ¼ κf xð Þ.
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This implies that our measure of market power (Equation 8) can be updated to

WTPdt Qdtð Þ�WTAot Qotð Þ
WTAot Qotð Þ ¼ qodt

Qot
� κo ð19Þ

The empirical strategy to estimate κo has many similarities to the empirical strategy used before,
and we refer to Appendix A for details. The resulting regression equation becomes:

lnpodrtk ¼�κoR
o
odtk� κdR

d
odrtkþϕoþψdþβt þ lnτrCodrþ εodrtk, ð20Þ

where R
o
odtk and R

d
odtk are modifications of Ro

odtk, respectively, Rd
odtk that are defined in the

Appendix A.
We estimate variations of Equation (20) using linear regression, similar to Table 2 for our main

model specification. Table 5 shows the estimates of four models that are similar to Models (1)–(4) of
Table 2. Despite allowing for nonlinear benefit functions, the models of Table 5 do not perform bet-
ter than those of our linear model specification in Table 2 in terms of the Cragg-Donald F-statistic
nor the precision of our coefficient of interest, the coefficient on Seller water use.

Again, we use Model (3) to derive the main coefficient of interest for this model specification,
κo ¼ 0:370. Similar as before, we use this coefficient to calculate the markdown
WTPdt Qdtð Þ�WTAot Qotð Þ¼ qodt

Qot
� κo �WTAot Qotð Þ½ �, which now also depends on the ratio qodt

Qot
. We

find that the mean value of this ratio is heavily skewed by 15 districts that sell the majority of
their endowments at least once. After removing these outlier observations, we have qodt

Qot
¼ 0:10,

and the corresponding average markdown equals $ 6.97/AF (SD= 14.05), which is about 50% larger
than the average markdown found for the linear model specification but still small in percentage
terms.

Note that we do not attach much weight to the results from this specification, both because of its
sensitivity to removing outliers and also because the functional form of regression Equation (20)
depends on the specific implementation of a first-order Taylor expansion (see the Appendix A for
details), which may not be warranted. With these caveats in mind, the results of a model specifica-
tion with constant price elasticity are largely consistent with those from the linear model
specification.

6.4 | Transaction timing

So far we have ignored information on the timing of transactions. As a result, in case of multiple
transactions per district per year, each district’s water use—as captured by variables Ri

odtk,
i¼ o,d, in Equation (14)—is identical for each of these transactions within 1 year. This approach is
consistent with the assumption of no hedging against the risk of water shortage, such that districts
can foresee how much water they are going to sell or buy within a year. In this section, we take the
alternative approach and update Qdt and Qot after each transaction. This implies that we use counter
z to calculate water use (just) after transaction j¼ 1,2,… as Qotj ¼ eot �

P j
z¼1qod jð Þtz and

Qdtj ¼ edt þ
P j

z¼1qo jð Þdtz , where d jð Þ is the jth counterparty of o and o jð Þ is the jth counterparty of d.
When multiple transactions happen to occur within the same month, we order them by transaction
volume such that smaller transactions go first. In an alternative specification, we reverse this order.

Table 6 shows the results. For reference, we include the preferred model from Table 2 as Model
(1). In Models (2) and (3), we repeat this model using our dynamically updating measure of water
use. The results show that the effect of transaction timing on prices is negligible and that Model
(1) still offers a conservative estimate of market power.
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6.5 | Sellers and buyers on one demand curve

So far we have estimated buyers’ and sellers’ demand curves separately rather than estimating a com-
bined curve. We reject this possibility with multiple arguments. First, we test for equivalence of
coefficients using our preferred Model (3) of Table 2. Based on a Wald test (F(1,356) = 4.92,
p = 0.027), we reject equality of these coefficients. Second, we use theory and data to argue that
selling and buying water districts differ in key characteristics, implying that buying districts can-
not be on the same demand curve as selling districts, and hence our approach of modeling two
distinct curves is correct.

Table 7 compares selling and buying districts in terms of their main type of water use
(urban, agriculture, environment), levels of water entitlements, and water use, as well as
whether or not a district trades with more than one counterparty in any given year. Clearly,
selling and buying districts differ in their types of water use. Sellers are more likely to use water
for agriculture, whereas buyers are more likely to use water for urban or environmental uses.
The key variable that underlines our argument that sellers and buyers are on different demand
curves for water is Water endowments. Table 7 shows that buying districts have higher water
entitlements than selling districts, and by purchasing water they end up with even higher levels
of water use compared with selling districts. If selling and buying districts would have identical
demand curves for water, then districts with higher water use would be selling water
rather than buying. In Figure 1 this implies that ed would be located to the right of the competi-
tive Qd . This location implies that WTPd Qdð Þ <WTAo Qoð Þ, which is inconsistent with the occur-
rence of observed water transactions. It follows that sellers and buyers cannot be on the same
demand curve.

A final difference between selling and buying districts is related to the dummy variable that mea-
sures whether a district has More than one counterparty. Comparison indicates that buyers have 53%
more transactions with multiple counterparties than sellers do. This statistic points to buyer power,
with sellers being on the long side of the market.

T A B L E 5 Estimating WTA and WTP: Constant price elasticity.

Log price (2010$/AF)
(1) (2) (3) (4)
OLS OLS IV IV

Log (seller water use, 1000 AF)
(Coefficient �κo)

�0.0000 �0.0007 �0.370** �0.623*

(0.0002) (0.0007) (0.173) (0.357)

Log (buyer water use, 1000 AF)
(Coefficient �κd)

�0.0006 �0.0019* �0.402** �0.458

(0.0006) (0.0011) (0.194) (0.279)

Seller fixed effects ✓ ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓ ✓

Year fixed effects ✓

Quadratic time trend ✓ ✓ ✓

Transaction costs ✓

# Observations 942 942 827 825

# Clusters 465 292 274 273

# FE dummies 188 166 148 147

Cragg-Donald F-statistic 7.81 5.95

Note: Coefficient estimates from fixed effects models using OLS and IV. Standard errors in parentheses, clustered by seller and buyer, and year
(but only by seller and buyer in Models (2)–(4) where year fixed effects are replaced by a quadratic time trend). Models (1)–(4) correspond to
Models (1)–(4) of Table 2, but now with a nonlinear model specification. First-stage regressions are omitted for brevity.
*p < 0.10; **p < 0.05;
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6.6 | Seller power

Our main result is that buyer power is relatively low. Going against previous literature, stakeholder
beliefs, and the results of our conjectural variations approach, we now reverse our model to estimate
seller power. This allows us to check if, rather counterintuitively, a model with seller power would
better explain our data than our model with buyer power. We start by adapting Equation 7 as
follows:

pod ¼WTAo Qoð Þ�qod �WTP0 Qdð Þ, ð21aÞ

pod ¼WTPd Qdð Þ ð21bÞ

Taking similar steps as before, the resulting regression equation becomes:

T A B L E 6 Estimating WTA and WTP: Dynamic updating.

Price (2010$/AF)

(1) (2) (3)
IV IV IV
No outliers Dynamic Dynamic reversed

Seller water use (1000 AF)
(Coefficient �δ)

�0.580*** �0.530*** �0.550***

(0.208) (0.186) (0.195)

Buyer water use (1000 AF)
(Coefficient �γ)

�0.309** �0.306** �0.304**

(0.132) (0.127) (0.128)

Seller fixed effects ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓

Quadratic time trend ✓ ✓ ✓

# Observations 879 879 879

# Clusters 308 308 308

# FE dummies 164 164 164

Cragg-Donald F-statistic 9.94 11.17 10.60

Note: Coefficient estimates from fixed effects models using IV. Standard errors in parentheses, clustered by seller and buyer. Model (1)
corresponds to our preferred Model (3) of Table 2. In Models (2) and (3), water use is updated dynamically in case of multiple transactions per
district per year. In Model (2), multiple transactions in 1 month are ordered from small to large volume; in Model (3) this is reversed. First-
stage regressions are omitted for brevity.
**p < 0.05; ***p < 0.01.

T A B L E 7 Key differences between sellers and buyers.

Sellers Buyers

Mean SD Mean SD

District: Urban (share) 0.08 0.28 0.29 0.45

District: Agriculture (share) 0.91 0.29 0.47 0.50

District: Environment (share) 0.01 0.09 0.24 0.43

Water entitlements (1000 AF) 193.72 298.63 207.97 570.51

Total water use (1000 AF) 176.22 280.61 251.65 578.29

More than one counterparty (yes = 1) 0.36 0.48 0.55 0.50

1294 WATER MARKET POWER

 14678276, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ajae.12434 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [20/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



podrtk ¼�δeRo
odtk� γeRd

odtkþ τrCodrþϕoþψdþβtþ εodrtk, ð22Þ

where eRo
odtk and eRd

odtk are modifications of Ro
odtk, respectively, R

d
odtk that are defined as follows:

eRo
odtk ¼

Qot if r¼ 0

0 if r¼ 1,

�
and eRd

odtk ¼
�qodtk if r¼ 0

Qdt if r¼ 1

�

Results of this regression are displayed in Table 8. The resulting coefficients are very similar to
those of Models (1)–(4) of our main specification with buyer power in Table 2. Importantly, with
seller power our measure of market power is now based on the coefficient on Buyer water use, that
is, γ rather than δ. Restricting the comparison to our preferred Model (3), we find that Model (3) of
Table 7 does not perform better than Model (3) of Table 2 when comparing either the Cragg-Donald
F-statistic or the precision of our coefficient of interest. In case one would still assume seller power,
we obtain from Model (3) of Table 8, that γ¼ 0:329, which is lower than δ¼ 0:580 from Model (3)
of Table 2. This difference would imply measures of market power to be lower under seller power
than under buyer power.

7 | CONCLUSION

Using a Nash-Cournot model, we derive a closed-form solution for the extent of market power in a
water market setting, and we construct related measures for market power. Applying our model to
surface water transactions in California over the period 1993–2015, we find only limited market
power in California’s water market, despite the thinness of this market. Our main specification
implies that buyer power yields an average markdown of 6% of the transaction price. This result
is important in the context of current discussions on Californian water market reform

T A B L E 8 Estimating WTA and WTP: Seller power.

Price (2010$/AF)
(1) (2) (3) (4)
OLS OLS IV IV

Seller water use (1000 AF)
(Coefficient �δ)

�0.016** �0.025** �0.576*** �0.867**

(0.008) (0.013) (0.212) (0.435)

Buyer water use (1000 AF)
(Coefficient �γ)

�0.008** �0.015** �0.329** �0.324**

(0.003) (0.006) (0.147) (0.159)

Seller fixed effects ✓ ✓ ✓ ✓

Buyer fixed effects ✓ ✓ ✓ ✓

Year fixed effects ✓

Quadratic time trend ✓ ✓ ✓

Transaction costs ✓

# Observations 1034 1034 879 877

# Clusters 543 337 308 307

# FE dummies 212 190 164 163

Cragg-Donald F-statistic 8.51 8.23

Note: Coefficient estimates from fixed effects models using OLS and IV. Standard errors in parentheses, clustered by seller, buyer, and year (but
only by seller and buyer in Models (2)–(4) where year fixed effects are replaced by a quadratic time trend). Models (1)–(4) correspond to
Models (1)–(4) of Table 2, but now with seller power. First-stage regressions are omitted for brevity.
**p < 0.05; ***p < 0.01.
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(Maples et al., 2018), which, perhaps, should focus on other distorting factors, most notably transac-
tion costs (Carey et al., 2002; Hagerty, 2023; Leonard et al., 2019; Regnacq et al., 2016).

Our model has three main assets: (1) it features a closed-form solution, (2) it does not rely on conjec-
tural variations, and (3) it is sufficiently flexible that it can be applied to other types of endowment econ-
omies, including permit markets. On the downside, our model requires choosing a specific functional
form for WTP and WTA that may not be warranted. In addition, although our current application is
quite clear in terms of the side of the market where market power resides, this may not be the case in
other applications.

One explanation for the limited extent of market power in California is that transaction quanti-
ties are, generally, small. These quantities enter our measure of market power linearly such that small
quantities imply low markdowns. By the same line of reasoning, high prices also imply low mark-
downs. This effect was illustrated clearly in Figure 2. Another explanation for the limited extent of
market power is that, although California’s water market is “thin” in trades, it is “thick” in possibili-
ties to trade. Recall that California features an almost complete hydrological network such that
nearly any two districts can trade water. The fact that many do not does not imply that such trades
are not feasible. Rather, it implies that such districts have high pair-specific transaction costs, which
causes a relatively low WTP or a relatively high WTA. The threat of a counterparty switching to a
competing district limits the possibility to exercise market power (Funaki et al., 2020). The extent to
which such threats affect equilibrium outcomes is an avenue for future research.
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APPENDIX A

In this appendix, we present our empirical strategy for the model version featuring a nonlinear
WTA function that is homogenous. Our aim is to estimate κo so that we can measure market power
for this model specification.

The strategy is largely similar to the one used for the linear model specification. We start with
the following system of regression equations, based on Equation (7), and substitute Equation (18) to
obtain

pod ¼WTA Qoð Þ, ð23aÞ

pod ¼WTP Qdð Þ� κo � qodQo
�WTA Qoð Þ: ð23bÞ

Substituting pod for WTAo Qoð Þ, we solve the last equation for pod , which yields the nonlinear
system

pod ¼WTA Qoð Þ, ð24aÞ

pod ¼ 1þqod
Qo

� κo
� ��1

WTPd Qdð Þ: ð24bÞ

This system can be written in logarithmic form as

lnpod ¼ lnWTA Qoð Þ, ð25aÞ

lnpod ¼ lnWTP Qdð Þ� ln 1þqod
Qo

� κo
� �

: ð25bÞ

To extract parameter κ out of the last term, we approximate it by the first-order Taylor expan-
sion of the logarithmic function around 1, which equals ln 1þx0ð Þþ 1

1þx0
x�x0ð Þ¼ x. In our case

x¼ qod
Qo

� κ. This yields the following nonlinear system:

lnpod ¼ lnWTA Qoð Þ, ð26aÞ

lnpod ¼ lnWTP Qdð Þ� κo � qodQo
: ð26bÞ

We proceed to estimate (Equation 26a,b) for the specification Ai Qið Þ�κi , i¼ o,d and κi > 0, which
features constant price elasticity equal to �1=κi. Substitution, rewriting, and including multiplicative
transaction costs in the factor Ai, i¼ o,d, as well as seller, buyer, and year fixed effects, yields

lnpodrtk ¼�κo lnQot þ lnτrCodrþϕoþψdþβt þ εodrtk, ð27aÞ

lnpodrtk ¼�κo
qodtk
Qot

� κd lnQdtþ lnτrCodrþϕoþψdþβtþ εodrtk: ð27bÞ
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Similar to the procedure used in deriving the regression equation for our linear model specifica-
tion, we combine both equations. This combination requires the construction of two new variables
that are defined by

R
o
odtk ¼

lnQot if r¼ 0

qodtk=Qot if r¼ 1,

�
and R

d
odtk ¼

0 if r¼ 0

lnQdt if r¼ 1

�

The combined regression equation is:

lnpodrtk ¼�κoR
o
odtk� κdR

d
odrtkþ lnτrCodrþϕoþψdþβt þ εodtk ð28Þ

Results of the estimation of this regression equation are presented in Table 5.
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