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Dædalus

Dædalus was founded in 1955 and established as a quarterly in 1958. The
journal’s namesake was renowned in ancient Greece as an inventor, scien-
tist, and unriddler of riddles. Its emblem, a maze seen from above, symbol-
izes the aspiration of its founders to “lift each of us above his cell in the lab-
yrinth of learning in order that he may see the entire structure as if from
above, where each separate part loses its comfortable separateness.” 

The American Academy of Arts & Sciences, like its journal, brings togeth-
er distinguished individuals from every ½eld of human endeavor. It was char-
tered in 1780 as a forum “to cultivate every art and science which may tend to
advance the interest, honour, dignity, and happiness of a free, independent,
and virtuous people.” Now in its third century, the Academy, with its nearly
½ve thousand elected members, continues to provide intellectual leadership
to meet the critical challenges facing our world.

Nineteenth-century depiction of a Roman mosaic labyrinth, now lost, 
found in Villa di Diomede, Pompeii
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Introduction

Anna M. Michalak & Christopher B. Field

There is no resource more central to life on Earth
than water, and its role in shaping the arc of human
history cannot be overstated. Whether through its
presence or absence, water has both fueled the
growth of the world’s great societies and hastened
their demise. Humanity’s need for water is inextri-
cably linked to its need for security, energy, food,
and community. At the same time, cli mate change,
population growth, and economic de  velopment are
currently placing unprecedented de mands on this
limited resource, as well as increasing the uncertain-
ty associated with future demands and availability.
As with all limited resources, both chal lenges and
op portunities emerge as resources be come scarcer;
it is how societies and ecosystems re spond to such
“stresses” that determines their fate. 

When we ½rst embarked on the development of
an issue of Dædalus on the topic of water, we con-
sidered a number of ideas about how to organize and
frame both the individual contributions and the is -
sue overall. As researchers focusing on the function -
ing of the earth system and humankind’s role in
altering this system, the challenges surrounding hu -
manity’s use of–and need for–water seemed to us
all too clear. Rather than organizing the collection
of articles around a series of problems and failures,
however, we were quickly drawn instead to the idea
of framing current issues within the context of the
decisions that we face and the opportunities that
emerge as we are confronted with increasing de -
mands on a limited resource. We hope that we have
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been successful in this endeavor, and that
a sense of opportunity accompanies the
sense of severity and urgency in the indi-
vidual perspectives that make up this col-
lection. If necessity is indeed the mother
of invention, then we must be on the cusp
of some un precedented creativity! 

It has been an honor and a great pleasure
to work with some of the world’s leading
water schol ars as this special issue has
taken shape, and it is with great excitement
that we share the ½nal product with the
readership of Dædalus. 

ANNA M. MICHALAK is a Faculty Member in the Department of Glob al Ecology at the Carnegie
In stitution for Science and an Associate Professor, by courtesy, in the Department of Earth System
Science at Stanford University. She is a Leopold Leadership Fellow, and a recipient of the Presiden-
tial Early Career Award in Science and Engineering. Her articles have appeared in such journals as
The Proceedings of the National Academy of Sciences, Global Biogeochemical Cycles, Environmental Science &
Technology, and Journal of Geophysical Re search.

CHRISTOPHERB. FIELD, a Fellow of the American Academy since 2010, is the Founding Director of
the Carnegie Institution for Science’s De partment of Global Ecology and the Melvin and Joan Lane
Professor for Interdisciplinary En vi ronmen tal Studies at Stanford Uni versity. He is also Co-Chair of
Working Group II of the Intergovernmental Panel on Climate Change. His articles have appeared in
such journals as Environmental Science & Technology, Renewable and Sustainable Energy Reviews, The Pro-
ceedings of the National Academy of Sciences, and En vironmental Research Letters.



Water, Climate, Energy, Food: 
Inseparable & Indispensable

Christopher B. Field & Anna M. Michalak

CHRISTOPHER B. FIELD, a Fellow
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for Interdisciplinary En vi ronmen -
tal Studies at Stanford Uni versity. 
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Member in the Department of
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ciate Professor, by courtesy, in the
Department of Earth System Sci-
ence at Stanford University.

(*See endnotes for complete contributor
biographies.)

Water is integral to life on Earth. It is essential to
the survival of people, organisms, and economies.
But issues surrounding water resources and manage -
ment are not rooted in the question of whether there
is enough water on our planet; rather, they are driven
by the state of the water available to us. Is the water
salty or fresh? Is it frozen or liquid? Is it clean or
contaminated? Is it here or elsewhere? Is it available
when it is needed, or does it arrive when it is harm-
ful? The effectiveness of strategies for dealing with
water availability, quality, and variability is a de½ning
determinant of the persis tence of species, the func-
tions of ecosystems, the vibrancy of societies, and the
strength of economies.

How can we describe the world’s water? Water on
Earth can be divided into ½ve main pools totaling
1.38 billion cubic kilometers. Water vapor in the at -
mosphere is the smallest pool, making up less than
0.001 percent of the total.1 Lakes, rivers, and streams
hold about 0.013 percent of Earth’s water, of which
nearly half is in the form of salty lakes. Groundwater
holds about 1.7 percent of the total, but, again, more
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Abstract: Water issues are rarely simple. At the global scale, water is at the focus of a powerful multifaceted
challenge. Demands for both consumptive and nonconsumptive uses are growing, while climate change
is at the same time decreasing availability in some places and increasing risks of heavy precipitation in many
others. Through diverse mechanisms that interact with natural processes, human activities impact not only
the quantity of water available but also its quality. Here we explore the multiway interactions among water,
climate, energy, and food through a number of case studies illustrating the interconnected web of com-
peting drivers, demands, and trade-offs that frame humanity’s decisions about water use. The net result of
this complex mix of drivers and processes is that water issues need to be addressed with a systems perspective.
While a systems framing can be daunting, integrated approaches are fundamental to identifying and eval -
uating options for sustainable solutions.



than half of all groundwater is salty. Ice
caps and permanent snow–including the
massive continental ice sheets on Antarc-
tica and Greenland, alpine glaciers, and
sea sonal snow–constitute another 1.7 per -
cent of the total. The ½fth and largest pool
comprises the oceans of salty water, mak-
ing up 96.5 percent of Earth’s total. Put
another way, only about 2.5 percent of the
world’s wa ter is fresh; the remainder is
salty. About half a million cubic kilometers
of water, or 0.036 percent of the total, evap -
orates and falls as precipitation each year.
Of this, about 21 percent falls on land–
more than one half of which evaporates
directly back into the atmosphere–while
the remainder falls back to the oceans. 

Relative to the enormity of the total, hu -
man impact on Earth’s water may initially
appear quite small. For example, the total
water in ice on land has been decreasing
by about three hundred cubic kilometers
per year as a result of warming tempera-
tures and changing precipitation patterns,2
and groundwater that serves the world’s
arid and semiarid areas has been decreas-
ing by about one hundred ½fty cubic kilo-
meters per year as a result of human extrac -
tion.3 The total water footprint of human
activities (all of the water used for crops,
man ufacturing, and domestic purposes) is
on the order of seven thousand ½ve hun-
dred cubic kilometers per year.4

But, as we will see, the effects of our wa -
ter use are massive. Much of the challenge
of understanding and managing water
arises from the fact that it is central to so
many activities. As a consequence, deci-
sions about water often tell us more about
our priorities than they do about the total
amount of available water. Many of the
trade-offs in allocating water involve three
big water users: food, energy, and environ -
ment. A world with an increasing human
population, burgeoning energy demands,
evolving food preferences, and a rapidly
changing global climate means that every -

thing about the water equation is dynamic.
The result is a complicated web of inter-
connections with potentially unexpected
risks, but also with many points for intel-
ligent intervention.

Changing the distribution of water
among pools, storing huge quantities of
wa ter, or moving water long distances is
feasible at a scale that is modest relative
to global totals but that is crucial locally.
The constraints are physical (as with the
large inputs of energy required for desali-
nation), geographical (many of the logical
locations for reservoirs have already been
used), ½nancial (building and sustaining
the infrastructure required for managing
water is expensive), political (nobody
wants to relinquish rights to scarce water
without compensation), and ethical (what
uses deserve to be prioritized, and how
do they relate to the needs of the environ-
ment?). 

In this essay, we survey the multidirec-
tional linkages and interactions among
wa ter, climate, energy, and food produc-
tion, outlining major features of these re -
lationships and developing case studies on
a few of the connections that illustrate the
diversity, richness, and dif½culty of the
man  agement challenges. This essay also
serves as a springboard for the essays that
follow, which dive more deeply into partic -
ular challenges, contexts, and solutions.
Michael Witzel explores–through the lens
of water in mythology–the cultural and
spiritual depths of the link between hu -
man kind and water. John Briscoe writes
about the need for and the success of en -
gineered water systems, as well as the as -
sociated compromises required for meet-
ing diverse demands. Adena Rissman and
Stephen Carpenter consider nonpoint
source pollution (the runoff of pollutants
from agricultural or urban land into lakes
and rivers) and our options for addressing
it. Jerald Schnoor focuses on the issue of
sus tainability, surveying practices that lead
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to unsustainable water management sys-
tems and pointing toward some remedies.
Katharine Jacobs and Lester Snow explore
ways in which adaptation can help human
users cope with limited resources. Rich ard
Luthy and David Sedlak consider technol-
ogy-based solutions to increasing water
de mands, including desalination, long-dis-
tance transport, and reuse/recycling. Terry
Anderson analyzes the current state and
po tential role of water markets in improv -
ing water allocations. Finally, Charles
Vörösmarty, Michel Meybeck, and Chris -
topher Pastore take a historical perspec-
tive, painting a picture of how our aspira-
tions for, and investments in, water man-
agement have changed over time.

The concepts of trade-offs and cycles are
fundamental to understanding the link-
ages among water, climate, food, and the
broader environment. For many kinds of
water uses, allocation to one use intrinsi-
cally means less water for other uses. Con -
sumptive use for agriculture, industry, or
cities almost always involves trade-offs, as
do mandates for instream flows to protect
ecosystems or ½sheries. But even consump-
tive use leaves the total amount of global
water unchanged; the real issue is that con -
sumption shifts water to a different part
of the hydrological cycle: for example,
from liquid to vapor, clean to contaminat-
ed, or fresh to salty. Choices about manag -
ing water trade-offs involve more than hy -
drology and economics. They involve val -
ues, ethics, and priorities evolved and
em bedded in societies over thousands of
years. The juxtaposition of hydrology, eco -
nom ics, and values is at the crux of the 
wa ter-climate-food-energy-nature nexus.

Water and climate are inextricably
linked. Climate de½nes the amount, vari-
ability, and type of precipitation; the rate
of evaporation; and the conversion of wa -
ter to its various phases (snow, ice, liquid,
vapor). Climate also influences how water

moves through land and water bodies, and
how it changes throughout the journey. Cli -
mate change alters all of these processes.

For some processes, the impacts of re -
cent and future climate changes are clear.
For others, the complexity of the climate
system and the uncertainty of future hu -
man actions make both detection of past
changes and prediction of future patterns
½endishly dif½cult. At the simple end of
the scale, a warming climate leads to a
glob al increase in evaporation, which in
turn leads to an increase in global precipita -
tion. On the other end of the scale, it is far
more dif½cult to understand how changes
in temperatures, cloud cover, the incidence
and intensity of extreme meteorological
events, and other aspects of a changing
climate will impact our ability to provide
a stable, plentiful, and safe supply of water
within the context of a growing global pop -
ulation. We will use two examples to illu -
strate the complex and multifaceted inter -
actions between climate and water avail-
ability: water quantity and the role of ex -
tremes; and water quality and the links to
eutrophication. 

The spatial patterns and intensity of pre -
cipitation are far from uniform, and cli-
mate change only increases this variability.
The general pattern is that wet regions tend
to experience increased precipitation,
while dry areas tend to get drier, thereby
leading to increased risks of both wet
(flooding) and dry (drought) extremes.5

Many parts of the world have already
experienced an increase in the fraction of
all precipitation that falls in the heaviest
weather events (which are more likely to
lead to flooding).6 A warmer atmosphere
can hold more moisture, increasing the
likelihood of conditions that release huge
amounts of precipitation over a short peri-
od of time. As a consequence, flood risks
can rise even while increased evaporation
is challenging water supplies. In the East-
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ern and Midwestern United States, which
have experienced an increase of more than
30 percent in heavy downpours over the
last ½fty years, the motivation for recog-
nizing and preparing for an increased risk
of heavy rainfall is clear.7 One recent paper
concluded that 18 percent of moderate
precipitation extremes over land (in ad -
dition to 75 percent of moderate heat ex -
tremes) are a result of global warming that
has already occurred.8

Conversely, the trend toward drying is
ampli½ed by increased evaporation caused
by warming, reflecting not only more rap -
id moisture loss from reservoirs but also
increased water demands for crops and
nat ural ecosystems. With warming, many
areas will face increased risks of severe wa -
ter shortages, even if average precipitation
does not change.

Beyond precipitation, climate change is
also altering global patterns of the physi-
cal state of water. In most regions, climate
change is leading to decreases in snow and
ice. In areas with winter temperatures not
too far below freezing, even modest warm -
ing can lead to a dramatic decrease in the
fraction of precipitation that falls as snow.
For example, although California’s record-
breaking low snowpack in spring 2015 is
partly a reflection of low precipitation, it
is also a consequence of warmer storms
that bring rain instead of snow, reducing
the ability of mountainous regions to store
water for dryer seasons. The melting of al -
pine glaciers further threatens water sup-
plies, especially in parts of Asia and South
America, where thaw leads initially to an
in  crease in river flow and eventually to a
loss of year-to-year buffering. 

Worldwide, rates of melting are exceed-
ing rates of new ice formation. Over the
last two decades, melting has outpaced ice
accumulation, leading to net losses of ice
mass in Greenland, Antarctica, and alpine
glaciers. From 2005 to 2009, the rate of loss
was about three hundred cubic kilometers

per year, contributing to a bit less than one
millimeter per year of global sea-level
rise.9 Melting of continental ice has the
potential to cause large amounts of sea lev -
el rise: for example, the quantity of ice on
Greenland is suf½cient to raise global sea
levels by over seven meters; the ice on Ant -
arctica represents about seventy meters of
potential sea-level gain. And while much
of Antarctica is too cold to be at serious
risk of melting, the West Antarctic Penin -
sula, representing close to ½ve meters of
potential sea-level rise, is not. Melting con -
tinental and sea ice also amplify warming
by replacing a white, reflective surface with
a dark surface that absorbs much of the in -
coming sunlight. The same principle ex -
plains why you stay cooler on a hot day by
wearing a white, rather than black, shirt.
The numbers are daunting: in 2012, the an -
nual minimum in Arctic sea ice was about
three million square kilometers fewer than
the 1981–2010 average.10

A lthough water availability is classically
thought of in terms of quantity, water is use -
ful (usable) only if it is of suf½cient quality
for its intended purpose. And water qual-
ity is critical regardless of its intended use,
whether it be used by humans directly for
consumption, recreation, sustaining ½sh -
eries, and irrigation, or by the broader eco -
system to support aquatic life, for exam-
ple. This broader context of water avail-
ability and water quality is directly linked
to changes in climate via impacts on mete-
orological conditions, as alluded to above.

The link between climate and water
qual ity is perhaps most poignantly illustrat -
ed through the lens of coastal and fresh-
water eutrophication: the delivery of ex -
cessive nutrients–nitrogen and phospho-
rus are typically the most concerning–
to water bodies from agricultural produc-
tion as well as from urbanization and
other human activity. The effects of eutro -
phication are many, but some of the most
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common and worrisome are harmful algal
blooms by toxin-producing species of phy -
toplankton and widespread low-oxygen
“dead zones”–in which the decomposi-
tion of organic matter consumes nearly
all of the dissolved oxygen–that disrupt
aquat ic food chains and can lead to mas-
sive ½sh kills. Hundreds of coastal and in -
land water bodies globally are already rou -
tinely impacted by harmful algal blooms
and hypoxia, including many in North
America. A harmful algal bloom in Lake
Erie in 2011 stretched across ½ve thousand
square kilometers, an area larger than the
state of Rhode Island.11 The dead zone in
the lake the very next year was estimated
at close to nine thousand square kilome-
ters, an area larger than the state of Del -
aware.12 In August 2014, a pileup of toxin-
producing cyanobacteria from that year’s
algal bloom near the Toledo, Ohio, water
intake shut down the city’s water supply
for two days. 

What is the link to climate? Although
the excess nutrients nominally result from
land management practices, their delivery
to water bodies and the effects they en -
gender once there are highly dependent on
weather patterns, which are themselves
evolving in response to climate change.
Var iations in precipitation, whether the
amount of rain, its seasonality, or the in -
tensity of storms, affect how much nitro -
gen and phosphorus are flushed into wa -
ter ways. Temperatures control conditions
in the water, including when the water is
warm enough to sustain blooms and the
degree of strati½cation, which prevents
cold (heavy) water from being replenished
with oxygen due to warm (light) water act-
ing as a lid. Wind affects strati½cation–
with stronger winds helping to mix the wa -
ter column–as well as water flow (and
there fore nutrient transport) within water
bodies. All of these interconnected proces -
 es are changing with the climate. In the
case of Lake Erie, extreme springtime pre -

cipitation in 2011 followed by warm and
quiescent conditions helped supercharge
the bloom. In 2012, an intense drought led
to stagnant conditions that supercharged
the dead zone. And, as we saw in the pre-
vious section, extreme meteorological
events are becoming more common and
more intense, loading the dice for more
extreme eutrophication, with impacts to
aquatic ecosystems and beyond. 

The global energy system relies massively
on water, either as a direct energy source
(hydropower) or for cooling (electricity
gen eration), irrigation (biofuels), or extrac -
tion (hydraulic fracturing). Over one-third
of freshwater withdrawals in the United
States are used for cooling thermoelectric
energy generators. Preparing and using the
water to support energy production–a
process that includes collection, clean-
ing, transportation, storage, and disposal–
it self involves massive amounts of energy.
This interdependence has sometimes been
referred to as the water-energy nexus. The in -
terface between water and energy invari-
ably also introduces a number of debates
about alternative uses of water and impacts
on water availability (quantity and quali-
ty). We use two case studies to exemplify
some of these challenges here: alternative
energy sources, and traditional energy pro -
duction.13

As global energy demand continues to
grow, and as the climate impacts of fossil
fuel–based energy sources become unten -
 able, increasing emphasis is being placed
on renewable sources of energy. These
sourc es of energy are rightfully considered
more sustainable than energy that relies on
nonrenewable energy sources. The sustain -
ability of speci½c technologies, however,
must be assessed within the context of their
reliance and impact on water resources. 

The need to assess the implications of al -
ternative energy production for water is
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perhaps nowhere more poignant than in
the case of biofuels. We are accustomed to
thinking about the energy requirements of
our vehicles in terms of miles per gallon, a
measure of fuel ef½ciency. The unit against
which we measure ef½ciency is, of course,
a gallon of gasoline. But what if it were a
gallon of water? The water requirements
of corn-based or soybean-based biofuels
translate to a fuel-ef½ciency value of less
than 0.1 miles per gallon of water! The vast
majority of this water is used for growing
crops, rather than for converting them to
biofuels. Currently, about 40 percent of the
U.S. corn crop is used for ethanol produc-
tion.14 When ethanol is produced from
corn grain, the wa ter footprint is about two
hundred gallons of water per gallon of
eth anol, greater than the average per per-
son water use of one hundred twenty gal-
lons per day.15 In the case of rain-fed pro-
duction, the cost in wa ter is of relatively lit-
tle consequence; but in the case of irrigat -
ed production, the heavy water demands
inevitably come at the expense of other
uses. 

High water demands, combined with the
uncertainty surrounding future water avail -
ability due to changes in climate, point to
the need to carefully consider the water im -
plications of alternative energy choices.
For example, the water requirements of
wind and solar energy production are dra -
matically lower than those of biofuels, and
lower also than even some “traditional”
energy sources.

In the case of biofuels, the role of water
is clear and intuitive: crops need water to
grow. In the case of hydropower, the role of
water is also self-evident. The water “cost”
of other energy sources, however, is less
apparent.

Consider electricity production. The gen -
eration of electricity, which involves both
“consumptive” and “nonconsumptive”
uses, accounts for approximately 40 per-

cent of freshwater withdrawals in the Unit-
ed States, most of which is used for cool-
ing.16 Although it is tempting to think of
nonconsumptive uses–in which water is
withdrawn from surface water or ground -
water but is returned after use–as having
no net impact on water resources, this is
not the case. First, in the case of droughts
or other decreases in available water sup-
ply, power generation can be disrupted due
to a lack of suf½cient cooling water. More
commonly, however, challenges arise from
the fact that water, once used for cooling,
is not returned to the environment in its
original state. For example, while much of
the water used for cooling is returned to a
river or lake, aquatic ecosystems are not
very tolerant of heated water. In most of
the United States, this constrained toler-
ance is addressed through regulations that
limit the temperature in lakes and rivers
that receive waste heat from power plants.
Low water levels and warming can con-
spire to limit electricity generation–inclu -
ding not only fossil but also nuclear ther-
moelectric power plants–during periods
when electricity demand is at its peak. 

Globally, agriculture accounts for ap -
prox imately 86 percent of consumptive
wa ter use.17 Rising populations and rising
living standards combine to create rapid
increases in global demand for food, espec -
ially food with a high land and water foot -
print, such as meat. Ensuring a secure food
supply is therefore inextricably linked to
the availability of plentiful clean water for
growing crops. Predictable water availa -
bility is critical both for rain-fed and irri-
gated agriculture, and uncertainty about
wa ter availability compounds uncertainty
about future food security. Water quantity
and quality are also integral to nonagri-
cultural sources of food, such as ½sheries.
Whereas lack of water (drought) is typical-
ly understood to be a limiting factor for
food production, too much water and wa -
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ter at the wrong times in the growing sea-
son are also major challenges facing global
food production. Furthermore, food pro-
duction not only requires water, but also
impacts waters not directly used in pro -
duction: mechanisms include runoff of
sediment and nutrients from agricultural
areas into receiving waters, as well as the
water-quality consequences of large-scale
aquaculture (the farming of aquatic ani-
mals and plants). We again use two case
studies to exemplify the interconnections
between water and food: the water de -
mands of food production, and its down-
stream impacts.

Plants grow by using the energy from
sunlight to convert carbon dioxide in the
atmosphere into carbohydrate and, even-
tually, more plant. But plants on land can -
not take up carbon dioxide without losing
water. The pathway by which carbon diox-
ide enters and leaves is the same as the path
by which water evaporates. The ratio of wa -
ter loss to carbon dioxide uptake varies
with carbon dioxide concentration and
at mospheric humidity, as well as among
plant species. In most habitats, plants lose
½fty to one hundred and ½fty gallons of
wa ter through evaporation–a process
called transpiration when the water comes
from leaves–to make a single pound of
new plant. This mechanism underlies a
massive water footprint for food, whose
size depends not only on the amount of
wa ter transpired per unit of plant growth
but also on the fraction of the plant con-
sumed as food or on the amount of plant
required to produce each unit of consum-
able animal product. 

The water footprint of various foods (Ta -
ble 1) limits the size and sustainability of
the agriculture enterprise in any location.
In regions of rain-fed agriculture, the link
between water inputs and crop outputs has
a clear upper boundary determined by the
amount of plant growth per unit of water

transpired. Many processes can reduce
yields below this boundary: runoff and
deep drainage; processes that move the
wa ter out of the zone accessible to plant
roots; and constraints from too much wa -
ter, poor soils, unfavorable temperatures,
pests, or other management challenges.
Much of the history of rain-fed agriculture
can be understood as an effort to consis-
tently get yields to the upper boundary set
by water availability.

Irrigation can substantially increase
yields and year-to-year predictability.
About 33 percent of the world’s crops come
from the approximately 25 percent of crop -
land that is irrigated worldwide.18 In areas
that are sometimes wet enough for rain-fed
agriculture, irrigation can enhance water
availability through dry periods. Irrigation
can also allow the extension of agriculture
into areas that are otherwise too dry. But
irrigation is viable only if there is excess
wa ter to tap. Locally, this can mean ground -
water that is recharged during wet periods;
regionally, it can mean snowpack, rivers,
streams, lakes, and reservoirs.

The water footprint of food production
is ripe for improvement. Improving irriga -
tion practices or technology can be robust
and cost effective. Crop yields (higher
yields lead to lower water footprints) and
climate also play a large role in regional dif -
ferences in water footprint. Decreasing the
water footprint of food production through
crop choice or breeding also present op -
portunities for gains. For example, some
crops–notably corn and sugarcane–have
a carbon dioxide concentrating mecha-
nism called C4 photosynthesis that enables
them to use less water than most other 
crops. Breeding C4 photosynthesis into
crops like rice and wheat, thereby increas -
ing their water ef½ciency, is one of several
strategies subject to active research. The
water footprints for meat (especially beef ),
eggs, and dairy are several-fold larger than
for crops, essentially because animals are
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not very ef½cient at converting plant cal -
ories into animal biomass. Globally, rising
preferences for meat-rich diets represent
one of the largest drivers of increased wa -
ter demand.

Agriculture not only uses water, but also
has downstream impacts via the water that
runs off the ½elds or seeps into the ground.
The unprecedented growth in agricultural
production of the last century has been en -
abled in large part by the use of fertilizers.
In the last decade, the drive toward the pro -
duction of biofuels is putting further pres-
sure on the agricultural system. Total U.S.
corn production has increased from seven
billion bushels in 1995 to fourteen billion
bushels in 2014, almost entirely due to the
explosion in production of corn for fuel.19

Over ninety million acres were planted
with corn in the United States in 2014, an
area the size of Montana or double the
size of all New England states combined.
Further, corn requires more fertilizer per
acre than any other major U.S. crop. 

When water leaves agricultural ½elds,
wheth er through runoff, seepage, or drain -
age, it carries with it nutrients that have not
been assimilated into the soil and crops.
While the total acreage devoted to agri-
culture has changed little since the 1950s,
the total amount of commercial fertilizer
used on that land has more than doubled.
This has led to increases in agricultural
pro ductivity, but also in the amount of nu -
trients washing off ½elds and into water-
ways. That nutrient runoff results not only
in the contamination of coastal and inland
water bodies, but can also lead to massive
algal blooms and dead zones.

Agricultural management strategies are
evolving as well, and some are further con -
tributing to the increased flushing of nu -
trients into waterways. One interesting ex -
ample is the use of conservation tillage or
“no-till” as a replacement for conventional
tillage. This shift in practice was encour-
aged in part for environmental reasons:
namely, to reduce erosion from agricultur -
al ½elds. From the perspective of down-
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Table 1
Average Water Consumption for Producing Food Products

Average consumption incorporates often substantial regional differences due to climate and management. Source:
Arjen Y. Hoekstra and Ashok K. Chapagain, “Water Footprints of Nations: Water Use by People as a Function
of Their Consumption Pattern,” Water Resources Management 21 (2007): 35–48.

Food product       Water consumption (gal/lb)
Rice 356
Wheat 160
Corn 109
Soybeans 214
Sugar cane 21

Eggs 400
Milk 119
Cheese 589

Beef 1857
Pork 582
Sheep 736
Chicken 469



stream impacts, however, the results are
mixed. While erosion is decreased, conser -
vation tillage and no-till leave fertilizer on
the surface of the soil, thereby making it
more vulnerable to runoff in the event of
precipitation. In the case of tile drainage,
which removes excess water from the soil
(preventing it from harming crops), the
additional drainage also facilitates flush-
ing of nutrients from ½elds to waterways.

The environmental interests of inland
and coastal water bodies appear to be in -
creasingly at odds with the interests of the
agricultural system. That said, an antago-
nistic view of the situation is overly sim-
plistic. Ultimately, neither farmers nor ½sh
are interested in fertilizer ending up in
lakes rather than in ½elds. Identifying rem -
edies that recognize the central role of wa -
ter in agriculture (both in terms of water
supply for feeding crops and in terms of
downstream vulnerabilities), as well as the
complexity of nutrient delivery and im -
pacts to waterways, will require a systems
approach. Such an approach will need to
recognize that each change made to one
part of the system affects all other compo -
nents, and future changes in management
need to address not only the intended goals
but also other, often unintended concur-
rent consequences. This will be especially
important as demand for crops continues
to grow and concerns about food security
grow along with it.

At the global scale, water is at the focus
of a powerful multifaceted challenge, with
each water demand amplifying the dif½ -
culty of responding to the others. Together,
this water-energy-food-nature nexus can
create a perfect storm. All of these pres-
sures coexist in an environment in which
the human population is growing rapidly
not only in size, but also in wealth, demand
for energy, and demand for diets rich in
meat. In percentage terms, the rate of hu -
man population growth has fallen dramat -

ically over the last several decades, but the
human population is still growing by over
1.1 percent per year, meaning one million
new water consumers every ½ve days. Cli -
mate change is complicating the task of en -
suring water availability: it decreases avail -
 able supplies, degrades storage in snow -
pack and glaciers, and increases the frac-
tion of precipitation that comes in the
heaviest storms. Further, energy produc-
tion puts huge demands on water availa -
bility. While many of the demands of the
energy system, especially for cooling and
hydroelectric power, return the water to
the river, these uses still produce major en -
vironmental consequences. Consumptive
us es for fossil fuel extraction generate large
amounts of contaminated water that re -
quires disposal. And the production of
crops for biomass energy is a huge con-
sumer of water.

Where does all of this leave the needs of
nature? Over the last few decades, many
of the high-pro½le conflicts over water
have involved allocation disputes between
consumptive uses and instream flows
need ed to sustain rare or endangered spe -
cies. Instream flows, uncontaminated
lakes, and watersheds also provide a wide
range of valuable goods and services; thus,
allocating water for nature is about more
than just protecting ½sh. It is about protec -
ting the viability of Earth’s life support sys -
tem.
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Our body, like the surface of the earth, is more than
60 percent water. Ancient myths have always rec-
ognized the importance of water to our origins and
livelihood, frequently claiming that the world began
from a watery expanse.

Water in its various forms–as salty ocean water,
as sweet river water, or as rain–has played a major
role in human tales since our earliest myths were re -
corded in Egypt and Mesopotamia some ½ve thou-
sand years ago. Thus, in this essay we will look to -
ward both ancient and recent myths that deal with
these forms of water, and we will also consider what
influence the ready availability (or not) of water had
on the formation of our great and minor early civi-
lizations. 

Many of our oldest collections of myths introduce
the world as nothing but a vast salty ocean. The old -
est Indian text, the poetic Ṛgveda (circa 1200 BCE),
asserts: “In the beginning, darkness was hidden by
darkness; all this [world] was an unrecognizable
salty ocean [salila].”1 This phrase is frequently re -
peated by later Vedic texts with the mythic formula:
“In the beginning there was just the salty ocean.”

Mesopotamian mythology, in its Babylonian form,
differs somewhat: there was both salty wa ter and
sweet water, which mingled to produce the gods.

© 2015 by Michael Witzel
doi:10.1162/DAED_a_00338

Abstract: Water in its various forms–as salty ocean water, as sweet river water, or as rain–has played
a major role in human myths, from the hypothetical, reconstructed stories of our ancestral “African Eve”
to those recorded some ½ve thousand years ago by the early civilizations to the myriad myths told by
major and smaller religions today. With the advent of agriculture, the importance of access to water was
incorporated into the preexisting myths of hunter-gatherers. This is evident in myths of the ancient riverine
civilizations of Egypt, Mesopotamia, India, and China, as well as those of desert civilizations of the Pueblo
or Arab populations.
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“When on high heaven had not been
named . . . Nought but primordial Apsu [the
watery abyss], their begetter, and Mummu-
Tiamat, she who bore them all, their wa -
ters, commingling as a single body . . . then
it was that the gods were formed within
them.”2

Ancient Maya mythology, as recorded
in the sixteenth-century Popol Vuh, reflects
the same concept: “Only the sky alone is
there . . . Only the sea alone is pooled un -
der all the sky. . . . Whatever there is that
might be is simply not there: only the
pooled water only the calm sea, only it
alone is pooled.”3

Or, according to the ½rst chapter of the
Hebrew Bible: “In the beginning the gods4

created heaven and earth . . . and the spirit
[ruah] of the gods5 hovered over water.”
The Christian King James Bible revised this
to read: “In the beginning God created
the heaven and the earth. . . . And the spir-
it of God moved upon the face of the wa -
ters.”

In ancient Egypt, in the book of over-
throwing the dragon of the deep, Apophis,6
the “Lord of All,” explains, “I am he who
came into being as Khepri . . . I was . . . in the
Watery Abyss. I found no place to stand.”
Here and in the Biblical case, one or more
deities predate the actual act of creation,
a characteristic shared with other creation
mythologies, such as with the Winnebago
of Wisconsin: “Our father . . . began to
think what he should do and ½nally began
to cry and tears began to flow and fall down
below him . . . his tears . . . formed the pres-
ent waters.”7

Other Native American peoples agree,
though not on all details. The Maidu of
Cal ifornia, employing a motif that also
appears in Siberian mythology, state: “In
the beginning . . . all was dark, and every-
where there was only water. A raft came
floating . . . in it were two persons.”8 In all
these examples, which primarily originate
from north of the equator, the initial stage

of a primordial ocean (or void) is followed
by stages that lead to the emergence of
the inhabitable world and ½nally the ½rst
humans.

The myths of sub-Saharan Africa (and
Australia) are structured differently from
those mentioned in that they stress fore-
most the origins of humans, not of the
world.9 Even then, rather exceptionally,
the Boshongo in the Luanda area of Angola
let the world begin with water and a preex -
isting deity: “In the beginning, in the dark,
there was nothing but water. And Bumba
was alone . . . he vomited the sun.”10

Clearly, distinct from such concepts as
pri mordial chaos (Greece) or darkness
(Poly nesia), the concept of water pervades
many ancient and recent creation mythol -
ogies. Questioning the universality of why
leads to psychology and, perhaps, to Jung -
ian archetypes, though we cannot here
ex plore the psychic origins of myths,
whether due to universal characteristics
of the mind or other human factors. Eth-
nologist Leo Frobenius and anthropologist
Hermann Baumann pointed toward other
explanations: namely, the spread of many
myths by diffusion from an ancient cen-
ter. More likely still is the development of
our original myths (of the “African Eve”)
in East Africa, which then spread along the
shores of the Indian Ocean to Australia
and South China some sixty-½ve thousand
years ago, before ½nal ly expanding into the
rest of Eurasia and the Americas.11 Con-
sequently, all humans have a few myths in
common (though that is denied for “the-
oretical reasons” by scholars such as the
folklorist Alan Dundes). For example, the
flood myth is universal: it is found all over
Africa, Australia, Eurasia, and the Ameri -
cas. Further, both the southern and north -
ern versions of the myths share the com-
mon theme of shamanism, which is part
and parcel of many smaller local and major
religions to this day.
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As the Mesopotamian example indi-
cates, there is an important distinction be -
tween sweet water and salty water.12 Sweet
water is obviously more important for
the sustenance of humans; thus, from the
Ṛgveda onward, the ancient Indian texts
praise the flowing sweet waters but not
stag nant ponds (“tanks”).13 Indian texts
re gard rivers as goddesses, and the term
“inviolate ladies” refers to their bene½cial
waters (which are believed to carry milk
for women and semen for men). In Indian
mythology, the cakravāka bird actually dis -
tinguishes between their water and milk. 

Rivers are also invoked as sources of
heal ing. Closely related is the ancient In -
dian and Iranian (Zoroastrian) idea of the
river goddess Sarasvatī, “she who has many
ponds.” Sarasvatī is the modern Helmand
River in Southern Afghanistan, which has
given its name (Haraxvaitī) to the ancient
province of Arachosia. It swells in spring
after the snow melt, while the Sarsuti, its
Indian counterpart northwest of Delhi,
swells in the monsoon sea son. Haraxvaitī’s
rushing waters–or fur ther downstream,
its murmuring flows–gave rise to the be -
lief that Sarasvatī is the goddess of speech
and poetry. Indeed, almost all Indian riv -
ers are regarded as female, with the major
exception of the male Indus (Sindhu; Greek
Indos), who has given his name to the sub -
continent.14

Female river names, usually ending in a,
are found throughout the regions of the
Indo-European language family, from
Iceland to Bengal: the Seine (Sequana),
Thames (Tamesis), the Central European
Elbe (Albis), Weser (Visara), Saale (Sala),
Wistla/Weichsel (Vistula), and the Vltava/
Moldau (Czech Republic), Drava (Slove-
nia; or Drau in Austria), Drina (Bosnia),
Vol ga (Russia), and Gaṅgā/Ganges (India)
are all feminine.

There are, however, quite a few male
Indo-European river exceptions, such as
the Rhône (Rhodanus), Rhein (Rhenus),

Dan ube (Danubius; now feminine as Donau
or Dunarea), Tiber/Tevere (Tiberis), Po
(Padus), as well as the Ebro, Tejo/Tajo, and
Brahmaputra (India). Closer to home, we
have the Ol’ Man River, the Mississippi,
the Rio Grande, and the Colorado.

The mythical cleansing power of rivers
is perhaps best demonstrated by the
bathing festival Kumbh Melā, in which
millions of Hindu pilgrims assemble every
twelve years at the confluence of the
Ganges and Jumna rivers with the myth -
ical, underground Sarasvatī at Allahabad
(Prayāga).15 The purifying bath delivers
people from their karma and allows them
to go to heaven after death. This belief has
a long prehistory: taking a bath at certain
confluences is followed by a march up -
stream toward the “world tree” situated in
the lower Himalayas.16 The pilgrims be -
lieve that at the meeting point of the river
and the sky, one can climb up to heaven.
As a result of these beliefs, a bath at any
confluence of two rivers (triveṇī) is regard-
ed as sacred and salvi½c. 

Reality obviously differs considerably.
By now the Jumna is virtually a sewer due
to the untreated waters of Delhi and
other big towns upstream. The Ganges has
not fared much better. Its river dolphins
are fast disappearing, and the organized
“clean-up campaigns” have not had much
success. Nevertheless, local folklore about
the Ganges’ cleanliness persists: the river
“cleans itself” in spite of all its garbage,
sewage, and half-cremated dead bodies. In
fact, people not only bathe in the river, they
also collect it to carry home over long dis-
tances; some habitually drink it. Such is
the power of myth.

Water is used as a spiritual cleansing
agent in diverse traditions inside and out-
side India, effectively blurring the bound-
ary between cleaning and cleansing.17 In
Japan, upon entering a Shintō shrine, vis-
itors must cleanse themselves with water;
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and Islam dictates that adherents wash
their hands, faces, feet, and parts of their
head before prayer in an act called Wuḍū.18

Washing hands for puri½cation was also
common among the Greeks and Romans,
and Pontius Pilate famously did the same
in an attempt to remove himself from
Christ’s death.19

In ancient Israel, too, water was used
for various types of puri½cation, including
the consecration of Levites and before
priests approached the altar.20 Individu-
als puri½ed themselves from guilt by
washing hands and giving offerings. The
cleansing and salvi½c force of water is also
obvious in the Christian rite of baptism,
irrespective of how much water is used
(complete submergence in a natural body
of water versus a gentle blessing of holy
water). Baptism places the baptized on a
path toward heaven, just like the Indian
bath at the Kumbh Melā.

Rain is welcomed in traditions world-
wide, especially those rooted outside of
colder and temperate climates. Innumer-
able prayers and rituals are performed to
attract rain–an essential source of water
for drinking and agriculture–to areas that
do not receive regular precipitation, such
as the Mediterranean winter rains, but in -
stead depend on unpredictable precipita-
tion, like the summer monsoons in India,
Southern China, or Japan.

Similarly, the Hopi, living in the desert
of Northern Arizona, depend on the spotty
summer monsoon and on winter snow
for the success of their crops of corn and
beans. They therefore invite many of the
roughly two hundred Katsina spirits from
the nearby snowy mountains to bring rain.
Secret rituals are performed in under-
ground sacred chambers (kiva), while
dances–with humans impersonating the
Katsina–are performed outside. 

In India and Nepal, priests perform var -
ious rituals and help stage great monsoon

festivals to ensure the timely beginning
and end of the rainy season, on which the
rice crops depend. The Jagannātha Festi-
val at Puri in Eastern India is one famous
example, featuring a giant “juggernaut”
chariot carrying Hindu deities through
town. In the Kathmandu Valley, there are
two large, historically multilayered chariot
festivals: the Indra Jātrā and the Macchen -
dranāth Jātrā, both of which are celebrat-
ed to stop excessive rain. Furthermore,
the divine Nāgas–moisture loving, snake-
like, and shape-shifting beings–have their
own festival at the onset of the rainy sea-
son, announced by the ritual of humans
pasting an image of the Nāgas above their
front door. There are folklore practices as
well, such as burying a clay image of a rain-
loving frog in a newly dug up rice ½eld (to
deliver rains).21 The connection between
monsoon rain and revitalized frogs can be
traced back to the oldest Indian text, the
Ṛgveda.22 And should the rains fail, a village
may send naked women out into its streets
to dance and entice Indra, the god of rain.

Similar customs were observed just one
hundred years ago along the river Rhine, in
Serbia and Greece: a small naked girl was
led into a river and hit with twigs. Or in
Tyrol, Austria, young women caught on the
road could have water poured over them
to induce rain. The same idea may underlie
the famous water festivals of Bur ma, Thai -
land, and Yunnan, which are carried out
at the height of the hot season before the
monsoon. Buckets of water are poured on
passers-by, especially by young men chas -
ing young women; or showers from a
stand pipe are splashed on onlookers.

An ancient Iranian text contained in
the Avesta provides a dramatic account of
how the star Sirius (Tištriia) ½ghts with his
opponent Apaoša23 at the mythical lake
Vourukaša until fog and clouds rise and rain
covers all “seven parts of the earth.”24

The many “methods” used to attract rain
are all based on the shared belief that
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similar actions result in similar outcomes
(sympathetic magic). In some parts of
India, such as in Maharashtra, one cere-
moniously “marries” two frogs to stop a
drought and induce rain.25 At least since
the early eleventh century in parts of
Europe and Algeria, humans or animals
are ceremoniously dunked in rivers and
ponds to attract rain. In many traditions,
rain is regarded as the tears of deities: the
Maori of New Zealand believe Heaven
cried after he was pushed up and forever
separated from his wife, the Earth.26 In
early India, however, rain was divine urine. 

In many areas of the Greater Near East,
the weather god–similar to the thunderer
Zeus and the Indian rain god Indra with
his troupe, the Marut–was regarded as the
dominant deity. Memories of this pagan
incarnation persevere: the Icelandic Thor
is commemorated every Thursday (Thor’s
day) or the German Donners-tag (day of
Thunder).

Because deities tend to live on moun-
tains, pilgrims may travel to the mountains
from great distances to ask for rain. If mak-
ing the request directly to a deity is not an
option, there are alternatives: the newly
introduced Tantric Buddhism in eighth-
century Japan allowed for religious rituals
to be performed for the emperor in a peri-
od of drought. Across the East China Sea,
the Chinese thunder god Lei-shih was a sig -
ni½cant deity, more so than, for example,
the river God Ho po of the Huang He (the
Yellow River).27

The rainbow–prominently connected
with rain–also plays a great role in vari-
ous mythologies. In ancient India, and still
with the pagan Kalasha people who live
on the border east of Afghanistan, the
rainbow is regarded as the bow (Indra-
dyumna; Indron) of the great warrior and
rain god Indra. 

According to common European folk-
lore, either treasure or a dragon–the mon -

strous reptile guarding hidden treasure–
awaits visitors at the end of a rainbow. The
rainbow can also function as a bridge be -
tween heaven and earth, such as in South -
ern Germany, in the Icelandic Edda, or in
Japan. The Roma (Gypsies), originally from
Northwestern India, believe that at Pente -
cost, it is possible to mount the rainbow and
ascend to heaven, a belief that echoes the
old Indian concept of reaching heaven by
traveling upstream along certain riv ers.28

In much of the Southern Hemisphere,
the rainbow is viewed as a serpent. In Aus -
tralian Aboriginal mythology, the rainbow
is the primordial mother deity that gives
birth to the totem animal-like ancestors
of humans, who roamed the continent in
“dream time” before sinking back into eter -
 nal slumber beneath the surface. 

Some of the world’s early civilizations
arose on major rivers, such as in Egypt,
Iraq, China, and the Indus Valley, while
other early civilizations developed apart
from major rivers, such as in Greece, Iran,
Japan, Mesoamerica, and the Andes. This
division obviously depends on particular
geographical conditions. The riverine civ -
i lizations made use of the perennial water
supply of the Nile, Tigris-Euphrates, Indus,
and Huang He. Other Neolithic peoples
invented schemes to harness river waters
for irrigation. These civilizations devel-
oped ingenious means–such as surpris-
ingly complex irrigation networks that ter -
raced and distributed small streams–to
harvest the much less abundant local wa -
ter resources. This is evident in the long,
underground canals (qanat) of Iran; in the
sharing water schemes for rice agricul-
ture in the Himalayan hills, the Philippines,
Java, or Japan; or in the remarkable irriga-
tion channels of Peru that have endured
since the Incas. Along the Salt and Gila riv -
ers of Arizona we ½nd the massive irriga-
tion schemes of the Hohokam civilization,
abandoned around 1450 CE after some
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twenty-½ve years of drought (a similar
drought-induced decline hit the Anasazi
peoples of Northern Arizona).

In their mythologies, these varied civi-
lizations all share a close link with the
divine sources of water. An old Egyptian
hymn addresses the Nile: “Greetings to
you, O Waters that Shu [air] has brought 
. . . in which the earth [Geb] will bathe its
limbs! Now hearts can lose their fear.” The
Nile spirit announces: “I am . . . the pro -
vider of the ½elds with plenty,” to which
the gods answer: “There was no happiness
until you came down! . . . ‘Canal of happi-
ness’ will be the name of this canal as it
floods the ½elds with plenty.”29 A special
god, Hapy, controlled the annual flooding
of the River Nile, which is caused by rains
in the Ethiopian Highlands. 

Similarly, rain, flooding, and irrigation
played various major roles in ancient
Mesopotamia. Outside of Egypt, irrigation
was necessary: rainfall and subsequent
flooding was insuf½cient for agriculture.30

Thus, Sumerian texts quote the major deity
“Enki, the King of the Abzu [watery abyss]”
who authoritatively states: “I am he who
has been born as the ½rst son of the holy
An [one of the two leading deities] . . .
When I approached high heaven a rain of
prosperity poured out from heaven, when I
approached the earth, there was a high
flood.”31 Enki “½lled the Tigris with fresh,
life-giving water,” and to make both rivers
function, he appointed the god Enbilulu as
“canal inspector.”32 The myth expresses
this in striking terms: “He stood up proud -
ly like a rampaging bull, he lifts his penis,
ejaculates, ½lled the Tigris with sparkling
water. . . . The water he brought is spar -
kling water, its ‘wine’ tastes sweet.” And
the texts rejoice: “the inundation of Enlil
has come, the Land is restored.”

In South Asia, the “river hymn” of the
Ṛgveda praises the “three times seven” riv -
ers of Eastern Afghanistan and the Punjab,
but singles out the Indus River (Sindhu)33 as

the mightiest river: “ahead of all streams,
the Sindhu overtakes them by his might”;
it is “the best flowing one of the rivers,
white-streamed.”34 All other rivers “rush
towards it like mothers to their young,
like cows,” while the Sindhu “moves like a
bellowing bull . . . its noise stretches across
the earth up toward heaven.” 

This praise is in addition to that of the
aforementioned half-mythical Sarasvatī.
Her name signi½es two rivers in Southern
Afghanistan and in Eastern Punjab, now
the Helmand (the ancient Haraxvaitī) and
the almost disappeared Indian Sarsuti
(Ghagghar). The Sarasvatī, too, is praised
in the Ṛgveda as a mighty river, and is later
on connected with the myth of the heav -
enly and mundane river Gaṅgā (Ganges).
The heavenly Gaṅgā, the Milky Way, ½rst
fell on the Great God Śiva’s head before
reaching earth as the Ganges, which is de -
picted in a famous rock sculpture at Ma -
habalipuram in Southern India. Thus, just
as the pilgrimage upstream the Sarasva -
tī leads to the world tree in the lower
Himalayas–and from there to heaven–so,
too, does the pilgrimage and bath during
the Kumbh Melā at the Allahabad conflu-
ence of the Ganges and the Jamna (Yamu -
nā), where the Sarasvatī–“flowing under -
ground” from its disappearance in the des -
erts of Southwestern Punjab–joins them
as the third “braid” (triveṇī). 

In China, the Yellow River is regarded as
potentially dangerous (like the Egyptian
and Mesopotamian rivers), and it has jus -
ti½ed its reputation as recently as the 1850s
and 1930s, when it completely changed its
course, leading to the deaths of millions.
Thus, the fearsome river is the target of
prayer. In Chinese origin myths, one of
the major deeds of the second “emperor”
Nuwa, an early mythical deity, was to kill
the Black Dragon and to tame the river’s
flood waters.35 Nuwa collected reed ashes
and built river dams, letting the flood flow
out through gorges to the eastern abyss.
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Beyond Nuwa, there are a number of mi -
nor river goddesses in Chinese mythology,
such as the goddess Fufei, the deity of the
river Lo, along which the early capital Lo -
yang was built. 

In contrast to these riverine civilizations,
the “desert religions,” such as Zoroastri-
anism or Islam, extol the water of “life
giving” springs and the resulting green
oases. Around 1000 BCE, the monotheistic
religion of Zarathustra (Zaraϑuštra) devel -
oped in the desert borderlands of Turk-
menistan, Afghanistan, and Iran, in which
there are only a few perennial rivers. Zo -
roaster’s society was dominated by pas-
toralism, with some limited agriculture.36

The later Zoroastrian texts (Avesta), which
were largely composed in the arid lands
of Bactria and Arachosia, are rightfully
much concerned with water: they men-
tion several deep, broad lakes37 and rush-
ing rivers38 alongside the mythical rivers
(Ārəduuī, Daitiiā) and lakes (Vourukaša,
Pūitika, Pišinah). One Arachosian text gives
a geographic account of the Helmand and
the other rivers flowing into the lake
Hamun; all of which could be used for
irrigation.39 The text warns, however, to
look out for the sometimes devastating
floods “at the end of winter” that can hit
villages and spread through channels and
underground canals.40

Islam, too, was ½rst situated in the desert
regions of Western Saudi Arabia, in a pre-
dominantly pastoral society with some
trading towns, including Mecca and Medi-
na. By de½nition, nomads look at oases and
towns “from the outside,” though they rely
on their perennial springs for their ani-
mals. Thus, it is no wonder that the green
of the oasis has become the favorite color
of Islam, so much so that Muammar
Gadda½’s Great Socialist People’s Libyan
Arab Jamahiriya chose an unadorned green
rectangle for its national flag (Gadda½ also
published his political theories in The Green

Book); Saudi Arabia uses the same uniform
green for its flag, adding only a sword and
the Islamic declaration of faith.

Much of this is also found in the Hebrew
Torah and the Christian Bible, with their
frequent references to deserts and waste-
lands41 and the search for water: for ex -
ample, Moses’s water miracle when the
Israelites wandered in the Sinai desert for
forty years,42 or a recluse’s stay in the des -
ert (often of forty days): such as that of
John the Baptist in the mountainous wil -
derness of Judea while baptizing people
in the River Jordan, by Moses while fast-
ing for forty days, or by Jesus who also
fasted for forty days in the wilderness.43

In the myths of Sumer, Egypt, India, Chi -
na, Japan, the Torah, and the Christian Bi -
ble, to those of modern populations across
the globe, water is a central, critical force.
As we have seen, this is in part due to the
various individual ecological conditions
encountered by the ancient civilizations,
especially since the beginning of food pro-
duction some ten thousand years ago. The
early civilizations were in need of a reliable
supply of water for their crops, by rain or
irrigation, and hence stressed the impor-
tance of river or rainstorm de ities. How-
ever, ready access to water was imperative
even for our earliest human an cestors, and
thus, water myths persevered through their
descendants, whether hun ter-gatherers or
agriculturalists, all over the globe.

Water was and still is predominant in
creation myths and their connected rituals,
underlining the close relationship of myth -
ological traditions with their immediate
en vironment. While many of us today may
not observe the same direct, spiritual con -
nection with water, depending on our in -
dustrial water supply, we still worship
water when we–as the great comic George
Carlin used to say–satisfy the great Amer-
ican fetish of carrying with us our own
water bottles wherever we go.
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The relationship of people to water is and has al -
ways been complex and contradictory. Ancient civ-
ilizations developed alongside rivers because of the
services abundant and easily accessible water pro-
vided (such as irrigation, potable water, and trans-
portation). Yet proximity to ½ckle rivers also meant
that these civilizations were vulnerable to floods,
droughts, and changing river courses. The challenge
for civilizations both ancient and contemporary has
been to confront this Faustian bargain and ½nd bal-
ance–between too little and too much water on the
one hand and between the ½nancial and environ-
mental costs and bene½ts of manipulating rivers,
lakes, and aquifers on the other. 

This essay addresses three contemporary aspects of
this age-old quest. First, it describes what is meant
by water security and outlines which aspects of wa -
ter security keep forward-looking leaders awake at
night. Second, the essay describes some successful
efforts to manage the two ends of the water-security
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Abstract: This essay de½nes the concept of water security and explores the implications of the eternal pur-
suit of it. I will describe how water security is perceived by wealthy and by poorer nations, the tensions that
arise from these differing views, and how these tensions are being resolved in a world in which the geography
of economics and power is changing rapidly. I outline a few iconic cases of how societies have built institu -
tions and infrastructure to deal with both floods and droughts. The essay assesses the effects of changes in
climate and land use systems, and the differing reactions to the new perception of “nonstationarity”: the
idea that these systems are less predictable than they have historically been. The essay concludes with some
reflections on the challenges of educating young people seized with passion for the issues of their generation
but who may have dif½culty taking a long view of water security. Many have been taught about the envi-
ronmental ravages wrought by water infrastructure, but few understand how these same infrastructure and
institutions underpin the water security that the United States has achieved.1 Similarly, we teach the next
generation too little about the remarkable contributions of “thinking practitioners”: experts who are also
involved in policy-making and planning–whose work underpins the food, water, and energy security of
their societies.



spectrum: droughts and floods. The essay
concludes with some observations on the
challenges that face policy-makers, scien -
tists, and citizens in moving forward.

There are a few major concepts implicit
in the idea of water security and its im -
plementation challenges. First, water secu -
rity is rooted in water’s contribution to
the “good life.” An adequate sup ply of wa -
ter of reasonable reliability and quality–
for people, industry, agriculture, and ener-
gy–is essential for the well-being of soci-
eties. Second is the “Goldilocks” concept:
that is, societies need just the right amount
of water–not too little (few periods of
scarcity) or too much (few pe riods of in -
undation). Third is the concept that build -
ing the institutions and infrastructure to
provide water security in volves ½nancial
and environmental trade offs. Fourth and
½nally is the idea that con text matters:
peo ple and governments choose to situ-
ate themselves at different points on the
“risk/cost curve” depending on levels of
development and social values. 

According to the vast outpourings of the
catastrophe-prediction industry, there is
no end to the list of risks that threaten civi -
lization and society today. However, issues
of water security have moved up the prior -
ity lists for even the most sober prognos-
ticators; three examples are worth men-
tioning.

The ½rst is the national security estab-
lishment. One decade ago, the cogitations
of national security bodies were largely
con cerned with two issues: nuclear pro-
liferation and terrorism. Today, there is
broad agreement that a range of environ-
mental issues constitutes a third strand and
that water looms large in these concerns.
For example, in 2012, the U.S. National In -
telligence Council produced a major report
on the global trends that would frame “the
alternative worlds of 2030.”2 One of these
four dominant global trends was the water-

energy-food nexus, and the Council sug-
gested that “water may become a more sig -
ni½cant source of contention than energy
or minerals . . . at both the intrastate and
interstate levels.” 

The business community also expresses
growing concern about water-related is -
sues. Again, a decade ago, water would
have been barely mentioned in the halls of
Davos, the home of the World Economic
Forum (wef). The most recent wef sur-
vey of global business leaders, however,
shows that of the hundreds of identi½ed
risks to the global economy, not one has a
higher combination of “likelihood” and
“im pact” than water.3

The third group expressing concern is
citi zens, as revealed in Globescan’s annual
surveys of citizens in Brazil, Canada, Chi -
na, France, Germany, India, Indonesia,
Mex ico, Nigeria, Turkey, the United King-
dom, and the United States. For every year
since 2008, “shortages of freshwater” have
been the highest-ranked environmental
con cern, above water pollution, depletion
of natural resources, air pollution, loss of
biodiversity, climate change, and automo-
bile emissions (in descending order ac -
cord  ing to the most recent poll).4

Perceptions about challenges are strik-
ingly different among different groups of
experts. As a former World Bank employee
and as a university professor, I have been
exposed to the perspective of elites in the
most prosperous countries in the world (a
group that economist Thomas Sowell has
tellingly called “the anointed”).5 As part of
the many talks I am privileged to give on
water, I often give the (mostly highly edu -
cated and rich) audience members “click-
ers” to gauge their views on water-related
problems and their solutions. These polls
produce some telling results. People in rich
countries believe that about 70 percent of
people in the world do not have access to
an adequate supply of drinking water, but
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in fact the proportion (as shown in the
latest global survey conducted by unicef

and the World Health Organization) is on -
ly 11 percent.6 In terms of solutions, the
vast majority of aid money going to water-
related causes (from philanthropies in -
cluding the Gates Foundation and thou-
sands of smaller charities, and from aid
agen cies such as the World Bank and
usaid) is used to “provide water to the un -
served.”7

While leaders in the developed world
tend to view water as a matter of charity
and an issue to be addressed only when it
reaches the status of an emergency, leaders
in the developing world have a sharply dif -
fering perspective. It is these leaders of the
major “emerging markets” (such as China,
Indonesia, India, Mexico, and Brazil) who
have been responsible for the remarkable
decline in poverty over the past twenty
years (from global levels of over 50 percent
to under 20 percent). As part of this broad-
based progress, water services to the poor
have improved dramatically. According
to unicef/who ½gures, every day for the
past twenty years over 280,000 people 
on average moved from “unserved” to 
“served.”8 While the leaders of the rapidly
growing emerging-market countries are
re sponsible for most of the global success
in improved access to water, they see “wa -
ter supply for the poor” as one element of a
broad-based economic advancement pro -
g ram. They do not treat the social problem
(as do “the anointed” in rich countries);
they search for underlying economic so -
lutions. 

What challenges do developing coun-
tries face in providing reasonable levels of
water security to their populations? First
is the simple fact of the hydrological start-
ing point. In the United States, for exam-
ple, development started in the Northeast,
where hydrology was favorable: not too
much or too little rain; and abundant water
for supply to factories and people, to di -

lute wastes, to generate cheap hydropow-
er, and to transport goods to market cheap-
ly via shipment on boats. Under such cir-
cumstances it was easy and cheap to build
a water platform for economic and social
growth. The ½nancial capital accrued
through this “easy hydrology” was subse-
quently used to ½nance the major works
(such as the Hoover Dam) necessary to
serve the parts of the country where hy -
drology was much less favorable. Similar
processes drove the developmental history
of most wealthy nations; a few ½gures give
the general picture. Wealthy countries have
developed over 80 percent of their eco nom -
ically viable hydroelectric potential; in arid
areas (such as the Colorado Riv er ba sin in
the United States or Murray-Darling Basin
in Australia) they have built reservoirs that
can store about a thousand days of aver-
age flow to generate electricity and act as
buffers against floods and droughts.9

The situation in developing countries is
quite different. As a group, they often face
far more challenging hydrological condi-
tions than do now-wealthy countries:
great er intra- and interannual variability
and either too much or too little water.10

And developing countries have invested far
less in the water platform for growth. Com -
pared to the 80-percent level of rich coun-
tries, Asia and Latin America have devel-
oped 30 percent of their viable hydropower
respectively, and Africa has developed 10
percent. And compared to the thousand
days’ worth of water stored on the Colo -
rado or Murray-Darling rivers, the reserves
of water available in developing countries
are much more paltry; for example, there
is only a thirty-day supply of water stored
on the Indus River in arid Pakistan.11

Fifty years ago, the primary mission of
multilateral and bilateral aid agencies was
to help poor countries build the water (and
other) infrastructure deemed essential for
growth. The rise of the environmental
move ment in rich countries, however, was
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accompanied by a rise in activism against
the sorts of investments that had made
rich countries rich. This was due in part to
legitimate and important concerns with
social and environmental impacts of large
infrastructure projects. But it was also
fueled by an ahistorical paradigm that
scorned the same types of investments that
had been necessary to bring about the priv -
ilege those critics enjoyed. Activist ngos
in the Northern hemisphere focused heavi -
ly and productively on the otherwise large -
ly ignored business of aid. By the late 1990s,
however, most of the agencies that had
once funded water and other infrastruc-
ture in developing countries (including the
World Bank and the bilateral agencies of
the Unites States, Canada, and Europe) had
withdrawn from this business. 

This change created much tension on the
boards of institutions like the World Bank,
where emerging and poor countries pro -
tested about the hypocrisy of those who
came to have water, food, and energy se -
curity in part because of major infrastruc -
ture and yet deny similar opportunities to
countries in need. But as global econom-
ic geography has changed, so too have the
politics of multilateral agencies and the
suite of countries offering ½nancial assis-
tance. In 2003, the politics of withdrawal
at the World Bank came to a head: a con-
certed effort led by China, Brazil, and India
led to a turnaround in the form of a new
World Bank water policy recognizing the
strongly expressed needs of developing
coun tries and committing itself to reen-
gagement with “high-risk/high-reward”
in frastructure.12 Simultaneously, middle-
income countries not only continued to in -
vest heavily in their own major infrastruc -
ture, but became major funders of such in -
frastructure in the poorer parts of the de -
veloping world. The World Bank–even
with the new policy and with increasing
lending for infrastructure–½nances just a
handful of large dams around the world,

whereas China ½nances hundreds outside
its borders.

There is, then, a yawning gap between
the understanding of the anointed in
wealthy countries (who prescribe what
others should do) and leaders in develop-
ing countries (who have to live with the
con sequences). While the former worry
about the (rapidly declining) problem of
the unserved poor and shy away from high-
risk infrastructure projects, the latter focus
on longer-term solutions: namely, build-
ing infrastructure and institutions for deal-
ing with their (generally) dif½cult hydrol-
ogy and the still-unconquered problem of
national water security. Wen Jiabao, for-
mer Premier of China, worried that “water
shortages . . . threaten the very survival of
the Chinese nation,” and Montek Ahlu -
walia, Minister of Planning for India, sug -
gested that “India can envisage a solution
to the energy problem, but we do not know
how to solve the problem of provi ding the
water we need for people, industry, and ag -
riculture.” 

All successful efforts to enhance water
security involve the simultaneous and in -
tegrated development of infrastructure
and institutions, as the following two ex -
amples illustrate. The iconic contempo-
rary case for addressing water scarcity is
that of the Murray-Darling Basin in South -
east Australia. The core infrastructural
foun dation was built throughout the twen -
tieth century, the end result being a system
that used almost all of the available hydro -
power potential, and whose reservoirs
could hold several years of water in stor-
age. The core institutional foundation was
laid in the 1980s as part of a more general
push to restructure the Australian econo-
my around the principle of competition. A
core element of this restructuring was the
separation of water rights from land rights,
the conversion of existing water licenses
into tradable rights, and the creation of a
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strong set of incentives to facilitate trade
both within and between states. This sys-
tem was put through a severe stress test by
an unprecedented eight-year drought at
the beginning of the new millennium, and
it performed extraordinarily well. The core
driver of this success was that water had
quite different value in different end uses
(low for rice, high for grapes and fruits, and
high for cities and industry). As the supply
of water fell, prices rose. For a rice farmer,
it was now far more pro½table to lease his
water for a year to a high-water-value proj -
ect than it was to grow rice in a drought.
There were therefore massive, voluntary
transfers between low-value and high-
value agriculture and from the country to
the city. Remarkably, the bottom line was
that there was very little impact of gross
value added in agriculture (let alone the
economy as a whole) from a 70-percent re -
 duction in water availability.13 Several
other promising examples of the use of
mar kets in the Western United States are
discussed in Terry Anderson’s essay in this
issue.14

An iconic case of addressing flooding
comes from the lower Mississippi, where
water collected over almost half of the land
area of the United States is funneled down
into the Gulf of Mexico through Missis-
sippi and Louisiana. Following the found -
ing of the Mississippi River Commission
in 1879, there was a vigorous debate about
how to avoid catastrophic flooding in the
delta. Nature spoke in 1927 in the form of
a huge flood. Once it became apparent
that water could not be contained within
the extensive levee system, dikes were
breached to protect New Orleans (and
other areas where privileged and influen-
tial people lived). The result was anarchy
and widespread destruction, wreaked par -
ticularly on disenfranchised black commu -
nities.15 This taught the United States
some hard-learned lessons. Most funda -
men tal, it was evident that in “the big

flood” the Mississippi could not be con-
tained within the levees, and so the phi-
losophy of “making room for the river”
was born. In a remarkable process of com -
munity consultation, engagement, and
con sensual decision-making, two special
types of land areas were identi½ed. Flood-
ways function as alternative exits to the
Gulf of Mexico when water volumes ex -
ceed the carrying capacity of the main stem
of the river; and backwaters along the river
can store water when the river is at a high
stage, both replenishing aquifers and wet -
lands and catching and holding floodwa-
ters, which are then released slowly after
the flood crest has passed. Central to this
process was 1) identifying areas that could
occasionally be submerged without lasting
economic or social impact (such as  limiting
development of infrastructure and hous-
ing in these areas); and 2) awarding ex-ante
com pensation to the owners of this land.
The resulting Mississippi Rivers and Trib-
utaries Project, ½nanced by the federal gov -
ern ment and managed by the U.S. Army
Corps of Engineers, was built in an inte-
grated fashion and largely completed over
the sub sequent eighty years. The great
stress test came in 2011, when the valley
experienced a flood of even greater mag-
nitude than that of 1927. The outcome was
an ex traordinary triumph (all but ignored
by the disaster-hungry media). All excess
water went only to designated floodways
and backwaters; the area flooded was 60
percent less than that of the flood of 1927;
no major infrastructure was affected; and
the implementation process was–with
some exceptions–planned and consen-
sual, thanks to often-brilliant consensus-
build ing by the leadership of the Corps of
Engi neers.16

The broad lessons from these cases of
drought and flood are similar: the need to
walk on two legs (drawing on the support
of both infrastructure and institutions);
the importance of having a way to reveal
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the opportunity cost of a shortage or ex -
cess of water; the reliance on voluntary
processes for reallocation of water; and the
emphasis on avoiding government con -
½scation of land.

Finally, to those who live in the Murray-
Darling or Mississippi basins, the above
de scriptions will appear to be Panglossian
or naive despite these systems’ success
over all. In his study on the history of water
and the state in Germany over four cen-
turies, historian David Blackbourn shows
how “½nal solutions” to the water problem
are illusory: solutions are merely “provi-
sional.”17 So it is, too, in the Murray-Dar-
ling and Mississippi, where major chal-
lenges continue to arise, either because
they are actually new or because changed
social values have given them new visibil-
ity. Australia is now negotiating a complex
and much-contested process for determin -
ing an optimal balance between human
bene½t and environmental impact; and the
Mississippi basin faces great challenges in
maintaining an aging infrastructure while
simultaneously addressing the challenges
of coastal degradation (to which the dams
and dikes contribute) and of the transport
of phosphorus and other agrochemicals
from the agricultural heartland into a large
dead zone in the Gulf of Mexico.

The primary challenge of water security
is and always has been dealing with the
tails of the hydrograph (droughts and
floods). What of the bold claim of a group
of hydrologists that climate change means
“the end of stationarity,” or the end of our
ability to accurately anticipate water-relat-
ed events?18

First, it is true that hydrologists have
long used often quite short “historic rec -
ords” as substitutes for longer-term rec -
ords on which they would prefer to base
their planning. But hydrologists have also
been clear that short records are still the
best basis for long-term projections, re -

gardless of their limitations. From the few
existing long-term records and from re -
constructed records (often based on mea -
surements of tree rings), however, it has
long been clear that climate has never
been stationary, but subject to short- and
long-term variability. The Colorado River
is one interesting study. In the early twen -
tieth century, the Colorado Compact based
its allocations on one half-century of rec -
ords of river flows, which suggested that
there were about seventeen million acre
feet of water to allocate. Flows in recent
dec ades have been only about thirteen mil-
lion acre feet. Paleontological reconstruc-
tion of seven hundred years of records
shows that there have been many shifts in
runoff patterns, and that, in fact, the un -
usual period is not the last hundred years,
but the unusually wet half-century before
the signing of the Compact.

Second, it is important to recognize that
climate models are just that–models–and
not reality, despite the seemingly precise
maps and graphs they produce. My own
en gagement with detailed climate models
of the Amazon shows that even the most
credible models seldom produce credible
data on critical variables (including basic
realities such as the timing and distribution
of rainfall).

Third, many changes beyond the climate
are affecting the stationarity of water. For
example, work I was involved in in the Pa -
raná River in Brazil showed that land-use
changes in recent decades not only have a
much bigger effect than climate change,
but also induce changes in the opposite di -
rection from precipitation changes.19

Fourth, a single-minded focus on cli-
mate becomes counterproductive when it
crowds out attention to both known vari-
ability and other sources of nonstationar-
ity. For example, I have in recent years
worked extensively in Pakistan, where dev -
astating floods have always alternated with
devastating droughts.20 There is much
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un  certainty about the effects of climate
change on the Himalayas, with recent data
(from the Gravity Recovery and Climate
Experiment satellites, for instance21)
show ing a far more nuanced view than the
ipcc’s claim in 2007 that “the glaciers will
be gone by 2035”–an error that the orga -
nization corrected soon after it was made,
but which nonetheless continues to circu -
late in the media and in public discourse in
South Asia.22 Pakistan is swamped with
foreign experts pushing their own climate
models, but the obvious need is to walk
be fore trying to run: Pakistan must build
the infrastructure and institutions neces-
sary to deal with variability, starting with
known variability and eventually expand -
ing to plan for new sources of natural and
human-induced changes. If Pakistan and
its development partners were to follow
this course while keeping a watching brief
on climate science, it might more quickly
remedy its tragic water insecurity. 

The water glass, then, is both half-full and
half-empty. As one privileged to be educat -
ing the next generation, I see reasons for
both pessimism and hope. On the down-
side, young people who have grown up in
a society with established water security
(and the associated health, energy, and food
security) are inundated with the politically
correct but, in my opinion, mostly erro-
neous view that all water management in

the United States has been a disaster. When
they are exposed both to the reasoning be -
hind water management decisions (for ex -
ample, on the Mississippi) and to the chal -
lenges the future poses to water manage-
ment, their response is rarely to reject that
view but rather to ask, “How come no one
shared that perspective with us before?”23

Indeed, when I am able to engage students
with thinking practitioners–experts in -
volved in water-management policy–the
students are surprised that hands-on man-
agers are often doing quite well in much
more complex environments than those
addressed by academics and advocacy
groups! Pleased as I am with this, I still
encounter large numbers of students who
want to work on water and climate change
but show little interest in the maintenance
of the crumbling infrastructure that under -
pins their own water security.

In the meantime, as though on another
planet, the emerging economies of the
world are working on creating the knowl-
edge, institutions, and infrastructure to en -
hance their still-precarious water security.
Since they live in societies in which the
con sequences of insecurity of water, ener-
gy, and food reflect recent national expe-
rience, theirs is a more pragmatic and clear-
eyed view. Perhaps, in this changing world,
it will be they who are able to de½ne a new,
more balanced engagement with the great
challenge of building a water-secure world.
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Water is an important, dwindling resource. Water
and aquatic ecosystems support industry, agricul-
ture, outdoor recreation, aesthetic pleasure, aquatic
food sources, and livelihoods. Massive, expensive
efforts have been made to improve water quality
and “repair what has been impaired.”1 These ef forts
have led to some important gains, but water quality
is still poor in many rivers, lakes, and coastal oceans.
Runoff of soil, nutrients, and other chemicals from
agricultural, urban, and other lands is called non-
point source pollution. In contrast, point source
pollution comes directly from a pipe, such as at an
industrial or municipal facility. Runoff of phospho-
rus–also called nonpoint phosphorus pollution–
is a major cause of toxic algae blooms, oxygen de -
pletion, and ½sh kills in streams, lakes, and reser-
voirs.2 Why are we not making progress on nonpoint
source pollution in water quality? What are the chal -
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Abstract: Nonpoint source pollution is the runoff of pollutants (including soil and nutrients) from agri-
cultural, urban, and other lands (as opposed to point source pollution, which comes directly from one outlet).
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better understanding of existing scienti½c knowledge and act to protect public values in the face of
remaining scienti½c uncertainty. 



lenges of producing science to predict and
assess nonpoint management and policy
effectiveness, and of using this science in
management and political decisions?
Finally, what changes are needed to im -
prove water quality?

A major scienti½c enterprise is devoted
to producing scienti½c knowledge to in -
form nonpoint policy and management
through long-term monitoring, statistical
analysis, and modeling. But is scienti½c
knowledge actually reducing uncertainty
about the causes of water-quality impair-
ment and the effectiveness of control mea -
sures? Researchers are increasingly vocal
about the challenges facing nonpoint-
pollution science on sediment, phospho-
rus, nitrogen, and other pollutants.3 For
instance, it is well-established that end-
of-pipe mitigation of phosphorus im proves
water quality, but proving the ef fectiveness
of actions to control nonpoint-source
phosphorus is challenging. It is ex tremely
dif½cult to demonstrate causality when
con necting water-quality conditions to pol -
icies and the behaviors of agricultural and
urban residents. An increase in knowledge
and data has therefore not always trans-
lated to more effective policy. 

Once scienti½c knowledge is produced,
why is it so dif½cult to use it as evidence in
nonpoint pollution–related policy-mak-
ing and management? Science does not
de termine public interests and values, but
it can serve important purposes in policy-
making and resource management.4 It can
identify problems, prioritize the location
or type of interventions, identify the likely
effects of actions before they are taken (in -
 cluding anticipating unintended ef fects),
and evaluate the effects of actions after
they are taken.5 Science and society affect
each other deep ly.6 It is important to un der -
stand how sci enti½c evidence, models, un -
certainty, and risk enter into the decisions
of actors such as the Environmental Pro-
tection Agency (epa), county conserva-

tionists, farmers, ur ban homeowners, and
lake managers. We will illustrate how sci-
enti½c information has been created and
used to improve water quality in Wiscon-
sin’s Yahara Watershed, fo cusing on wa -
tershed nonpoint-pollution reduction and
in-lake biomanip ulation. 

Water pollution is typically viewed as
an externality that does not directly sub-
tract from the productivity of those re -
sponsible for the pollution, except indi-
rectly or through social limits. This means
that producers of pollution are not inher-
ently incentivized to remedy it; the issue
of assigning responsibility becomes even
more dif½cult with the diffuse nature of
nonpoint source pollution. The dif½cult is -
sue of nonpoint source pollution has led
to a proliferation of blended regulatory,
in centive, and collaborative efforts to en -
gage homeowners, municipal stormwater
systems, and farmers in reducing nu tri -
ent and sediment runoff.7

Building scienti½c evidence for nonpoint
pollution is long, slow, and scale-depend-
ent. Given the rapid changes taking place
in ecological and social systems, is the base -
line moving faster than we can learn? We
suggest that, in addition to science, po liti -
cal will and public val  ue should play a great -
er role in decision- making to improve en -
vironmental outcomes.

There are a number of dif½culties in her -
ent in producing knowledge about non-
point-  pollution control. First, a growing
number of studies from around the world
show that it is extremely dif½cult to de -
ter mine the ef½cacy of interventions aim -
ing to reduce nutrient runoff from wa ter -
sheds. In many cases, freshwater qual ity
has not been found to have recovered even
after decades of nutrient management,8
and the divergent explanations for lack of
suc cess reflect the complexity of water-
sheds as social-ecological systems.9 De -
spite the urgent need for management in -
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terventions to protect freshwaters, there is
a high level of uncertainty about the ef½ -
cacy of methods; indeed, there may be
fun da men tal limits to our knowledge of
this subject. It is not clear whether water-
shed man agement is making progress on
un cer tain ty; for now, the success or fail-
ure of policies may be a matter of luck rath -
 er than knowledge. For this reason, it is
im por tant to consider the barriers to the
production of knowledge about nu tri ent
pol icy and man agement and the op  por tu -
nities to im prove scienti½c under stand ing
in this area. We will explore the reasons for
the dif½cul ty of demonstrating causal ef -
fects of nu trient-management pol icies in
large water sheds, including: long time lags
between intervention and response, spa-
tial hetero geneity (that is, a solution that
works in one site may not work in an -
other), simultaneous changes in multiple
pollution driv ers, and lack of monitoring.

Nonpoint pollution–management pro-
grams involve large areas with multiple
nutrient sources; many individual land
managers; spatially heterogeneous topog -
raphy, soils, and ecosystems; and diverse
streams and lakes. Speci½c practices for
ameliorating pollution–such as buffer
strips, cover crops, tillage practices, and
wetland restoration–are usually tested on
relatively homogenous sites at scales of a
few hectares for a few years. While these
methods are effective in short-term, small-
 scale ½eld trials, little is known about how
they scale up to whole watersheds.10 At
the watershed scale, new sources or sinks
for phosphorus and new interactions
along flowpaths could emerge and lead to
surprising outcomes. It is plausible that
spatial interactions (such as movement of
soil from one area to another) contribute
to the observed failures of large-scale non -
point-pollution management.

Interventions to mitigate nutrient inputs
also have delayed effects because of the
slow response of nutrients in the environ -

ment.11 Time lags ranging from one to
more than ½fty years have been measured
between the initiation of a management
intervention and the observation of an
environmental response.12 Projections es -
timate that interventions to cut off phos-
phorus fertilization of soil will take two
hundred and ½fty years to produce a new,
low-phosphorus equilibrium in the agricul -
tural lands of a Wisconsin watershed.13

In a diverse set of watersheds, re sponse
times for nutrient interventions ranged
from less than one year to more than one
thousand.14 Such long time lags pose ser -
ious dif½culties for scienti½c in ference and
for sustaining the engagement of the pub -
lic and policy-makers.

Furthermore, many factors that affect
water quality change simultaneously. For
example, precipitation, land use, agricul-
tural management practices, and ecologi-
cal characteristics of lakes and streams are
always changing.15 Effects of management
interventions to improve water quality
must be discerned against this background
of multiple changing drivers, each of
which affects water quality. The lengthy
response time of the environment com-
pounds this dif½culty. Ecosystem scientists
generally employ an array of ap proaches,
including observing paired reference eco -
systems, to distinguish between the effect
of the intervention and that of other
changing drivers.16 However, these tools
of inference are rarely applied to non point
pollution–management programs.

Lack of monitoring is a common defect
in nonpoint pollution–control programs.
Without before-and-after observations
of nutrient loads and water quality, it is
impossible to determine an intervention’s
effectiveness in reducing nutrient runoff.
Because of the previously mentioned long
time lags, monitoring must be sustained
for years or decades. The monitoring of
nonpoint-pollution projects rarely employs
reference watersheds, which are common -
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ly used in ecosystem experiments. Refer-
ence ecosystems help separate the effects
of other simultaneous changes from the
effects of the intervention. Two neighbor -
ing watersheds, one mitigated and the oth -
er not, may have similar biogeochemical
and hydrological characteristics and ex -
perience the same weather, but only the
mitigated watershed should show ef fects
of nutrient management. If it be comes
clear the actions are working, then the ref -
erence watershed can also be managed. 

Nonpoint control programs are some-
times evaluated by enumerating the num -
ber and size of conservation practices
established instead of the nutrient char-
acteristics of lakes and streams. While the
number of conservation practices is im -
portant, reaching target nutrient loads and
water quality is the ultimate goal. These
metrics of water quality must be meas-
ured before and after the installation of
the mitigation practices in order to evalu-
ate the effects of the program.

How, then, should nonpoint pollution
be addressed? Decision-makers and the
public should expect slow responses and
high uncertainty. Nonpoint-pollution
man agement plans will be easier to ex -
plain if they include explicit plans for
mea suring and managing uncertainty.
Sustained monitoring that includes mea -
surements of nutrient outcomes is essen-
tial. Simultaneous monitoring of multiple
subwatersheds (including a reference sub -
watershed) can reduce uncertainty by
accounting for the effects of changes in
weather, agricultural production, and de -
velopment. 

Policies for nonpoint-pollution manage -
ment assume that outcomes will be pre-
dictable.17 Models used for nonpoint-pol-
lution planning tend to be complex com-
puter programs with large numbers of pa -
rameters, often exceeding the number of
observations from actual watersheds.
Such models support a culture of spurious

certainty that sets the stage for disappoint -
ment when freshwater ecosystem respons-
es turn out to be slow, variable, and influ-
enced by multiple changing forces. In -
stead, research is needed on the dynamics
of uncertainty itself. For example, it
would be helpful to observe unmanaged
watersheds over the long term to under-
stand how baselines are moving.18 What
is the frequency distribution of extreme
nutrient loads and how is it changing?
How can we best use landscape heteroge -
neity to understand multiple drivers
through comparisons among subwater-
sheds? How can the planning process en -
gage a broad cross-section of society, make
the best use of science, and create realistic
expectations about response time, vari-
ability, and uncertainty? Questions about
the nature and management of uncertain -
ty are moving to the foreground as society
grapples with the expanding impact of non -
 point pollution on freshwaters.

How do management interventions af -
fect complex systems such as lakes? Our
ability to draw conclusions depends in
part on experimental design and in part
on how immediately the environment re -
sponds to a given change. During the
1970s, ecologists demonstrated that phos -
phorus pollution was the underlying cause
of algae blooms in lakes.19 In one key ex -
periment, a lake was divided in half and
enriched with carbon, nitrogen, and phos -
phorus on one side and only carbon and
nitrogen on the other. Algae bloomed only
on the side with phosphorus, clearly dem -
onstrating the importance of managing
phosphorous in lakes.20

In cases of point source–nutrient pollu-
tion, regulators can turn off the pollutant
flow at the end of the pipe. In the cele-
brated case of Lake Washington, water
quality dramatically improved in a short
period of time after nutrient input from
sewage was diverted.21 The direct and im -
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mediate response of the ecosystem sup-
ported the belief that nutrient control was
the cause of water quality improvements.

Wisconsin’s Lake Mendota provides an
opportunity to compare fast and slow
responses to intervention and how they af -
fect subsequent management decisions.22

The lake’s food web was manipulated by
½sh stocking and mortality to increase the
abundance of Daphnia pulicaria, a highly
effective grazer. The rise of D. pulicaria sub -
stantially improved water clarity in less
than a year.23 Previously, whole-lake ex -
periments had compared manipulated and
unmanipulated lakes and determined
that food-web changes could improve wa -
ter clarity.24 Lake Mendota’s sharp re -
sponse to food-web manipulation corro -
borated these expectations. 

In contrast, Lake Mendota’s response to
management of nonpoint phosphorus
inputs has been quite slow.25 There has
been no statistically discernible change in
lake water quality in more than thirty
years, despite extensive efforts to mitigate
nonpoint pollution entering the lake.
Gradual changes in the watershed phos-
phorus budget have likely contributed to
the lake’s slow response.26 Decades of
man agement have been frustrated by si -
multaneous increases in manure concen-
tration, precipitation, the number of large
rainstorms, and impervious surface area.27

These changes in phosphorus-pollution
drivers, occurring simultaneously with
changes in management practices, have
allowed for conflicting interpretations of
the effects of management on the lake.
These interpretations are equally plausi-
ble, but each has starkly different implica -
tions for policy, complicating the jobs of
managers and policy-makers. 

Efforts to use scienti½c information as
evidence to improve water quality face
many challenges. Greater attention has
been paid to the production of water qual -

ity science than to how that sci ence is sub-
sequently used as evidence in water-qual-
ity management and policy. Science has
three primary roles in the for mation of
water-quality policy: 1) identifying and de -
scribing problems; 2) predict ing the likely
effects of potential choices; and 3) evalu-
ating the effects of pri or ac tions.28 We will
identify the barriers to using science in
each of these three major arenas. First, un -
derlying disagreements about public val-
ues and preferences influ ence how science
is interpret ed and used. Second, there are
many disputes over the assumptions used
to create models and the validity of their
results. Institutional barriers such as com -
 plex reg ulatory environments can slow the
uptake of new information.29 In terms of
solutions, individuals and organizations
can learn and change their behavior or
rou tines and so cial networks can en -
hance learn ing and quicken the diffusion
of infor mation.30 Even if scienti½c infor-
mation informs in dividual and organiza-
tional learn ing and management choices,
it may not affect political decisions about
funding or legal environmental protec-
tion.31 Here we identify the roles that sci-
ence plays in non point policy and man -
age ment, de scribe the barriers and oppor -
tunities for use of science in decision-
making, and sum  mar ize the reasons it has
been so dif ½cult to reduce nonpoint source
pol lu tion.

The nature of nonpoint management it -
self presents challenges for policy and gov -
ernance, in turn influencing the poten tial
roles for scienti½c information.32 Nearly
all economic development and re source
use–including primary production of
food, ½ber, and minerals and secondary
processing into consumer goods and
built infrastructure–produces some water
pollution. Nonpoint-pollution sources
are numerous and often well-organized,
and each contributes only a small propor-
tion of the pollution. Agricultural land
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use has a privileged status in environmen-
tal policy- making, which makes regulat-
ing agriculture dif½cult politically.33 The
ben e½ciaries of clean lakes and rivers for
½shing, swim ming, the habitat, and aes-
thetic pleasure are less cohesive, organized,
and funded than pollution- producing in -
dustries, although business in  terests can
also be powerful allies for clean water. In
many ways, producers of pol lution have a
powerful sociopolitical presence, and this
influences how scienti½c information is
used for water-quality management. 

Use of scienti½c information is one tool
for improving decision-making, but sci-
ence does not speak for itself. Scienti½c in -
formation becomes evidence in the minds
and hands of actors with different posi-
tions, incentives, and viewpoints. The so -
cial-psychology theory of motivated rea-
soning suggests that people interpret in -
formation in light of existing beliefs.34 At
an organizational level, information that
supports agency missions is more likely
to be used–and also more likely to be
fund ed in the ½rst place–while other po -
tential research is left undone.35 Scaling
up to whole watersheds, the diversity of
stakeholder objectives and worldviews
means that disagreements about the mean -
 ing of scienti½c information, such as mod -
eled predictions, are inevitable. 

Disagreements about values and goals
often underlie disagreements about science
in decision-making.36 Once a goal has been
established, scienti½c information can be
used to help reach it. But if political actors
are unable to agree upon values or goals,
then the tendency is to shift the debate to
technical disagreements over mod els and
data sources.37 However, it is not simple or
realistic to wait to reach po litical agree-
ment before beginning a mod eling process
to determine how to reach that goal, since
both politics and scienti½c development
are iterative, ongoing pro cesses. Further,

sci ence influences goal-setting itself, since
scienti½c information is often used to iden -
tify problems for ac tion. Information about
environmental con ditions and trends must
be translated into evidence of a problem if
it is to in form a policy or management
agenda.38Agenda-setting and problem iden -
 ti½cation are inherently sociopolitical pro -
cesses that involve the framing and social
construction of information. 

De½ning water-quality problems has
been a long-term goal of water-quality
monitoring and research. Water-quality
laws, such as the Federal Water Pollution
Control Act in the United States (the
Clean Water Act, or cwa), established pro -
cesses for setting water-quality standards
for water bodies. The de½nition of how
much pollution constitutes a problem de -
pends on the uses of the water body in
question; stakeholder-based de½nitions of
water-quality problems vary widely. Typ-
ical indicators of water-quality problems
include poor water clarity levels and high
concentrations and total loads of sedi-
ment, bacteria, nutrients, and other chem -
icals in the water. Positive qualitative in -
dicators such as ½shability and swimma-
bility (absence of algae blooms or ½sh kills)
are also taken into account. 

The voluminous data from water-quality
monitoring does not by itself meaning-
fully inform water-quality management:
these data must be interpreted and linked
with public values in order for the science
to be truly useful.39 Monitoring schemes
must be designed with the likely use of
the information in mind so that their samp -
ling is statistically relevant to those goals.
Unfortunately, many large-scale moni-
toring efforts have not yielded informa-
tion that ½ts the needs of managers and
policy- makers. For instance, the epa’s En -
vironmental Monitoring and Assessment
Program (emap) struggled because it was
viewed as out of touch with policy needs
and exhibited a lack of consideration of
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how values drive information interpreta-
tion (despite warnings from the National
Re search Council and the Science Adviso-
ry Board).40

Predicting the likely effects of potential
choices is also a challenge due to the limi -
tations of models and prediction. As man -
 agers and policy-makers debate op tions,
they rely on conceptual and quantitative
models to make predictions about the in -
tended and unintended results of al terna -
tive courses of action. Debates over the val -
idity of model predictions are long - stand -
ing. In the nonpoint-source arena, models
can estimate the sources of pollution, pre -
dict the ef½cacy of different types of solu-
tions, prioritize spatial locations for man -
agement, and determine compliance with
regulation.41 Implementation often differs
from modeled plans in unpredict able ways:
for instance, reliance on volun  tary farmer
participation means that plan  ners typical-
ly cannot predict or control where agri -
cul tural conservation practices will be ap -
plied.42

Models are widely misunderstood as
“truth machines” in environmental poli-
cy.43 Because models are often poorly con -
 strained and sometimes have large and un -
clear errors, stakeholders are able to mount
legitimate and signi½cant challenges to
the use and selection of models. Sometimes
doubt is sown deliberately to discredit un -
favorable data or model estimates.44 But
because models are better at estimating
average conditions in a large area than
assigning accurate estimates to particular
parcels of land, individuals may be justi -
½ed in their skepticism of the ½t of models
to their particular farms or residences. Peo -
ple generally have a tendency to think of
their own situation as exceptional and to
underestimate their risks compared to the
average. As Carl Walters, a biologist and
quantitative mod eler, has concluded, “We
cannot assure policy-makers that our mod -

els will give accurate predictions: they are
incomplete representations of managed
systems.”45 Critics suggest that models
emphasize quanti½able over dif½cult-to-
quantify ob jectives and shift the debate
from values to technical terms.46 To this
end, environ mental policy expert Daniel
Sarewitz has written, “The abandonment
of a political quest for de½nitive, predic-
tive knowledge ought to encourage, or at
least be compat ible with, more modest,
iterative, incremental approaches to deci -
sion making.”47

Regardless of these shortcomings, mod -
els of nonpoint source pollution can and
do play critical roles predicting the ef fects
of incentive and regulatory programs. For
instance, the Soil and Water Assessment
Tool (swat) is a watershed-based mod el
that was “de veloped to predict the impact
of land management practices on water,
sediment and agricultural chemical yields
in large complex watersheds with varying
soils, [and] land use and management con -
ditions over long periods of time.” swat is
a “continuation of thirty years of non-
point source modeling” that simulates the
water, sediment, and nutrient balance at
the land surface.48 Water-quality regula-
tions have necessitated these complex
mod  els for es timating point and nonpoint-
source contributions to surface water pol -
lution. In this case, the cwa prompted the
Agricultural Research Service to de vel op
the swat model in the early 1970s.49

Under the cwa, jurisdictions must de vel -
 op a Total Maximum Daily Load (tmdl)
for impaired waters: a calculation of the
maximum amount of a pollutant that a
wa ter body can receive and still meet water-
 quality standards. As of 2014, sixty- eight
thousand tmdls had been developed in
the United States. tmdls and their im -
plementation plans translate model re sults
into responsibilities split among point
sources and urban and rural nonpoint
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sources. For instance, swat provides the
basis for allocating necessary reductions
under the Rock River tmdl in Southern
Wisconsin. In the Yahara Watershed,
which flows into the Rock, modeling has
contributed to goal setting, prioritization,
and implementation. 

In the Yahara Watershed, however, swat

did not provide reliable estimates for phos -
phorus loads from agricultural subwater-
sheds when compared with measure ments
from U.S. Geological Survey streamga -
ges.50

swat substantially underpredict ed
agricultural phosphorus loading from agri -
cultural subwatersheds, in part be cause it
was not yet modeling late-winter runoff of
manure and sediment on frozen ground.
Farmers are also often skeptical of model
re sults; a representative of the Wisconsin
Farmers Union claimed that “landowner
lack of trust in models” was a repeated is -
sue. This mistrust is deepened by discrep -
ancies between model estimates averaged
over space and time and farmer experi-
ences of individual ½elds.

Model limitations are becoming better
recognized; some have suggested that their
failure to predict measured outcomes
makes swat and other similar soil ero-
sion–based models “unsuitable for mak-
ing management decisions.”51

swat and
other models are based on techniques that
have been minimally updated since the
mid-1980s despite advances in under-
standing of soil phosphorus availability
and transport, leading to a situation in
which “the quality of commonly used
models may now lag behind the demand
for reliable predictions to make policy
and management decisions.”52 However,
analysis of model ½ndings continues to re -
veal some of their limitations and lead to
updates. Despite their imperfections, mod -
 els are critical for regulatory policy and
will continue to be used and im proved in
the absence of alternatives.

A third major role of science is to assess
the effects of actions after they have been
taken. Several barriers can impede as sess -
ment, including limited information, limits
of causal inferences, and conflicting inter -
pretations based on values and political
pref erences. After a course of action has
been selected and implemented, long-term
monitoring can indicate changes in con-
ditions, but  evaluations compared to a ref -
erence site are needed to make caus al in -
ferences about the effects of an action.
Fur thermore, information about “what
works” often cannot be translated from
one local context to another.53

One barrier to assessment is the frag-
mentary nature of water-quality data in
the United States. The National Water
Qual  ity Inventory under the Clean Water
Act requires states to report water quality
assessment to the epa. As of 2014, only 43
percent of lakes, 37 percent of estuaries,
28 percent of rivers, and 1 percent of wet-
lands had been assessed.54

In practice, the evaluation of compliance
with new policies for enforcement purpos-
es is typically based on behavioral changes,
not on measured water-quality outcomes.
Agen  cies often evaluate their effectiveness
by re   lying on the same models that were
used to pre dict the effects of interventions;
there  fore, if behaviors do not actually
result in de sired environmental changes,
there would be no data to show this. How -
ever, a limited number of policy-makers are
ex periment ing with performance-based
management, which eval uates measured
environmental outcomes rather than mea -
 surements of tech nology or behavioral
changes (for example, edge-of-½eld mon-
itoring on farms). 

Evaluation is also a political process. Even
when scientists demonstrate an effect (or
lack thereof ), it might not become the
dominant narrative about a policy or pro-
gram. Evaluations and performance in for -
mation are constructed by actors to ad -
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vance their interests.55 For instance, or -
ganizations may promote their programs
as successful even without substan tial in -
formation about their effectiveness. Even
the question of who has access to in for -
mation is dependent on political and per-
sonal values. For instance, conservationists
may wish to obtain farm- and ½eld- scale
information on soil phosphorus and land-
 use practices, but farmers may be reluc-
tant to share those data, since they could be
used to assign blame or intensify water-
quality requirements. 

Signi½cant barriers face efforts to im -
prove the use of science in decision-mak-
ing. These include matching the supply
and demand for science and communicat -
 ing between the cultures and incentive-
structures of scientists and managers.56

Deeper issues challenge us to rethink how
we use science. Perhaps we should not con -
sider better use of science to be the ulti-
mate objective, but rather better deci-
sions.57 Asking a question about better
deci sion-making requires a normative
view of what is socially desirable. Although
in a broad sense, clean water, agricultural
production, and thriving cities are all so -
cially desirable, making tough decisions
about trade-offs between these goals will
require compromise and continual rene-
gotiation. Social scientists ex amine the
roles of science through multiple lenses,
including discourse analysis of the social
construction of information, psychologi-
cal study of evidence and persuasion in
decision-making, and systems models that
examine the change in both social and
ecological components of wa tersheds.

Organizational learning systems have
been designed to advance the use of infor -
mation in decision-making. Research on
learning organizations examines how
organizations learn and change their rou-
tines based on new information. Scenar-
ios are one strategy that organizations can

deploy to examine uncertainties and al -
ternative future trajectories. Furthermore,
organizations can learn about how to
learn more effectively and develop new
institutional structures and informal net-
works to facilitate learning.58 However,
efforts to build learning organizations may
be impeded by institutional fragmentation;
limited capacity; organizational culture;
the different timelines and incentives of
sci entists, managers, and policy-makers;
and the command-and-control paradigm
(top-down management).

Nonpoint pollution challenges our abil-
ity to measure, predict, and regulate. Sci-
enti½c information is limited by few ex -
perimental designs, complex causality, and
the dif½culty of creating solutions to ½t
het erogeneous spatial and temporal scales.
Barriers to using the scienti½c in formation
we do have arise in part from the conflict
over values and goals for water and land
use. Yet “thinking practitioners” have suc -
cessfully improved wa ter quality and used
scienti½c knowledge to inform manage-
ment, policy, and governance despite these
many barriers.59 There is no denying that
science plays critical roles in goal-setting,
planning, and evaluation. In the conten -
tious pro cess to extend Clean Water Act
regulation to agricultural and urban non-
point sources, models are cast in starring
roles to prioritize implementation and as -
sign responsibility. An examination of the
use of science in management, policy-
making, and governance reveals the copro -
duction of science, modeling, and non-
point control systems. Overcoming the
bar riers to non point-pollution prevention
requires that stakeholders and policy-
makers renew their commitment to learn -
ing from scien ti½c information and at times
act in the face of uncertainty.
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Water unsustainability is more easily understood
than water sustainability: you know when you do not
have it. When water is unavailable or when it is of
unusably poor quality, life itself is unsustainable. 

So how do we de½ne water sustainability? De½ -
nitions usually involve the concept of long-term wa -
ter availability for all uses. Supplying water to peo-
ple for the duration of their lives is one de½nition,
but is limited by a rather ethnocentric point of view.
More broadly, we may de½ne water sustainability
as the continual supply of clean water for human uses and
for the use of all other living organisms. This de½nition
neither speci½es exactly how much water is needed,
nor does it require the unconstrained, in½nite avail -
ability of water. Rather, it refers to a suf½cient quan -
tity of pure water for the foreseeable future for all
biota, including humans.

Water is, after all, a renewable resource; sustain-
ing its uses should be relatively easy. But in reality,
we can have too much water or too little water at
different times, and the water available may be of
too poor quality. Water availability is often con-
strained by natural processes associated with the hy -
drologic cycle and geologic setting, or by jurisdic-
tional boundaries of governmental authorities and

Abstract: Water is a vital renewable resource that is increasingly stressed by multiple and competing
demands from people, industry, and agriculture. When water becomes unavailable or unusable, life itself
cannot be sustained. Changes in supply and demand for water are driven by population growth, climate
change, and our energy and land use choices. Poverty frequently precludes the ability of many people to
respond and adapt to water insecurity. In this essay, we discuss the effects of these drivers on the diminution
of rivers, aquifers, glaciers, and the severe pollution that renders some water resources unusable. While
technologies for water reuse, desalination, aquifer replenishment, and better water pricing are important
solutions, the recognition of water as a profoundly threatened resource and as a basic human right is
essential for providing sustainable water for future generations.
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water law. Water supply is also constrained
by existing infrastructure to deliver avail-
able water. Our ability to ensure enough
clean water for human uses is strongly in -
fluenced by the cost of water delivery and
the price of and demand for water. Thus,
many factors and trends affect the avail-
ability of water in space and time. 

Because H2O does not cross the bound-
aries of our atmosphere, either to or from
outer space, Earth has held the same quan -
tity of water for eons. Earth’s hydrologic
cy cle is driven by the sun, which evapo-
rates water from oceans, lakes, and
streams, and causes vegetation to transpire
water. Thus, water is in a continuous flux
from evaporation to precipitation, result-
ing in the recycling, puri½cation, and re -
distribution of it. However, the quality of
water and the fraction of H2O in each water
phase (gaseous, liquid, solid) at a given lo -
cation are subject to change. 

Currently, more than 99 percent of all
water on Earth is unavailable for human
use because it is too saline (in the form of
seawater) or is frozen as glaciers, ice, or
snow. With a stored volume of about two
million cubic miles, groundwater remains
the largest component of freshwater avail -
able for humans. Lakes and streams rep-
resent the next largest stores at approxi-
mately thirty thousand cubic miles.1 But
the volume of freshwater stored in glaciers
is diminishing as a warmer climate begins
to melt continental glaciers and the Green -
land and Antarctic ice sheets. Many
changes in water quality and quantity are
driven by human activities–not nature. 

There are ½ve “driving forces” of change
that threaten water sustainability:

1) Population growth (and migration
pat  terns to megacities). According to Unit-
ed Nations projections, the global popu-
lation will expand from 7.1 billion to 9.2
billion by 2050, further diminishing the
quantity of water available per person.

Further, when millions of people migrate
to megacities, it concentrates the demand
and stresses local water supplies, again
resulting in less water available per capita.
Humans are also increasingly moving to
coastal cities where seawater is too saline
for drinking and desalinization is too ex -
pensive. As we pump freshwater aquifers
more fervently to supply water for increas -
ing population growth and urban devel-
opment, salinity can intrude from the sea
and despoil groundwater supplies. 

2) Climate change (changing precipita-
tion patterns and drought). Due to our
shifting climate, dry areas are generally
becoming dryer and wet areas are becom -
ing wetter all around the world.2 In arid
areas, the relatively small amount of soil
moisture evaporates quicker under hotter
conditions, resulting in more frequent and
profound droughts. Conversely, humid
areas are becoming wetter with more in -
tense precipitation events and floods: the
warmer ocean evaporates more water, and
a warmer atmosphere can hold more mois-
ture, increasing clouds and bolstering
global rainfall rates. Too little water and
too much water are twin juggernauts of cli -
mate change that result in water unsus-
tainability.3

3) Land use change (increasing agricul-
ture, irrigation, and urban sprawl). Food
and water are intimately connected. To
feed an expanding global population, we
employ increasingly intensive agriculture
on expanded acreages, requiring more
chem ical inputs and further diminishing
water quality. Runoff from agricultural
land delivers soil particles, fertilizers, and
pesticides into streams. Fertilizer nutri-
ents, in turn, over-enrich coastal waters,
caus ing eutrophication, harmful algal
blooms, and hypoxia (low dissolved oxy-
gen), which impairs water quality for hu -
mans and aquatic ecosystems alike. 

Urban sprawl–which causes greater im -
perviousness, heightens stormwater run -
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off, and prevents in½ltration to recharge
aquifers–is shrinking groundwater sup-
plies. Groundwater supplies are also di -
minished by the burgeoning water with-
drawals demanded by expanding popula-
tions and global agriculture. Irrigation is
by far the largest water user in the world.
Its impact on aquifers and rivers is partic-
ularly acute because withdrawals are a
“con sumptive” use of water: the water is
mostly lost to evaporation. In cases in
which water is not entirely evaporated,
agricultural return flows allow some reuse
options, such as recharging aquifers
through percolation (spreading) ponds.
But often the return flows are of such poor
quality (laden with salt or toxic leachates)
that they are useless for groundwater re -
charge. 

4) Energy choices (power production,
bio fuels, and unconventional extraction of
oil and gas). Our energy choices to satisfy
the needs of growing populations and de -
velopment are loaded with water reper-
cussions. For example, electric power pro -
duction withdraws more water worldwide
than any other use except irrigation. For-
tunately, the cooling water from electric
power plants can be returned to the re -
ceiving stream with less evaporative losses
than irrigation. But if the temperature of
the returned water is too hot, or if it con-
tains anticorrosion chemicals or chlorine
disinfectant, it may cause deleterious ef -
fects on downstream ecosystems and ½sh -
eries. 

The so-called energy-water nexus de -
scribes this tension between developing
energy and water supplies. It is axiomatic
that one cannot have water without large
energy inputs, or energy without signi½ -
cant water impacts. Development of new
fossil fuels (natural gas, oil, and coal) may
impact the quality of nearby surface and
groundwater. Some energy development
options extract considerably more water
than others. “Unconventional” oil includes

oil shales, oil sands, coal-to-liquids, gas-to-
liquids, and deep-drilled ocean oil. Con-
ventional oil drilling and processing uses
about 8–20 gal/mmbtu (gallons of water
per million btu of energy produced),
while unconventional development of oil
sands uses signi½cantly more: 27–68
gal/mmbtu according to Chesapeake
Energy.4 But the largest water user is irrigat -
ed corn used to produce ethanol biofuels,
requiring more than 2500 gal/mmbtu,
or roughly two hundred gallons of “virtu-
al” water required to produce every gal-
lon of ethanol fuel burned!5 That is in ad -
dition to the environmental impacts of fer -
tilizers, eroded soil, and pesticides required
for growing the feedstock.

“Unconventional” energy development
affects water quality to a much greater
extent than conventional drilling and pro -
cessing. A blowout of a deep-ocean well,
such as the BPMacondo Well at the Deep -
water Horizon platform in 2010, causes
an outright water-quality disaster. Approx -
imately two hundred million gallons of
crude oil spilled along the Gulf of Mexico
coast directly into a sensitive ½shery and
a substantial tourism industry. Oil sands,
another unconventional oil resource, re -
quire steam to liberate bitumen (a tar-like
substance), resulting in discharge ponds
of petroleum-contaminated water that
both is harmful to wildlife and scars the
landscape. Deep directional drilling and
hydraulic fracturing for shale oil and gas
deposits, which requires three to seven
mil lion gallons of water per well, are still
other methods.6 In hydraulic fracturing
(pop ularly known as fracking), drillers in -
ject a highly pressurized water, sand, and
chemical solution into shale formations
to fracture the rock and allow natural gas
to flow more freely to the surface. The wa -
ter solution, however, returns to the sur-
face as flowback and produces water with
extremely high salt concentrations and
trace contaminants (toxic metals and ra -
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dio nuclides). Usually such flowback and
produced waters are reinjected into deep
wells, far below any aquifers used for wa -
ter supply. Instead of deep-well injection,
some oil and gas companies are trying to
recycle this water for use in hydraulic frac -
turing at another well. But if it is left on
the surface, the flowback and produced
waters form ponds of exceedingly poor-
quality water that are dif½cult to treat to
an acceptable standard for discharge into
receiving waters. Unfortunately, some un -
scrupulous gas companies abandon these
ponds for others to clean-up or for nature
to absorb. 

5) Poverty (physical and economic water
scarcity). Water scarcity afflicts poor peo-
ple more gravely than those with resources
to respond or adapt. Poor communities
cannot migrate to a better location, pay
to import safe drinking water, treat con-
taminated water to meet safe drinking
stan dards, repair a dry well, or pump wa -
ter across great distances. Volunteer foun -
dations and nongovernmental organiza-
tions (ngos) recognize this dire need and
seek collaborative solutions. Goal 7 of the
United Nations Millennium Development
Goals–“Ensuring Environmental Sustain -
ability”–seeks to reduce the proportion
of people without access to safe drinking
water by half between 2000 and 2015.7
Indeed, the achievement of the safe
drinking-water goal is a major success story
of the un program. Yet there remain eight
hundred million people in the world who
still do not have an adequate water supply;
clearly much work remains. Nor has the
re lated development goal of adequate san -
itation facilities (toilets and conveyance
of sewage) for the more than one billion
people in need been met. The United Na -
tions has adopted a post-2015 development
agenda, with “Water and Sanitation for
All” a stand-alone goal. Such a comprehen-
sive global effort is absolutely essential for
water sustainability.

All ½ve drivers are highly interrelated.
We cannot mitigate climate change with-
out making the energy choices needed to
transition out of the fossil fuel age. We
must use land and energy wisely to help
create jobs and raise people out of poverty.
We cannot solve water problems related
to urban sprawl without curbing popula-
tion growth and migration to megacities.
And we cannot ensure clean water for an
expanding population without a global
social agenda that builds strong commu-
nities and empowers them to meet future
challenges. 

Water unsustainability is becoming in -
creasingly evident in impoverished coun-
tries, megacities, and large-scale arid re -
gions. We see it in the water stress of the
Middle East, North Africa, and South Asia.
We see it in the investment of billions of
dollars for water reclamation plants in
Singapore and desalination plants in Tian-
jin, China, and San Diego, California. Every
day, newspaper headlines attest to human
struggles of having too little or too much
water. We see it when lakes become so
polluted that they can no longer be used
for drinking, and when coastal waters turn
into dead zones devoid of ½sh. We see it
when water is no longer available for irri-
gating immensely valuable food crops, and
when major cities are frequently flooded
by storms. We see evidence in mudslides
and wild½res, in one-hundred-year floods
and ½ve-hundred-year droughts. Let us
now examine a few poignant examples of
water unsustainability that have become
all too familiar: rivers that no longer flow
to the sea, wells that run dry, the extinc-
tion of glaciers, the loss of critical ground -
water supplies, and economic water scarci-
ty throughout the world. 

The Colorado River is born from snow -
melt in the Rocky Mountains of Colorado,
Wyoming, and Utah. It twists through Ne -
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vada, Arizona, and California on its way to
a ½nal hurrah in Mexico, where it forms a
twenty-four-mile borderline with the
United States and travels seventy-½ve
miles through Baja, Mexico, to discharge
in the Gulf of California. The last remnant
of freshwater flow is captured in Baja by
the Morelos Dam, whose waters irrigate
rich farmland in the Mexicali Valley. 

But the Colorado River has experienced
a steady decline in discharge volume over
the past century; in most years since 1960,
it has not even reached the Gulf of Cali-
fornia. Dams, diversions, and irrigation
have caused most of the water loss, in -
cluding increasing withdrawals for an ex -
panding population of forty million peo-
ple living both inside and outside the Col-
orado River Basin. Millions of acres of
expanded agriculture and the irrigation
required to grow cash crops in the middle
of the desert consume most of the incom-
ing water. 

Lake Mead is a main stem reservoir of
the Colorado River near Las Vegas. It is
the largest dammed water body in North
America, though–as a victim of repeated
droughts and rising withdrawals–it has
not been full since 1983. It provides power
for more than one million people and rec -
reation for many more, but spreading the
Colorado River over a large desert area has
increased evaporative losses signi½cantly.
Since 2000, the surface of Lake Mead is
down almost 130 feet, leaving a “bathtub
ring” on the rocky catchment and di -
vulging where water was once stored. Cli-
mate change has exacerbated evaporation
from Lake Mead (and its upstream sister
Lake Powell) and has decreased flow from
the river upstream. 

The Colorado River is not alone: the
Indus River in Pakistan, the Yellow River
in China, the Murray River in Australia,
the Amu Darya River in Central Asia, and
the Theertha River in India are just a few
watersheds that terminate before reach-

ing their destination. All are located in arid
regions where temperatures and evapora-
tion are increasing, and where excessive
withdrawals of water for people and agri-
culture combine to promote water unsus-
tainability.

Big Spring, Texas, doesn’t spring any-
more. The town lacks a big spring or even
adequate surface water. Its wells have run
dry and its residents face frequent drought
and water shortages. In 2014, nearby towns
Wichita Falls, Lubbock, and Amarillo, Tex -
as, declared a stage ½ve emergency for ex -
ceptional drought. It was the driest year
on record–even drier than the Dust Bowl.
Other towns in Kansas, Oklahoma, and
Texas on the Ogallala Aquifer in the South -
ern High Plains of the United States have
recently experienced “game changing”
drought and overwithdrawals. That they
all lie on the largest aquifer in North Amer -
ica turns out to offer them no insurance
against drought. Although torrential rains
and flooding in May 2015 ½nally broke the
Texan drought, the need for innovative
technology and investment in new water
infrastructure had become clear to every-
one.

Big Spring responded by building a $14
million treatment plant to treat waste-
water and recycle two million gallons di -
rectly to nearby towns for drinking water.
By June of 2014, the Wichita Falls water
treat ment plant followed suit and became
just the second facility in the United States
to practice direct potable reuse (dpr): the
treatment of wastewater for direct reuse
in drinking-water treatment plants with-
out an environmental buffer. Texans never
thought they would drink treated domes-
tic sewage, but direct potable reuse is an
increasingly common solution for water-
short areas. 

California had a near-record drought in
2008. That one broke, but the state has rou -
tinely been short of precipitation since
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2011. Now, in 2015, about half the state is
in exceptional drought (the most severe
category) and virtually all of the state is
abnormally dry. Governor Jerry Brown put
mandatory restrictions on urban areas to
curb water use, but 80 percent of the wa -
ter in California is used by agriculture.
Farmers have volunteered to reduce their
consumption by 25 percent in an effort to
prevent steeper mandatory cuts later on.
In many parts of California, groundwater
is all that remains, but in areas like Kern
County near Bakers½eld, it has been
pumped-down by more than ½fty feet since
2011. Fortunately, water is a renewable
resource and nature stores freshwater in
many places: aquifers, lakes, soils, glaciers,
and snowpack. But in California, all are in
short supply. Snowpack levels in the Sierra
Nevada are less than 25 percent of normal
levels, and reservoirs contain only a frac-
tion of their capacity. 

More broadly, the California drought is
emblematic of a global problem: wells are
simultaneously being depleted in Pakistan,
India, Sub-Saharan Africa, China, and the
Mediterranean region. Wells run dry
through the interplay of excessive with-
drawals for population growth, climate
change, agriculture, industry, and energy
projects. The combination of these drivers
with widespread poverty inevitably causes
water scarcity. Impoverished communities
suffering from water scarcity cannot recov-
er or adapt; they lack the “resiliency” to re -
spond to the disruption of their water sup -
ply. Water may be available in the new
mark et at a higher price, but many simply
cannot pay.

Land-based glaciers are melting world-
wide. And tropical glaciers are melting the
fastest. In mountain ranges near the equa-
tor, tropical glaciers are our canaries in
the coal mine, early warning agents of cli-
mate change. While it is true that glaciers
have been melting ever since the Little Ice

Age (circa 1650 to 1730), the melt rate is
much faster now and has only accelerated
since 1980. We are witnessing the demise
of low-elevation tropical glaciers within
our lifetime; it is not simply a climate
change story but an important water sup-
ply story for this generation and the next. 

Lower-elevation tropical glaciers tend to
be smaller than high-mountain glaciers,
and they are more vulnerable to melting.
Loss of these glaciers means collapse of the
communities that depend on glacial melt
for water supply and irrigation of crops. In
the Andes Mountains of Colombia, Boli -
via, Peru, and Ecuador, glaciers below
17,700 feet are melting at the fastest rate
in three hundred years: a near 3 percent
loss per year. Since the 1970s, the glaciers
have lost an average of four-and-a-half
feet of ice thickness per year from a total
of about one hundred thirty feet.8 In two
or three decades, they will be history.

On the way to extinction, melting gla-
ciers provide a lifetime of service to peo-
ple below. When glaciers ½rst begin melt-
ing, melt-water rivers are bolstered and
flow-rates increase. But once enough ice
has melted, the river reaches a peak flow
and flow-rates begin to decline. The sea-
sonal timing of the melt may also vary,
providing little water in late summer and
fall, stressing irrigation and drinking-wa -
ter supplies. At lower elevations, snowmelt
and precipitation also provide water for
riv ers, and researchers strive to unravel the
precise contribution of glacial melt to total
river discharge. “Glaciers provide about
15 percent of the La Paz water supply
throughout the year, increasing to about
27 percent during the dry season,” Alvaro
Soruco, an Andean researcher, has report-
ed. A loss of 27 percent of stream discharge
can be devastating to growing populations
with increasing agricultural development. 

In the Peruvian Andes, glaciers are melt -
ing so fast that this critical component of
stream flow is vanishing. The Santa River
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flows northward along the base of the An -
des, the Cordillera Blanca, and then turns
west toward the seaport city of Chimbote.
Precipitation in the Andes has changed
little since 1970, but the coastal climate of
Peru is about 0.7 degrees Fahrenheit
warmer–enough of an increase to melt its
glaciers. Santa River has already passed
“peak discharge” from glacial melt, so fu -
ture streamflow is expected to decline.
Some river flow remains from local precip -
itation and groundwater inflow, but ex -
panding withdrawals for irrigation proj-
ects in the coastal desert are claiming an
ever-increasing share of this diminishing
resource. During the arid month of July,
on ly a trickle of water now makes its way
down the Santa River to Chimbote, and a
declining portion of that is glacial melt. 

Lake Tai (Taihu) in Eastern China is the
third largest lake in the nation. Near the
mouth of the Yangtze River and the city
of Wuxi, the lake has been celebrated for
its beauty for centuries. Yet industrializa-
tion, agricultural expansion, and popula-
tion growth have in recent years given Lake
Tai the dubious distinction as having
among the poorest lake-water quality in
the world. In 2007, a harmful algal bloom
of cyanobacteria (blue-green algae) choked
the lake and threatened the water supply
for over thirty million people. Since the
1990s, the Chinese government has taken a
variety of drastic measures to combat the
lake pollution, including closing dozens of
industrial plants, flushing the lake with
Yangtze River water, dredging contaminat-
ed sediments, and severely reducing the
use of agricultural fertilizers in the basin.
Authorities even controlled the price of
bottled water when the price sky-rocketed
due to exponential demand from a pan-
icked public. But none of these interven-
tions have been successful in restoring wa -
ter quality, and Lake Tai remains a poster
child of water unsustainability driven by

the forces of population, expanding agri-
culture, and rampant industrialization.

By the time it flows from the Himalayas
to the Bay of Bengal, the Ganges River in
India serves approximately four hundred
million people. But the Ganges is plagued
by proliferate sewage pollution capable of
contaminating whole river basins. Accord -
ing to the Indian government, of the eight
hundred million gallons of sewage dis-
charged daily along the Ganges River, only
20 percent receives any treatment what-
soever.9 Yet every day two million people
still bathe in the sacred river, posing a
major risk for the spread of water-borne
diseases. The Ganges is overloved and ov -
er  used: she provides water for drinking
and washing clothes, a receptacle for raw
sew age and solid waste, and a ½nal resting
place for the ashes (and partial remains)
of the thousands who are cremated on the
Ganges annually in religious rituals. Clear-
ly such practices render use of the river un -
sustainable, but huge investment in sew -
age treatment plants would be required to
restore the sacred Ganges and protect the
health of the Indian people who rely on it.

But it is not only underprivileged popu-
lations in developing countries who suffer
from poor water quality. Rich countries
have been polluting their water supplies
with agricultural runoff from high-input
agriculture and factory farms such as con -
centrated animal feeding operations. I was
born and raised in Iowa, a prosperous state
with the most productive agriculture in the
world. Iowa rivers flow through immense-
ly rich agricultural land, but farm runoff
carries an insidious load of soil particles,
fertilizers, and pesticides far in excess of
what a healthy stream ecosystem requires.
Further, nitrate from fertilizers moves eas-
ily from soil to stream via tile-line drainage
systems. It is transported about eighteen
hundred miles down the Mississippi River
to the Gulf of Mexico, creating a coastal
“dead zone” of low dissolved oxygen. This
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Gulf Hypoxia is one of the largest of more
than one hundred ½fty such hypoxic zones
around the world. 

Increased agricultural activity to grow
the feedstock to support a new biofuels in -
dustry also jeopardizes water sustainabil-
ity in the United States. Biofuels are meant
to provide energy security for developed
countries and a high-value export for
developing countries. But as an energy
choice, biofuels are incredibly water in -
tensive. Increased land and irrigation is
required to grow the feedstock for biofuels
(corn, canola, wheat, beets, and sugar cane
for bioethanol; soybeans, sunflowers, and
palm oil for biodiesel). In arid locations,
large water withdrawals from aquifers are
needed to irrigate crops, and more water
is required at production facilities to pro-
duce the fuel. Fertilizers required to grow
the feedstock crops lead to excessive nu -
trient runoff, which despoils water quality.
At the same time, food prices may rise in
response to the higher demand for corn,
soybeans, wheat, and canola. In the United
States at present, 40 percent of the corn
crop (about thirty-six million acres of a to -
tal eighty-four million acres of corn crop)
is dedicated to the production of ethanol
biofuel. Cellulosic feedstock from perennial
crops like switchgrass, miscanthus, and
hy brid willow, or from crop and wood resi -
dues, hold promise for a greener future.
Perennial crops do not require annual til -
lage and would reduce soil erosion; they
would also use less fertilizers, pesticides,
and irrigation water. 

Physical water scarcity is de½ned as the
lack of available water for humans and
eco systems, commonly occurring in arid
areas, during droughts, and where water
has been overallocated (causing unsustain -
able withdrawals). Economic water scarci-
ty, on the other hand, is the lack of water
infrastructure necessary to deliver water to
people. It is typical of impoverished com-

munities who cannot pay to access water
from distant locations or whose water re -
quires signi½cant treatment for drinking.
In individual families, it often falls to wom -
en and girls to ½nd water wherever they
can, including by traveling long distances
to collect from wells or streams. Such
sources may be contaminated, however,
causing intestinal illness, especially in chil-
dren. 

Physical water scarcity presumes invest -
ment in infrastructure to overcome short-
ages during times of drought and in regions
with progressively drier climates. Ov er -
allo cation of water resources is common
in California, where agriculture preceded
other forms of development and “prior ap -
propriation rights” dictate that farmers
now control the water. When surface allo -
cations are consumed during droughts,
ground water becomes the sole water sup-
ply and is quickly overdrawn. But the fre-
quency and intensity of the problem is
made direr by irrigation and by interbasin
transfers to growing cities that may have
purchased appropriative rights. The largest
such transfer in recent years is the massive
“south-to-north” interbasin transfer of
water from the Yangtze River in China to
northern megacities like Beijing and Tian-
jin. When the project is fully completed,
it will transfer 4 to 5 percent of the annu-
al flow of the Yangtze, the largest river in
China. 

Interbasin transfers may be avoided
through water conservation and reuse, by
recycling industrial and municipal waste -
water (sewage) and treating it to drinking-
water quality, and by practicing indirect
or direct potable reuse. Industry is also
contributing to water conservation by
designing new plants with “zero water
footprints” and by capturing the precipita-
tion that falls on their property (rainwater
harvesting) for treatment and recycling.
But all of these measures require “getting
the prices right” such that the cost of water
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reflects its scarcity in a free market. With
higher prices, private and public water
com panies will develop the infrastructure
necessary to conserve and reuse water
and/or desalinate seawater and brackish
groundwater. The cost will also incentivize
citizens to learn to conserve water re -
sources, as Californians have tried to do.

One solution to water unsustainability
is to recycle treated wastewater for non-
potable uses (such as using purple pipes for
watering lawns and shrubs) or to practice
water reuse by recycling highly treated
wastewater for use as drinking water.
Water reuse is actually widely practiced
today, if inadvertently. By the time the
Trinity River in Texas flows from Dal-
las–Fort Worth to Houston, every drop
has passed through a wastewater treat-
ment plant. With drawals from the river
for drinking-water treatment and distri-
bution use treated domestic sewage
wheth er customers re alize it or not.
Because of vast im provements in waste-
water treatment prac tices, the Trinity
River is of surprisingly good quality and
still supports many aquatic species. Thus,
people already prac tice po table water
reuse in one of three forms: 1) inadver-
tent potable reuse (as in Trinity Riv er,
Texas); 2) indirect potable reuse (as in
Orange County, California); and 3) di rect
potable reuse (as in Big Spring and Wichi-
ta Falls, Texas).

Indirect potable reuse is the practice of
reusing highly treated effluent from do -
m estic or industrial wastewater and dis-
charging it into a reservoir or aquifer (an
environmental buffer) for storage. After a
few months, the water is withdrawn and
treated for drinking-water distribution.
The environmental buffer tends to help
users overcome the “yuck factor” that
typically characterizes public opinion on
drinking highly treated sewage (direct po -
table reuse). In indirect potable reuse,

three factors are at play. First, the waters are
mixed (diluted) with existing water in the
reservoir or aquifer. Second, the treated
waste water is naturally ½ltered and pu -
ri½ed in the reservoir or aquifer for some
period of time. Finally, after the water is
withdrawn it is treated once again to
drinking-water standards prior to distri-
bution. 

There are only a few communities in the
world that presently practice direct po -
table reuse of drinking water. The ½rst use
of direct potable reuse was in Windhoek,
Namibia, in 1968, when 250,000 people
began using highly treated wastewater for
drinking. Windhoek has practiced direct
po table reuse ever since with no reports
of illness or long-term negative effects. Big
Spring, Texas, is the ½rst application of this
process in the United States, and its success
has led Wichita Falls, Texas, to follow suit.

One of the most urgent tasks for com-
munities facing water unsustainability is
to replenish their depleted aquifers. Sus-
tainable groundwater levels offer a mea -
sure of resiliency for the future akin to wa -
ter insurance. Full aquifers, reservoirs, and
storage tanks all offer insurance in times
of need, but aquifers are immense
and–better than any other method of
storage–can protect and hold more wa -
ter with little loss to evaporation.

Aquifer storage and recovery (asr) and
shallow aquifer recharge (sar) are two
meth ods practiced today in Oregon, Wash -
ington, Nevada, California, Florida, and
Tex as. Shallow aquifer recharge refers to
the percolation of water from a surface
pond to replenish a shallow aquifer,
though not necessarily for recovery and
drinking-water reuse. Full aquifers are de -
sirable themselves for the capacity to bol-
ster streams and to restore wetlands and
springs that may have drained. 

California’s Orange County Water Dis-
trict Groundwater Replenishment System
(gwrs) is a leader in shallow aquifer re -
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charge. It recycles and treats wastewater
that would have otherwise been discharged
to the Paci½c Ocean. The wastewater is
treated to very high purity and exceeds
state and federal drinking-water require-
ments; but rather than be withdrawn for
drinking, the treated wastewater is natu-
rally ½ltered through sand and gravel per-
colation basins in Anaheim, California.
There the replenished aquifer serves as the
source of drinking water for 2.4 million
people. The groundwater is subsequently
pumped-up, treated again, and distrib-
uted to nineteen municipal water agencies. 

Aquifer storage and recovery describes
the process of using wells to pump water
into con½ned aquifers under pressure be -
low the water table (where the water pres -
sure head equals the atmospheric pres-
sure). These aquifers may often be brack-
ish or slightly salty, and the fresh, highly
treated wastewater forms a “bubble” on
top of the aquifer that can be accessed dur -
ing a drought or dry season as an emer-
gency water supply. The South Florida Wa -
ter Management District oversees the op -
eration of dozens of injection wells with
the capacity to recharge aquifers with wa -
ter of various qualities, including treated
and untreated groundwater, partially treat-
ed surface water, and reclaimed (highly
treated) wastewater. 

In this essay we have seen that driving
forces of population growth, climate
change, urban and agricultural sprawl,
energy development, and global poverty
jeopardize future water supplies and ren-
der our present practices unsustainable.
Water unsustainability poses risk for this
and future generations. We should adapt to
these changing conditions and mitigate
them wherever and whenever we can. Ad -
ap tation takes the form of preparing for
climate change, creating and refurbishing
our water infrastructure, reusing water,
re charging aquifers, making wise energy

choices, and utilizing hyper-ef½cient irri-
gation for crops to feed the world. Mitiga -
tion requires transitioning from the fossil
fuel age and improving human prospects
through acts of global cooperation, as in
the United Nations Sustainable Develop-
ment Goals post-2015. 

Many of the problems discussed herein
will not be solved solely through new tech -
nologies. Economic and social issues are
integrally linked to the problems of water
sustainability. For example, we will not
come to grips with economic water scarci-
ty without the determined efforts of all
stakeholders to eradicate poverty, improve
education, and empower communities.

We are today experiencing a widespread
crisis of water unsustainability throughout
the world, with effects at the local, region-
al, and global scales. At the local scale, the
drivers cause profound hurdles for indi-
viduals and families in gaining access to
safe drinking water. At the regional scale,
droughts and floods are increasingly fre-
quent, inflicting human misery on a bur-
geoning population, while ecosystems suf-
fer from poor water quality caused by our
energy and agricultural practices. At the
global scale, our efforts to reduce our
greenhouse gas emissions have been sty -
mied by competing economic and politi-
cal interests. It is likely we will come to
know the impacts of climate change
through the effects delivered upon our
most vulnerable and shifting water re -
sources. Unless we can overcome or adapt
to these driving forces, future generations
will inherit a legacy of declining and de -
graded water resources. Our relationship
with water and how we use it can evolve to
meet this challenge, but it requires an un -
derstanding of the drivers of unsustain-
ability and an acceptance of high-quality
water as a human right.
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People have been managing water and adapting to
surpluses and shortfalls since the dawn of civiliza-
tion, and especially since the early origins of agricul -
ture. There is evidence across the globe of thousands
of years of dam-building and canal construction to
direct water toward crops of various kinds. Though
the tools water managers use today are dramatically
more sophisticated than those used in the past and
the scale on which water managers work is much larg -
er in almost all cases, the activities are still very much
the same: managing floods and shortages (droughts)
through harvesting and storing water above or un -
der ground, delivering water across long distances
through pipelines and canals, and using a variety of
technologies to increase water-use ef½ciency. Over
the last one hundred and ½fty years, the invention
of turbine pumps and the development of multiple
sources of energy have led to increased pumping of
groundwater and the creation of signi½cant link-
ages between water availability and energy usage.

The story of adaptation to surpluses and shortages
is not new: climate and weather have always varied
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Abstract: Water management activities involve a complex and interconnected web of science, infrastruc-
ture considerations, societal expectations, and institutional limitations that has evolved over time. Much
of the water management system’s current complexity developed in response to the interests of local water
users and land owners, historical water supply and demand issues, political demands, and water quali-
ty and environmental considerations. Climate change poses a new set of questions for water managers
and may require more flexible solutions than those that have evolved historically. Although the implica-
tions of changes in the climate on water supply and demand are recognized (if not well quanti½ed), ongoing
changes in temperature and precipitation, as well as the linkages between environmental and societal fac-
tors, lead to major uncertainties in future conditions. New tools, techniques, and institutions will be needed
to sustain water supplies for communities and watersheds in the future.



on timescales ranging from days to weeks
to decades and even centuries, and there
have always been “surprises” like the dust
bowl of the 1930s or the recently discovered
½fty-year megadroughts (documented
through tree ring studies) in the 1100s.1
But climate change and a variety of rapid-
ly evolving social factors add new dimen-
sions to the challenges of managing water
supplies. These challenges derive from the
fact that water managers must plan for a
future of increasing uncertainties, in clud -
ing potentially escalating storm intensity
and changes in flooding and droughts in -
teracting with natural variability on mul -
tiple timescales. Changes in the de mand
for water exacerbate the already com plex
water management picture, while other so -
cial, economic, and technological trends
also affect water demand across the United
States. For example, rapid changes in
water-  use patterns are related to changes
in social values, such as recent decisions
to preserve instream water flows for the
environment, recreation, or the use of Na -
tive nations.

Underlying changes in land use and
shifts in both the location and type of water
demand are factors of great concern to
water managers in some regions. For ex -
ample, changes in agricultural irrigation
practices in the Great Plains and South-
eastern United States are seriously impact-
ing groundwater availability, as are new
practices to extract natural gas in Texas,
the Great Plains, and the Northeast. Some
of these changes in water demand may be
related to climate change, because recent
droughts have caused an increase in irri-
gated agriculture as opposed to dry-land
agriculture as farmers struggle to maintain
yields. But social factors have also impact -
ed water use in these regions in dramatic
ways; consider, for example, policy-driven
decisions to increase biofuel development.
It is clear, therefore, that the challenges of
water management are multifaceted and

require a sophisticated understanding of
both natural and social processes. 

Increases in emissions of greenhouse
gases (such as carbon dioxide and meth -
ane) are trapping more heat in the atmo -
sphere, leading to changes in the drivers of
the hydrologic cycle. These hydrologic
chang  es are primarily due to higher air, sur -
face, and water temperatures. At higher
temperatures, water evaporates more rap -
idly from plant leaves, soil, and the ocean’s
surface, and the atmosphere can hold more
water vapor. These changes af fect both the
demand for water (for example, for urban
and agricultural irrigation) and the amount
of runoff in rivers. Be cause of the combi-
nation of higher temper atures and higher
water-vapor levels in the atmosphere, ad -
ditional escalation of the hy drologic cy cle
(including both in creased rainfall in ten -
sity and longer dry per iods) is expected over
time–even if glob al green house gas emis-
sions are re duced relatively soon. Re gard -
less of efforts to manage global emissions,
additional in creases in the average global
temperature due to emissions of carbon di -
oxide and other gases are a virtual certainty. 

Even with ambitious reductions in car-
bon emissions (called “mitigation” by cli -
m  ate scientists) it will take decades to slow
the pace of climate change. This is due in
part to the very slow rate of removal of car -
bon dioxide in the atmosphere: carbon
emis sions currently in the atmosphere will
be there for hundreds of years,2 so even
low- emissions scenarios used in climate
mod eling show an initial increase in total
carbon monoxide concentrations and con -
tinued warm ing through the middle of this
century.3

Changes in precipitation and runoff,
snow and ice melt, and sea-level rise are
associated with many of the observed and
expected impacts in regions and sectors.
The water-resources sector (comprising
en  vi ronmental, economic, and water man -
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agement systems) is in turn impacted by
these changes. Water therefore has the po -
tential to play a fundamental role in both
contributing to and resolving problems
stemming from climate variability and
change in most economic sectors. For ex -
ample, water is a critical component of all
natural habitats and one of the most im -
portant inputs to agricultural systems. It
sup ports municipal development, extrac -
t ive industries and manufacturing, en er gy
generation, and transportation systems
(particularly transportation via oceans and
inland waterways). Even relatively minor
changes in the hydrologic cycle can have
ma jor rami½cations that ripple across the
globe through energy and food systems
or manufacturing supply chains. Most as -
pects of hydrology and water man agement
institutions are extremely com plex, so it is
not surprising that there is still some de -
bate about which components of the ob -
served changes are related to climate
change and which are connected to other
underlying causes.

One source of uncertainty related to cli -
mate change is that certain categories of
impacts have no precedent in human ex -
perience. This means that the tools that
have historically been used to adapt to cli -
mate variability may no longer be suf½ -
cient to deal with the hydrology of the
future. Though there have been unusually
warm and cool periods in the Earth’s his-
tory, they have not occurred since vast
cities were built along the coastlines of ev -
ery continent. We also now have an inter-
connected global energy, transportation,
economic, and communications infra -
struc ture that could be interrupted by ex -
treme and unprecedented weather events.
Water managers who have based their un -
derstanding of possible future floods on
the past thirty to one hundred years of re -
cords now know that their decisions must
take into account flooding outside of the
scope of those records. And although we

do have tree ring data that show the past
history of droughts, including droughts
more intense than anything in recent his-
tory, it will be possible to exceed even the
megadroughts of the past in the coming era
of warmer temperatures.

For water managers, uncertainties come
from multiple sources, and not knowing
how much change to expect or how many
variables will be changing simultaneously
is challenging. Some of the uncertainty
relates to our limited ability to estimate
timing of the projected impacts, including
the challenge of predicting an event with
an understood probability (for example, a
one-in-½ve-hundred-year event) when the
probability itself may be affected by un -
certainties that cannot yet be calculated. 

On the other hand, managers are used
to making decisions without perfect infor -
mation, so in some ways, they are very well
prepared for the challenges that lie ahead.
Navigating climate variability–the year-
to-year changes in conditions–requires
very sophisticated management tools and
practices, including seasonal climate pro-
jections. Water managers know that the
envelope of the past century’s “normal”
climate variability is already being exceed-
ed in many regions, but it is dif½cult–if
not impossible–to project with accuracy
how much more the extremes (or the “tail
ends” of the statistical distribution of
events) will extend.4 Indeed, it is these ex -
tremes–long periods of severe drought,
or storm-related intense rainfall and flood -
ing–that are most disruptive to water sup -
ply systems. The customers of water man -
agement systems expect water to come out
of the tap on demand, but extreme events
such as floods, droughts, wild½res, and
coast al storm surges often interfere with
these expectations.

A lthough water problems are already a
major challenge in many parts of the world,
some experts contend that virtually any
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water management problem has a solution
and that implementing it is primarily a
question of how much money and energy
are available. For example, it is possible to
desalinate seawater and pump it hundreds
or even thousands of miles to thirsty water
users in the deserts of Africa, or to tow ice -
bergs from the Arctic to island nations that
lack freshwater, but these solutions are
gen erally viewed as unsustainable on large
scales or over long distances because of
cost, energy requirements, and environ -
ment al impacts. It is also possible–and in
some regions, increasingly common–to
reuse municipal wastewater for irrigation
and even for drinking water. A relatively
cost-effective adaptation option in drier
areas is to store stormwater underground
to enhance groundwater supplies; there
are multiple technologies available to ac -
complish this. However, although tech   no -
logical solutions to water-related problems
have improved health, sanitation, quality
of life, and access to food across the globe
in dramatic ways, there are limits to tech-
nological solutions and many con cerns
about the negative effects of wa ter man-
agement projects on biodiversity, cultural
values, and other resources. For these rea -
sons, ef½cient conservation practices are
among the most effective ways to manage
the increasing disparity between supply
and demand in some regions and gen erally
have fewer unintended consequences than
other options. But even con servation has
consequences. For ex am ple, an increase
in irrigation ef½ ciency may re duce return
flows (water re  turned to the stream after
overapplications from agriculture) to riv -
ers or to groundwater aqui fers, or dry up
a riparian area with high hab itat value.

Though a wide array of adaptation op -
tions is available, ranging from changes in
behavior and the development of social
sup port networks to changes in technology
and institutions, there are also several chal -
lenges to implementing them. One chal -

lenge for adaptation planning is that solu -
tions often must be individually tailored
to take into account the local hydrologic
and regulatory context, not to mention
cultural, political, and economic consid-
erations. A solution that works well in one
location or region is often completely un -
ten able in another, making great ideas dif -
½cult to transplant from one region to an -
oth er. The range of options available varies
dramatically based on economies of scale,
access to information, the quality of leader -
ship in the region or community, and avail -
ability of ½nancial resources, as well as the
political and cultural history of the region.
Some water managers may have a host of
adaptation options available to them, while
others may be severely constrained.

Perhaps the most important barrier to
adaptation is the complexity of water man -
agement institutions, which are notorious -
ly impenetrable and seemingly nonsensi-
cal to external observers. For example, in
many regions of the Western United States
there are both “wholesale” water supplies
coming from federal and state water proj-
ects and “retail” water supplies that are de -
livered to municipal, industrial, and agri-
cultural customers by both public and
private water companies. Many individu-
als and companies have their own ground -
water wells or surface-water diversions,
which are subject to different rules than
those that apply to the “water providers”
de livering water to retail customers. With -
in a given area, there may be irrigation dis -
tricts serving agricultural users, doz ens of
private water companies, multiple muni -
cipal water suppliers, and a host of indivi -
dual well owners. For example, in the great -
er Tucson, Arizona, metropolitan area (in -
cluding associated rural com munities in
the same watershed), there are over one
hundred and ½fty municipal wa ter com-
panies, regulated under a variety of muni -
cipal, state, tribal, and federal laws and pol -
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icies, as well as a host of internal policies
and operating constraints. Some suppliers
are also subject to oversight from the Ari-
zona Corporation Commission, which reg -
ulates for-pro½t utilities. 

To add to all of this complexity, the legal
premise for establishing water rights is
different in every state, so solutions devel -
oped in one state are often not readily
transferable to another. Water-rights laws
restrict water withdrawals and use in mul -
tiple ways. This means, for example, that
the institutional capacity to solve water-
supply problems through transfers across
state lines, river-basin boundaries, or even
within the same watershed is often highly
constrained. In many cases there are re -
strictions associated with moving water
between sectors or from one type of use to
another (for example, agricultural to mu -
nicipal uses); and there are often limita-
tions associated with moving the “point
of diversion” of river flow from one place
along a river to another. Water rights in
some states are allocated based on historic
use–the “½rst in time, ½rst in right” prem-
ise–which is not conducive to a flexible re -
sponse to rapidly changing economic and
climate conditions. Others have used land
ownership in the vicinity of rivers as a
mode of allocating water rights: the “ripar-
ian” doctrine. In California, some surface-
water rights are more closely aligned with
this approach, but there are multiple allo-
cation systems depending on whether the
use and the right existed prior to the state
water rights system established in 1914,
whether the water comes from federal or
state water storage or distribution systems,
and whether the rights are within speci½c
basins whose water rights have been ad -
judicated through the courts. In general,
water-rights systems work to resolve dis-
putes and conflicts among users within a
system. However, they are completely in -
adequate to respond to large-scale or rapid
changes in supply availability.

Some states manage their water rights
pri    marily through administrative (gov ern   -
ment) agencies, while others make most
of their water-rights decisions through
the courts. In Western states there are hun -
 dreds of sovereign tribal nations with their
own water-rights and delivery mecha-
nisms, and their water-use practices com -
 monly interact in both positive and nega-
tive ways with the interests of other land -
owners in the vicinity of reservations.

Further, while states allocate surface and
groundwater rights, the federal govern-
ment generally regulates water quality (un -
less the authority to manage water quality
has been speci½cally delegated to the
state). This separation of water quantity
management from water quality regula-
tions results in multiple adaptation hur-
dles that might otherwise be avoided. For
example, the use of municipal wastewater
or “effluent” has been emerging for de -
cades as a solution to water-supply prob-
lems in dry regions. But ef½cient use of
this source is controversial in some areas
despite evidence that careful treatment
and reuse, especially for outdoor irrigation
purposes, is possible without health ef fects
–so water quality management agen cies
are frequently operating at odds with
those who manage water-supply availabili-
ty. These institutional problems are often
viewed as barriers to adaptation to climate
change. In fact, these barriers to adapta-
tion are exceedingly well documented–
much more so than the opportunities that
may also result from adaptation to current
and projected changes in the climate.

Avariety of federal laws have a direct im -
pact on adaptation opportunities in the
wa ter management sector. Among them
are the Clean Water Act, the Safe Drinking
Water Act, the Endangered Species Act,
and the Clean Air Act, along with multiple
federal agency–focused rules and regula -
tions that affect the activities of leading
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federal water management agencies such
as the Army Corps of Engineers and the Bu -
 reau of Reclamation. In rivers that gen er ate
hydropower, the Federal Energy Regula-
tory Commission provides an addition al
over lay of regulatory consider ations. All of
these regulations protect the health and
safe ty of the nation’s drinking water sup-
plies for human use, as well as protecting
the environment and habitat of endan-
gered species, but in some cases they may
not in clude the degree of flexibility that
would be ideal for maximizing adaptive
capacity and achieving water manage ment
objectives.

Conflicts often arise when rules for pro -
tecting aquatic species (like the silvery min -
now in the Rio Grande or the salmonids
and Delta smelt at the mouth of the Sac ra -
mento–San Joaquin Rivers) run counter
to the interests of offstream water users.
It is instructive to look at the case of the
Sacramento–San Joaquin Delta in order
to truly appreciate how regulatory activi-
ties intersect with the local “decision con -
 text,” along with ongoing changes in land
use and climate, creating a series of unan-
ticipated consequences.

Climate-change uncertainty is only one
of a number of sources of uncertainty in
natural resource decision processes. The
en vironmental and water-supply conflict
within the Sacramento–San Joaquin Del ta
(the Bay Delta) provides a vivid case study
of the complexity and uncertainty in wa ter
management decisions and the compound -
ing effects of climate change. The Bay-Delta
system has seen nearly four de cades of in -
tense political, legislative, and le gal con-
flict, all centered on the tension be  tween re -
liable water supplies for people and envi-
ronmental protection.5 In part, this conflict
stems from decades of using a symptom-
based approach (as opposed to a systems-
based approach) to natural re source man-
agement; it also provides an im portant les-

son in the need to understand the context
in which decisions about ad ap tation are
made. The management chal leng es in this
case, like many others, are com plicated
by an array of overlapping le gal and insti-
tutional issues, including mul  tiple federal
and state agencies with jurisdiction over
various components of the sys tem and no
effective institutional authority to coordi-
nate and manage the decision process. 

Efforts to ½nd a solution to the Bay-Delta
conflict over the past few decades have fo -
cused on the most recent symptom of de -
teriorating environmental health: de clines
in populations of threatened and endan-
gered species and a reduction in water-sup -
ply reliability for both the state and feder-
al water projects. However, the problems
in the Bay-Delta system have their origin in
one hundred and ½fty years of state and
fed eral policy decisions. In the 1850s, Con -
gress authorized a series of “Swamp Land
Acts,” providing land to those who would
com mit to draining and making use of the
region’s swampland. This policy and ensu-
ing implementation efforts paved the way
to the loss of more than 90 percent of the
wetlands in California’s Central Valley. In
the early 1900s, a flood-control levee sys -
tem was developed in the Central Valley,
not only to provide flood protection but al -
so in part to flush out sediment and de bris
from the destructive practice of hy drau lic
mining.6 These narrow, leveed chan  nels
con  trib uted to the loss of more than 95 per -
cent of the Central Valley’s riparian habitat.
Addi tionally, the system has been pop u -
lated over time, both intention  ally and un -
in  ten tionally, with a wide array of nonna-
tive plant and animal species. The net re sult
of these and many other fac tors is a high -
ly al tered resource system with little nat-
ural re silience. It is on this “nonre sil i ent”
sys tem that the effects of climate change
will be overlaid: higher flood peaks; sea-
level rise; more intense, warmer storms;
and warmer air and water temperatures. 
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The Delta has been called “the lynchpin
in California’s water-supply system,” sup -
plying water from Northern California
reservoirs through the State Water Project
and the Central Valley Project to urban
Southern California, part of the Bay Area,
and the San Joaquin Valley. The water sup -
ply from these projects supports more
than $400 billion of the annual economic
activity of the state and irrigates several
million acres of highly productive agricul -
tural land. The Delta is also the largest es -
tuary on the West Coast of the western
hemisphere, supporting vital West Coast
salmon runs as well as a wide range of
native plant and animal species. 

Additional risks are associated with sub -
sidence (sinking) of the land surface of
many of the islands in the Delta. Some is -
lands are now twenty feet below sea level,
partly as a result of decomposition of the
peat soils. They are protected by levees that
have a high probability of failing in an
earth   quake or storm surge, especially in
the context of sea-level rise. Areas of the
Delta and the Central Valley are at risk for
catastrophic flooding, which could have
dire economic consequences. The physical
and biological management challenges are
further complicated by multiple biologi-
cal opinions related to endangered spe cies
from separate federal agencies, federal
court intervention regarding implemen-
tation of these opinions, and increasingly
heated partisan conflict. In light of all this
complexity, it is nearly impossible to iden-
tify problems that can be attributed to cli-
mate change (or climate variability) alone.
However, it is clear that climate change is
adding to the risk and uncertain ty in the
natural resource and water management
system.

The climate change–related water man -
age ment challenges in the Delta are not just
about precipitation and runoff; they also
relate to water temperature and the con -
dition of the watershed. There are many

unanswered questions about what Cal ifor -
nia’s future water supply could look like.
How do these factors interact? As hy dro -
logic drivers change, vegetation changes,
resulting in potentially unanticipated
feed backs to the hydrologic cycle and the
ecosystem. Is it possible to anticipate how
these interacting factors will af fect Cali-
fornia’s ecosystems? There is a crit ical need
for this kind of integrated re search in de -
cision processes.

Water temperatures are going up, which
could negate the habitat-management
gains made through multiple other restor -
ation efforts, because higher temperatures
result in reduced oxygen and other chem-
ical changes in the water, as well as more
algae and bacteria. How can we know in
advance when we are approaching thresh -
olds beyond which endangered species
can not survive? Can water management
in California continue to function if en -
dangered species are declining and the
Endangered Species Act (esa) remains in
its current con½guration? It appears that
the relatively inflexible requirements of
the esa and the needs associated with the
water management system are in conflict
–and not just in the Delta. Yet the esa is
es sentially a proxy for environmental
health, which makes it the most impor-
tant tool currently available for promoting
environmental sustainability objectives,
even if the tool may be blunt and some-
times poorly used.

The esa is not designed to deal with
changes in baseline climate conditions. For
example, until there are no more Delta
smelt left, more and more restrictions on
water management can be anticipated even
if the smelt’s decline is not directly related
to the actions of water users. Ocean condi -
tions, including the Paci½c Decadal Os cilla -
tion,7 have been correlated with popula-
tions of anadromous ½sh (½sh that mi grate
from the oceans to the rivers to spawn).
Fur ther, even after multiple de cades of

65

Katharine L.
Jacobs &
Lester Snow

144 (3)  Summer 2015



study, California water managers do not
know how many smelt there are or spe -
ci½cally where they are on a seasonal ba -
sis, which makes managing them very chal -
lenging. How can the cause and ef fect of
individual management options in the riv -
ers be evaluated in such a dynamic environ -
ment? Is adaptive management even possi -
ble in the context of all of this complexity?

How can California adjust to losing
snow  pack, prepare for potential levee fail -
ures, manage ½sh decline with changing
water temperature and salinity, and deal
with increasing concerns about meeting
en ergy and water demand for a growing
population, all in the context of ongoing
statewide economic issues? It is clear that
existing institutions are not up to these
chal lenges, let alone able to respond to
sea- level rise and the potential for earth-
quakes at the same time.

In this era of multiple stresses, we can-
not afford to “strand investments” and
spend money on infrastructure that may
never be needed. For example, the iconic
“fortress approach” to protecting low-lying
cities by building seawalls around ex isting
infrastructure is likely to fail eventually
and will certainly have dramatic en viron -
mental effects. But facing the poten tial im -
pacts of another Hurricane Katrina or Su -
perstorm Sandy–like event, there is a need
to ½nd robust solutions that solve multi-
ple problems, particularly in urban areas
where there is signi½cant investment.

After decades of working to establish a
state-federal collaboration to manage all
of these issues and to establish institutions
capable of collective decision-making,
most of the Bay-Delta conflicts re main un -
 resolved. However, a great deal has been
learned about managing the boundary be -
tween science and policy, as well as about
adaptive management in complex decision
contexts. And although water con  flicts re -
main, scientists and decision-makers are
½nding ways to work together on environ -

mental issues. California has been perhaps
the most successful state in linking climate
science to policy decisions, as evidenced
by the passage of Assembly Bill 32, which
limits future greenhouse gas emis sions in
the state. The evolution of this linkage be -
gan with an assessment pro  cess (the “Sce -
narios Project”) involving de  ci sion-makers
and scientists, which could serve as a mod -
el for other states to ad dress, mitigate, and
adapt to climate im pacts in the absence
of other federal legislation.8

Given the scienti½c, environmental, reg -
ulatory, and social context within which
water managers operate and the associated
barriers to adaptation, institutions clearly
must innovate to manage risk and facilitate
adaptation. The following section presents
some institutional solutions that could help
address water management challenges.

Many who have studied water manage-
ment institutions believe that market for -
ces can resolve many of the inef½ciencies
in water distribution and lead to major im -
provements in matching supply and de -
mand in an era of increasing pressure on
½nite water supplies. There is evidence in
Australia, for example, that establishing
well- de½ned water rights that are tradable
on an open market can actually increase the
net value of agriculture, even under drought
conditions.9 Environmental policy re -
search er Bonnie Colby and others have
analyzed the degree to which water mar-
kets have developed in the Western United
States and market systems’ utility for ad -
dressing climate change and related short -
age issues.10 Although water banks and
other kinds of water markets have em erged
in speci½c watersheds–and have in many
cases achieved their desired objectives–
their utility is limited. 

Multiple authors have suggested that
pric ing mechanisms are underutilized,
not ing the direct relationship between in -
creases in water cost and increases in ef -
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½ciency of water use. However, others have
noted the limitations of markets and pric -
ing mechanisms in protecting environmen -
tal interests and the interests of those who
are economically disadvantaged. Uncon-
strained markets can in theory lead to “eco -
 nomically ef½cient” outcomes, but eco -
nom ically ef½cient solutions are not the
same as socially acceptable, environmen-
tally sensitive, or sustainable solutions.
Clear ly, water pricing is an important tool
in the water management toolbox and
wa ter markets can enhance flexibility in
water- rights systems, but water markets
and pricing mechanisms alone will not re -
sult in socially acceptable outcomes. 

There is signi½cant inertia in existing
wa  ter management systems, at least in part
because many economic and social deci-
sions have been made within the existing
regulatory framework. Businesses, munici -
pal water companies, and farmers have all
made capital investments based on expec -
tations about the availability of water sup -
plies, and these investments are often de -
pendent on the assumption that water
management institutions will remain sta-
ble. Major changes in regulations, even if
they are broadly supported, are extremely
dif½cult to implement, because there are
always winners and losers, and those who
anticipate becoming the “losers” in the
con text of proposed institutional changes
are often vocal and litigious. History shows
that major changes in water management
systems often occur in response to emer-
gencies rather than through farsighted in -
 vestments in preparedness. A critical ques -
  tion is how we can increase the flexibility
of existing water management systems in
the face of growing challenges be fore the
system fails. We must also ½nd a way to
flesh out the role of science and sci entists
in helping managers with adaptation.

A critical issue in climate adaptation is
helping managers understand what pos-

sible future conditions they may need to
be prepared for, and how they can wade
through the torrent of available data and
projections to get to truly useful informa-
tion. The need to close the gap between sci -
ence and decision-making in the climate
arena has generated a number of experi-
ments in adaptive management. In all of
the successful cases, it is clear that a focus
on building trusted relationships between
those who generate scienti½c information
and those who use it is a critical founda-
tion for decision-making. Yet it is also clear
that it is dif½cult to scale up these indi-
vidual relationships and successful prac-
tices to the level required for adaptation
across the water management sector.

In many ½elds, “science translators” are
emerging to help connect scientists and
decision-makers as they navigate differ-
ences in language, training, and context.
Science translators help to identify scien -
ti ½c information that is truly useful for spe -
ci½c decisions and help stakeholders get
access to appropriate data and tools for
speci½c sectoral applications. For example,
in California, support for water- and cli-
mate-related decisions has been provided
through the California Applications Proj-
ect (cap), which is a National Oceano-
graphic and Atmospheric Administration
(noaa)–funded effort to link university
re search ers and federal data sources to
spe ci½c needs of decision-makers within
regions. cap includes researchers from
Scripps In stitute of Oceanography, the U.S.
Geolog ical Survey, and noaa’s Western
Regional Climate Center. Science transla-
tors are often found in universities and
con sulting ½rms, but recently a number of
nongovernmental organizations (ngos)
have also been de   veloping climate-related
adaptation tools for managers and trying
to assist by building training programs.

There have been several deliberate at -
tempts to expand the cadre of science trans -
  lators: for example, through cooperative
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funding programs to train postdoctoral
stu dents and to enhance the function of
“boundary organizations” that help man   -
age the interface between these very dif -
fer ent cultures.11 “Decision-relevant” sci -
ence has become much more visible in the
bud gets of federal science agencies as they
re cognize the importance of informing
their own adaptation activities as well as
those of communities and businesses
across the United States. This is quite evi-
dent in the U.S. Global Change Research
Program’s (usgcrp) Strategic Plan for
2012–2021, which emphasizes “informing
decisions,” “sustained assessments,” and
“com munica tion and education” as im por -
 tant pillars of their thirteen-agency climate
research agenda.

A (very) small portion of the usgcrp’s
$2.6 billion investment in climate obser-
vations and research now goes to building
climate science translation capacity, both
within the usgcrp coordination of½ce it -
self and within speci½c federal agencies–
notably the National Oceanic and Atmos -
pheric Administration; the De part ment of
the Interior (doi); and most recently the
U.S. Department of Agriculture (usda).
noaa’s Regional Integrated Sciences and
Assessments (risa) program is the most
mature of these investments, with eleven
centers across the country; the cap is one
of the noaarisas. Stakeholders who have
worked with the program of  ten note that
the support of risa staff has been critical
to building awareness of climate issues as
well as implementing solutions, and
there are now several publications evalu-
ating the effectiveness of the risa ef -
forts. But rising concerns about the need
to ramp up adaptation capacity has re -
sulted in building new Climate Science
Centers, Landscape Conservation Cooper -
atives, and Climate Hubs within the doi

and usda as well. Despite the expansion
of these programs, the demand for “cli-
mate services” and for help from science

translators in these centers far outpaces
these programs’ capacity to meet it.

One example of an innovative water
man   agement solution is the Arizona Wa -
ter Institute (awi). An entirely different set
of water supply and regulatory challenges
faces the state of Arizona, where an inno-
vative science-translation organization was
created to support water management ob -
jectives. Although funding and political
is sues led to its closure in 2009, the awi

showed signi½cant promise in bridging the
gaps between water managers, regulators,
and scientists at Arizona’s three universi-
ties. It was an important experiment in in -
sti tution-building in support of adaptation
that can serve as a model for others aiming
to enhance adaptation capacity. 

Arizona has been known for decades for
its innovative water management activi-
ties. Although water issues facing the state
are daunting and challenges continue to
increase in the face of population growth
and climate change, the state’s commit-
ment to long-term water supply availability
has resulted in billions of dollars of invest -
ment in renewable supplies through the
Central Arizona Project (bringing surface
water from the Colorado River), ground-
water recharge and recovery programs,
and municipal effluent reuse. Arizona has
also developed innovative regulatory pro -
grams, including the 1980 Groundwater
Management Act (which requires sustain -
able groundwater use within ½ve “active
management areas”) and the Arizona Wa -
 ter Banking Authority (which incentivizes
augmentation of groundwater supplies). 

However, despite the existence of hun-
dreds of water specialists and climatolo-
gists across the three state universities, Ari -
zona’s water managers were not taking ad -
vantage of their scienti½c capacity prior to
the establishment of the awi. The awi was
formed through a governor’s initiative in
January of 2006 and included Arizona
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State University, Northern Arizona Uni-
versity, and the University of Arizona. The
primary driver for this initiative was sus-
taining Arizona’s water supply, but other
incentives for creating awi also included
the development of technologies and prac -
tices that could support water sustaina -
bility in arid regions more generally. This
unique partnership, which also included
three state agencies–Water Resources,
En vi ronmental Quality, and Commerce
–pro vided access to hydrologic informa-
tion for water managers, supported com-
munities, and developed technologies to
promote water sustainability. To ensure
rel evance to the private sector and other
government interests, the Salt River Proj-
ect (the state’s largest water and electric
utility) and the Governor’s Of½ce were also
engaged in the awi’s leadership.

Managing relationships between the uni -
versities and the state agencies was prob-
ably the most challenging aspect of the awi

approach, but building the institu tion al
con  nections proved to be an im por tant
asset in creating useful partnerships that
were focused on real-world solutions.
Again, building long-term relationships
of trust within the science community
and between scientists and stakeholders
is a serious challenge but also a necessary
pre requisite to successful climate adapta-
tion efforts.

The awi conducted a survey of local,
coun ty, state, and federal governments, In -
dian tribes, watershed alliances, farmers,
water companies, ngos, and private in -
dus tries in order to establish research
themes. This survey demonstrated strong
interest from multi ple sectors in collabo-
rating with the awi and resulted in six ma -
jor focal areas that are likely to be useful
topics for any water sus tainability or ad -
aptation program:

• Building a hydrologic information sys-
tem to enhance access to water informa -
tion in the state;

• Advancing water quality and treatment
technologies; 

• Promoting aquifer management and
sus tainability; 

• Providing watershed and regional tech-
nical assistance and facilitation; 

• Studying the expected impacts of climate
variability and change; and

• Studying the interconnections between
energy and water systems.

The awi built strong relationships be -
tween the universities and water managers
across the state, and thirty “real world” re -
search projects were initiated within three
years, each involving at least two univer-
sities and a minimum of one external stake -
holder. awi staff managed each project
to ensure that the expectations of scien-
tists and stake holders were realistic and
the outcomes were both useful and deliv-
ered in a timely way.

Although the awi did not change either
the underlying challenges of limited water
supplies and population growth, or a wide
range of institutional challenges, it did pro -
vide a hopeful and relatively inexpensive
approach to adaptation through building
networks that connected social and phys-
ical scientists within existing academic in -
stitutions with public- and private-sector
decision-makers. Given the magnitude
and complexity of the issues water man-
agers face, networks of climate experts and
adaptation professionals such as the awi

are emerging as a leading model for solv-
ing current and future challenges. 

With the intent to help resolve many of
the same science translation issues, ngos
have been step ping in to ½ll gaps in the
knowledge system in regions and sectors
across the country, including, for example,
the Public Policy Institute of California
(ppic) and the California Water Founda-
tion (cwf). The ppic’s water program
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forms teams of in terdisciplinary research -
ers to focus on cur   rent water problems
and bring the best available information
to decision-mak ers.12 The cwf’s efforts
are aimed at translating in formation into
speci½c policy action; re cent activities of
the cwf in clude de veloping statewide
groundwater man age ment policies and
leg islation (adopted in 2014) responding
to rapidly changing water-supply condi-
tions.13 Particularly as the re  sources avail -
able from federal and state agencies shrink,
the role of foundations and ngos in pro-
moting environmental pro tection and
more adap tive water man  agement prac-
tices is ex panding.

A lthough adaptation in the water sector
is associated with innumerable challenges,
there are just as many opportunities for

innovation. In light of the expanding un -
certainties associated with climate change,
it is critical to develop better pathways for
scienti½c information to reach decision-
makers. The efforts of federally supported
investments in climate science translation
(such as the risa program) and institu-
tions that are designed to connect science
and decision-making (such as the awi)
pro   vide reasons to be optimistic that solu -
tions to water management challenges are
achievable. Studying lessons learned in
Cal ifornia and Arizona in managing major
water-supply problems is one source of
useful knowledge in preparing for an un -
certain future. Institutional flexibility and
relationship-building are at least as critical
to building sustainable water management
systems as improvements in scienti½c un -
derstanding.
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The solution to the challenge of urban water secu-
rity will likely consist of a combination of demand
management and the development of a portfolio of
new water supplies. For reasons described in this
essay–in addition to competing demands for im -
ported water and the impacts of climate change on
the hydrologic cycle–it is likely that new water sup -
plies will rely on a mixture of localized strategies such
as desalination, urban stormwater capture, and water
recycling. To gain insight into the factors influenc-
ing the process through which cities pursue new
forms of local water supply, and to identify policies
that can be used to encourage the transition to more
resilient urban water supplies, it is instructive to
consider four speci½c technologies–desalination,
stormwater use, water recycling, and potable water
reuse–and the preconditions that have led cities to
adopt different solutions. With respect to the de vel -
opment of urban water systems, local conditions play
a major role in the decision-making process. None -
theless, some common themes are evident among
the early adopters of urban water-supply reinven-
tion and water reuse. For example, rapid population
growth coupled with favorable economic con ditions

© 2015 by the American Academy of Arts & Sciences
doi:10.1162/DAED_a_00343

Abstract: Cities in drought-prone regions of the American West and Australia provide examples of inno-
vative approaches to utilizing local water resources to achieve more resilient water supplies. Geographical
realities, population growth, and favorable economic conditions can create the impetus for investments in
new technologies, while support by activist groups and NGOs can encourage more sustainable approaches
using locally sourced water. New approaches–whether desalination, stormwater use, water recycling, or
potable reuse–share a common path to mass adoption. After a period of piloting and demonstration-
scale projects, water providers with few options become early adopters of new technologies. And after the
early adopters have gained experience and have used it to support the new approaches, the costs and risks of
failure decrease for other providers. Thus, a wider cross section can adopt the new approach. The pioneering
projects described herein are the ½rst stage of the reinvention of our urban water systems. 
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can create an imperative for responding
to water stress through invest ment in new
water-supply technologies, rather than by
imposing growth restrictions or expecting
further gains once de mand-management
solutions are in place (such as mandates
for speci½c types of land scaping or chang es
in plumbing codes). In addition, the con-
cerns of activ ist groups and ngos, the abil -
ity to develop alternative supplies (as op -
posed to limiting choices), local geograph-
ic constraints, and water quality concerns 
–particularly with respect to salt manage-
ment–all play an important role in the
selection of the speci½c technologies used
in decisions about future water supplies.

Australia is the driest inhabited conti-
nent; and its population is concentrated
in urban areas along the coast. Australia
has experienced many droughts, but the
most severe drought since British settle-
ment was what came to be known as the
millennium drought, which lasted from ap -
proximately 1997 to 2009. The millennium
drought altered public opinion about cli-
mate change and water-use behavior, and
energized governments to take swift action
to “drought-proof” their water supplies.1
In what is described as one of the most
dramatic and swiftest water infrastructure
transitions ever undertaken,2 Australia’s
½ve major metropolitan areas (Sydney,
Melbourne, Brisbane, Perth, and Adelaide)
embraced seawater desalination to aug-
ment drinking-water supplies and com-
menced on a rapid ½ve-year infrastructure
construction program. 

Perth is a case study of the key factors
that influence the choice of desalination:
permanent decline in rainfall, technolog-
ical developments, and cost reductions in
desalination technology and sustainability
considerations. Located in Western Aus-
tralia, Perth is a very dry city, and 2001 was
its driest year on record. Perth was among
the ½rst regions to feel the impact of cli-

mate change and to con½rm the belief that
climate change had altered the hydrologic
cycle. Figure 1 shows what was unique
about Perth: permanently reduced step-
down average inflow to its catchments that
became apparent in 1975.3 The permanent-
ly reduced water supply for Perth resulted
in planning for desalination prior to the
millennium drought; desalination was the
insurance against a worsening situation.
At the time of its completion in 2006, the
Perth Seawater Desalination Plant in Kwi -
nana was the ½rst large desalination plant
of its kind in Australia, and it now provides
about 17 percent of Perth’s water supply.
The clear step-down in Perth’s water in -
flow over three decades from 1971 to 2001
was not mirrored by Eastern Australian
cities like Melbourne and Sydney until the
millennium drought, and even then it was
not sustained after the major rains that fol -
lowed the drought. Thus, hindsight sup-
ports the scale and urgency in Perth’s de -
salination decisions; less so for the cities
in Eastern Australia, where potential wa -
ter sources and management alternatives
are more diverse and where public support
favors more smartly used grids, stormwa-
ter harvesting, and wastewater recycling.4

The second factor is that, over the past
forty years, seawater desalination costs
have greatly declined. Advances in reverse
osmosis technology–in which seawater
is pressurized against a semipermeable
membrane that allows diffusion of water
but holds back the salts–are more cost-
effective today than older thermal distilla-
tion systems. The amount of power re -
quired to treat one cubic meter of seawa-
ter has declined steadily due to techno-
logical improvements in more permeable
membranes, energy recovery devices, and
more ef½cient pumps. The energy required
for the reverse osmosis step has decreased
nearly eight-fold since 1970.5 The timely
advances in reverse osmosis systems reli-
ability and the power and cost ef½ciencies
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clearly influenced Perth’s decision to em -
brace this technology. 

A third factor in Perth’s decision to de -
salinate water was sustainability consid-
erations. Environmentalists were op posed
to using coal-½red plants to power the de -
salination plants and thus pressured the
Water Corporation to ½nd a nonpolluting,
renewable power source.6 The re sult was
a partnership with a regional power com-
pany to build an eighty-megawatt wind
farm at Emu Downs, two hundred kilome-
ters north of Perth. Two-thirds of the wind
farm’s production would power the Kwi -
nana desalination plant. Continuing this
trend, the Water Corporation purchased
renewable energy from solar and wind
farms to power a second desalination fa -
cility: the Southern Seawater Desalination
Plant in Binningup, south of Perth. Aus-
tralia is the ½rst country to link desalina-
tion with renewable energy.7

In short, desalination was the option of
last resort for a desperate Perth and two
desalination facilities now deliver almost
half of Perth’s water-supply needs.8 Spain
and Israel have followed Perth’s lead and
have similarly chosen desalination to boost
their water supply.9

Los Angeles, along with many cities in
California, was built with imported water.
Beginning early in the twentieth century,
massive water infrastructure investments
–from cities, the state, and the federal gov -
ernment–led to the creation of a vast net -
work of reservoirs, dams, and aqueducts
that supported California’s stunning pop -
ulation growth and booming economy.
How ever, by the beginning of the twenty-
½rst century, it was apparent that Califor-
nia’s metropolitan regions had reached
their limits in terms of reliance on
imported water. The City of Los Angeles

Figure 1
Historical Decline in Yearly Inflows into Perth’s Dams

Source: Western Australia Water Corporation, Water Forever, Whatever the Weather: Drought-Proo½ng Perth (Leed-
erville, Perth: Water Corporation, 2011). Figure updated with permission.
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provides a model of how a major policy
change at the municipal level can achieve a
more sustainable and reliable water supply.

In 2007, the situation in Los Angeles
reached a crisis: it was the driest year on
record for the city and the lowest snow-
pack on record in the Eastern Sierras, from
which the city receives a major portion of
its water supply. Continued population
growth and uncertain climate change im -
pacts put additional stresses on the water-
supply system. Meanwhile, court rulings
invoking the Endangered Species Act led
to reduced exports from the Northern
Sacramento–San Joaquin Delta south-
ward to Los Angeles via the California aq -
ueduct. Court actions enforcing the state’s
public trust doctrine also mandated less
flow to the Los Angeles aqueduct, requir-
ing more water for environmental mitiga -
tion and enhancements in Mono Lake and
the Owens Valley in the city’s Sierra Ne -
vada catchments. 

The convergence of these factors caused
Mayor Antonio Villariagosa and the Los
Angeles Department of Water and Power
(ladwp) to embark on a new course of
creating sustainable sources of water for
Los Angeles. This landmark blueprint for
action, described in the document Securing
L.A.’s Water Supply,10 seeks to reduce reli -
ance on imported water and meet all new
de mand through conservation and expan -
sion of water recycling, stormwater cap-
ture, and groundwater cleanup and storage. 

Figure 2 shows two pie charts that de -
scribe the makeup of Los Angeles’ water
supply today and what it will look like in
2035 in acre-feet per year (afy; one acre-
foot is about 0.32 million gallons or 1,200
cubic meters).11 Note the reduction in reli -
ance on imported water from the Metro-
politan Water District (mwd), which is
the major wholesaler for water supplied
from California’s State Water Project and
the Colorado River aqueduct. Today, the
Metropolitan Water District supplies

about one-half of Los Angeles’ water. In
twen ty years, this will decrease by 50 per-
cent in absolute terms despite continued
population growth. This is achieved by in -
creasing the water-supply portfolio, espe-
cially through development of local sus-
tainable water supplies. 

As depicted in Figure 2, ladwp’s future
water-supply portfolio does not include
seawater desalination. This is a result of
concerns about costs and the environ-
mental impacts–raised by local activist
environmental groups in Southern Cali-
fornia–associated with desalination.12

For example, the Surfrider Foundation has
voiced concern about open-ocean intakes,
advocating instead for subsurface intakes
to prevent harm to marine life, and has
pointed out that concentrated brine dis-
charge can degrade marine habitat if not
properly diluted. The Sierra Club has
raised these same concerns, adding ques-
tions about the energy intensity and in -
creased greenhouse gas emissions associ-
ated with seawater desalination. In short,
the cost, environmental impacts, and un -
popularity of desalination with the public
and ngos–and the ready availability of
alternatives–led the city and the ladwp

to meet the city’s future water-supply
needs through conservation and signi½ -
cant ly enhanced stormwater capture and
water recycling. 

As Figure 2 illustrates, Los Angeles aims
to reduce water demand by 64,000 afy by
2035, which is in addition to the 100,000
afy already conserved since the 1990s.
From 1980 to 1990, population grew at 1.7
per cent per year, with water demand grow-
ing at the same rate. But after the ladwp

began implementing water conservation
measures in 1991, demand has remained
flat despite a population growth of 1.1 mil-
lion people. From 2010 to 2035, Los Ange-
les’ population is projected to increase by
367,300 persons, and the city’s conserva-
tion goal is to reduce per capita water use
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to 138 gallons per person per day by 2020.13

Thus, with aggressive water conserva-
tion, the amount of water needed for an
additional 367,300 persons is about
57,000 afy. This illustrates that water
conservation can reduce the future in -
crease in demand for water caused by pop -
ulation growth, but conservation does not
signi½cantly reduce the overall demand
for imported water. Clearly, aggressive
con servation can accomplish much. But
af ter low-flow devices are installed in new
and older buildings, plumbing codes are
changed, and incentive programs are im -
plemented for landscaping conservation,
there is not much more that can be done
using existing conservation techniques.
For these reasons, stormwater capture and

water recycling play critical roles in reduc-
ing overall water imports for Los Angeles. 

Work is now underway to upgrade and
construct centralized projects for storm -
water capture and groundwater recharge
(the hydrologic process through which
sur face water becomes groundwater) to in -
crease capture/recharge productivity by
at least 25,000 afy by 2035. An additional
10,000 afy of conservation is expected to
result from decentralized systems like rain
barrels and neighborhood-scale cisterns.
To achieve these goals by 2035, the ladwp

created the Watershed Management
Group, a partnership among agencies and
environmental groups (including Tree -
People and the Green LA Coalition) re -
spon sible for developing and coordinating

Figure 2
Comparison of Existing and Projected Water Supply Sources for the City of Los Angeles

gw: Groundwater. mwd: Metropolitan Water District. The charts do not reflect the 100,000 acre-feet per year
(afy) of existing conservation. One acre-foot is about 0.32 million gallons or 1,200 cubic meters. Source: Los
Angeles Department of Water and Power, 2010 Urban Water Management Plan (Los Angeles: Los Angeles Department
of Water and Power, 2010; rev. 2011).
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stormwater projects among stakeholders.
The Watershed Management Group’s pri -
mary purpose is to enhance Los Angeles’
water supply by increasing stormwater
capture at existing centralized facilities
and promoting distributed stormwater in -
½ltration systems.14 Stormwater capture
is popular with environmental groups and
ngos because, in addition to groundwater
recharge, capture leads to the creation of
green space and reduction of pollution
load at beach sites. 

Los Angeles has captured stormwater for
over eighty years in the San Fernando
Basin through the flood plains and tribu-
taries of the Los Angeles River. But urban -
ization increased the city’s hardscape, re -
sulting in less in½ltration of stormwater
and a decrease in regional groundwater
stor age. Los Angeles is currently develop-
ing a stormwater capture master plan to
determine stormwater capture potential,
feasible locations for centralized and de -
centralized stormwater capture systems,
and costs and milestones.

The low-lying flatlands of Los Angeles
are not adjacent to large tributaries. In
these areas, distributed, smaller stormwa-
ter in½ltration strategies will be imple-
mented at the neighborhood scale and the
scale of landscape changes on individual
citizens’ property. Because of its perme-
able soils, the San Fernando Basin provides
the best locations for new and enhanced
facilities for large-scale stormwater cap-
ture. Figure 3 shows an estimate of the
twenty-½rst-century stormwater capture
potential for Los Angeles under two sce-
narios: 1) an aggressive path with nearly
150,000 afy captured in centralized fa -
cilities and 44,000 afy captured in decen -
tralized facilities; and 2) a more conser-
vative path with modest increases beyond
the 2035 goals outlined above.15 Although
theoretical, the curves shown in Figure 3
are based on speci½c projects implement-
ed at the land-use level. The conservative

approach assumes that stormwater cap-
ture is limited to areas with no contami-
nation, while the aggressive-action sce-
nario assumes that groundwater contam-
ination is no longer an issue. The long-
term potential for upgraded and new cen-
tralized facilities for stormwater capture
and recharge would signi½cantly change
the water-supply portfolio shown in Fig-
ure 2. But uncertainty in how to safely cap -
ture, treat, and recharge stormwater in
ways that protect groundwater quality,
pro vide community bene½ts, and gain the
support of activist groups and ngos re -
mains a signi½cant challenge to achieving
these ambitious goals. 

Enhanced water recycling is expected to
grow eight-fold by 2035. Los Angeles also
has a history of using recycled water for
parks, golf courses, and cemeteries. Re -
cycled water is currently in use at the Los
Angeles Japanese Tea Garden, Wildlife
Lake, and Balboa Lake, after which water
continues to flow to the Los Angeles Riv -
er, where it supports native plants and
wildlife. Recycled water is also injected in -
 to the ground near the coast to prevent sea -
water intrusion into local aquifers (under -
ground layers of rock through which water
can flow, and from which water can be
drawn using a well). The Urban Water Man -
age ment Plan calls for expanding the recy-
cled water pipeline system and using re -
cycled water for groundwater replenish-
ment. Recycled water pipeline systems are
expensive to install and often are the major
obstacle for expanding water reuse be -
yond areas adjacent to a centralized treat-
ment plant.16 Los Angeles’ solution is to
expand the recycled water distribution sys-
tem for nonpotable uses for major con-
sumers like parks, lakes, re½neries, and
generating stations. Groundwater replen-
ishment with recycled water is also an ob -
jective, but this requires advanced treat-
ment, as is explained below. For ground-
water replenishment with recycled water,
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Los Angeles will employ additional treat-
ment steps of micro½ltration, reverse os -
mo sis, and advanced oxidation to ensure
healthy water and to address low levels of
contaminants of increasing concern.17

The ½rst large-scale, permanent potable
water reuse system in the United States
was built by the Orange County Water Dis -
trict in 1976 in response to recognition
that rapid development of the urban area
south of Los Angeles was degrading the
quality of the local groundwater basin.18

Speci½cally, excessive groundwater extrac-
tion had caused seawater intrusion into the
coastal aquifer, leading to closure of drink -
ing water wells as far as six kilometers in -
land.19 To support the region’s ambitious
plans for continued growth, the water
district adopted a policy of reversing the
damage to the coastal aquifer through en -
hanced freshwater recharge. The main

strat egy involved the installation of a sea-
water intrusion barrier (a line of fresh-
water injection wells) approximately two
kilometers from the coast. After ruling out
the use of seawater desalination due to its
high cost, the utility turned to the local mu -
nicipal wastewater treatment plant as the
source of freshwater for the injection wells.

The initial potable water reuse project,
known as Water Factory 21, employed a se -
ries of advanced water-treatment technol -
ogies (its name refers to its use of twenty-
½rst-century technology). The “factory”
consisted of two parallel treatment trains
operated side-by-side to purify 0.7 m3/s
(16 million gallons per day) of wastewater
effluent. One treatment process train em -
ployed activated carbon ½ltration to re -
move organic chemicals that might com-
promise the taste of the water or pose
public health risks, while the other train
used reverse osmosis to remove contami-

Figure 3
Illustration of the Potential for Stormwater Capture and Recharge 
to Provide More Reliable and Sustainable Water Supplies for Los Angeles

The Stormwater Capture Master Plan (scmp) considers scenarios that, using aggressive action, could nearly
triple the amount of stormwater captured. Source: Rafael Villegas, Stormwater Capture Master Plan: The Master
Planning Process (Los Angeles: Los Angeles Department of Water and Power, 2014).
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nants. The reverse osmosis process, which
was the more expensive of the two, had the
added bene½t of reducing the salt content
of the water–a necessity due to the fact
that the local tap water was rich in salt to
begin with, and the modest increase re -
sulting from use and recycling raised the
ion con tent to unpalatable levels.

As the region’s need for water increased,
the water district tripled the capacity of the
system by replacing the original facility
with a new treatment plant employing re -
verse osmosis and an advanced oxidation
system against contamination.20 That fa -
cility, the Groundwater Replenishment Fa -
cility, has become a standard design rep li -
cated by new potable water reuse facilities
worldwide, such as the NeWater system
in Singapore. Further, the water district’s
clear communication to the local commu -
nity of its intentions and commit ment to
the protection of public health serves as an
example of how a water provider can fos-
ter legitimacy and public support.21

Although the example set by the Orange
County Water District established a com-
mon design for many potable water recy-
cling systems, the use of reverse osmosis
is problematic in inland communities that
lack a means of disposing of the salts re -
moved from wastewater effluent. To safely
reuse potable water in its inland commu-
nity, Aurora, Colorado–a rapidly growing
suburb of Denver–built a 2.2 m3/s (50 mil-
lion gallons per day) facility that subjected
water from an effluent-dominated section
of the Platte River (where Denver dis-
charged its wastewater effluent) to treat-
ment processes that removed chemical
con   taminants and waterborne pathogens
without producing a salt-brine waste
stream.22 Employing riverbank ½ltration
followed by advanced oxidation and acti-
vated carbon ½ltration, the Prairie Waters
Project proved that it was possible to re -
cycle wastewater effluent without reverse
osmosis. 

Local conditions were key contributors
to the design of Aurora’s treatment system.
The geology of the South Platte River site
was favorable to the installation of ground -
water extraction wells adjacent to the river
(riverbank ½ltration) and the availability
of a drinking-water aquifer made it possi-
ble to store the treated water underground.
Further, the absence of a convenient
means of disposing of salts produced by
reverse osmosis created an incentive for
the water service provider to purify the
water without removing salt. Similarly,
local conditions also determine water
storage strategies: communities that lack
access to a suitable aquifer are forced to
store treated water above ground. In ad -
dition to posing a greater risk that the pub -
lic might reject a potable water reuse proj-
ect due to concerns about the origin of the
water (empirical evidence suggests that
underground storage plays a role in over-
coming concerns about the past history of
water),23 existing surface water storage
facilities are usually located at the highest
elevations in the city, necessitating signi½ -
cant use of energy to pump recycled water
–typically produced at the lowest eleva-
tions in the city–to the reservoir. 

The issue of salt management and
pump ing costs were important to the re -
cent decision of a water utility located near
Odessa, Texas, to build a potable water re -
use facility that recycles approximately 0.11
m3/s (2.5 million gallons per day) of waste -
water effluent. Due to the high concentra -
tions of salt in the local water supply, the
Big Spring Water Recycling Facility, like the
Orange County Water District’s Ground -
water Replenishment Facility, employs
re  verse osmosis and advanced oxidation,
though instead of storing the water under -
ground, the facility pipes it directly into a
water-supply canal.24 The decision to recy-
cle the city’s wastewater instead of im -
porting freshwater was encouraged by the
relatively high cost of pumping water to
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the city from potential sources, all of which
were located at considerably lower eleva-
tions than the reservoir. 

As illustrated by the examples of po -
table water reuse in the United States; sea -
water desalination in Australia; and urban
stormwater capture, treatment, and re -
charge in Los Angeles, new water-supply
approaches can provide a viable means of
breaking the longstanding dependence of
cities on imported water. However, these
pioneering efforts were prompted by
severe water stress and cities’ new will-
ingness to pay for technologies that were
expensive relative to conventional options.
For cities that are not currently facing acute
water stress or that lack the ½nancial
means to pay for new technologies, these
new approaches may not seem like viable
alternatives to existing water-supply ap -
proaches. This situation is a common at -
tribute of technology transitions that oc -
cur when a new approach replaces an es -
tablished system.25 For familiar examples,
like wireless communication replacing
land lines or data storage moving from
floppy discs to cloud-based storage, the
time between the ½rst appearance of a new
technology and the displacement of an ex -
isting technology is shorter than that of a
change in civil infrastructure because the
replacement cycle is shorter. Nonetheless,
transition processes are similar in many re -
spects: initially, new technologies are often
more expensive than existing ap proach es.
While they provide bene½ts relative to ex -
isting approaches, the risk of failure in the
water sector discourages widespread adop -
tion.26 After a period of piloting and dem -
 onstration-scale projects, water provid ers
with few viable alternatives turn to new
technologies and are willing to bear the
extra costs and higher risks of failure. After
these early adopters have gained experi-
ence and thus supported the start-up of a
new industry, the costs and risks of failure

decrease and a wider cross section of the
community can adopt the new approach.

Viewed from the perspective of tech-
nology transitions, the pioneering water-
supply projects described above are the
½rst stage of the reinvention of urban water
systems. After the early adopters have im -
plemented their pioneering projects, the
in stitutional barriers to ½nancing, regu-
lating, and operating these new technolo-
gies will diminish and the overall costs of
new forms of water supply will become
fav orable when considered in a triple-
bottom-line analysis. We anticipate that
in much the same way that urban water
systems have undergone periods of rapid
change,27 we will in the coming decades
reinvent the way in which we plan, man-
age, and operate urban water systems.
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Analyzing nature and economies as static sys-
tems gravitating toward equilibria distracts our at -
tention from the dynamic forces in both. Focusing,
instead, on the dynamic processes at work in the
environment and in markets provides a link between
the two by emphasizing that 1) environmental prob-
lems result from a lack of clear property rights; 2)
property rights problems are entrepreneurial oppor -
tunities; and 3) entrepreneurs respond to and create
market signals, which incorporate environmental
con ditions.

Economics, in general, and environmental eco -
nom ics, in particular, are saddled with static models.
Although economic models of market equilibrium
provide useful predictions of tendencies toward equi -
librium, they do not tell us much about the process
of getting there. Natural resource economic models,
meanwhile, emphasize the static notion that private
costs are often less than social costs. This allows pri -
vate actors to ignore some costs of their actions and
thereby engage in practices that are not bene½cial to
society: too much ½shing of a stock of ½sh, too many
emissions into the air, and too much diversion of
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Abstract: Static models used in economics and ecology ignore dynamic processes at work in both human
and natural systems. In the case of water management, whether for quantity or quality, static models fail
to connect changing human demands on water systems with changing supplies due to short-run climate
variations and long-run climate change. Water markets provide a way of connecting human demands to
nature’s supplies through prices, which signal values and scarcity. For water markets to make this con-
nection, water rights must be well-de½ned, enforced, and tradeable. When they are, entrepreneurs are
able to meet old and new demands on water ecosystems in novel ways, as examples in this essay illustrate.



water from rivers, for example. The impli -
cation, therefore, is that to achieve socially
optimal resource use, private action must
be curtailed by collective action. This static
conclusion fails to recognize that any such
divergences result from property rights
that are not well-de½ned and enforced1

and that property rights are continually
evolving.2

Just as equilibrium models oversimplify
markets and ignore the important dynam -
ic forces of entrepreneurship, environmen -
tal models have oversimpli½ed ecological
systems and ignored the importance of dy -
namic organisms. They build on a perspec -
tive of natural balance, rather than on eco -
systems that are continually confronting
and generating new constraints and ad -
justing to them. In the words of ecologist
Daniel Botkin, “We have tended to view
na ture as a digital camera’s [kodachrome, as
he called it] still life, much like a tourist-
guide illustration of La Salute; but nature
with and without people is and always has
been a moving-picture show, much like the
continually changing and complex pat-
terns of the water in the Venetian lagoon.”3

Botkin asks, “How real is the concept of a
balance of Nature? What is the connection
between people and nature? What are our
roles in and obligations to nature?”4

As with ecologists, economists must ask:
how real are market equilibria? Given that
markets are never in equilibrium, we need
to focus on dynamic processes in both na -
ture and markets and on the links between
human action and nature. Those links are
determined by property rights–the rules
of the game–that determine who has the
right to decide how resources are used and
to derive value therefrom. If, at a point in
time, property rights are clearly de½ned
and enforced, then the roles and obliga-
tions of human beings to one another as
users of nature would be clear according to
the human values and natural conditions
at that time. 

As values and environmental conditions
change, however, dynamic forces come
into play and property rights must evolve:
the property rights that had clearly de -
½ned roles and responsibilities before the
change in conditions may no longer be
adeq uate.5 Once abundant resources be -
come scarce, individuals with different
values will compete for uses, necessitating
allocation among competing interests. Ef -
fective environmental entrepreneurship,
therefore, is akin to Darwinian evolution
in economies. It is, as popular science writ -
er Matt Ridley put it, “spontaneously self-
ordered through the actions of individuals,
rather than ordained by a monarch or a
par liament.”6

Provided property rights are transferable,
markets can accommodate changing val-
ues and changing environments, but not
without entrepreneurs who observe chang -
ing values, recognize opportunities, and re -
spond to new demand and supply condi-
tions. The challenge for the entrepreneur is
to discover the values of goods, services,
and the inputs that go into their produc-
tion and to capture those values through
market exchanges of ownership claims to
labor, capital, and natural resources.

When an entrepreneur successfully re -
sponds to disequilibrium conditions creat -
ed by changing human values or by chang -
ing ecosystems, he or she is attempting to
resolve what Daniel Botkin calls “discor-
dant harmonies.”7 Just as ecological dis-
turbances create discordance in the envi-
ronment to which species respond by ½ll -
ing niches and evolving, economic dis -
turbances create market discordance to
which entrepreneurs respond. If they are
successful, they create harmony from dis -
sonance. 

Consider more generally how environ-
mental entrepreneurs interface with water
resources. With water covering 70 percent
of the blue planet’s surface, it might appear
that water is not scarce enough to attract
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entrepreneurial attention. Of course, it is
scarce because most of it is either in the
wrong place or the wrong form. Water is
not where the people want to use it; its sup-
ply is variable relative to human demands;
it is of the wrong quality (whether too sa -
line or too contaminated) to satisfy human
demands; or it is unattractive for some
com bination of these reasons. 

This begs the question, why is water dif -
ferent from many other resources? Again,
the answer is property rights. Water prob -
lems arise when there are competing de -
mands for scarce water, for which property
rights are not clear. 

The dewatering of rivers in arid parts of
the American West offers a classic exam-
ple.8 Diversion rights to water in Oregon
and California’s Klamath River were suf -
½ciently well-de½ned to allocate the scarce
resource among competing uses, even if it
meant leaving the river dry. However, be -
cause it was so costly to transfer water from
diversion to instream uses, it was neither
eco nomical nor possible to divert the river
to meet the en vironmental demands for
instream flows to support spawning salm -
on and steelhead, leading to further con-
flicts about re source allocation. Entrepre-
neurial respons es to competing demands
for water use, whether from increased
demands or re duced supplies, require re -
allocating water within the existing insti-
tutions or altering those institutions to
accommodate new constraints and new
allocations. 

Water markets offer an increasingly im -
portant tool in institutional debates about
reallocation and resource use. This paper
½rst explains the importance of markets in
providing an interface between dynamic
human demands for water resources and
dynamic environmental conditions for
their supply. It then focuses on examples
of the role that entrepreneurs play in dy -
namic environments and dynamic mar-
kets. 

Economists have traditionally analyzed
markets using comparative statics, com-
paring one equilibrium with another and
specifying the conditions required for the
equilibrium to hold. The standard black-
board assumptions of perfect information,
costless market transactions, and perfect
competition focus attention on points of
equilibrium in which the forces of supply
and demand are perfectly balanced.

Philosopher Mark Sagoff has confronted
economists who view markets and eco -
systems as equilibrium systems that can be
objectively valued for their contributions
to human welfare: “Ecological knowledge,
like any kind of empirical knowledge that
is relevant to economic activity, is too
spread out among people and too sensitive
to the moment to be captured by any one
individual or by any group–even scientists
given suf½cient resources.” Remarking on
recent attempts by economists and scien-
ti½c experts to assign values to ecosystem
services from the top down, Sagoff con -
cluded that the “‘ecosystem services’ proj-
ect is bound to fail in its attempt to substi-
tute an in natura calculus of value for the ar -
ti½ce of market price.”9 Instead of seeking
to valu ate ecosystems, markets aggregate
dis  parate knowledge through entrepre-
neurial action.

Viewing markets as if they exist in equi -
 librium distracts us from the market pro -
cesses, entrepreneurial activities, and in -
stitutional evolution that tend to move
mar kets in the direction of equilibrium.
Just as nature is never in equilibrium, nei-
ther are markets. Certainly equilibrium
con cepts are useful for developing hypoth -
eses and gaining insights into basic market
responses to changing conditions, but they
obscure the moving picture show of the
mar ket process.

Dynamic processes, found in both eco -
systems and markets, call for a better un -
derstanding of the connection between
ecol ogy and economics. In the words of
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en vironmental writer Emma Marris, eco -
systems are “fundamentally stable entities
afflicted by changes from without and
within about as much as a ballet is a fun-
damentally static object afflicted with mo -
tion.”10 Marris’s description could just as
easily apply to markets that, although often
viewed as if they exist in balance, are fun-
damentally driven by a barrage of changes
from within and without.

Much like the interaction of organisms
in nature, the market process emphasizes
the interaction of individuals based on
factors that are time- and place-speci½c.
Just as individual species ½ll niches in eco -
systems, entrepreneurs ½nd market niches
and specialize in production and market-
ing to ½ll those niches. Successful entre-
preneurship requires the entrepreneur to
use local knowledge and resources more
ef½ciently than is the current practice. As
a result, inef½cient resource use in markets
and in ecosystems is crowded out in an
evo lutionary process where sustainability
requires pro½tability for survival. 

In this sense, human action is ordered
spontaneously through market processes
just as animal and plant speciation is or -
dered through evolutionary processes. In -
formation on which niches are opened and
how they should be ½lled cannot be ac -
quired or ordained from the top down; it
requires responses to what economist and
Nobel laureate Friedrich Hayek described
as “rapid adap tation to changes in the par-
ticular circum stances of time and place.”11

The ability of market institutions to re -
solve conflicting human demands on the
environment relies on entrepreneurs who
reallocate inputs and outputs guided by
market prices and property rights. With
clear and transferable property rights,
own ers of resources will have to compare
the value they place on resources with of -
fers made by others. These competing val -
ues are embedded in prices, which provide
condensed information about individual

preference, resource scarcity, and technol-
ogy, among other inputs. 

In her recommendations, Emma Marris
has summarized the modern challenges
facing environmentalists: “Give up ro -
man tic notions of a stable Eden, be hon-
est about goals and costs, keep land from
mindless development, and try just about
everything.”12 This is what entrepreneurs
do. In some cases, their decisions will be
wrong. However, just as poor adaptations
in nature are eliminated, albeit slowly, via
evolutionary processes, bad decisions in
markets are purged by economic losses.

In summary, the effectiveness of market
processes and entrepreneurship in adapt-
ing to changes in nature depends on well-
de½ned, enforced, and transferable prop-
erty rights to environmental resources. If
those rights exist, costs and bene½ts will
be internalized by owners. If they do not,
entrepreneurs are incentivized to establish
property rights in order to capture the ben -
e½ts of ownership. The evolution of prop -
erty rights may come from the bottom up
or from political processes that distribute
rights.13 In either case, there is no more
guarantee that property rights will be com -
plete than there is that governmental con-
trol allocation of environmental assets will
respond to dynamic ecosystem changes.

Water markets provide a way of adapt-
ing to a dynamic world of changing hu -
man demands for water and the changing
supplies of it. Doing so via water markets
requires that water rights be well-de½ned,
enforced, and transferable. Not surpris-
ingly, water rights vary considerably de -
pending on human demands relative to
natural supplies. The Eastern United
States relies mainly on the common law of
riparian rights, which gives riparian land -
owners an equal right to an undiminished
quantity and quality of water. This system
was appropriate given the relative abun-
dance of water in the East and the uses to
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which water was put: namely, power gen-
eration and human consumption, rather
than diversion for irrigation.14 Because
prior appropriation rights are more clearly
speci½ed, they are more amenable to ex -
change.15 This system evolved in response
to “institutional entrepreneurs” who found
water law from the East inadequate for
purposes requiring diversion.16

The importance of property rights evo-
lution is seen in the recent allowance of
diversion rights to be converted to in -
stream flow rights. The prior appropria-
tion system was based on the “use it or lose
it” principle, which required diversion or
was considered abandoned, and therefore
could be claimed by others. Given the in -
creased value placed on instream flows for
water quality, recreation, and environmen-
tal amenities, entrepreneurs have brought
pressure to change the laws so that every
Western state today recognizes instream
flows as a bene½cial use of water. 

Obstructing water entrepreneurs are a
variety of political impediments that raise
transaction costs for exchange. The battle
over water flowing through California’s
Central Valley into the San Francisco Bay
is the quintessential example.17 The rights
to Central Valley water are largely held by
agricultural users or are allocated through
contracts between agricultural users and
the state or federal government. Environ-
mental demands based on the need for
water to ensure survival of the delta smelt
or migrating salmon have been articulated
through political processes, especially the
Endangered Species Act. Because it is al -
most impossible to shift agricultural wa -
ter to environmental uses through market
transactions, the only alternative for en -
vironmentalists is politics in which the
stakes are high and the battles ½erce. In -
deed, given the slowness with which bu -
reaucracies move, there is good reason to
ex pect that they may be less dynamic than
market entrepreneurs.18

Water markets provide an alternative to
political allocation that allows flexibility
in light of dynamic environmental con-
straints and human demands. The follow -
ing are examples of water markets at work
and reflect how entrepreneurs respond to
disequilibria.

Tradable water rights allow conserva-
tion organizations and agriculturalists to
negotiate mutually bene½cial agreements
to share the water. For example, in 2005,
Montana Water Trust (now the Clark Fork
Coalition) entered into a ten-year lease
agree ment with irrigators to reduce di -
versions along Tin Cup Creek in Western
Montana. The upper portion of Tin Cup
lies within the Selway-Bitterroot Wilder-
ness and provides critical native ½sh hab -
itat, fostering westslope cutthroat trout
and bull trout. The lower portion, however,
was heavily appropriated for irrigation use
and diversions that depleted stream flows
to levels insuf½cient for ½sh. With the lease
agreements in place and consequent re -
ductions in diversions, instream flow lev-
els were restored, reconnecting migration
routes between Upper Tin Cup Creek and
the Bitterroot River downstream. In Idaho,
the trout and salmon conservation organi -
zation Trout Unlimited collaborated with
the city of Pocatello to acquire senior water
rights upstream from irrigators. The added
flows help Trout Unlimited meet its goal of
restoring flows for Yellowstone cutthroat
trout while the additional water instream
im proves water quality and reduces the
city’s need to pump scarce groundwater.19

Just as markets are dealing with water
scar city issues, markets can also work to
address water quality concerns and the as -
sociated economic costs.20 Though the
Clean Water Act does not speci½cally au -
thorize markets in water quality credits,
the act’s directive to states to establish
plans to control point and nonpoint source
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pollution ultimately leads to the creation
of credit markets.21 States have been
drawn to incentive-based market schemes
for controlling pollutant sources because
they introduce flexibility in how effluent
targets are met, which reduces costs to reg -
ulated dischargers while encouraging re -
ductions in pollutant levels. The number
of water quality trading programs in the
United States has grown considerably
since the emergence of the ½rst generation
in the 1980s.22 The Environmental Protec -
tion Agency (epa) identi½es forty-eight
do mestic trading programs in twenty-½ve
states. Such programs are helping states
meet water quality standards more ef½ -
 ciently and at reduced costs to regulated
in dustries.

For instance, in the Long Island Sound of
New York and Connecticut, runoff and ex -
cessive discharges from sewage treatment
plants into area streams were threatening
local ½sh and shell½sh populations. A co -
ordinated effort between the epa, the Con -
necticut Department of Environmental
Pro tection, the New York State Depart-
ment of Environmental Conservation, and
private organizations and landowners de -
veloped a watershed-based nutrient reduc -
tion plan. Through negotiation among the
various interests, the plan established a
statewide cap on the total amount of ni -
trogen that may enter the watershed, and
also allocated individual discharge targets
to seventy-nine municipal waste treatment
plants in the area. If it is too expensive for
one plant to meet its target level, it can buy
credits from other dischargers that have
reduced their pollution levels below their
respective targets or permitted levels. Dis-
charge sources with lower control costs
have the incentive to reduce pollution
amounts, thereby creating tradable pollu -
tion credits. Higher-cost dischargers can
buy credits and clean up less. Either way,
the net amount of discharge does not ex -
ceed the total allowed amount.

However, water quality markets still rely
on governmental control to establish tar-
get levels of pollution. Such a strategy “pre -
sumes regulators are correct in their
knowledge about how much pollution is
‘right.’”23 But no matter how well-inten-
tioned or informed agency of½cials may be,
it is impossible for them to determine the
optimal limit on pollution in every case.
Agencies are subject to political pressures
and, in promulgating regulations, they set
uniform standards that are applied over an
overly broad range of pollution contexts.
In a true market approach to water quality,
the residual claimants determine the ac -
ceptable amount of pollution or level of
water quality and, through negotiation, the
contract for achieving the target level.

Most water quality trading programs are
driven by top-down regulations, but some
arise through bottom-up collective action.
For example, Wichita, Kansas, is paying
up stream farmers in the Cheney Lake Wa -
tershed to reduce nutrient runoff tied to ag -
ricultural production.24 In the early 1990s,
algal blooms and increased sedimentation
in Cheney Lake alerted area residents,
farm ers, and the City of Wichita–which
re lies on the lake for drinking water–that
water quality was no longer something that
could be taken for granted. In a region
dom inated by agricultural users, the source
of the pollution was clear, and the offend-
ing farmers themselves decided something
had to change.

Like many nations, Australia is facing in -
creasingly scarce water resources, a product
of supply shocks and increasing competi-
tion among consumptive and environmen -
tal water demanders.25 The development
of Australian water markets ½rst re quired
institutional changes to provide opportu-
nities for formal markets and a means of
bal ancing water supplies and de mands.
Early reforms in the 1980s, which created
temporary trading opportunities, were fol -
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lowed by broader reforms in 1994, when
the Council of Australian Governments
(coag) endorsed the Strategic Frame work
on Water Reform, laying the foundation
for a nationwide transition to formal wa -
ter markets. Central to the re forms were
provisions for de½ning water entitlements,
severing water claims from land, and in -
corporating environmental flows into wa -
ter management plans. State and territorial
governments were tasked with rede½ning
entitlements in terms of ownership, vol-
ume, reliability, transferability, and, if ap -
propriate, quality, while also developing
plans to manage water for instream appli -
cations.26 The reforms in the 1990s re sult -
ed in “considerable prog ress toward more
ef½cient and sustainable water manage-
ment.”27

If water problems are caused by either the
fact that water is not where the people
want to use it, that its supply is variable rel -
ative to human demands, that it is of the
wrong quality to satisfy human de mands,
or some combination of the three, they
will be exacerbated by climate variability.
In the context of water, climate change is
best thought of in terms of what it means
for variations in water supplies and de -
mands. In his book Windfall: The Booming
Business of Global Warming, Mc Kenzie Funk
explains that market responses to climate
variation are “tribal, primal, pro½t-driven,
short-term, and not at all idealistic.”28 Seen
this way, water markets provide an alterna -
tive way of dealing with increased climate
variance. 

John Dickerson, ceo of Summit Global
Management, is harnessing water markets
in response to climate variation by invest-
ing in what he calls “wet water”–in con-
trast to water infrastructure–through the
purchase of water rights in America’s Colo -
 rado River basin and in Australia’s Murray-
Darling basin. As noted above, both sites
have reasonably well-de½ned, en  forced,

and tradeable water rights to facilitate wa -
ter marketing. According to Dickerson,
“The real future is going to be the direct
assets–not through the medium of a util-
ity, not through the medium of a pump
company–but the direct, physical water
assets.”29 Or as Funk puts it, “Carbon
emis sions are invisible, temperatures are
an abstraction. But melting ice, empty res -
ervoirs, lapping waves, and torrential rain -
storms are physical, tangible–the face of
climate change. Water is what makes it all
real.”30

Dickerson had trouble raising money for
his fund until the publication of Al Gore’s
Inconvenient Truth kick-started the mar-
ket.31 Fifteen water mutual funds started
in 2007, more than doubling the preexist-
ing number. Funk reports that “[i]n two
years, the amount of money under man-
agement ballooned tenfold to $13 billion.
Credit Suisse, ubs, and Goldman Sachs
hired dedicated water analysts.”32

To help markets along, governments
need to follow the lead of Western U.S.
states and Australia by making water rights
more secure and by encouraging trading.
As Dickerson has put it, governments can
“allow water to be priced at what it’s worth,
then create a mechanism by which the rice
farmer can sell his water to the wine pro-
ducer.”33 By buying low and selling high in
the American West’s Colorado River basin
and in Australia’s Murray-Darling basin,
Dickerson and other speculators are re -
ducing water waste, improving water use
ef½ciency, and hedging against fluctuations
in water supply caused by climate variation.

The proposal to create a Colorado River
water bank illustrates another way in which
markets can adapt to climate variation.34

In Colorado, agricultural users on the west
slope of the Rocky Mountains have more
senior water rights than municipal users
on the west slope, who divert water east-
ward across the continental divide. As long
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as there is suf½cient water to meet both se -
nior and junior water rights holders, there
is no problem; but when droughts limit
supplies, the east-slope municipalities are
the ½rst to go dry. 

To make matters worse, drought in the
upper reaches of the Colorado River is not
the only event that drives scarcity: de -
mands from states at the lower end of the
river–Nevada, Arizona, and California–
who have claims to a share of the river’s
flow through the Colorado River Compact,
can further jeopardize water supplies for
east-slope communities. Under that 1922
compact, states in the upper basin (Colo -
rado, New Mexico, Utah, and Wyoming)
are required to deliver 7.5 million acre-
feet of water per year on a ten-year rolling
average to the lower basin states (Arizona,
California, and Nevada). If the ten-year
rolling average falls below 7.5 million acre-
feet, the lower basin states force a “com-
pact curtailment” on the upper basin
states. In this case, upper basin junior wa -
ter rights holders, including many east-
slope municipalities, would be the ½rst to
be cut off. 

Assuming that the marginal value of wa -
ter to east-slope municipalities is greater
than it is to west-slope irrigators, a water
bank could signi½cantly improve water use
ef½ciency. The proposed bank would al -
low west-slope irrigators with senior rights
to deposit their rights in a central record-
ing system from which east-slope munic-
ipalities with junior rights could purchase
a call on the deposited rights. If a compact
curtailment occurred, the bank would re -
quire lower value irrigation users to meet
the call by reducing their diversions, there -
by allowing higher-value municipal users
to continue their consumption. In a world
of greater climate variation, water bank-
ing of this sort offers ef½ciency gains with -
out political battles to determine who gets
how much water.

Finally, consider how climate variation
can affect conservation efforts: in this case,
habitat for migratory shorebirds on their
annual journey from South America and
Mexico to the Arctic. This journey takes
many of the birds through California’s
Cen tral Valley, where water engineers have
harnessed the natural systems to provide
water for agricultural, municipal, and in -
dustrial uses. In the process, 95 percent of
the original wetlands have disappeared.35

BirdReturns, an innovative market
trans  action between bird lovers and farm -
ers, is working to restore wetlands to the
region, thereby welcoming birds back. The
transaction begins with bird watchers who
use a smartphone app called eBird to re -
cord shorebird sightings, which are then
used by the Cornell University Ornithol-
ogy Lab in New York to map where water
is needed. The Nature Conservancy then
uses private donations to pay farmers to
flood the ½elds–which otherwise would
have been drained–most directly in the
migratory bird flight path. Given that the
birds are only there for a short time, the
Na ture Conservancy does not have to pur -
chase the water outright; it only needs to
“rent” it when the birds are in residence.
The Nature Conservancy uses a reverse
auc tion in which farmers submit bids and
the lowest bidder willing to provide water
wins. Through this competition, the Na -
ture Conservancy keeps down the costs of
achieving its goal.

The ½rst season of the program ended in
April 2014, with birders having reported
sightings of all species of birds they hoped
to attract to what they have called “pop
up” wetlands: ten thousand flooded acres
owned by forty farmers. Birders hope to in -
crease the number of shorebirds stopping
in California from one hundred seventy
thousand to four hundred thousand in
both the spring migration north and the
fall migration south. Although it is too
soon to assess the program’s overall suc-
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cess, its potential is summed up by Mark
Reynolds, the Nature Conservancy scien-
tist who heads the program: “Migratory
birds are a daunting challenge. It’s a hemi -
spherical scale, and it’s seasonal, and every
species has a different life history. This pro -
gram allows us to be strategic with scarce
conservation dollars.”36

Because the challenge is even more com -
plicated in light of climate variation, inno -
vative contracting of this sort offers great
hope for conservation interests. 

Dynamic market responses to changing
relative prices have always been the best
response to the dynamic world in which
we live. Typically, we associate market
pric es as a way of connecting demanders
and suppliers of material goods and ser -
vices, but they are even more important as
a mechanism for connecting human de -
mands on our natural world with the dy -
namic forces of nature. Prices provide
con densed information about human de -
mands and, if property rights to inputs are
clear and transferable, they provide simi-
lar information about the human value of
resources in competing uses. When hu -
man values for nature’s bounty change, en -
trepreneurs who recognize the change have
an incentive to economize by reallocating
resources to higher-valued uses. And when
the dynamic forces of nature increase or
decrease the supply of resources, prices
will speak on nature’s behalf. 

Successful entrepreneurship recognizes
when human demands and nature’s supply
are in discordance, and reallocates re -
sources in ways that harmonize the two.
Pro ducing more with fewer resources, dis -
covering new sources, and developing
tech  nologies that better use resources are
all tools in the entrepreneur’s kit.

In order for dynamic markets to respond
to dynamic environments, the right insti-
tutions–namely, well-de½ned, enforced,
and tradeable property rights–must be in
place. Where these institutions exist, as in
the American West and Australia, water
markets are encouraging development of
new supplies, water use ef½ciency, and
tech nological innovation. Climate varia-
tion adds another element to the demand
and supply mix to which dynamic markets
may respond. Whether they will respond
depends largely on the property rights in -
stitutions, which, all too often, are not con -
ducive to market transactions. In such
cases, the link between dynamic markets
and dynamic ecology is broken. The ques -
tion then is whether politics can be dy -
namic enough either to facilitate the cre-
ation of new property rights and reduce
trans action costs or to respond to dynam -
ic ecology. There are some bright signs in
the emergence of water markets, but, as
Mark Twain supposedly put it, “Whiskey is
for drinkin’ and water is for ½ghtin,’” and
legislatures and courts are often the bar-
room in which the ½ghtin’ occurs.
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Greenhouse warming and potential changes to the
hydrologic cycle ½gure prominently in the climate-
change debate, but many other direct anthropogen ic
factors are today rede½ning the state of rivers, which
supply around 80 percent of renewable freshwater
to society.1 Chief among these are widespread land-
use change, urbanization, industrialization, and pol -
lution, all known to stress aquatic ecosystems. The
highly positive impacts of a reliable water supply on
economic productivity (which requires waterworks
like dams, irrigation, and interbasin transfers),
means that the water cycle will increasingly be con-
trolled by humans for decades if not centuries to
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Abstract: Water is an essential building block of the Earth system and a nonsubstitutable resource upon
which humankind must depend. But a growing body of evidence shows that freshwater faces a pandem-
ic array of challenges. Today we can observe a globally signi½cant but collectively unorganized approach
to addressing them. Under modern water management schemes, impairment accumulates with increasing
wealth but is then remedied by costly, after-the-fact technological investments. This strategy of treating
symptoms rather than underlying causes is practiced widely across rich countries but leaves poor nations
and many of the world’s freshwater life-forms at risk. The seeds of this modern “impair-then-repair”
mentality for water management were planted long ago, yet the wisdom of our “water traditions” may
be ill-suited to an increasingly crowded planet. Focusing on rivers, which collectively satisfy the bulk of
the world’s freshwater needs, this essay explores the past, present, and possible future of human-water
interactions. We conclude by presenting the impair-then-repair paradigm as a testable, global-scale
hypothesis with the aim of stimulating not only systematic study of the impairment process but also the
search for innovative solutions. Such an endeavor must unite and cobalance perspectives from the natu-
ral sciences and the humanities.
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come, a hallmark of the new geological
epoch called the Anthropocene.2 With hu -
man control of water also comes the spec -
ter of water conflict, an issue emphasized
by several high-pro½le research studies, in -
cluding the last rounds of the Intergovern -
mental Panel on Climate Change (ipcc),
the U.S. National Climate Assessment, and
the National Intelligence Estimate. 

Water crises are not restricted to humans
alone. Freshwater ecosystems are critical
biodiversity hotspots. Occupying less than
1 percent of the Earth’s surface, they pro-
vide habitat to more than 125,000 cata-
loged species and one-third of all verte-
brates and af½liated taxa.3 Their restricted
spatial extent belies their importance, as
they maintain orders of magnitude more
spe cies per unit area than their terrestrial
or oceanic counterparts. The intimate con -
nection and importance of rivers, lakes,
and wetlands to human society, coupled
with mismanagement, pollution, and cli-
mate change, produces the highest poten -
tial loss of species on the planet. By some
estimates, between ten and twenty thou-
sand species have been lost to date.4

Their current stress notwithstanding,
wa ter systems will be relied upon over the
next several decades to deliver reliable ser -
vices in light of anticipated economic de -
velopment and population growth.5 We
refer here to ecosystem services, the array
of public goods and functions that nature
conveys and which will in the long term
sus tain human society. These include pro -
visioning bene½ts like clean drinking wa -
ter, navigation, waste dilution, transporta -
tion, food, and energy production. Ecosys -
tem services also include important regu-
latory functions (such as climate control)
and supporting functions of the biosphere
(such as the cycling of essential nutrients).
While the value of all these services is sub -
ject to debate, they likely make possible a
sizable but poorly quanti½ed fraction of
global gdp.6 Despite their clear impor-

tance, a survey of the world’s major bi -
omes at the turn of the century shows that
in virtually all cases “natural capital” is be -
ing actively lost, degraded, or co-opted by
humans.7 It remains an open question how
available and capable such services will be
to serve the water needs of society over the
long haul.8 The answer concerns an issue
no less important than how we humans
place the planet’s sustainability–and our
own water security–in the balance. For
freshwater, the preliminary outlook is so -
bering.

An initial global analysis of risks to riv -
er systems presented in 2010 con½rmed
previous reports that threats to human wa -
ter security and biodiversity are wide-
spread and pervasive.9 Nearly ½ve billion
people live in close proximity to or directly
rely on water systems whose ambient con -
dition is moderately to severely impaired.
The study also exposed a previously unrec-
ognized global water management prin-
ciple under which high levels of incident
threat to human water security are allowed
to accumulate but are then mitigated
through an annual global investment of
$0.5 trillion in water technologies and
engineering.10 Because such investments
are today directed overwhelmingly toward
rich or rapidly emerging economies, this
impair-then-repair strategy strands the
world’s poor in a precarious state. None -
theless, water security also preoccupies
the highly developed countries, as John
Bris coe’s essay in this issue details.11

The impair-then-repair approach also
dis torts public perception of water chal-
lenges and contributes to our collective tol -
erance of the status quo and resistance to
change, which is endemic even in rich
coun tries with the technical wherewithal
and mature environmental regulations to
institute otherwise sensible conservation
measures (see also Jerald Schnoor’s essay
in this volume).12 In rich countries, an ex -
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pensive technological curtain separates us
from a generally impaired ambient water
environment and the clean, reliable water
supplies we draw from the tap. A series of
surveys published in 2008 and 2010 shows
that two-thirds of the American public be -
lieves the nation is stable or making prog -
ress on environmental pollution whereas
two-thirds of the Chinese public believes
that water pollution is a “moderately big”
or “very big” problem.13 The mapping
study showed very similar levels of threat
to water resources in the United States and
China, directly at odds with the U.S. pub-
lic’s perception.14

The state of water and water manage-
ment today did not materialize sponta-
neously. It is more accurate to consider the
contemporary setting as but an instant in
historical time, conditioned on decades if
not centuries of past human behavior (and,
as Michael Witzel argues in this volume,
belief systems).15 How, why, and when did
such a globally pervasive management
strat egy emerge? And where is it likely to
take us in the future? Using examples from
the historical literature, we address this
sub   ject in the next sections.

While our interactions with natural and
engineered water systems have been part
and parcel of human history since the
dawn of civilization, the more recent evo -
lu tion of human-water systems in the
North eastern United States is instructive,
as the region moved from a nearly pris-
tine state under indigenous management
to today’s post-industrial condition in only
a few hundred years.16 The impair-and-
repair pattern is clearly evident in seven-
teenth- and eighteenth-century urban de -
velopment. Soon after arriving in Boston
in 1630, settlers began tapping groundwa-
ters; by 1678 there were so many wells that
city streets periodically flooded.17 In New
York, where seawater and sewage period-
ically fouled wells, the Common Council

issued municipal bonds to construct a
steam- powered waterworks, holding pond,
and network of wooden pipes in 1774, only
to have the project derailed by the Revo-
lutionary War.18 By the mid-1700s, Phila -
delphia also had a system of public wells.
Responding to a yellow fever outbreak be -
lieved to be linked to tainted water, Phil -
adelphians began piping water into the
city by 1801, creating one of the largest and
most advanced urban water systems in the
world at the time.19

With continued urbanization in the
nineteenth century, municipalities faced
growing pollution problems. In 1833, Bos -
ton announced plans to pipe water into the
city because the local supply had become
“highly impregnated with the deleterious
contents of cesspools and drains.”20 In re -
sponse, a greatly expanded municipal wa -
ter system transferred water from Cochi-
tuate Lake nearly twenty miles into Bos ton
“to provide for the health, security, clean -
liness and comfort of the city.”21 Sim ilarly,
Baltimore, Philadelphia, and New York en -
acted measures to protect water supplies
from contamination. With break throughs
in the germ theory of disease in the 1880s,
bacteriologists identi½ed the path ogens
responsible for cholera and ty phoid. In
response, sanitation engineers began ex -
perimenting with sand ½lters, which twen -
ty cities had installed by 1900. By 1910
cities began disinfecting their water with
chlorine as a remediation mea sure.22

The ease with which water could be
drawn from the tap led Boston authorities
to criticize the citizenry’s increasingly
waste   ful ways. Appalled that Bostonians
were using nearly one hundred gallons per
person per day (compared to the three to
½ve gallons typically drawn from pumped
wells), the local water board exclaimed in
1860 that the city consumed water at “an
amount believed to be without parallel in
the civilized world.”23 In response, Bos -
ton annexed several neighboring commu -
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nities and extended pipes and aqueducts
through them to secure new water sup-
plies.24 Similarly, New York expanded its
waterworks, constructing a reservoir in
Central Park in 1862 and building a new
larger Croton Aqueduct and Dam, which at
1,600 feet long and 240 feet high was the
largest masonry dam in the world upon its
completion in 1906.25 By the beginning of
the twentieth century, there were more
than 3,100 waterworks piping water into
urban households across the United States.
Heavily engineered water systems had be -
come the norm.26

Industrialization further reshaped the
ways humans interacted with their water
systems. Increasingly, a river’s value lay in
its capacity to be modi½ed for human use.27

Human dominance of water, even if later
revealed to be impairing water sys tems, be -
came a potent symbol of progress. It was
far better to use, abuse, and later mend (or
ignore) a river than to neglect its develop -
ment potential. Thus, early solutions lay in
new water infrastructure and technology, a
fortuitous development as the region ran
out of undeveloped land and the pristine
water associated with it. A time-honored
tradition of fouling and then ½xing wa -
terways became an economic necessity.

By their very nature, rivers are impor-
tant conduits for materials recruited from
upland watersheds, transported down-
stream, and processed through river cor-
ridors leading to the sea. By their very
nature, humans both accelerate and de -
celerate this transport of material. One ex -
ample is the widespread increase of ½eld
erosion due to poor land management
paired with widespread reservoir construc -
tion that intercepts and settles riverborne
sediment in the quiet holding waters be -
hind engineered dams. Globally, reservoirs
have ultimately won out, with one estimate
indicating that only two-thirds of all con-
tinental sediment destined for the world’s

oceans makes it there,28 placing at risk
coastal systems that depend on riverborne
sediment to prevent coastal erosion. This
includes river deltas, a coastal landform
inhabited by a half-billion people.29 Clear -
ly, what happens upstream does not stay
upstream.

These hydrologically mediated “telecon -
nections” are augmented by economically
driven ones whose impacts extend well
be yond any local drainage basin. In early
stages of development, human impact on
water systems is limited to the river basin
where the water is actually used. But with
urban growth and industrialization, im -
pacts easily spill over into the hinterlands
that sustain human populations living in
the city.30 In Paris during the early 1800s,
food supply systems serving the city were
limited to the Seine basin.31 But a century
later, animal products traveled an average
of about 300 kilometers to market. These
distances have continued to increase; the
travel distance for meat and milk has dou -
bled, while the distance for fruit increased
eight-fold. Today, Paris, a megacity of ten
million, obtains its grain, meat, and vege -
tables from an enormous swath of real es -
tate extending from the Seine and other
French watersheds to Brazil and Argentina. 

Such teleconnections thus affect rivers
thousands of kilometers from the centers
of demand. While Parisians enjoy world-
class cuisine, rivers draining croplands in
South America bear the brunt of the pollu -
tion and other impacts associated with in -
dustrial agriculture. The damming of the
James Bay rivers in Northern Quebec to
supply New England cities with electricity
has resulted in a major impact on regional
wa ter resources, the environment, and so -
ciety far from the point of consumption.32

Cot ton and wheat production in the Aral
Sea basin, begun in the 1950s by the Soviets
and still expanding, places Central Asian
coun tries today at the forefront of water
consumption on a per capita basis world-
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wide.33 The cotton worn throughout the
world demonstrates how the water de -
mands of a globalized consumer economy
can yield one of the world’s most cata -
stro phic environmental disasters: the
death of the Aral Sea.

As with the many other impair-then-
repair examples, these far-reaching im -
pacts are nothing new. Silver extraction by
the Spanish in Peru over the course of ½ve
hundred years has required the contin uous
import and then release of enormous quan -
tities of mercury (100,000 tons in total
from two European mines in Slovenia and
Spain).34 The impacts of mercury extrac-
tion in all three countries over the longue
durée illustrate the capacity of globalization
to recon½gure the geography of water-
re source systems.

Based on these many documented nar-
ratives, we present here a multistage ty po -
logy of river development as a time series
of human-water interactions in a particu-
lar river basin or region. Alternatively, the
typology can be regarded as a contempo-
rary snapshot of rivers distributed along
a global gradient of impairment. Examples
from Europe and the United States are
emphasized, given their well-document-
ed histories across each of the stages.

Stage 1 (O–A; Figure 1) rivers are basi-
cally intact but also show the early impact
of humans. Rivers provide basic goods
(such as food) and services (such as flood -
plain agriculture, river transport), and so -
cieties adapt well to their dynamics (as had
the ancient Egyptians, whose culture,
sus   tenance, and economies were well-

Figure 1
A Heuristic Model or Typology of Water System Impacts and Societal Response 
to Water-Related Environmental Stress

This typology represents a time series of development for a particular region or country (such as for Europe or
the United States historically, or a developing region currently or in the future). It can also depict the status of
regions or countries at different levels of economic development (poor countries to the left, rich to the right). In
addition to investments in environmental protection, local-scale impacts can be reduced by employing the glob-
al economy to outsource threat-producing activities. Source: Image prepared by authors.
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matched to the rise and fall of the Nile’s
annual floods).35 Both water use and pol-
lution from physiological wastes (organic
carbon and nutrients in human and live-
stock excrement) are more or less directly
proportional to population. Deterioration
of water quality is mainly from bacterial
pathogens and lowered dissolved oxygen,
conditions arising from the release of do -
mestic and agricultural waste that over-
whelms the dilution and self-puri½cation
capacity of receiving waters. 

In traditional or early development cul-
tures, Stage 1 impacts accumulate gradually
over decades or centuries to reveal the
½ngerprint of human activity. A good ex -
ample is the physical disruption of small-
stream diversions for ½sh and mill ponds
in Europe starting in the early Middle
Ages. The mills ultimately proliferated to
the point that peasants had rarely to trav-
el more than 5 kilometers to process their
products.36 Records of sedimentation in
European lake cores also show medieval
deforestation increasing natural soil ero-
sion and sediment transfers by factors of
ten to one hundred.37 Early mining and
metal use in Western Europe produced the
earliest evidence of environmental pollu-
tion as recorded in sediments and peat de -
posits. In Spain’s Rio Tinto, the ½rst Early
Bronze Age gold mines (c. 2500 BC) in -
creased lead, mercury, and gold levels on
river particles by one-hundredfold over
natural background levels.38

Some Stage 1 systems can completely
mod     ify land and waterscapes for human
ben e½t without necessarily impairing their
function. This is true for traditional Asian
rice cultivation and was the case for the
ir rigation systems of Egypt until the mid-
twentieth century. In Stage 1, major engi-
neering works are absent or very limited
and there is no real impact on aquatic life
forms or ½sh diversity. Nevertheless, these
early technical innovations could be truly
impressive and greatly outlast the societies

that commissioned them, as with the Clo -
aca Maxima, a stone-lined canal construc -
ted c. 600 BC that served as the main sew -
er in Rome until the twentieth century.39

Before 1800, Stage 1 could easily be found
on all continents, even in heavily populat-
ed Europe where high levels of im pact were
mainly concentrated downstream of major
cities.40 Today, Stage 1 can be found wher -
ever large river systems are outside the
reach of signi½cant numbers of humans
and thus nearly pristine (for example, in
Amazonia, Eastern Si ber ia, Alaska, North-
ern Canada, New Guinea, and Patagonia).
Yet the byproducts of mod ern society ex -
tend to the far corners of the Earth (via
transboundary air pollution, for instance),
and virtually no location is without evi-
dence of the Anthropocene.41

Stage 2 (A–B; Figure 1) shows acceler-
ated environmental degradation, typically
linked to urbanization, with pollution in -
creasing faster than population.42 It aris-
es when traditional recycling systems are
abandoned in favor of those that use and
release large quantities of imported ma -
terials, as when manufactured fertilizers
re place domestic wastes in agriculture that
then leach into rivers.43 In Western Eu -
rope, urban waste collection began in the
mid-1800s after the London epidemics and
was generally available after 1875 in some
big cities (Paris, Berlin).44 Best prac tices
for sewage treatment then were rudimen-
tary and emphasized land disposal of
wastes collected from cities. In the suburbs,
individual waste disposal was the general
rule, leading to frequent leaks and major
degradation of groundwaters (those within
and around Paris were still loaded with ex -
cessive nitrates in 1900). Land dis posal last -
ed nearly one hundred years for Berlin.
Dur ing this period, sewage connec tions ex -
panded at faster rates than did treat  ment
capacities, thus creating “sac ri ½ced” rivers
whose natural dilution and as similation
capacities were overwhelmed.45
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Impacts of Stage 2 management strate-
gies were largely unknown before the 1950s
and, even if demonstrated (such as when
oxygen de½cits were discovered in the
Ohio River in the 1920s), they were accept -
ed as a necessary price to pay for de vel -
opment. After World War II, proliferation
of wastewater treatment plants grad ually
outpaced the rise in sewage collection,
which yielded some improvement. Maxi-
mum degradation (B; Figure 1) was reached
soon after World War II and associated
with the loss of most ½sh downstream of
Brussels, Milan, and Paris, with only a few
resistant and invasive species surviving.46

Health impacts were generally left unad-
dressed, as were ecological consequences. 

The end of Stage 2 (B; Figure 1) repre-
sents a “moment of truth” for environ-
mental stewardship and a turning point
between tolerating persistent impairment
and commencing rehabilitation. Even with
active investment in remediation, a plateau
can persist (B–C; Figure 1), reflecting the
collective inertia of impaired biological
and physical processes.47 Depending on
the particular issue at hand, Stage 3 may
last for decades, as was the case for the or -
ganic pollution and fecal contamination
across Europe–most clearly exempli½ed
by the Seine downstream of Paris (which
was contaminated from 1880 to 1990) or
the Zenne River in Brussels (which was
to tally devoid of oxygen from 1900 to
2005).48 Chloride pollution in the Rhine
persists, with France now facing a severe
salinity problem on its major Alsace aqui -
fer that could last for more than three hun -
dred years in some places.49 In the United
States, remediation of toxic and even radio -
active chemical pollution is addressed at
several Superfund sites,50 yet legacies can
affect densely settled areas and aquatic en -
vi ronments for decades or more.51 Impair-
then-repair is a long and costly process.

The alternative represented by Stage 4
(B–D; Figure 1) sees the fruits of a proac-

tive response to environmental degrada-
tion even in light of continued economic
growth. Environmental laws are assertive -
ly formulated and enforced. A gradual im -
provement in water quality takes place,
typically beginning with reductions in or -
ganic and bacterial pollution that increase
oxygen levels, then control of eutrophica -
tion, acidi½cation, metal contamination,
and organic micropollutants. Sewage and
industrial treatment outpaces the mere
col lection and transport of waste streams,
and per-capita water use and consumption
of pollution-generating products begin to
stabilize and decline. 

Stage 4 rehabilitation can be rapid in
light of aggressive regulation. Signs of en -
vironmental recovery emerged not long af -
ter the ban of ddt and pcbs, two organo-
chlorinated products synthesized before
World War II and largely used in the Unit-
ed States and Western Europe from 1945
to 1970. Sediment cores taken from the
Mis sissippi Delta in the mid-1980s re -
vealed a sharp decline in these chemicals
and in lead particulate–a clear indication
of how political willpower, ½nancial invest -
ment, and technology can be combined
to create environmental bene½ts.52

Rehabilitation in Stage 4 also reflects the
broad currents of economic development
and technology. In the Seine, for example,
metal contamination began to ease in the
1960s, a full two decades before any eu reg -
ulations. This can be attributed to industri-
al ef½ciency gains such as metal recycling in
plating industries and to the economical-
ly motivated relocation of most pollution-
producing industries outside of Paris in
the 1950s, then outside of the Seine basin in
the 1970s, and ½nally outside the country.53

Environmental improvements are also
linked to major political change. After the
collapse of the Berlin Wall, water quality
in the Elbe River improved markedly due
to the closure of many industries.54 More
broadly, global redistribution of manufac -
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turing processes–many generating dan-
gerous byproducts like toxins and heavy
metals–represents an opportunity to off -
load environmental threats from the de -
veloped countries to rapidly developing
parts of the world like China and India.

Stage 5 (D–E; Figure 1) represents re -
habilitation and sustained recovery when
river waters are managed to maintain the
previously won gains in environmental in -
tegrity. River systems are purposefully en -
 gi neered to sustain an array of bene½ts to
society and aquatic biota alike, recogniz-
ing the legitimate needs of both humans
and nature for water and promoting well-
designed co-use strategies. Even among
the success stories, rehabilitation can last
one to two generations and bear extreme
costs. In the Yamato-gawa River draining
Osa ka, Japan it took forty years and $80 bil -
lion to rehabilitate this relatively modest
basin (one hundred times smaller than the
Mississippi).55 It took twenty-½ve years to
overcome the organic pollution problem
in the Rhine with a total expenditure of $65
billion, or $50 per capita per year.56 Legacy
effects, including loss of habitat, biodiver-
sity, and the integrity of surrounding land -
scapes, mean that the system may never re -
turn to its predevelopment state.57 Singa-
pore is a rare example of a development
tra jectory moving directly from Stage 1 to
Stage 5 without major impairment. Anoth -
er example is Switzerland, which ad -
dressed eutrophication of its water bodies
in 1985 through early detergent bans. Swiss
rivers display the bene½ts of taking a pro -
active stance, as they never reached the lev -
el of degradation observed in other Euro-
pean rivers.

Some rehabilitation strategies are both
conceptually simple and cost-effective. In
the Danube River Project between Vienna
and Bratislava, restoration focuses on re -
con necting the riparian forest to the riv er.58

The aim is to re-establish hydraulic links
be tween the river, groundwaters, and low-

land forests that constitute critical hab itat
and nursery grounds for aquatic life as well
as natural flood and water quality pro tec -
tion. For a relatively modest “reconnec tion
fee” of approximately $100 million annu-
ally, this large and economically es sential
river can still be navigated by huge barges
and boats crossing Europe from the Black
to the North Sea and yet limit the neg ative
environmental impacts historical  ly linked
to human use.59 These reestablished hy -
drau lic links and “green infrastructure”
strat egies are now recognized as standard
procedure by a new generation of environ-
mental engineers, who often train at the
same schools that earlier created “hard-
path” engineering in the form of mass ive
dams, locks, and river channeli zation
schemes throughout the twentieth century.

What might the future hold? World-
wide, it is safe to say that rivers have evol -
ved much faster in the past ½fty years than
in the previous ½ve thousand due to the
rapid rise in human use and abuse of this
strategic resource. The countless human
decisions made each day about water that
are executed at the local (and indeed at the
individual business or household) level
should not obscure the fact that their cu -
mulative impact gives rise to a global-scale
syndrome.60 Figure 2 shows a century-
scale trajectory of some key variables, each
with well-known and negative impacts
on rivers.61 Humans have stumbled into
many of the same pitfalls throughout his-
tory, and we see little reason to expect that
the social, technological, and economic in -
ertia represented by these curves will be
reversed quickly or easily. The ½gure also
shows that our willingness or capacity to
monitor the changing state of affairs is
com pletely out of step with the realities
of intensifying water stress and concerns
about water as the “oil of the twenty-½rst
century.” Thus we see a long future for
impair-then-repair stewardship. 
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Some of the impetus for this manage-
ment approach is undoubtedly rooted in
the economic incentives perceived by an
in dustrial water sector slated to gross more
than $1 trillion in annual revenues over the
next ten years.62 In the case of a much-
cited water-sector blueprint for the future,
there is no single mention of the word bio -
diversity and only one formal use of the
phrase ecosystem services; other high-pro½le

syntheses advance similarly anthropocen -
t ric perspectives.63 We see this human-
nature dichotomy as arti½cial and as a limit
to our ability to meaningfully de½ne future
risks to freshwater. Not surprisingly, some
of the very threats to aquatic biodiversity 
–combined effects of poor land manage-
ment, overuse of water, or even our inabil -
ity to accurately assess nonpoint pollu-
tion64–pose a high risk to human water

Figure 2
Human Use and Pressures on Freshwater Resources and Ecosystems

Century-scale inertia on climate progress can be seen in the graphs on the left. At the same time, available mon-
itoring data at un-designated repositories (right) are in severe decline due to funding cutbacks, commercialization,
intellectual property rights restrictions, and delays in data analysis. Source: Data from David L. Strayer and
David Dudgeon, “Freshwater Biodiversity Conservation: Recent Progress and Future Challenges,” Journal of the North
American Benthological Society 29 (2010): 344–358, doi:10.1899/08-171.1; Global Runoff Data Centre (grdc), Glob-
al Runoff Data Base–Statistics 2012, http://www.bafg.de/grdc/en/01_grdc/13_dtbse/db_stat.html?nn=762018;
and Food and Agriculture Organization of the United Nations (fao), Aquastat, http://www.fao.org/nr/water/
aquastat/main/index.stm.
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systems. But threats to one do not univer-
sally mean threats to the other, as is the
case with dams and reservoirs, which neg -
atively impact aquatic biodiversity by dis -
rupting essential flow and temperature re -
gimes and blocking ½sh migration, yet pro-
vide important bene½ts to society in terms
of water supply and flood control. Arti½ -
cial reservoirs have a pandemic and nega-
tive impact on aquatic ecosystems, but
their bene½ts to human water security now
total in the trillions of usd. This contrast
sets the stage for a major decision point for
humankind as it contemplates the nature
of sustainable development.65

As a result of the unending quest for re -
liable water supplies–whether pursued
though engineered solutions or more hap -
hazardly in the course of development–
we run the risk of systematically destroy-
ing the free natural subsidies conveyed by
well-functioning ecosystems.66 Losses can
be irretrievable, like extinct species, or
costly to replace, like natural floodplains
that are destroyed and then replaced by
massive flood-control infrastructure. This
need not be the case, as ecological engi-
neering and “green” alternatives, which
em phasize preservation and prevention,
are maturing.67 Yet only $10 billion is spent
annually on all protected landscapes and
watersheds: a mere 2 percent of current
water-sector income.68

The necessary socioeconomic and policy
conditions for river restoration have taken
more than a century to coalesce across the
West during a time when scienti½c and
technical know-how was still very limited.
We understand far more today about how
rivers function and how they can be pro-
tected. So in some sense, there is no ex -
cuse for inaction. While we can cite indi -
vid ual success stories, we see little evidence
of a broad-scale adoption of integrated wa -
ter resource management, the commonly
accepted gold standard for environmental
protection of water resources.69 It will take

time, money, water-literacy, and proactive
problem avoidance to effect meaningful
change.70 Clear lines of communication
be tween scientists and policy-makers are
also essential (see Katharine Jacobs and
Lester Snow’s essay in this volume).71

The world’s rapidly emerging economies
provide a unique opportunity space for in -
stituting more sustainable, cost-effective,
and prevention-oriented approaches to
water development, but new market dy -
namics and incentives harmonized with
natural variability in the hydrologic cycle
will be necessary (see Terry Anderson in
this volume). Developing economies need
not repeat the costly mistakes made by rich
countries in the past and be relegated to a
perpetual reliance on capital- and debt-
in tensive solutions. Exporting the devel-
oped world’s impair-then-repair model
thus has serious implications for human
rights and environmental justice–especi -
ally among the poor, who are increasingly
impacted by fundamental changes to the
world’s hydrosystems. Given the emer-
gence of a global middle class in the next
two decades, the window of opportunity
for meaningful change will be short.72 The
need for innovative solutions, particularly
when densely populated regions face ab -
solute scarcity, has never been clearer.

We do not take issue with the countless
well-recognized bene½ts that water infra-
structure and engineering systems convey
to society, but at some point the world
must ask itself: At what price? And: Are
there workable alternatives to the current ap -
proach es? Our collective capacity to design
sustainable solutions for the future (like
those proposed by Richard Luthy and Da -
v id Sedlak in this issue) that protect valu-
able water resources in the context of
grow ing environmental and climate stress,
dwindling energy resources, and (quite
likely) shrinking investment capital, re -
mains an open question. Indeed, when it
comes to breaking with the deep historical
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roots that bind us to the status quo, we
face more a crisis of con½dence or will -
power than a lack of sensible ecosystem-
based alternatives or the scienti½c and
tech nical means to bring them to fruition.

In conclusion, we issue a call-to-research:
to systematically test our hypothesis that
the impair-then-repair model has guided
human-water interactions throughout the
Anthropocene and has in the process ac -
cumulated globally signi½cant century-
scale impacts. This challenge requires a
fun damentally new type of collaboration,
which must simultaneously explore the
bio geophysical, social, and economic forc -
es that shape an increasingly human-dom-
inated global hydrologic system. It will re -
quire dissolving the distinctions between

the natural sciences and the humanities
and between the traditions of scholarship
that emphasize quantitative information
and those that emphasize narrative ap -
proach es. We see equal value in assessing
information derived from numerical mod -
els and engineering analyses as from in -
digenous knowledge, cultural anthropol-
ogy, and historical records. If our hypoth-
esis holds, it will represent an im portant
step toward raising awareness that the im -
pacts of water management easily rever-
berate far beyond the local domain and ul -
timately generate global-scale im pacts and
multigenerational legacies. We see such
self-awareness as a necessary pre cursor to
reversing the many deeply en trenched hab -
its that continue to undermine an essen-
tial strategic resource.
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