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The Colorado River system is among the world’s most overallocated basins,
struggling to supply water to the southwestern United States and Mexico.

Consequently, 90% of the basin’s native fish species are endangered,
threatened or extinct. Driven by a 24-year megadrought, the United States
allocated over US$4 billion for drought mitigation, including water market
transactions that pay farms, cities and industries to divert less water across
the US Southwest. We developed a model of how strategic water markets can
restore imperilled fish habitat, integrating hydrology, ecology, economics
and water rights within the river’s headwater state of Colorado. While
least-cost water-use reductions improve over one-third of restorable river
habitat, strategically spending 8% more nearly triples habitat improvement.
Ten transactions attain 26% of thatimprovement for 1% of the cost.

Water markets that do not legally protect conserved water are 29% less
cost-effective than markets that do. Overall, strategic investing and legal
reforms yield outsized ecological benefits.

The Colorado River basin supplies water for 40 million people and
2 million hectares of farmland in seven US states and two states in
Mexico'” (Fig.1). But severe historical overallocation of rights to river
water and a climate change-induced 24-year megadrought are placing
unprecedented stress on freshwater ecosystems and water usersin the
basin'*.Infact, the basin’srivers already run so dry that 44 of 49 native
fish species are endangered, threatened or extinct,’ and flows since
2000 are near their lowest levels in the 2,000-year palaeorecord®’.
The megadrought presents substantial challenges for water manag-
ers seeking to balance environmental and human water needs. By 2026,
key operating guidelines and interstate and international agreements
formanaging Colorado River scarcity will expire’®.In 2023, the US gov-
ernment threatened to unilaterally mandate major water cutbacksinthe
Lower Basin states of Arizona, California and Nevada®’. This prospect
was avoided in the short run through US$1.2 billion of incentivized
temporary voluntary water transactions that paid users to reduce water
consumption in those states and a wet winter in 2022-2023%°,

Justas Lower Basin states avoided water cutbacks with voluntary
water transactions, to avoid therisk of cutbacks," Upper Basin states
of Colorado, New Mexico, Utahand Wyoming have investigated start-
ing a new water market that proactively reduces water consump-
tionand ensures downstream deliveries to Lake Powell. In 2019, US
legislation authorized storing conserved water from such an Upper
Basin water marketin reservoirs such as Lake Powell (the legislation
authorized the Demand Management Storage Agreement in the
Upper Basin Drought Contingency Plan; this agreement requires
additional steps before that market becomes active)®.In 2023, the US
government allocated US$125 million to pay Upper Basin water users
torefrain fromexercising their full water rights (thatis, the reauthor-
ized System Conservation Pilot Program)™. Without substantial new
conservation, the Upper Basin faces a risk that drier conditions will
trigger mandatory water cutbacks, particularly affecting municipal
water users within the state of Colorado, under the 1922 Colorado
River Compact (‘Compact’)".
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Fig.1|Study areain the Colorado River basin. Our study area within the context
ofthe Upper and Lower Colorado River basins contributes 24% of natural mean
annual flow of the Colorado River into Lake Powell*. The area’s dominant in-basin
water use is irrigation, which consumes 588 million cubic metres per year*. The
area has had alongstanding rural-urban water conflict between in-basin users
and 16 major transbasin diversions that export 595 million cubic metres per

year to eastern Colorado®, largely for rapidly growing cities there (for example,
Denver). The study area model contains 107 environmental stream reaches that
have been designated as holding ecological importance (that is, instream flow

water rights) by the state of Colorado”. Our model also covers the San Juan River
basin within the state of Colorado (Supplementary Fig. 3) because it lacks a law
that enables unprotected transactions that the Upper Colorado River sub-basin
has, allowing comparative study. Map data from the Babbitt Center for Land

and Water Policy**?, Colorado’s Decision Support Systems*>™, the Colorado
Department of Transportation®®, Environmental Systems Research Institute and
the National Oceanic and Atmospheric Administration. Reservoir data from the
Bureau of Reclamation™.

These market-based conservation programmes generally do not
intentionally preserve flows in environmentally sensitive river reaches.
When low flows occur in environmentally sensitive river reaches, fish
habitatisjeopardized. Environmental water markets, however, can pro-
videsuchpreservation. Here we develop an environmental water market
modelto evaluate how reductionsin water consumption canbeleveraged
to strategically restore imperilled low-flow fish habitat. Instead of only
reducingwater consumption, strategic environmental water transactions
wouldsimultaneously reduce water consumptionand preserve fish habi-
tat at the lowest cost to the buyer. Applied to the Colorado River within
the state of Colorado, the environmental water market would augment
low-flow river reaches, piggybacking on reduced water consumption
independently performed to deliver flow to the Lower Basin.

The Colorado River environmental water market
In the environmental water market, additional environmental flows
are purchased from ‘water sellers’, mostly farmers and irrigation

organizations but also cities and industrial water users. These sellers
temporarily lease some or all of their right to extract water they would oth-
erwise use for their ownbenefit. ‘Water buyers’ are governmental agencies
and non-governmental environmental organizations who temporarily
lease senior water rights to protect threatened fish habitat. Although new,
junior environmental water rights may be created without buying water,
because older, senior water rights receive their entire allocation before
junior rights receive any water, market acquisitions of senior rights are
critical for environmental protection. Environmental water markets exist
across the western United States and commonly operateonalimited, ad
hocbasis. However, Colorado’sinstream flow programme was established
in1973 and has since voluntarily acquired about 163 water rights within
about 50 projects™'*. Across Colorado River basin states, from 2014 to
2020, atleast 446 environmental water transactions acquired 516 million
cubic metres for US$61.4 million (2023 US$) (ref. 15).

Our environmental water market model for the Colorado River
within the state of Colorado has four components (Fig. 2): water use,
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Fig. 2| Upper Colorado River basin environmental water market model
diagram. Our environmental water market model integrates simulation of water
use, water rights, economics and environmental flows. Water use for farmers,
cities and industrial water users under future drought conditionsis allocated
based onavailable supply and the priority of users’ water rights. Water leased and
reallocated to environmental flows is linked to specific water rights. The model’s
economic component estimates costs to temporarily lease water, including
costs to buy water and costs to secure legal approval for water transactions. Fish
habitat benefits of water transactions are evaluated by tracking restored flows
through ariver flow and reservoir network and then applying flow alteration-
ecological response statistical relationships. We use the model to identify

water market portfolios that minimize the total cost to either (1) reduce water
consumption or (2) reduce water consumption and strategically restore fish
habitat. We then perform these analyses with different degrees of water-user
participation, targets for reducing water consumption and types of available
water transactions. We simulate both ‘protected water transactions’ that protect
environmental flows against diversion by other users with the legal priority of
the leased water rights and ‘unprotected water transactions’ that lack these
protections. Icons adapted from the Noun Project.

water rights, economics and environmental flows. First, water use is
satisfied by allocating supply to satisfy farmer, industrial and municipal
water needs to the degree possible under future drought conditions.
Second, the model provides water for these societal needs based on
available supply and water rights holders’ relative seniority. Water
leased and reallocated to benefit environmental flows is tied to spe-
cific water rights. We initially consider a ‘protected market’ where
water transactions protect environmental flows with the legal prior-
ity of leased water rights, meaning that water users junior to those
leased rights are prohibited from taking the restored flows out of the
river™®, Third, the model’s economic component determines costs to
temporarily lease water, including costs to buy water itself and costs to
secure legal approval for transactions'”’®, The economic component
also determines which subset of water users participate in the market.
Fourth, water transactions aimto supportenvironmental flows through
a complex river flow and reservoir network. Evaluating ecological
benefits of water trades requires tracking restored flows throughout
this network and most importantly how additional flows improve
ecohydrological conditions and enhance fish survival in threatened
habitats. Using the model, we then compare the ‘protected market’
toan ‘unprotected market™'*""*, Because unprotected transactions
bypass legal approval and trading rules, they incur lower legal and
administrative costs at least half those for protected transactions'.
Unprotected transactionsinvolve enforceable private legal contracts
between a buyer and seller, but unlike protected transactions, flows
restored by unprotected transactions are not legally protected from
diversion by third parties (Methods). We note that protected markets
have been labelled formal markets’ and unprotected markets have

been labelled ‘informal markets™”**. However, because diverse types
of informal water markets exist worldwide?*, we adopt the clearer terms
‘protected’ and ‘unprotected’ here.

Determining strategic beneficial environmental water trades must
account for coupled hydrologic, ecological, legal and economic ele-
ments®. Our modelintegrates these elements. The goal is to determine
water trades that support environmental flows by pairing sellers that
supply water to abuyer aiming to augment destinations consisting of
seasonally low-flow river reaches. Our trading model evaluates thou-
sands of potential monthly trades, with any seller able to lease water in
oneor several monthly transactions. The choice of sellers depends on
their water rights status, ability to convey water to ecologicallyimpor-
tant habitat locations and ability to reduce basinwide water consump-
tion. We simulate transactions on amonthly basis during theirrigation
season (May-October) because that is generally when fish habitat flows
are diminished and environmental water transactions occur'®.

Because trading decisions happen ahead of time, simulations
apply season-ahead streamflow and climate forecasts based on snow-
pack and climate data available on 1 April. Strategic trades inten-
tionally restore ecologically important environmental flow reaches
designated by the state of Colorado’s Water Conservation Board
(Fig. 1), though we evaluate fish habitat basinwide. We focus on the
Upper Colorado River headwaters basin within the state of Colorado,
whichsupplies 24% of the entire natural mean annual Colorado River
flow into Lake Powell and previously hosted the most environmen-
tal water market trading volume of any Colorado River sub-basin
(Fig.1)">?°. The study area is also home to longstanding rural-urban
water conflict between in-basin water usersin rural western Colorado
and transbasin water users who export water to eastern Colorado’s
urbanizing Front Range, which includes Denver (Fig. 1)”. The model
simulates water allocation among 3,279 water rights ranging from
junior to senior status for 1,521 diversion points that supply users
and 36 reservoirs.

Theenvironmental water market’s goal isto restore fish habitat to
intermediate ecological status or better as designated by expertinput
and prior ecological studies*®*. Flows below intermediate status may
severely limit fish habitat, while flows at intermediate status may occa-
sionally limit such habitat*®. From an ecohydrologic perspective, the
modelapplies flow alteration-ecological response relationships®~°to
maintain viable fish habitat. Alteration refers to the difference between
ahistorical flow regime under natural conditions and afuture drought
year flow regime. Ecological responses are determined for rainbow and
brown trout, two native warm-water fish of conservation concern and
four endangered or threatened fish.

Fish habitatis evaluated for elevations and geomorphic settings
with viable populations. For trout, we generate unique habitat-flow
relationships for 1,137 individual river reaches. These were developed
using a statistical model that links flows to more intensive, localized
studies of physical habitat suitability and was validated with trout
abundance field data®. For warm-water fish, we estimate potential
biomass on 547 reaches using a statistical relationship between mini-
mum summer-autumn flows and an upper bound on biomass**?’, For
endangered and threatened fish, we use flow targets set using detailed
fish data for a heavily impacted critical habitat reach”. We adopt
flow-ecology relationships because environmental water markets
improve low-flow habitat and streamflow has been called the ‘mas-
ter variable™"*? driving riverine ecosystem structure and function.
We emphasize that given the influence of factors besides stream-
flow (for example, water quality, sediment, invasive species), these
relationships do not estimate actual biomass but instead reflect an
upper bound. Overall, our model addresses structural uncertainty by
simulating numerous human and environmental features of the water
market. However, a serious shortcoming of our model, driven by its
considerable computational cost, is its limited treatment of model
and data uncertainty.
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The Colorado River under a future drought

We use our model to consider six narratives in a future drought year
(Fig.3and Supplementary Table1). Giventhe Colorado River’slong-term
dryingtrend, the droughtreflects adrier and hotter climate with further
reduced flows and increased evapotranspiration. The drier and hotter
climate draws from a mid-twenty-first century projection in the 2023
Colorado Water Plan*. That plan identified monthly changes between
simulated historical (1970-1999) and future conditions (2035-2064)
acrosstennotably hot and dry global climate model projections, being
nearest the 75th percentile for consumptive irrigation water require-
ment and 25th percentile for streamflow®***. Monthly changes were
applied to a past drought year (2002).

We first simulate what could happen without a water market,
evaluating water allocation and environmental flows with no water
market and no mandatory cutbacks. Second, we evaluate mandatory
water-use cutbacks with no water market by halting water use by rights
holdersjuniorto the 1922 date whenssix states agreed to the Compact®.

Next we evaluate four water market narratives. These narratives are
defined using three important exogenous conditions: water consump-
tionreduction levels, market participationlevels and legal reforms. The
first water market narrative, the authorized market, adopts moderate
water consumptionreductions authorized in the 2019 US legislation®*.
Those reductions are equivalent to 9% of Lake Powell storage on
31December 2022%°¢, The authorized marketincludes conditions such
as those in current protected water markets with low market partici-
pation. Because the state of Colorado has not authorized protecting
reallocated water all the way downstream to Lake Powell (known as
‘shepherding’), the authorized market allows only reallocated water to
be protected until flow makesit to targeted downstream environmental
flow reaches. The second market narrative, the aggressive authorized
market, is the same as the authorized market but adopts aggressive
reduced water consumption equal to 36% of Lake Powell storage on
31 December 2022, which it has been estimated is sufficient to stave
off mandatory cutbacks® *". The third market narrative, the expanded
market, adopts aggressive reduced water consumption and high mar-
ket participation. Higher participation could be prompted by policy
or behavioural interventions. The third market narrative also would
allow protection of reallocated water to Lake Powell (‘shepherding’).
The fourth market narrative, an expanded market with unprotected
transactions, is like ongoing pilot initiatives. It relies on unprotected
transactions for in-basin reduced water consumption, with aggressive
overall water-use reductions.

For all water market narratives, we first provide least-cost solu-
tions for reducing water consumption. This baseline case does not
intentionally improve environmental flows, but we trackaccompanying
habitat co-benefits. Next we compare each baseline case to aleast-cost
solution for reducing water consumption and restoring environmental
flow reaches to intermediate ecological status. Between baseline and
environmental water markets, we compare five metrics: fish habitat
river distance restored, reduction in water consumption, financial
costs, numbers of sellers and numbers of monthly transactions.

Results
Environmental impacts with no water markets
Under thefirst narrative, we simulated fish habitat with no reductions
in water consumption from markets or mandatory cutbacks. These
simulation results show that fish habitat willbecome dire in the future
droughtyear (Fig.3a). Fish habitat statusis poor for trout, warm-water
fish orendangered or threatened fish for at least one month during the
irrigation season (May-October) on 97% of all river miles and 95% of
environmental flow reach miles. Trout habitat suitability during the
irrigation seasonis also very low (<25%) for at least one month on 83%
of river miles (Supplementary Fig. 16).

Although mandatory cutbacks are notintended to improve habi-
tat, if they occur, there will be considerable ecological co-benefits

(Fig. 3a). We find co-benefits occur on 73% of restorable river reaches
(defined as the subset of reaches that canbeimproved to at leastinter-
mediate ecological status). Of restorable river reaches Colorado des-
ignated as ecologically important, mandatory cutbacks return 58%to
at least intermediate ecological status for trout, warm-water fish or
endangered and threatened fish in at least one month.

Reducing water consumption with water markets

For each water market narrative, we next identify least-cost plans to
achieve moderate or aggressive water-use reductions. These plans do
notintentionally preserve fish habitat. Reduced water consumption s
attained through water transactions and reflects legal and hydrologic
factors. These factorsinclude legal protections, hydrologic externali-
ties, water losses and logistical water transmission and storage issues
(Methods and Supplementary Fig. 1). Overall, the model identifies
complex feedbacks that reverberate throughout the water rights
priority-allocation system, shifting water deliveries and environmen-
tal flows in sometimes unexpected ways.

To consider these factors, for each water market narrative, the
Knitrolarge-scale nonlinear optimization procedure searches through
thousands of simulations using our version of the state of Colorado’s
StateMod flow-tracking model (Methods)**®. We expanded that model
to enable realistic simulation of water transactions (Methods and
Supplementary Fig. 1). The coupled simulation-optimization model
minimizes the total cost to reduce water consumption basinwide,
orchestrating which diversionary water rights and reservoir water are
partially or fully leased in which months and which destination river
reachesreceive flow savings.

Our results indicate that under future drought conditions, a
least-cost solution achieves moderate reduced water consumption
for US$29 million in the authorized market. Least-cost solutions
achieve aggressive reduced water consumption for US$125 million in
the protected aggressive authorized market but US$115 millionin the
protected expanded market. However, pilot water market efforts so
farhavelargely relied on unprotected water leased from farmers (that
is, forbearance agreements’). This unprotected approach faces akey
enforcement problem: unprotected transactions do not prevent third
parties from extracting thatleased water before it gets to Lake Powell”.
For theleast-cost reduced water consumption plan, we find achieving
aggressive reduced water consumption in the expanded market with
unprotected transactions costs US$129 million, whichis 12% more than
the protected expanded market.

Our results also show areduced water consumption programme,
whichsimply enhances flow to Lake Powell at the lowest cost, provides
unintentional ancillary ecological co-benefits (Fig. 3b). Under the
authorized market with low participation, 20% of restorable envi-
ronmental flow reaches improved to intermediate ecological status
(Table 1). Reflecting their aggressive reduced water consumption
constraints, co-benefits occur for 45% of restorable environmental
flow reaches under the aggressive authorized market and 36% of those
reaches under the expanded market. The expanded market may have
lower co-benefits because it focuses spending on asmaller number of
cost-effective sellers and transactions than the aggressive authorized
market (Table 1) despite having more participating sellers to choose
from. Finally, under the expanded market with unprotected trans-
actions, co-benefits occur on 39% of restorable environmental flow
reaches.

Strategic environmental water market portfolios

The primary goal of the integrated model is to quantify the extra cost
needed to strategically improve fish habitat. We implement this by
identifying portfolios of water transactions that minimize the total
cost to meet reduced water consumption levels plus hundreds of con-
straints requiring fish habitat to achieve intermediate ecological status
on designated environmental flow reaches. Ecological benefits are
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Fig. 3| Fish habitat status and trout habitat suitability with and without water
marketsin a future drought year. a, Fish habitat status with no water market
and improvements with mandatory cutbacksin a future drought year. Blue
reaches are those with fish habitat co-benefits—improvement to intermediate
ecological statusin at least one month by the cutbacks. b, Fish habitat status
with portfolios of water transactions that minimize the total cost to achieve
reduced water consumption levels and with portfolios of environmental water
transactions that minimize the total cost to achieve reduced water consumption
levels and fish habitat targets of intermediate ecological status. Blue reaches are
those with fish habitat co-benefits—improvement to intermediate ecological
statusin at least one month by the reduced water consumption-only portfolio.

Greenreachesillustrate how strategic portfolios substantially increase the total
reachlengthrestored to intermediate ecological status in at least one month
beyond blue reaches. ¢, The maximum monthly improvementin trout habitat
suitability from the strategic portfolio over the reduced water consumption-
only portfolio. The expanded market with unprotected transactions improves
the most trout habitat because 1,842 transactions are required to satisfy

the reduced water consumption and fish habitat constraints, while just 118
transactions are required in the expanded market. Results for the aggressive
authorized market are in Supplementary Fig. 14. Map data from Colorado’s

Decision Support Systems***’,

then compared to co-benefits from least-cost water plans that lack
fish habitat constraints.

Under all market types, substantially more ecological benefits
are achieved when fish habitat is strategically restored versus the
least-cost water plans (Fig. 3b,c and Supplementary Fig. 14). Ecologi-
cal benefits are also greatest in market types with more ambitious
water-usereductions and legal protections for conserved water. First,
inthe authorized market, strategic portfolios increase the percentage
of restorable environmental flow reaches improved to intermediate
ecological status from 20% to 69%. However, more habitat is restored
inthe three market types with an aggressive reduced water consump-
tion target because they conserve more water, leaving more stream-
flows throughout the system. In the aggressive authorized market,
the strategic portfolio nearly doubles intermediate habitat restored,
going from 45% to 80%. Between the expanded market and expanded
market with unprotected transactions, the expanded market restores
more habitat. In the expanded market, strategic portfolios nearly
triple intermediate habitat restored, going from 36% to 100%. In the
expanded market with unprotected transactions, strategic portfolios

more than double intermediate habitat restored, going from 39% to
87%. Looking beyond the environmental flow reaches, intermediate
habitatincreasesin all restorable river reaches from 15% to 68% in the
authorized market, 65% to 89% in the aggressive authorized market,
51% to 100% in the expanded market and 53% to 97% in the expanded
market withunprotected transactions. Ecologicalimprovements from
strategic expanded markets and the strategic aggressive authorized
market also exceed those from mandatory cutbacks (Fig.3and Table1).

Importantly, strategic portfolios can achieve these add-on ecologi-
cal benefits at little additional expense (Fig. 4). This resultis apparent
inmarkets with aggressive water-use reductions because they already
have more water in the system. For both expanded water markets,
strategic portfolios cost just 8% more than the reduced water con-
sumption portfolio, rising from US$115 million to US$124 million in
the expanded market and from US$129 million to US$139 million in
the expanded market with unprotected transactions. For the aggres-
sive authorized market, the strategic portfolio costs <1% more, raising
costs from US$125 million to US$126 million. But under the authorized
market, the total cost for the strategic portfolio goes up 55%, raising
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Table 1| Reduced water consumption, costs and ecological performance of model narratives

Total
cost
(million
2023
Uss)

Total
reduction

in water
consumption
(millionm?®)

Model type Water
cost
(million
2023
us$)

Legal
cost
(million
2023
Uss)

Legal
cost
as % of
water
cost

kmrestored kmrestored
(allreaches) (environmental

Reduced water
consumption
cost-
effectiveness
(US$ m™®)

Ecological Number Number
cost- of of
effectiveness monthly sellers
(US$1,000km™ leases
environmental

flow reaches

restored)

flow reaches)

Mandatory 173
cutbacks

with no water
market®

450

205

Authorized 46 29 26 2.8 n 94
market —

reduced water

consumption

only

69 0.62 419 21 19

Authorized 54 45 39 6.3 16 118
environmental
market

243 0.83 186 72 49

Aggressive 175 125 116 9.4 81
authorized

market—

reduced water

consumption

only

404

158 0.72 310 122 46

Aggressive 175 126 15 n 9.8
authorized

environmental

market

550

284 0.72 230 168 62

Expanded 173 15 109 6.4 5.9 312
market—

reduced water

consumption

only

127 0.67 908 67 31

Expanded 174 124 13 10 91 617
environmental
market

353 07 351 18 72

Expanded 176 129 16 13 12 327
market with

unprotected

transactions—

reduced water

consumption

only

136 0.73 954 992 344

Expanded 177 139 120 19 15 597
environmental

market with

unprotected

transactions

307 0.79 452 1,842 523

?Because mandatory cutbacks would not pay water users or engage in market transactions, costs and seller or transaction counts are not presented for the cutbacks. Supplementary
Information ‘Simulating mandatory cutbacks’ presents the calculated implicit cost and participant numbers (if payment were required).

costs from US$29 million to US$45 million, because that market starts
fromalower water-use reduction target.

Strategic portfolios raise costs for several reasons. First, strategic
portfolios generally raise costs by increasing the water volume leased.
Underboth expanded markets, strategic portfolios increase the volume
leased by just 8% (Fig.4). Under the aggressive authorized market, the
volume leased decreases minimally (Supplementary Fig. 15). Under
the authorized market, toaugment its lower reduced water consump-
tion level, the strategic portfolio requires leasing 69% more water.
Second, strategic portfolios raise costs by shifting to transactions
with more expensive water. In all four water market narratives, more
water is leased from expensive transbasin diversions, which are located
upstream in prime locations to restore headwater reaches (Fig. 4 and
Supplementary Fig. 15). Indeed, water markets commonly do not
adhere to the ‘law of one price”**°, with price dispersionand commod-
ity heterogeneity leading to disparate water prices withinthe sameriver

basin (Fig. 4). Accordingly, our transaction portfolios follow a tiered
supply curve, with unit prices varying over 50-fold, from US$0.02 m
to US$1.04 m~ (Fig. 4b). Third, strategic portfolios increase numbers
of enroled sellers and transactions, raising legal costs. The increasein
transactions in the unprotected market is extremely high and signals
ashortcoming: due to enforcement problems of unprotected transac-
tions, aggressive reduced water consumption may only be achieved
with transaction numbers that far outstrip today’s water markets.
Overall, strategic portfolios offer substantially more cost-effective
fish habitatimprovements thanleast-cost plans (Table 1). Compared to
those plans, strategic portfolios’ cost per kilometre of habitat restored is
2.3xlowerintheauthorized market, 1.3x lower in the aggressive author-
ized market, 2.6x lower in the expanded market and 2.1x lower in the
expanded market with unprotected transactions (Table 1). Least-cost
plansare slightly more cost-effective for reducing water consumption
(Table 1and Fig. 4). Crucially, the expanded market with unprotected
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Fig. 4 | Differences in water prices and volumes between strategic portfolios
and those exclusively for reduced water consumption. Our environmental
water market model combines known water prices where those are publicly
advertised in our study area with a model that estimates unknown water prices
(Methods). a, To show how strategic portfolios change total water volumes
leased and water prices paid, bars show the change in the total volume of water

leased by priceinterval. b, Tiered curves showing the cumulative volume leased
ator before agiven priceinterval. Gaps between the green and black curves
represent shifts in volume acquired and price paid for water under strategic
portfolios. Supplementary Fig. 10 provides full tiered supply curves, including
transactions considered but rejected. Results for the aggressive authorized
market are in Supplementary Fig. 15.

transactions is 9% less cost-effective at reducing water consumption
(least-cost plans) and 29% less cost-effective at improving fish habitat
(strategic portfolios) than the expanded protected market (Table 1).

Transaction prioritization

To make our results tractable in current markets with fewer transac-
tions, we performed a transaction prioritization analysis within the
strategic portfolio for the authorized market and both expanded mar-
kets (Fig. 5). Two different prioritization schemes were used. First, we
prioritized ecological cost-effectiveness, and second, we prioritized
reduced water consumption cost-effectiveness. Transactions were
also bundled to achieve cost-effective conservation, starting with
the most cost-effective transaction and building to the full portfolio.
Within strategic portfolios, substantial potential exists to prioritize
among transactions. For ecological cost-effectiveness, the ten best
transactions in the authorized market attain 51% of the entire strategic
portfolio’s total fish habitat improvement for 16% of the total cost. In
the expanded market, the tenbest transactions attain 26% of the total
fish habitat improvement for 1% of the cost. In the expanded market
with unprotected transactions, the ten best transactions attain 33% of
total fish habitat improvement for 4% of the cost.

Forboth fish habitat and reduced water consumption, transaction
prioritization reveals clear groups of transactions with comparable
cost-effectiveness, delineating transaction bundles that could be
prioritized for jointinvestment (Fig. 5). The prioritization analysis also
revealsthat cost-effectiveness of top transactions varies substantially
across different market types, with a predominance of particularly
cost-effective transactions in the expanded market with protected
transactions (Fig. 5). The most cost-effective transactions in the
expanded protected marketimprove fish habitat by up to 5x that of the
expanded market withunprotected transactions for the same unit cost.

Discussion

To address the Colorado River basin’s water security crisis, the US
government allocated >US$4 billion for drought mitigation, includ-
ing paying water users across the basin’s seven states to extract less
water®. In Colorado, a key headwater state with access to a subset of
these funds, our results show how strategically piggybacking on these
investments in water-use reduction substantially benefits imperilled
fishhabitat and anupperbound on fish biomass. We found strategically
investing <1% more funding than a least-cost plan nearly doubles fish
habitatimproved to intermediate statusin an authorized water market
with aggressive water-use reductions and greater baseline costs for
those reductions. Also, we found investing 8% more than a least-cost
plan, representing 0.02% of the state’s 2024-2025 budget*, nearly
triples restored intermediate habitat in an expanded water market
with aggressive water-use reductions, more water-user participation
and more protections for restored flows. However, in an authorized
water market with lower, moderate water-use reductions, a strategic
portfolioinvolved 55% more spending but more than tripled interme-
diate habitat restored. Overall, our results show aggressive water-use
reductions enable cost-effective strategic water trading.

Our results also illustrate how strategic investing initiatives can
benefit from formal environmental water market institutions that
protect restored flows to a designated place. In the Upper Colorado
River basin, the US government allocated $US125 million for water
conservation from unprotected transactions'. However, our results
show an expanded market with unprotected transactions is 29% less
cost-effective than an expanded protected market. Although unpro-
tected markets may be well suited for localized environmental flow
improvement”, our results suggest they impede effective large-scale
programmes to substantially reduce water consumption. Permanent
transactions are beyond this study’s scope because current Colorado
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Fig. 5| Prioritization of cost-effective water transactions within strategic
environmental water market portfolios. We prioritized transactions according
to fish habitat (a) and reduced water consumption (b) cost-effectiveness. We
performed the prioritization by first individually simulating all transactions
inthe strategic portfolio and ordering them from most to least cost-effective.
The results in the figure come from a second set of simulations, where we
cumulatively activated the transactions, starting with the most cost-effective
transaction and building towards activating all transactions in the portfolio.

Sometimes, overall cost-effectiveness either improved as more transactions
were activated or remained comparable (that is, did not drop by >10%), in which
case transactions were bundled (black bars). Such improvements in overall
cost-effectiveness with more transactions are largely driven by attaining scale
economies in legal costs. The fish habitat metric is the cumulative percentage
improvement towards intermediate ecological status across all environmental
flow reach constraints, normalized by the best portfolio (Supplementary
equation (6)). The 50 most cost-effective transactions are shown.

River conservation programmes have relied on temporary transactions.
If future programmes shift to permanent conservation, as some have
suggested, strategic transaction selection might also achieve ecological
benefits under awider range of long-term, water-stressed conditions.

Rivers worldwide have been overallocated by society*>**. Climate
adaptation that infuses new funds or support for reduced water con-
sumption may present unique opportunities for strategic fish habitat
preservation. While strategic approaches may cost marginally more, we
showmodest additional funding can have outsized ecological impacts.
Thisworkalsoillustrates how innovative systems models merging law,
economics, hydrology and ecology can enable water reallocation that
fosters strategic fish habitat preservation.

Methods

Simulating environmental water marketing

We expanded the state of Colorado’s river network and water alloca-
tion model, StateMod, to simulate protected and unprotected envi-
ronmental water transactions'®**#¢,_ StateMod accounts for physical

river flow, water rights and operating rules and has been extensively
calibrated to streamflow gauge data, diversions, consumption and
reservoir contents.” Our model covered two sub-basins (the Upper
Colorado and Sanjuan/Dolores StateMod models) because the Upper
Colorado has had unprotected transactions but the San Juan has not
due to a legal exemption from ‘use it or lose it’ that does not apply
there. Model results showed very little transaction activity in the San
Juan (Supplementary Fig. 8).

Hydrology and climate change

The model simulates leases using forecasted April-October stream-
flows, temperature and precipitation. Because leases start in May, fore-
casts use snowpack and climate data available on 1 April to allow one
monthforgovernmentapproval ofleases.For134 modellocationswhere
flowsareintroduced to the river network, streamflow forecasts predict
total unimpaired flows summed across the months April-October
for 1983-2012, the most recent 30-year period when StateMod is
available. Climate forecasts predict mean monthly April-October
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temperature and precipitation over the same 30-year period at 12
climate stations. Different forecast locations were assigned different
explanatory variables based on their hydrologic setting within the basin
and anautomated variable selection process. Because water buyersin
currentenvironmental water markets use forecasts from the National
Water and Climate Center of the US Natural Resources Conservation
Service, our forecasts employ the National Water and Climate Center’s
preferred statistical approach, principal components regression®.

For future climate change, we selected a2050 Hot and Dry scenario
from the 2023 Colorado Water Plan®****, It was translated to inputs
for StateMod by developing monthly change factors between simu-
lated Variable Infiltration Capacity model historical (1970-1999) and
future conditions (2035-2064). We applied the change factors toa past
dry year (2002). We repeated this approach for the seasonal stream-
flow, temperature and precipitation forecasts under 2050 climate
change by calculating monthly change factors for forecasts’ explana-
tory variables.

Simulations use a monthly time step. However, because the
warm-water fish flow-ecology relationship relies on the minimum
30-day moving average flow, for that relationship we calculate that
moving average with daily baseline simulation values but thenadd the
monthly simulated change in flow with transactions to those values.

Moderate and aggressive reduced water consumption levels are
those developed by the Colorado River Water Bank Work Group, a
key stakeholder consortium®. Targets are evenly fulfilled over five
years and proportionally allocated to sub-basins of the broader Upper
Colorado River basin with past consumptive water usage®. Following
ref. 35, we constrain reduced water consumption to come half from
in-basin users across western Colorado and half from transmountain
users. Because >99% of transmountain diversions occur in the Upper
Colorado and SanJuanbasins within Colorado while just 50% of in-basin
irrigation water use inwestern Colorado occursthere, thismeans that
67-69% of total reduced water consumption is from transmountain
usersinour study areas.

River ecology

We evaluate ecological outcomes for trout and warm-water fish
using established flow-ecology relationships that relate deviations
inspecific aspects of the natural flow regime to fish habitat or poten-
tial biomass*?°. The trout flow-ecology relationship relates flow
to hydraulic habitat, while the warm-water fish flow-ecology rela-
tionship relates flow to an upper bound on biomass, recognizing the
influence of factors besides streamflow (for example, water quality,
sediment, invasive species). Neither relationship estimates actual
biomass. Those fish survival outcomes are evaluated in locations
(elevation, geomorphology) where the Colorado Division of Wild-
life indicated viable populations exist. Intermediate habitat status
for trout is defined as habitat at 25% of mean annual flows, while for
warm-water fish, intermediate statusis that supplying 50% of potential
biomass with naturalized flows (Supplementary Information ‘Fish
Constraints’). Forendangered fish, we use flow augmentation targets
for one critical reach (the 15-mile Upper Colorado River endangered
fish reach)?. Although we evaluate fish across all reaches with viable
populations, fish constraints for strategic portfolios only exist for
ecologically important environmental flow reaches designated by
the Colorado Water Conservation Board. We identified which of these
environmental flow reaches could berestored tointermediate habitat
statusunder each of the narratives using a simulation with all transac-
tions turned completely on. This gave 201 fish habitat constraints for
the authorized and aggressive authorized markets (178 for trout, 19 for
warm-water fish and four for endangered and threatened fish), 229 for
the expanded market (202 for trout, 23 for warm-water fish and four
forendangered and threatened fish) and 213 for the expanded market
with unprotected transactions (190 for trout, 19 for warm-water fish
and four for endangered and threatened fish).

Law

We model protected leases of diversionary water rights by explic-
itly simulating compliance with three major legal trading rules. First,
the no-injury rule precludes any reduction in water for third-party
water rights holders (that is, ‘injury’), which frequently means that
the pre-transfer timing of return flows must be maintained after the
lease’. We simulate acommon compliance strategy for this rule: divert-
ing water into off-channel ponds and releasing it later to maintain
pre-transfer return flows. Each newinstream flow water right retains the
priority of the leased water rights, and diversions and consumption are
reduced at thesource of the lease. Second, water law limits transferable
water to historical water usage'®. We implemented this rule using a his-
toricalmodel simulation (1975-2013). Third, for the authorized market
narratives only, we follow Colorado water law in limiting protected
leases to only lease to existing permanent instream flow water rights,
only provide sufficient flow to meet the target flow for that destination
water right and not occur for more than120 days per year®. For unpro-
tected diversion leases, we reduce diversions and consumption at the
source structure, but we do not apply the three legal rules and add no
instream flow water rights. For protected leases from reservoir storage,
we simulate compliance with the no-injury rule by adding compliance
nodes to the model that dynamically satisfy that rule.

Economics

To represent price dispersion, for transactions with uncertain water
prices, we developed hedonic regression models. The hedonic model
for the Upper Colorado River study area (R?>=0.81) evaluates 115
observed water leasing prices, finding different water rights leasing
pricesfor different seller types, water market regions, diversion versus
reservoir leases and protected versus unprotected diversion leases. For
structures with known prices, we use those. For legal costs, we used a
hedonic model from our own survey of 100 water market profession-
als”. Legal costs vary by consumptive use, water rights priority and
region, with significant scale economies.

Because water-user participation has constrained water markets,
we restrict structures considered for leasing in three tiers'. First, we
remove certain types of structures that have little or no history of par-
ticipation or may not feasibly participate. Second, we apply screening
criteriaused by the Colorado Water Trust. Third, we reduce thenumber
of structures considered to a realistic number of offers—to high (61%)
orlow participation (20%). Participation percentages come froma2016
survey of 266 agricultural water rights holders across Colorado that
asked participants if they would participate in an agricultural water
lease today; 20% answered ‘yes’ and 41% answered ‘maybe’’. We select
participating water-use structures by drawing asample weighted by a
logistic regression that estimates the probability of participationina
pastenvironmental water transaction, considering 54,050 structuresin
western Colorado, as afunction of water-use structure characteristics
(structure type (ditch or reservoir), water rights priority, total decreed
water rights, previous permanent water rights transfer from structure)
and local demographic characteristics (Census block group age, gen-
der, education) (Supplementary Table 7). The logistic model’s objective
is to sample a distinct set of structures representative of those that
participated in past environmental transactions. While water prices
could theoretically be raised toinduce participation by certain sellers
that are particularly helpful in meeting strategic goals (for example,
using an auction), we are aware of no US environmental flow market
that systematically uses such a price-incentive scheme, so our analysis
uses current market prices with low and high participation.

Optimization

We used the Knitro large-scale nonlinear optimization solver’s
gradient-based sequential quadratic programming algorithm®, Indi-
vidual model narratives regularly used 525+ CPUs (central processing
units) running for a week or more to find solutions on the Stanford
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University high-performance computing cluster, Sherlock. Across
the narratives, numbers of monthly transactions (decision variables)
range from 650 to 2,880 with 465 to 615 constraints.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Input data for our water market price and water-user participa-
tion models are available via figshare at https://doi.org/10.6084/
m9.figshare.26350912.v1 (ref. 48). Datarequired to run the water mar-
ket model for the narratives in our manuscriptare availableinthe same
repository. Other data used in our study are from publicly available
sources as cited in the Supplementary Information.

Code availability

The water market model and code that support the findings of
this study are available via figshare at https://doi.org/10.6084/
m9.figshare.26350912.v1 (ref. 48).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
] Given the scope of our systems modeling analysis, some of this statistical information
Confirmed for model inputs is in the supplementary information (e.g., regression tables).

|Z The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided (assumed statement does not refer to regressions)
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

O XOXOOS

O o0 X OKX O

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable. (assumed statement does not refer to regressions)

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Source code for the State of Colorado’s StateMod water resources simulation model (version 15) adapted for this study is available in our
Figshare repository. We used Knitro version 12.1.1 for optimization, which is publicly available for download via artelys.com. Artelys offers
free trial licenses of Knitro. Custom code used in the study to simulate water transactions, cutbacks, and associated outcomes is available in
our Figshare repository. We used R version 3.6.1 and python version 3.6.1. Custom code and source code are posted in the Figshare
repository.

Data analysis Source code for the State of Colorado’s StateMod water resources simulation model (version 15) adapted for this study is available in our
Figshare repository. We used Knitro version 12.1.1 for optimization, which is publicly available for download via artelys.com. Artelys offers
free trial licenses of Knitro. Custom code used in the study to simulate water transactions, cutbacks, and associated outcomes is available in
our Figshare repository. We used R version 3.6.1 and python version 3.6.1. Custom code and source code are posted in the Figshare
repository.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or thi

rd party data, please ensure that the statement adheres to our policy

The input data for our water market price and water-user participation sampling models are available in the Figshare repository. Other data used in our study,

including for evaluating future

climate change impacts, are from publicly available sources as cited in the supplementary materials.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Our study did not involve human research participants.

Reporting on race, ethnicity, or  Our study did not involve human research participants.

other socially relevant
groupings

Population characteristics
Recruitment

Ethics oversight

Our study did not involve human research participants.
Our study did not involve human research participants.

Our study did not involve human research participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below

|:| Life sciences

For a reference copy of the docume

that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

nt with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

This was not a field or lab experimental study. We developed a simulation-optimization model of environmental water transactions in
the Upper Colorado River basin. This computational systems model integrates a river network and water allocation model that
considers water rights with statistical models of ecohydrologic condition for imperiled fish habitat, water market costs, and water
market participation. Under different types of water market, (1) we identified least-cost sets of water transactions for solely reducing
water usage; and (2) we then identified strategic water transaction portfolios that reduce water usage and restore fish habitat to
intermediate ecological status at the lowest cost. We performed additional simulations using the model to examine ecological status
without new water conservation, ecological and economic impacts of mandatory, non-market cutbacks in water usage, and
prioritization of especially cost-effective subsets of the transactions in the optimal portfolios in (1) and (2).

Our study relies on existing and available datasets, all of which are either provided in our Figshare repository or from publicly
available sources as cited in the supplementary materials. The river network and water allocation model expands the Colorado
Decision Support Systems StateMod flow-tracking model and associated input data. Additional water resource and water rights data
come from the Colorado Decision Support Systems Hydrobase database. Water market transaction data and data on costs to secure
legal approval come from prior studies and transactions published online. Ecohydrologic data and models are adopted from prior
studies. Seasonal streamflow and climate forecasts rely on numerous publicly available climatic and water resources data, which are
all listed in the supplemental materials.

Our study consists of computational model simulations and optimization under different institutional scenarios, not surveys, field
experiments, etc. with sampling strategies.

Data was collected by saving and processing model outputs. Data was processed by P.W.

Model outputs were processed and saved during the years 2022-2024. Water market transactions were simulated and optimized for
the Upper Colorado River basin study area depicted in the article.
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Data exclusions No data were excluded from the analyses.

Reproducibility Results are reproducible by re-running the simulations or simulation-optimization analyses with the same inputs described in the
article.
Randomization Randomization is not relevant because our study consisted of computational model simulations of the Upper Colorado River basin

water market and did not involve allocating samples, organisms, or participants into groups.

Blinding Blinding is not relevant because our study consisted of computational model simulations and optimization, not surveys, field/lab
experiments, or clinical studies.

Did the study involve field work? |:| Yes No

Reporting for specific materials, systems and methods
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We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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