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Abstract

Water demand is estimated to soon surpass average supplies in many arid climates, which has
implications for the institutional efficiency of water administration and governance. This article
evaluates the economic efficiency of different water allocation mechanisms and how market effi-
ciency is impacted by water shortages, return flows, and heterogeneity in the initial allocation
of appropriative water rights. We develop analytical and numerical water allocation models for
a hypothetical river basin, and simulations of surface water supply conditions are used to evalu-
ate changes in economic value under different basin compositions and institutional frameworks.
Prior appropriation, the predominant institution in the western United States, is compared to
alternative, share-based water allocation regimes. We find that due to return flows—the positive
externalities associated with water use—the initial allocation of water rights under an appropria-
tive doctrine can distort the total availability of the resource. When senior users appropriate
water downstream, the amount of water available for use can be substantially limited, partic-
ularly during times of shortage. Subsequently, contemporary market solutions to institutional
inefficiencies arising from appropriative water rights do not always generate more value than

share-based mechanisms.
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1 Introduction

Efficient water management is a growing global challenge as climate change and population growth
place increasing pressure on finite freshwater resources. These challenges are particularly acute in
the Western United States (WUS), where rapid population growth (Brown et al., 2019), intensi-
fying droughts (Gutzler and Robbins, 2011), and new and competing demands for water (Dieter
et al., 2018; Schwabe et al., 2020) strain existing systems. The extent to which water scarcity
affects arid river basins depends on the ability of human systems to adapt. Although technological
innovations have led to marked improvements in water use efficiency (Donnelly and Cooley, 2015),
institutional changes in the governance of western water are occurring at a slower pace (Brewer
et al., 2006; Libecap, 2011; Leonard et al., 2019). Achieving outcomes close to a social optimum
through technological improvement alone is unlikely if the mechanisms governing water use inher-
ently introduce inefficiencies. In this study, we assess how institutional mechanisms for allocating
water rights—both with and without markets—influence the efficiency of water use. We further ex-
amine how factors such as shortages, spatial arrangement of users, and return flows shape outcomes
within these institutional frameworks—a set of interactions that has received limited attention in
prior economic research.

In the humid regions of the Eastern United States, water is typically allocated under the riparian
water rights doctrine. This system grants landowners abutting water bodies the right to use
adjacent water “reasonably,” without significantly diminishing its supply for downstream users
(Jones and Cech, 2009). In contrast, in the arid regions of the WUS where the prevalence of
irrigated agriculture requires large diversions and sometimes low return flows, a riparian doctrine
is insufficient for ensuring the right of downstream users to divert water. Consequently, the WUS
has adopted a doctrine of prior appropriation (PA) (Jones and Cech, 2009), which assigns water
rights based on the act of physically diverting and putting water to “beneficial use.” Under this
system, users must obtain a legal right to divert water from any natural system, and these rights
are ordered by their date of establishment that places them within a hierarchy of seniority.

When basin water supplies are insufficient to fulfill all allotments, older (senior) rights are sat-
isfied first, while newer (junior) rights may receive nothing. This priority structure gives rise to

the defining feature of prior appropriation: the “first in time, first in right” principle. By linking



rights to beneficial use and prioritizing seniority, the system is designed to encourage investment
in diversion infrastructure and deter speculative claims on undeveloped water. Indeed, there is
evidence that appropriative rights facilitated collective investment in irrigation systems across the
WUS by reducing risk for senior users (Libecap, 2007; Leonard and Libecap, 2019). At the same
time, economists widely agree that prior appropriation leads to inefficient outcomes when not ac-
companied by a functioning water market (Burness and Quirk, 1979, 1980; Huffaker et al., 2000).
In their seminal work, Burness and Quirk (1979, 1980) analyze this inefficiency by modeling the
long-run equilibrium of expected diversions and profits for firms sharing a waterway. They empha-
size that efficient resource use under an appropriative framework requires not only a competitive
leasing market but also significant upfront investment in diversion infrastructure to fully utilize
available water.

However, the institutional and hydrological landscape of the WUS has evolved substantially
since their analysis. Modern water markets, while increasingly common, often remain highly lo-
calized and face considerable transaction costs—including legal, informational, and infrastructure-
related barriers to trade (Brewer et al., 2006; Libecap, 2011; Leonard et al., 2019). This renders
current water allocations relatively inflexible, which can hinder the transfer of water to more ben-
eficial uses as new and potentially more valuable uses emerge (Brewer et al., 2008). The initial
allocation of water rights therefore becomes an important determinant of water use efficiency, as
high transaction costs may prevent the market from correcting inefficiencies in allocation. Second,
many WUS basins are now over-appropriated, with average supplies insufficient to satisfy all legal
claims (Spivak, 2021). In such settings, junior rights holders (who may have high marginal value
for water) can be entirely curtailed, and if located upstream, this curtailment can stifle the ability
to reuse water via return flows. Lastly, while the model in Burness and Quirk (1979) focuses on
value generated from consumptive use, many water uses generate some value non-consumptively,
such as hydroelectric power generation, recreational activities, and ecosystem services. Under a
strict priority regime, these uses may be foregone even when they impose minimal consumptive
loss.

Water sharing regimes offer an alternative prior appropriation, which aim to redistribute risk.
For example, some farmers have formed cooperative organizations called “irrigation districts,”

pooling the priority of their water rights and redistributing risk evenly across shares. Water is



then allocated among members according to the number of shares they own. This system ensures
nonzero water allocations each year for each shareholder, which creates more certainty for users
to plan for the future. In practice, Ji and Cobourn (2018) find that irrigation districts allocate
larger portions of land to drought-sensitive, high-value crops compared to areas with similar overall
priority without a share-based system, resulting in a 6% average increase in profit. Water sharing
plans have also been adopted at larger scales in Australia and Chile (Grafton et al., 2011; Tingey-
Holyoak, 2014).

In general, the current body of economic research offers important perspectives on optimizing
water resource use under institutional constraints, particularly emphasizing the role of market
mechanisms (Chong and Sunding, 2006; Schwabe et al., 2020). The Coase Theorem (Coase, 1960), a
cornerstone in the field of environmental economics, posits that if property rights are clearly defined
and transaction costs are negligible, markets can drive an efficient allocation of resources regardless
of the initial distribution of these rights. Coase stresses the potential for private negotiations to
address externalities and achieve optimal resource allocation. However, the application of Coasean
bargaining to water rights governed by a doctrine of prior appropriation is not clear cut. In practice,
the unique physical characteristics of water and the structure of contemporary water allocation
mechanisms make it difficult to design markets that meet Coase’s assumptions (Debaere et al.,
2014; Bruno and Jessoe, 2024). As one example, when high-priority rights are held downstream,
upstream junior users may be unable to divert and generate return flows, reducing the total water
available for reallocation.! Such hydrologic constraints that are directly influenced by the initial
allocation of water rights, combined with the significant transaction costs common in real-world
water markets, limit the extent to which actual outcomes can align with the Coasean ideal.

In contrast to fixed-allocation mechanisms like prior appropriation, share-based mechanisms,
where water rights are allocated as proportional shares of the available supply rather than as
fixed quantities, offer a different paradigm. These mechanisms provide two possible improvements
to prior appropriation. First, they always ensure some amount of upstream diversions, which
can generate more return flows in some cases. Second, water sharing plans inherently reduce

the asymmetry in risk across users, potentially leading to an initial allocation that reflects more

"Water diverted is not a perfectly rivalrous good, and most water uses necessitate diverting more water than what is
needed for consumption, with return flows ranging from 5-90% depending on the use (Burness and Quirk, 1980).



efficient use from the outset. Share-based systems may therefore reduce the subsequent reliance
on markets to achieve social optimality. The key insight here is that the initial allocation of
property rights not only potentially affects the availability of the resource due to the positive
externalities of return flows, but also determines the degree of market participation necessary to
reach an economically efficient use of resources. In scenarios where the initial allocation generates
a more efficient distribution, the market’s role in adjusting allocations is less critical.

The initial allocation of property rights and its impact on market efficiency is a theme not
unique to water rights. In the context of land demarcation, Libecap and Lueck (2011) show that
different property allocation regimes have enduring impacts on land values, transaction costs, and
the structure of land markets. They find that the rectangular system, by providing standardized,
secure property rights, enhances economic outcomes compared to the more flexible metes and
bounds system. In the context of sulfur dioxide cap-and-trade systems, Henry III et al. (2011)
demonstrate that the initial allocation of pollution permits can lead to increased social costs by
shifting emissions to areas of higher marginal damage. Such examples in the broader economics
literature highlight the principle that the initial distribution of property rights can influence the
efficiency of resource allocation, even in the presence of well-functioning markets.

This study contributes to the economic literature on water allocation by examining two relatively
understudied factors: (1) how the initial assignment of water rights and (2) how the physical
characteristics of a river basin interact to exacerbate or mitigate institutional inefficiencies. We
begin with an analytical model of a linear waterway to demonstrate how the spatial ordering of
users under priority-based allocation regimes can distort efficiency by limiting the return flows
available for downstream use. We then turn to the role of leasing markets, which in principle
could reallocate water to mitigate these inefficiencies, and derive conditions under which socially
efficient trades deviate from privately profitable ones. Finally, we use a series of optimization
models reflecting a range of globally observed allocation institutions, coupled with Monte Carlo
simulations of water supply and user placement, to identify the basin conditions most favorable to
each institution.

Results reveal that system-wide efficiency under prior appropriation is especially sensitive to
the spatial ordering of user priorities and the hydrologic potential for return flows during short-

age conditions—even when markets operate without friction. Because return flows create positive



externalities, assigning senior rights downstream can reduce the volume of water available to the
system as a whole. When water is abundant, leasing markets predictably achieve efficient allo-
cations. However, under moderate to severe shortages—an increasingly common occurrence in the
WUS-the performance of prior appropriation depends on whether upstream users hold senior rights
and whether they generate high value or high return flows. As the number of users increases, these
favorable configurations become less common, and share-based mechanisms often outperform even
market-enabled prior appropriation. By examining the physical factors that impact institutional
efficiency, this study provides valuable insights for policymakers and water managers in the devel-

opment and implementation of effective and efficient water allocation strategies.

2 Analytical models

Consider a linear waterway with three users located sequentially along the stream, indexed from
furthest upstream (i = 1) to furthest downstream (i = 3). Let w; denote the diversion of user
i in a given year, and let v;(w;) be the associated value of water use. Available surface water
in that year is given by w € W, where W is the distribution of possible supply conditions. A
proportion 6; € (0,1) of water diverted by user ¢ returns to the stream and becomes available for

all downstream users, while the remaining (1 — 6;) is consumed or otherwise lost from the system.

2.1 The social planner

To illustrate the basic allocation problem, suppose a central decision-maker seeks to maximize the

total value of water use across all three users:

max v1(w1) + va(we) + v3(ws)
wi,w2,w3 >0
st. wp < ﬁ),

wa S W — (1 — 91)11)1,

ws S W — (1 — 91)’[1)1 — (1 — Hg)wg.

The first constraint states that the most upstream user cannot divert more than the total water

available at the head of the system. The second constraint accounts for consumptive and conveyance



losses from user 1’s diversion, leaving #;w; plus any unused water for user 2. The third constraint
similarly accounts for losses from both upstream users before water reaches user 3. This formulation
provides a general framework for describing water allocation in a connected river system with return
flows, and will serve as the foundation for introducing institutional rules in subsequent sections.
Figure A1 provides a visual representation of this set-up.

Suppose all three users have identical value functions v(-), which are twice differentiable, strictly
increasing, and concave. Further assume that return flow parameters are the same for all users,

0; =6 € (0,1). Let the constraints in Equation 1 be written in slack form:

g1(w) =w —w; >0,
g2(w) =w — (1 = 0)wy —wy >0, (2)

g(w) =w— (1 —0)w; — (1 —wy — w3 > 0.

The Lagrangian is

L =v(w) +v(ws) + v(ws) + A\1g1(w) + Az2ga(w) + Azgs(w), (3)
with A; > 0 and A\;g;(w) = 0 for all ¢, and the first-order conditions (FOCs) are:

v/(wl) =A+(1-0) ()\2 + )\3),
v (ws) = Ao + (1= 0)As, (4)

v (w3) = As.

In the interior case with positive allocations and intermediate scarcity—the downstream availability

constraint binds (A3 > 0) while the headwater constraint is slack (A; = 0)—the FOCs imply

V(1) < V' (g) < V' (3). (5)

Thus, even when all users are identical, the social planner allocates more water to upstream users

(w1 > w9 > 13), accepting a lower marginal value for them because their diversions generate return

flows that create additional value downstream.?

2This is further demonstrated for n users in the Appendix (subsection A.2).



2.2 Prior appropriation

In contrast to the social planner’s allocation, which seeks to maximize total basin value, a system
of prior appropriation (PA) allocates water to satisfy the rights of users in order of seniority,
without regard to marginal values. Here, we again assume that all three users have identical value
functions v(-) (strictly increasing and concave) and return flow parameters 6; = 6 € (0, 1). Indices
1 = 1,2,3 denote stream position from furthest upstream to furthest downstream. We examine a
case of extreme scarcity to highlight the importance of stream ordering under PA: each user holds
a diversion right of size > 0 and total inflow equals @ = x, so there is only enough water in the
stream to satisfy the most senior right. Under PA, the most senior right must be fully met, and

junior users are permitted to divert water only insofar as they do not injure the senior user.

Case 1: Downstream user is senior (i = 3). Meeting the senior right requires ws = x. To
deliver z units to user 3, any upstream diversion would reduce the flow reaching user 3 by (1 — 0)
and therefore injure the senior. Thus, junior rights must be fully curtailed, leading to allocations

of w1 = 0,19 = 0,w3 = x and a total system value of v3(x).

Case 2: Upstream user is senior (i =1). Meeting the senior right requires w; = z. Because
the senior is upstream, junior diversions from return flows do not injure the senior (whose entitle-
ment is already satisfied). Hence the feasible PA allocation is Wy = x, 1y = 0z, 13 = 6%z, and the

total value is vy (z) + vo(0x) + v3(62x).

Since v;(-) are strictly increasing and 6 € (0, 1), we have vz(fx) > 0 and v3(6%x) > 0, so vy (x) +
vo(0x) + v3(6%x) > v3(x). Case 2 results in higher total value as more water is diverted within
the basin, since return flows enable multiple users to withdraw water without violating the senior’s
right. It can also be shown that when the senior user is located in the middle (i = 2), the
total value falls between these two extremes. This illustrates how the spatial ordering of users
interacts with PA’s seniority rule: placing seniority upstream allows return flows to support junior
uses without injuring the senior, increasing total basin value; placing seniority downstream curtails
upstream diversions and foregoes those downstream benefits. The downstream-senior case therefore

represents a clear departure from the social planner’s strategy, which favors upstream diversions to



exploit the partially non-rivalrous nature of water use through return flows.

2.3 Equal sharing

Equal sharing (ES) represents the limiting case of a share-based allocation system, such as those
found in certain irrigation districts. By construction, ES removes any hierarchy among users,
allowing for a comparison of efficiency when priority rules are entirely absent. Formally, with three
users and identical return flow parameters §; = 6 € (0, 1), the ES allocation problem is:

o pax () +v(wz) +v(ws)

s.t. w; < w,

The first three constraints ensure physical feasibility given return flows, while the final constraint
enforces equal diversions. Let ¢ denote the common diversion amount, so Equation 6 can be

expressed as:

q < w,
g<w—(1-10)q, (7)
g<w—(1-0)g—(1-10)q.

The binding condition is the third constraint, which yields:

]
= 8
S Y Gy ®)
Total diversions under ES are therefore:
3w
M= T =) )

Consider the extreme scarcity case from the PA section, where w = x and each user holds a right

of size z > 0.



Case 1: Downstream user is senior (i = 3). Under PA, the allocation is (0,0, z), yielding
total diversions z. Under ES, total diversions are: 3z/[1 + 2(1 — 0)]. Since 6 € (0,1), we have
1+2(1 —0) < 3. Thus, ES always yields more total diversions than PA in this case, as well as

higher total value as v(-) is assumed to be strictly increasing and concave.

Case 2: Upstream user is senior (i = 1). Under PA, the allocation is (x, 0z, 6%z), with total
diversions z(1 + @ + 62). Under ES, total diversions are again 3x/[1 4 2(1 — #)]. In this case, total
diversions under PA exceed ES, as 1+ 6 + 02 > 3/[1 + 2(1 — 0)] for any 6 € (0,1). Here, which

mechanism yields higher total value depends on 6 and the shape of v(-).

2.4 Markets

While the spatial ordering of rights under PA can potentially distort total basin value, introducing
the ability to trade rights offers a mechanism for improving efficiency. By allowing users to reallocate
their diversion quantities through voluntary exchange, markets can—in principle—direct water to
higher-valued uses. Here, using the same 3-user framework above, we examine when trading can
mitigate the inefficiencies inherent in PA allocations.

Assume that water rights are fully transferable and that users may sell the entirety of their
allocated diversion quantity w; to other users. We again examine the cases when total inflow

equals w = x, so there is only enough water in the stream to satisfy the most senior right.

Case 1: Downstream user is senior (trade from i =3 — 1). Consider a transfer of ¢ > 0
from user 3 to user 1 when initial allocations are w; = w9 = 0 and w3 = x. A trade is socially

efficient if the total value generated after the trade exceeds the value without the trade, or:

v1(t) + v2(0t) + v3(x — t + 6%t) > v3(x). (10)

The left-hand side includes (i) the value to user 1 from diverting ¢ units, (ii) the value to user 2
from the return flow 0¢, and (iii) the value to user 3 from their remaining allocation plus the return
flow from user 2, 6°t.

The condition for a socially efficient trade differs from the privately efficient condition, i.e., the

middle user is not involved in the transaction. If neither trader accounts for return flows, the trade



occurs only if

v1(t) + vs(x —t) > v3(z), (11)

which compares the gains to user 1 with the seller’s direct loss in value. If user 3 accounts for the

direct return flow from user 1’s diversion but not for benefits to user 2, the trade occurs only if
v1(t) + v3(x —t + 0t) > v3(x). (12)

Here, the seller recognizes that some of the diverted water will return to them via 6¢, but still
ignores the positive spillover to the middle user.

Because v2(0t) > 0 for any ¢ > 0 and 6 € (0,1), the left-hand side of the socially efficient
condition (Equation 10) is always at least as large as the partial-internalization case (Equation 12),
which in turn is at least as large as the no-internalization case (Equation 11). This ordering means
the set of trades satisfying the social condition is always weakly larger than the set satisfying the
private conditions. The “wedge” between these cases arises when the trading parties ignore part or
all of the value created by return flows to non-participants. The more intervening users between the
trading parties, and the smaller the relevant 6 values for those users, the larger the uninternalized
component of the social benefit—and thus the greater the gap between the socially efficient and
privately chosen trades. We explore this proposition in more detail later with our numerical models

that allow for n-users.

Case 2: Upstream user is senior (trade from i =1 — 3). Consider a transfer of ¢ > 0 from
user 1 to user 3 when initial allocations are W) = x, We = Oz, and w3 = §%z. That is, downstream
users are only eligible to divert the return flows from upstream users. Under prior appropriation,
the upstream senior user may reduce their own diversion and directly deliver water to a downstream
buyer, even if this reduces flows available to intermediate, junior users.

A trade is socially efficient if the total value generated after the trade exceeds the value without

the trade:

vi(z—t) +v2(0(z —t)) +vs(t + 02 (x — t)) > vi(x) + va2(fz) + v3(0%z). (13)

10



The left-hand side includes (i) the reduced value to user 1 from keeping = — ¢ units, (ii) the value
to user 2 from the reduced return flow from user 1, and (iii) the value to user 3 from the purchased
water t plus the remaining return flow from user 2. The right-hand side is the total value without

trade. Let va(6(z — t)) — va(fz) = 7, so Equation 13 can be rewritten as
vl(:v—t)+v3(t+92(m—t)) + v > v (x) + v3(6%x). (14)

If the trade is evaluated privately between users 1 and 3, user 2’s loss is ignored. The trade
occurs if

vi(z —t) + st + 0% (x —t)) > vi(z) + v3(6%2), (15)

which compares the change in value to the seller and buyer only. The buyer still internalizes the
return flow from the seller’s remaining diversion, 62(z —t), but the loss of value from the reduction
in flow to the intermediate user is not considered.

Because vz (6(z — t)) < vg(fz) for t > 0 (v is negative), the left-hand side of the socially
efficient condition (Equation 14) is always less than the left-hand side of the private condition
(Equation 15). This ordering means that the set of trades satisfying the private condition is always
weakly larger than the set satisfying the social condition. The wedge between these cases arises
because the trading parties do not compensate the intermediate user for the reduced availability
of return flows. The larger the marginal value v4(-) at 02 and the greater the reduction in return
flow 6t, the larger the gap between socially efficient and privately chosen trades.

In general, positive return flows to a non-trading intermediate user create a wedge between the
social-efficiency and private-profitability conditions. Social efficiency accounts for the gains to all
affected users, whereas private profitability accounts only for the trading parties. As shown in Case
1, this wedge arises because intermediate users may benefit from return flows generated by the
trade (a positive externality), while in Case 2 the wedge arises because an intermediate user may

lose return flows (a negative externality).
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2.4.1 Consumptive use

For the cases above, the same logic applies if rights/trades are defined in terms of consumptive use
rather than diversion quantities. In practice, both buyer and seller must divert more (less) than the
traded consumptive volume to account for conveyance losses or other inefficiencies (e.g., irrigation
technology), and these diversions still generate return flows that affect non-participants. Formally,
if ¢; denotes consumptive use for user i and 7; € (0, 1] is their diversion/application efficiency, then
a trade of ¢ units of consumptive use requires a change in diversion of ¢ = ¢/n; where t > 0 can
be expressed in the same way as in the diversion-based cases above. The remaining (1 — n;)t is

returned to the stream as potential externalities, where (1 — 7;) can be redefined as 6;.

2.4.2 Trades in practice

In practice in the WUS, full transfers or temporary leases in prior-appropriation systems are gen-
erally subject to review by a state engineer or equivalent water authority. The review focuses on
preventing injury to other right holders, meaning that trades cannot legally reduce the quantity
or timing of water available to more senior users. This system is designed to avoid negative ex-
ternalities to senior users but does not create any mechanism for recognizing or incentivizing the
positive externalities that may accrue to intermediate users through return flows. In Case 1-type
situations, this means the law prevents injury but not missed opportunity—where a trade that
would create positive spillovers for non-trading users is foregone because those gains are not in-
ternalized by the trading parties. As a result, parameter regions exist in which a trade would be
socially efficient—because it generates positive spillovers to non-trading users—but is not privately
profitable for the trading parties, and thus does not occur. Conversely, trades like Case 2, which
impose uncompensated costs on junior intermediate users, can be privately profitable and legally
permissible, provided that no senior user is injured.® The net effect is that actual trading outcomes
in leasing markets may deviate systematically from the socially optimal pattern of trades described
in the theoretical cases above.

While the stylized cases above isolate the mechanisms by which return-flow externalities create

wedges between socially efficient and privately profitable trades, they do not exhaustively enumerate

3Some states in the WUS do however allow private parties to protest trades (Chong and Sunding, 2006).
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all possible trading configurations. We choose to focus on bilateral trades between two parties to
illustrate how real-world market outcomes can diverge from the social optimum when return-flow
benefits or costs to non-participants are unpriced. Modern trades may involve more complex
exchanges or sequential reallocations, but the central insight carries over: without a mechanism to

internalize these spillovers, market activity may fail to realize the full potential gains from trade.

3 Numerical models

In this section, we extend the linear waterway to m users and present optimization frameworks
that emulate water allocation institutions beyond the social planner and PA.* We compare four
institutional mechanisms—prior appropriation, proportional sharing, equal sharing, and leasing
markets—against the benchmark social planner solution. The leasing market mechanism is applied
as a secondary layer, allowing users to trade allocations assigned under each of the prior mechanisms.
We then explore how variation in key parameters—such as return flow rates, value functions,
scarcity, and the spatial ordering of users—affects the magnitude of the disparities in efficiency and

total diversions highlighted by the analytical models.

3.1 Water allocation mechanisms
3.1.1 Social planner

To establish a benchmark for institutional performance, we begin with the social planner (SP)
problem, which represents the first-best allocation of water in the absence of institutional or infor-
mational constraints. The SP solution serves as an upper bound on economic efficiency, against
which the performance of other institutions can be compared. The objective of the SP is to maxi-
mize the total value of production within a river basin by allocating water w; to users ¢ = 1,...,n
with total value functions v;(w;), where i indexes stream position from furthest upstream (1) to
furthest downstream (n). Available water in a given year is a random draw @ € W, where W is
the distribution of possible water supply conditions. Some proportion of water 6 € (0,1) diverted

to the upstream user returns to the stream and becomes available for the downstream user as a

Stylized two-user cases for each institutional mechanism are also presented in the Appendix (subsection A.1).
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return flow. The SP’s deterministic maximization problem in a given year is thus:

n

max Z vi(wi)
W1 ,yee ;Wi >0 i—1

w1 S W
16

wggﬁ)—(l—el)wl ( )
s.t. Physical constraints

wn <@ — Y55 (1= 6w,

There are n constraints, each imposing the maximum amount of water that can be physically deliv-
ered to the " user based on the location and return flow efficiency of upstream users. Importantly,

return flows generated from user ¢ are available to all downstream users.

3.1.2 Prior appropriation

We emulate the institution of PA using a constrained linear programming problem that sequentially
allocates water based on user priority. This optimization problem will hereinafter be referred to as

the PA allocation function:

n
max E 5i,mwi,m
i=1

wl,m’“wwn,mzo
W1,m <w

wam < W — (1 —601)wim
s.t. Physical constraints (17)

Wn,m < w — 2?2_11(1 - Qz)wz,m

Wim < Rim Vie{l,...,n}. } Institutional constraints

Here, m € {1,..., M} indexes user priority, with m = 1 denoting the most senior right. The
coefficient 3; ,,, is used to enforce priority ordering in the solution: it must be sufficiently large such
that users with higher priority (lower m) are allocated water before junior users. R; ,, denotes the
maximum quantity user ¢ is legally entitled to divert under their water right. The institutional

constraints ensure no user is allocated more than their entitlement, while the physical constraints

14



(identical to those in the SP problem) impose hydrologic feasibility.

Note that 7 still indexes stream position, but it is independent of the user’s priority rank m.
For example, the most senior right may belong to any stream position, not necessarily the most
upstream or downstream. In the simulation section that follows, both ¢ and m are randomly
assigned to users to analyze how efficiency varies across different stream-priority configurations.
Once the vector of allocations w;,, is obtained from the PA allocation function, the total value

generated can be evaluated as Y ;| v;(W;m)-

3.1.3 Proportional sharing

Suppose users under a PA system elect to pool their risk and assign shares according to priority
levels. Under a proportional sharing (PS) system, water is allocated proportionally according to
each user’s number of shares until all endowments are satisfied, in descending order from the user
with the most shares. This ensures non-zero allocations for all users while still maintaining a

hierarchy based on seniority:
n
1
Yim =D = (18)
j=m

Yi,m
Sim = el

Different formulations of y; can be used to tighten or loosen the level of hierarchy.® Essentially, all

(19)

users are allocated water at a rate proportional to &;.

The PS mechanism can be modeled with an iterative linear optimization approach. Again, let
R, be the water right that determines the maximum amount of water allowable for user ¢ with
priority m. PS can be emulated as follows:

1. Calculate the minimum amount of water necessary, wi, to satisfy the maximum allowable

quantity for the highest priority user (R;;) while abiding by the physical and institutional

SFor n = 4, 6, = 0.520833, §2 = 0.276833, §3 = 0.145833, and §4 = 0.0625 using Equation 19. This weighting
scheme creates a hierarchy where senior users have more shares but still leaves some shares for junior users, ensuring
non-zero allocations even under scarcity.
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constraints below.

min
W

s.t.

w
W1i,m < w

Wam <W— (1 —601)wim

Wn,m <w-— Z?:_ll(l - ez)wz,m
wi1 = R

n
Wim = 5i,m (Zj:l wj)

Physical constraints

(20)

Institutional constraints

2. If w < wq, use the following maximization problem to determine allocations.

max

wl,ma---vwn,mzo

n
5 Wi m
=1

W1,m <w

Wam < W — (1 —01)wim,
s.t.

Wn,m <w— Z?;ll(l - ez)wz,m

Wi m < Ri,m

n
Wim = 6i,m (Zj:l wj)

Physical constraints (21)

Institutional constraints

If w > wy, store the allocations from the minimization problem in step 1 in vector Wy =

(W1, m, W2,ms -, Wn,m) and proceed to step 3.

. Subtract wy from the vector of maximum allowable quantities R to get the remaining

amount of water each user requires to satisfy their water right, Rl = (Rim — Wi,m, Rom —

W2y ey Ry — Wn,m). Subtract wp from @ to get the remaining amount of water in the

stream, w;. Set 9;1 = 0 since R; 1 — ;1 = 0, and generate new shares and proportions using

Equation 19 for ¢ — 1 users. Calculate the minimum amount of water necessary, ws, to satisfy

the maximum allowable quantity for the second highest priority user (R;2 — w;2), who now

holds the largest share, using the same minimization problem from step 1 with the updated
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parameters.
4. If w1 < we, use the maximization problem from step 2 with updated parameters to determine
second stage allocations and add them to w1 to get final allocations. If w1 > w9, repeat step
3 with updated parameters.
5. Repeat the process until there is no water remaining or all water rights are satisfied.
The iterative approach to PS allocation provides a final vector of water delivered to each user. This
vector is the sum of all allocations across each iteration, typically culminating in the maximization
problem in step 2 when there is not enough water left to satisfy the next highest-priority user. In
essence, the PS allocation process always diverts the next available unit of water in proportion to

each user’s number of shares while abiding by the physical constraints of the waterway.

3.1.4 Equal sharing

Equal sharing (ES) represents the limiting case of a share-based allocation system in which all
users receive the same amount of water, regardless of stream position or priority. This mechanism
can be interpreted as an edge case of the proportional sharing (PS) framework where all users
hold equal shares, i.e., 73 = 1 for all ¢, implying 6; = 1/n. ES serves as a useful comparison to
assess how strongly hierarchical institutions affect outcomes. Like the other institutions, ES can
be represented as a constrained linear optimization problem. The ES allocation function is defined
as:

max Z V; (wz)

Wi, Wn >0

s.t. . Physical constraints (22)

wy < B — Y71 = 0w

w; < R; Vie{l,...,n}
Institutional constraints

w; = Wy Vi 7& j
The institutional constraint w; = w; for all i # j enforces equal allocations across users, while the

physical constraints ensure hydrologic feasibility. This system removes any notion of priority and
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allows for a direct comparison of efficiency losses when hierarchy is entirely abandoned.

3.1.5 Leasing markets

The mechanisms described above span a spectrum of priority-based allocation rules: from full
priority (PA) to partial priority (PS) to no priority (ES). They each assign water according to in-
stitutional rules rather than by equalizing marginal values across users. This introduced inefficiency
can be remedied with a competitive leasing market by allowing users to trade water. Those with
lower-valued uses can sell to those who generate higher value, leading to a more efficient allocation
of resources.

The following model emulates a leasing market in which users are allowed to trade water after
allocations are determined from the PA, PS, or ES allocation functions. In practice, annual water
supplies in the WUS are often estimated based on winter snowpack, so the initial allocation can
be interpreted as an expected allocation for the given year. To proxy the outcome of a perfectly
competitive market with no transaction costs, the model is structured as a Social Planner’s problem
with additional institutional constraints. Let w; be the initial allocation for user i, who may choose

to buy or sell an amount #;:

n
WDy 2+ )
1=
W+t <w
Wy +ty < w— (1 —01)(w1 + 1)
s.t. Physical constraints

W 4ty <0 — 01— 0;) (i + 1) )
Wi+t >0 Vie{l,...,n} } Non-negative allocations
St ti=0 } Market clearing condition.
If t; > 0, user ¢ can be considered a net buyer and if ¢; < 0, a net seller. The first set of constraints
ensure that user ¢ can only buy water up to an amount such that w; +¢; is less than or equal to the

total amount of water in the river at their point of diversion. The second set of constraints ensures

that no user can sell more water than they were initially allocated. The last constraint is a market
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clearing condition that ensures that the sum of all water bought is equal to the sum of all water
sold. The solution to the water market optimization problem, £, can then be added to the initial
vector of allocations W to get the final allocations.

Importantly, the leasing market in Equation 23 emulates a system in which only privately
profitable trades occur, as described in subsection 2.4. Trades take place only when they increase
the joint value of the trading parties, without compensating or accounting for spillover effects on
non-participants. Because users can only exchange their existing allocations, no new return flows
are created through trading; the physical-feasibility and market-clearing constraints ensure that all
transactions respect the initial allocation and return-flow patterns determined by the underlying
allocation rule (PA, PS, or ES). As a result, the outcomes directly reflect the same wedges between

private profitability and social efficiency as benchmarked by the social planner.

3.2 Simulations

To evaluate institutional performance under varied stream compositions, we implement a series of
randomized simulations that emulate stylized river basins of increasing size. The number of users
(n) ranges from 3 to 36, representing increasing population growth or competing demands.® For
each basin size, we generate 10,000 unique simulations of basin characteristics and water availability,
holding these fixed across institutional regimes to allow for direct comparison. The purpose of this
design is to assess not only the average efficiency of each institution but also its robustness to diverse
and sometimes adverse hydrologic configurations. Randomization ensures that institutional rules
are tested within a broad spectrum of possible stream compositions—upstream versus downstream
priority alignments, heterogeneous return flows and value generation, and varying scarcity levels—so
that we can identify the conditions under which each institution performs well or performs poorly.

Each simulation involves drawing a total water supply @ from a log-normal distribution that
scales with the number of users. Users are randomly assigned stream positions and priority numbers
without replacement, and each is endowed with a maximum diversion right of 500 units. Return
flow coefficients (6;) are drawn from the set {0.1,0.2,...,0.9} with replacement, while productivity

is defined by a random value coefficient (v;) drawn from a normal distribution and embedded in

5The upper bound of 36 is chosen somewhat arbitrarily; it reflects the point at which numerical solvers in R begin to
experience convergence issues and fail to reliably identify solutions.
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1/2

;' ~, which forces diminishing marginal returns to

the concave production function v;(w;) = v; - w
water use. From each user’s assigned priority, share weights are derived for the PS mechanism.
These elements (see Table 1) fully define the physical and economic structure of the basin for a
given simulation. Table 2 offers an example parameter set for n = 10.

Critically, institutional rules are the only element that varies within each iteration of the sim-
ulation. That is, for each of the 10,000 generated basins at each n, water is allocated under all
six institutional regimes—PA, PS, ES, and their respective leasing market variants: PAM, PSM,
and ESM, respectively. This structure ensures that differences in outcomes across mechanisms are
attributable solely to institutional constraints, not to underlying differences in basin conditions.

All simulations were conducted in R software, and the optimization problems were solved using the

‘IpSolve* (Cséardi and Berkelaar, 2024) and ‘nloptr* (Ypma et al., 2025) packages.

4 Results

Figure 1 displays the average total value generated (panel A) and average share of water reallocated
in a leasing market (panel B) across all simulations by institution and number of users.” Panel
A presents a clear trend: in the absence of a leasing market, share-based mechanisms (PS and
ES) outperform PA in terms of average total value created, with the disparity widening as the
user base expands. This makes sense intuitively (and mechanistically) under an assumption of
diminishing marginal returns to water, since the share-based mechanisms ensure all users receive at
least some allocation. With a leasing market in place, as indicated by the overlapping red, yellow,
and orange curves, total average value is effectively equivalent across institutions, which aligns with
the principle that the efficiency of resource allocation should not depend on the initial allocation
of resources. Nonetheless, panel B provides a nuanced perspective on this narrative. Despite
achieving similar levels of total value, the proportion of water that needs reallocation under PAM
is substantially higher—almost double—compared to ESM. The need for significant reallocation
in the PAM system to attain efficiency relative to the ESM system highlights an often-overlooked
dimension of markets: the initial distribution of rights has substantial implications for the volume

of resources that must be reallocated to achieve efficiency. This suggests that more efficient initial

"The share of water reallocated is calculated as the total volume traded, Zf, divided by the total water diverted,
> b, in each simulation.
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allocations, as evidenced in the share-based systems, could reduce the need for market reallocations,
thereby minimizing transaction costs and potential barriers to achieving an optimal distribution of
resources.

To further scrutinize this proposition, we examine how stream composition influences both total
water diverted and efficiency relative to the SP. Due to return flows, the SP typically allocates more
water upstream to equate the marginal benefits of the last units of water diverted to each user (see
subsection A.2). However, as demonstrated in the analytical models, a senior user downstream of
a junior user can result in less overall diversions when basin supplies are insufficient to satisfy all
users, because junior users cannot divert water if doing so would cause injury to senior users.® So,
for each randomly generated basin composition, we calculate a Pearson correlation coefficient p to
examine the strength and direction of the relationship between stream position and user priority
under PA. For example, consider a case with n = 3 users where the priorities assigned (in order of
stream position) are 1,2,3. Here, the stream position correlates perfectly with the user priorities,
yielding a correlation coefficient of p = 1. In contrast, if the user priorities are assigned as 3,2, 1, the
stream position correlates perfectly negatively with the user priorities, resulting in a correlation
coefficient of p = —1. In essence, a positive correlation would suggest that users’ priorities are
aligned with the natural flow of the stream, i.e., upstream users have higher priority. Conversely,
a negative correlation implies that high-priority rights are downstream.

Figure 2 displays the relationship between stream—priority alignment and two key outcomes:
the total volume of water diverted to all users relative to inflows (panel A) and the change in
efficiency of the leasing markets relative to the Social Planner (panel B).? The plotted relationships
are obtained by regressing p—the correlation between stream position and user priority—on these
percentage changes across all simulations. For the ES mechanism, stream—priority alignment has
no impact on the amount diverted, as the institutional constraint in Equation 22 forces all users
to divert the same volume. The PA mechanism exhibits the steepest slope, such that with perfect
alignment (p = 1), average diversions are nearly twice the natural inflow. When alignment is

low, PA’s downstream senior users can constrain upstream junior diversions, sharply reducing total

8This is also simulated for the two-user case in subsection A.1 and Table Al.

9The percent change in total diversions is calculated as (37 /% — 1) x 100, where > 1 is the total volume diverted
and @ is the natural inflow. The percent change in efficiency is calculated as (Vinst — Vap)/Vsp X 100, where Ving is
the total value under each institution and Vsp is the total value under the Social Planner.
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water use. The PS mechanism maintains some degree of priority hierarchy, placing it between ES
and PA in both magnitude and slope. Panel B mirrors the pattern in panel A almost exactly:
efficiency losses relative to the Social Planner track the change in total diversions, indicating that
these losses are driven almost entirely by institutional constraints that limit total diversions and
thus reduce the water available for trade. Together, Figure 1 and Figure 2 show that the spatial
distribution of priority rights not only shapes the market activity required to reach the social
optimum, but also directly determines the total water that the system can harness.

Figure 1 demonstrates that each of the market mechanisms generates the same total value on
average, but this equivalence does not hold for all stream compositions. As shown in Figure 2,
the total amount of water diverted depends on the spatial distribution of priorities. Accordingly,
Figure 3 presents the distribution of total value generated (relative to the SP) across four categories
defined by stream-—priority alignment—high priority downstream (p < —0.5) versus high priority
upstream (p > 0.5)—and shortage severity, with high and low shortage defined as the top and bot-
tom 25" percentiles of shortage per user.'® The top four panels (A) show results without markets.
Here, PA is particularly sensitive to both priority location and shortage level: distributions shift
left (larger efficiency losses) when high-priority users are downstream, and flatten as shortage sever-
ity increases. Share-based mechanisms display less sensitivity in these dimensions. The bottom
four panels (B) show results with markets. All distributions shift right relative to the no-market
case (indicating increased efficiency), yet PAM remains sensitive to stream—priority location and
shortage severity. Notably, PAM performs best under conditions of high priority upstream and low
shortage, where it achieves the smallest efficiency losses among all market mechanisms. Because
these simulated markets have zero transaction costs, differences in efficiency must stem from dif-
ferences in total water traded (despite the same inflow). This reinforces the point that the location
of priority rights can directly influence the total volume of water harnessed by the system and
that such effects may be amplified during extreme shortages. Indeed, ES without a market still
outperforms PAM in 17.5% of simulations, with these cases averaging a stream-priority correlation

of —0.2 and shortage per user of 180 units (the 27*" percentile).

10Shortage per user is calculated as the minimum water required to satisfy all endowments minus the natural inflow
w, divided by the number of users.
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5 Discussion

While water markets can dramatically improve allocative efficiency, the results above show that
due to institutional rules, some inefficiencies persist even under ideal market conditions. The
lower performance of PAM, despite zero transaction costs and full participation, suggests that the
problem is not the absence of mutually beneficial trades, but rather that private trades do not
internalize the positive externalities of return flows to non-participating users, which can distort
the sequence of reallocations and lead to outcomes below the social optimum. The leasing market
formulation in Equation 23 represents the Coasean ideal to a degree: clearly defined property rights,
no transaction costs, and a competitive market that reallocates water to its highest-valued uses. In
such a setting, the initial allocation of rights should not affect efficiency. However, the cases and
simulations above reveal several reasons why this prediction fails for priority based allocations.
First, the physical nature of water and the structure of priority-based allocation mechanisms
imply that the total quantity of water available for reallocation may be endogenous to the initial
distribution of rights. When high-priority rights are held downstream, upstream junior users may
be unable to divert and generate return flows, reducing the total volume of water in the system
available for use. Second, markets in this setting may equalize marginal values among trading
parties but are not necessarily Pareto optimal. Because return flows are not owned or tradable,
part of the marginal benefit or cost of use accrues to non-trading intermediate users. This leads to
wedges between the social-efficiency and private-profitability conditions: positive externalities may
be forgone because they are not internalized, and negative externalities may persist because they
are not prohibited unless they injure a senior user. Third, this incomplete specification of property
rights over return flows means that the relevant externalities fall outside the bargaining set. Finally,
the above considerations still assume negligible transaction costs. In reality, leasing markets in the
WUS face substantial costs from search, negotiation, legal review, and conveyance. The simulations
in Figure 4 show that prior-appropriation allocations can be highly inefficient ex ante, with some
junior users receiving no water and some senior users using water at very low marginal benefit.
Because so much water must change hands in PA to approach the social optimum, even modest

frictions sharply limit the scope for efficiency gains.
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6 Conclusion

This paper examines how water allocation institutions and markets perform under the hydrologic
realities of river systems, with particular attention to how user location and return flows influence
allocative efficiency. We first use an analytical framework to show how institutional rules and
user placement interact to shape efficiency outcomes and derive conditions under which privately
profitable trades diverge from socially efficient ones in contemporary leasing markets. We then
develop numerical optimization models that replicate the rules and constraints of prior appropri-
ation and share-based allocation mechanisms, and these models are parameterized and evaluated
using Monte Carlo simulations to assess performance across a wide range of basin compositions and
scarcity conditions.

The analysis makes several simplifying assumptions that define its scope. While parameter
choices in the simulations are necessarily stylized, the findings reflect general relationships rather
than reliance on any particular calibration. Several important dynamics are not modeled: the role
of storage infrastructure, more complex and realistic value functions, and dynamic trading where
users update expectations based on observed return flows from prior trades. These extensions could
further refine the results and explore additional drivers of efficiency, but they are beyond the scope
of this study. The objective here is to characterize the sources of market inefficiency that arise
from the interaction between allocation rules and the movement of water, rather than to produce
basin-specific policy prescriptions.

The results highlight that the efficiency of any allocation institution depends on the hydrologic
connectivity of users. Prior appropriation with an active leasing market can perform well—sometimes
achieving near-socially optimal outcomes—when high-seniority water rights are held by upstream
users whose return flows benefit downstream appropriators. In many other configurations, however,
share-based mechanisms tend to yield both more equitable and efficient allocations by mechanis-
tically internalizing the value of return flows. For policymakers, these findings underscore that
institutional design cannot be divorced from basin hydrology: the same market rules can produce
different outcomes depending on user location, connectivity, and return flows. Accounting for these
factors in market design and governance is essential for aligning private incentives with socially

efficient water use.
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Tables

Table 1: Detailed parameters for water supply simulations

Parameter Sample Set Replacement
Water Supply (w) Log-normal distribution With
User Endowments (R) 500 N/A
Number of Users (n) 3 to 36 in increments of 1 N/A
Stream Position (7) lton Without
Priority Number (m) lton Without
Priority Coefficient (/) 20~™ N/A
Return Flow Coefficient (0) 0.1,0.2,0.3, ..., 0.9 With
Value Coefficient (v) Normal distribution With
Value Function v ws N/A

Table 2: Parameters for a sample simulation with ten users and @w = 2,252

Stream position () 1 2 3 4 5 6 7 8 9 10
Priority no. (m) 5 6 4 10 7 8 2 1 3 9
Share coef. () 0.085 0.065 0.11 0.01 0.048 0.034 0.193 0.293 0.143 0.021
Value coef. (v) 68 738 435 225 950 454 121 592 321 534
Return flow coef. (#) 0.4 01 08 06 0.7 0.8 0.2 0.3 0.7 0.3
Endowment (R) 500 500 500 500 500 200 500 500 200 500
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Figures
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Figure 1: Impacts of water allocation institutions on value generation and market ac-
tivity. Panel (A) shows the average total value generated across 10,000 simulated basins for each
institutional mechanism, as the number of users increases from 3 to 36. Panel (B) displays the
average percentage of initial water allocations that is reallocated through leasing markets.
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Figure 2: Effect of stream—priority alignment on total diversions and efficiency. Panel (A)
shows the relationship between the correlation coefficient p—which measures alignment between
user priority and stream position—and the total volume of water diverted relative to inflow (w).
Panel (B) shows the corresponding change in efficiency relative to the Social Planner benchmark.

28



(A) Without Water Markets
High Priority Downstream High Priority Upstream

IPA

PS

abepoys ybiy

L Es

—

Qo

J ‘J E

(4]

=0

o

—

Q

«Q

(0]

-60% -40% -20% 0% -60% -40% -20% 0%
Efficiency Loss
(B) With Water Markets
High Priority Downstream High Priority Upstream

L

«Q

0

4]

=0

o

=1

QD

]
Institution
[]PAm
i1 PSM
i :ESM

—

[e]

=

(4]

>0

o

=1

o)

«Q

(]

25%  -20%  -15%  -10%  -5% 0% -25% -20% -15% -10%  -5% 0%
Efficiency Loss

Figure 3: Distributions of efficiency losses under different institutions by
stream—priority alignment and shortage severity. Each panel shows the distribution of
efficiency loss (total value relative to the Social Planner) for a subset of simulated basins, catego-
rized by stream—priority correlation and average shortage. Panel (A) shows results for mechanisms
without markets, and Panel (B) shows results with markets. Columns distinguish whether users
with high-priority rights are located downstream (p < —0.5) or upstream (p > 0.5). Rows separate
basins by shortage severity: high shortage (top 25%) and low shortage (bottom 25%), based on
inflow shortfall per user.
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Appendix A Appendix

Water availability
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Figure A1l: Visual representation of a hypothetical waterway with three users in which return flows
from an upstream user are available to all downstream users

A.1 Water allocation mechanisms with two users
A.1.1 Social Planner

Before examining real-world water allocation institutions, consider the social planner (SP), whose
objective is to maximize the total value of production within a river basin by allocating water w;
to two users with value functions v;(w;), where i = upstream (u) or downstream (d). Available
water in a given year is a random draw w € W, where W is the distribution of possible water
supply conditions. Some proportion of water § € (0,1) diverted to the upstream user returns to
the stream and becomes available for the downstream user as a return flow. The SP’s deterministic
maximization problem with two water users in a given year is

max  vu(wy) + va(wg)
Wy ,Wq >0
st. w, <w (A1)
wg < W — (1= 0)w,.

If the two users are homogeneous, i.e., v, = vg = v, it can be easily shown that w; > w} and
Ov/Ow}; > dv/Ow;, at the optimum. Due to return flows, more water is diverted to the upstream
user, resulting in a lower marginal benefit of water compared to the downstream user.'’ When
vy # Vg, optimal allocations will depend on the relative value functions.

HThe role of return flows in determining upstream versus downstream diversions is further demonstrated in the ??.
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A.1.2 Prior Appropriation

Now consider the same basin layout, but water allocation is determined by PA. Each user owns a
water right R} that determines a maximum amount of water allowable for diversion, where m =
senior (s) or junior (j). Under PA, R must be met before the junior user can divert any water.
In practice, any water use by a junior user that prevents any senior user from receiving their full
allotment is prohibited. Water allocation is therefore no longer determined by a maximization
problem, but by the location of the junior and senior user, their respective water rights, and the
total water supply. There are two possible cases for a given level of water supply: (i.) the senior
user is upstream or (ii.) the senior user is downstream.

i. When the upstream user is senior and the downstream user is junior, the resulting water

allocations are:

W, =

RS if W > RS

0w if w<RS (A2)
wh=w—(1-0)R, if R, <w<(1—0)RS+R,

R if ©>(1-6)RS+ R,

ii. When the upstream user is junior and the downstream user is senior, the resulting water

allocations are:
s w if W< R}
Wyq = P
Ry if w> R;
0 if @< R (A3)
wl = Tt i Ry < < (1-0)R) + R
R if w>(1-0)R,+ R3.

In each case, (1—0)R;'+R]}' characterizes the total amount of water necessary to fulfill the maximum
allowable diversion for both users. For the senior user, location is irrelevant and w;, = wj in any
water supply scenario. However, the junior user faces different outcomes in times of scarcity, i.e.,

< (1-6)R;} + R}, depending on location. If downstream, the junior user will always receive at
least the return flows from the upstream user, fw. If upstream, the junior user faces the possibility
of receiving nothing if the basin water supply is insufficient to fulfill even the senior right, i.e.,
w < Rj. Although simple, the two user case clearly conveys how risk is disproportionately assumed
by the junior user. Table A1l provides a stylized example of how water allocations differ for the
junior user under different stream location and supply scenarios. If the users have the same value
functions in both cases, case (ii.) unambiguously results in lower basin-wide value during shortages
due to the upstream, junior user receiving less water.

33



Table Al: Water allocation outcomes under different water supply scenarios; R; = 250, R{ = 200,
0 =0.25

(i.) (ii.)

w wy wé Total wy w),  Total
100 100 25 125 100 0 100
300 250 1125 362.5 250 66.7 316.7
500 250 200 450 250 200 450

One criticism of the doctrine of prior appropriation is the economic inefficiency introduced
through an uneven distribution of risk. During times of shortage, some users who could generate
significant value per unit of water receive nothing, while others with higher priority rights may
not put all of the resource to its most productive use. This uneven risk can lead to a suboptimal
allocation of resources. Alternatively, share-based institutions can partly remedy this inefficiency
by ensuring that all users receive a non-zero allocation of water, even during times of scarcity.
Under a PS system, water is allocated proportionally according to shares until all endowments
are satisfied in a descending order from highest to lowest number of shares. If a basin were to
transition from PA to PS, shares may be determined by users’ previous priorities or endowments or
both. Share-based institutions aim to redistribute risk more equitably among water users, hopefully
promoting a more efficient use of resources.

A.1.3 Proportional Sharing

Before addressing PS, here we characterize how water rights may have formed along a stream. This
intermediate step has the benefit of ensuring return flows are accounted for when developing a
stylized PS system. The senior user first appropriates some portion a* € (0,1) of average water
supply from a completely unappropriated basin, and then the junior user appropriates some portion
of the remaining available water. The characterization again depends on the location of each user,
where W is the mean of W.

i. The upstream user is senior, the downstream user is junior, and the resulting water rights

are:
R, = ajw

R = odw(l — (1 - 60)al).

u

(A4)

ii. The upstream user is junior, the downstream user is senior, and the resulting water rights

are:
Ry = ayw

R :agw<1_o‘3>. (A5)

1-6

Again consider the same basin layout as in the SP and PA examples, but water allocation is
now determined by PS. Assume this institution has replaced PA and the existing water users trade
in their water rights for a share

m
o = ZRsz

7 (2
A more realistic formulation of shares that is driven by seniority is introduced in the n-user frame-
work, however this simple version is sufficient for examining how allocations change under a share-

€ (0,1). (A6)
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based mechanism. Under PS, if @ is not sufficient to fulfill the sum of all previous water rights, the
shortage is distributed equally according to shares. Again, there are two cases depending on the
location of the users.
i. The upstream user was senior, the downstream user was junior, and the resulting shares are:
o an
o, + adfl — (1 - B)ag)]

(A7)

J
)

as + aé[l —(1—=0)az].

5 =

ii. The upstream user was junior, the downstream user was senior, and the resulting shares are:

55 = %
oy + o (T4
o (A8)
51 =

u

s j(l=ag)’
g T ( =0
In each case, the junior user is now guaranteed a nonzero allocation of water in a given period.

A.1.4 Two Users

To compare the efficiency of each institution, we allow users to be heterogeneous in terms of their
value functions and use a Monte Carlo simulation to randomly sample 5,000 draws of @ from a
log-normal distribution. Four cases are compared across the three institutions (SP, PA, PS): (i.)
the senior user is upstream and high value, (ii.) the senior user is downstream and high value,
(iii.) the senior user is upstream and low value, and (iv.) the senior user is downstream and low
value. In each scenario, the junior user assumes the opposite characteristics. The outcomes of PA
and PS would be identical when there is enough water to fulfill the endowments of both users, i.e.,
w > (1—-0)R + R, so the following results examine only the iterations where there was a water

shortage. The models are parameterized such that: vpgn(w) = 20w%, Viow (W) = 10w%, 6 = 0.25,
af = 0.6, of =0.75, and w = 500.

The results of the simulations are presented in Figure Al, which displays distributions of total
value generated for each institution across all random water supply draws. Distributions with
significant area on the right side of each panel indicate a larger proportion of simulations where
high value is generated. In each scenario, the SP’s distribution characterizes the upper bound on
efficiency. In the scenario where the senior user is upstream and high value, PA generates more
basin-wide value from water than PS on average, as evidenced by the higher peak on the right hand
side of the panel. Under PA, water is first allocated to the higher value user upstream, and return
flows are then available for the less valuable use downstream. Moving from PA to PS reallocates
some water away from a high value use. In the scenarios where the senior user is low value, PS
unambiguously generates more value than PA. When the senior user is downstream and low value
(bottom right panel), there is potential for PA to generate very little relative value during extreme
shortages, as shown in the peak in the left tail. An ambiguous finding results from when the senior
user is downstream and high value. For minor shortages, PA may be preferred to PS, but during
extreme shortages where the junior user receives no water, the senior uses all available water to
a point of low marginal benefit. In general, Figure A1l conveys how PA is more sensitive to basin
composition than PS in terms of risk. Moving from a desirable to less desirable composition causes
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the distribution to flatten, increasing the risk of low-value outcomes in the left tail.

Senior User is Upstream and High Value Senior User is Upstream and Low Value

Institution

. . . . . PA
Senior User is Downstream and High Value Senior User is Downstream and Low Value E PS
SP

100 200 300 400 500 100 200
Total Value

Figure A2: Monte Carlo generated total value distributions under different water allocation mech-
anisms with two water users

A.2 The role of return flows in water allocation

Consider n users along a river, with a uniform return rate 6 for water used by each user. Each user
i has a concave, differentiable value function v(w;), representing the total value generated from
water diverted w;. The objective of the Social Planner is to maximize the total value from water
allocations subject to the total available water @w. The simplified problem is formulated as:
n
max Zv(wi) st. w+(1—=wy+...4+(1—-0)"" 1w, <w (A9)

Wi, wn 20 4
i=1

The Lagrangian for this optimization problem is:

L= iv(wi) - A (i(l — ) w; — ﬂ)) , (A10)

=1 =1

where A is the Lagrange multiplier for the water availability constraint. Differentiating £ with
respect to w; yields the first-order conditions:

dv

o = A1 —6)L (A11)
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Since (1 —#) € (0,1) and ¢ indexes stream position from upstream to downstream, this condition
shows that the marginal value of water allocation decreases as we move downstream, adjusting for
the return flow effect. Thus, the allocation w; must decrease for increasing ¢ to balance marginal
value across users, leading to w1 > wg > ... > w,. This pattern indicates that, due to return flows,
more water is allocated upstream ceteris paribus.

A.3 Regression exercises

In the above analysis, institutional performance is compared across hundreds of thousands of sim-
ulations under randomly generated basin compositions and different supply scenarios. While the
mechanisms that consistently generate a large amount of value relative to others show robustness to
varying basin characteristics, it is perhaps still not entirely clear how the institutional and physical
constraints may mitigate or exacerbate inefficiencies. As a final exercise to try and characterize
why certain mechanisms perform better or worse under different circumstances, we employ a se-
ries of regressions to explain why a mechanism generates the most value for a given simulation.
Specifically, we run separate linear regression models for each water allocation mechanism:
Vb =Yel _ i pixd o g i
ysipzoﬂ—l—ﬁl)(k—i-ﬁgck—i—ek, j=1,...,J, (A12)
k
J_,SP
where ykyf% is the proportional decrease in value generated for mechanism j relative to the social

planner in simulation iteration k. Matrix X ,]c contains variables characterizing institution-specific
constraints, such as the correlation between priority and stream position and the correlation between
priority and value. Matrix Cy, contains information characterizing the physical characteristics of the
basin such as the number of users, the level of shortage, and the correlation between stream position
and return flows. The goal of this exercise is to identify which mechanisms are most sensitive to
institutional constraints and basin compositions. Regression output is available in Table A2.
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Table A2: Cross-sectional regression results assessing the impacts of basin composition and water shortage on institutional efficiency

relative to the Social Planner

PA PAM PS PSM ES ESM
Model: (1) (2) (3) (4) (5) (6)
Constant -0.034*** -0.078*** -0.141%** -0.095*** -0.086*** -0.037***
(0.0008) (0.0005) (0.0004) (0.0004) (0.0003) (0.0003)
# Users -0.017* -0.005*** -0.009*** -0.005*** -0.010%** -0.008***
(7.6 x 1079) (5.02 x 1079) (415x107%)  (3.96 x 107°)  (3.46 x 1079) (3.27 x 107?)
# Users Sq. 0.0003*** 5.35 x 107 5%+ 0.0001*** 7.94 x 107 5%+ 0.0002*** 0.0001***
(1.94 x 1079) (1.28 x 1079) (1.06 x 10=%)  (1.01 x 109) (8.82 x 10~7) (8.32 x 1077)
Shortage -0.001*** 0.0003*** -0.0004*** 0.0001*** 0.0002*** 0.0002***
(6.86 x 107%) (4.53 x 1079) (3.75x107%)  (3.58 x 1079) (3.13 x 107°) (2.95 x 107°)
Shortage Sq. —9.13 x 1077 —8.67 x 1077  1.22 x 1076*™ 234 x 1077***  —4.02 x 1077  —3.71 x 107 7***
(2.53 x 10~%) (1.67 x 107%) (1.38 x 1078)  (1.32x 107%)  (1.15 x 10~9) (1.09 x 10~%)
Prio. SP Corr. 0.080*** 0.035*** 0.025*** 0.023*** -0.0005** -0.0006***
' (0.0005) (0.0003) (0.0003) (0.0003 (0.0002) (0.0002)
Prio. Value Corr. 0.148*** 0.004*** 0.106*** 0.002** 0.0004 0.0002
(0.0005) (0.0003) (0.0003) (0.0003) (0.0002) (0.0002)
RF SP Corr. -0.044* -0.033* -0.023*** -0.025* -0.032*** -0.033***
(0.0005) (0.0003) (0.0003) (0.0003) (0.0002) (0.0002)
Fit statistics
Observations 467,773 467,773 467,773 467,773 467,773 467,773
R? 0.59827 0.18693 0.38230 0.21444 0.40189 0.37203

1ID standard-errors in parentheses
Signif. Codes: ***: 0.01, **: 0.05, *: 0.1



A.4 Other considerations

In addition to system-wide value, there are other outcomes from allocating water that warrant
attention. For a 36 user system, Figure A3 displays distributions for total value, average value per
unit of diverted water, total diverted water, and basin outflow for each institution.

Total Value Generated Average Value per Unit Diverted

Institution

0 1,000 2000 3,000 4,000 0 20 40 60 PS

Total Water Diverted Outflow from Basin PAM

0 5,000 10,000 15,000 0 200 400 600

Figure A3: Monte Carlo generated total value, average value, total water, and basin outflow dis-
tributions with 36 water users
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