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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.
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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

8

Water,
Climate,

Energy,
Food: 
Insep-

arable &
Indis -

pensable

Dædalus, the Journal of the American Academy of Arts & Sciences

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/DAED_a_00337 by guest on 25 April 2024



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
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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.

15

Christopher 
B. Field & 
Anna M.
Michalak

144 (3)  Summer 2015

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/DAED_a_00337 by guest on 25 April 2024



16

Water,
Climate,

Energy,
Food: 
Insep-

arable &
Indis -

pensable

Dædalus, the Journal of the American Academy of Arts & Sciences

endnotes
* Contributor Biographies: CHRISTOPHER B. FIELD, a Fellow of the American Academy since

2010, is the Founding Director of the Carnegie Institution for Science’s Department of Global
Ecology and the Melvin and Joan Lane Professor for Interdisciplinary Environmental Studies at
Stanford University. He is also Co-Chair of Working Group II of the Intergovernmental Pan el
on Climate Change. His articles have appeared in such journals as Environmental Sci ence & Tech-
nology, Renewable and Sustainable Energy Reviews, The Proceedings of the National Acad emy of Sci -
ences, and Environmental Research Letters.

ANNA M. MICHALAK is a Faculty Member in the Department of Global Ecology at the Car -
negie Institution 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 reci pi -
ent of the Presidential Early Career Award in Science and Engineering. Her articles have ap -
peared in such journals as The Proceedings of the National Academy of Sciences, Glob al Bio geo -
chemical Cycles, Environmental Science & Technology, and Journal of Geophysical Research.

1 Igor Shiklomanov, “World Fresh Water Resource,” in Water in Crisis: A Guide to the World’s Fresh
Water Resources, ed. Peter H. Gleick (Oxford: Oxford University Press, 1993).

2 Jose½no C. Comiso, David Vaughan, Ian Allison, Jorge Carrasco, Georg Kaser, Ronald Kwok,
Philip Mote, Tavi Murray, Frank Paul, Jiawen Ren, Eric Rignot, Olga Solomina, Konrad Steffen,
Tingjun Zhang, Jonathan Bamber, Philippe Huybrechts, and Peter Lemke, “Observations:
Cryosphere,” in Climate Change 2013: The Physical Science Basis. Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, ed. Thomas F.
Stocker, Dahe Qin, Gian-Kasper Plattner, Melinda M.B. Tignor, Simon K. Allen, Judith
Boschung, Alexander Nauels, Yu Xia, Vincent Bex, and Pauline M. Midgley (Cambridge; New
York: Cambridge University Press, 2013).

3 Jay Famiglietti, “The Global Groundwater Crisis,” Nature Climate Change 4 (2014): 945–948.
4 Arjen Y. Hoekstra and Ashok K. Chapagain, “Water Footprints of Nations: Water Use by Peo-

ple as a Function of Their Consumption Pattern,” Water Resources Management 21 (2007): 35–48.
5 Matthew Collins, Reto Knutti, Julie Arblaster, Jean-Louis Dufresne, Thierry Fichefet, Pierre

Friedlingstein, Xuejie Gao, William Gutowski, Tim Johns, Gerhard Krinner, Mxolisi Shongwe,
Claudia Tebaldi, Andrew J. Weaver, and Michael Wehner, “Long-Term Climate Change: Pro -
jections, Commitments and Irreversibility” in Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change. 

6 Dennis Hartmann, Albert Klein Tank, Matilde Rusticucci, Lisa Alexander, Stefan Broennimann,
Yassine Abdul-Rahman Charabi, Frank Dentener, Ed Dlugokencky, David Easterling, Alexey
Kaplan, Brian Soden, Peter Thorne, Martin Wild, Panmao Zhai, James Hurrell, Jose Antonio
Marengo Orsini, Fredolin Tangang, and Pedro Viterbo, “Observations: Atmosphere and Sur -
face,” in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change.

7 Jerry M. Melillo, Terese Richmond, and Gary W. Yohe, eds., Highlights of Climate Change Impacts
in the United States: The Third National Climate Assessment (Washington, D.C.: U.S. Global
Change Research Program, 2014).

8 Erich M. Fischer and Reto Knutti, “Anthropogenic Contribution to Global Occurrence of
Heavy-Precipitation and High-Temperature Extremes,” Nature Climate Change (2015), doi:10
.1038/nclimate2617.

9 Comiso et al., “Observations: Cryosphere.”
10 Uma S. Bhatt, Donald A. Walker, John E. Walsh, Eddy C. Carmack, Karen E. Frey, Walter N.

Meier, Sue E. Moore, Frans-Jan W. Parmentier, Eric Post, Vladimir E. Romanovsky, and Wil -
liam R. Simpson, “Implications of Arctic Sea Ice Decline for the Earth System,” Annual Review
of Environment and Resources 39 (2014): 57–89.

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/DAED_a_00337 by guest on 25 April 2024



17

Christopher 
B. Field & 
Anna M.
Michalak

144 (3)  Summer 2015

11 Richard P. Stumpf, Timothy T. Wynne, David B. Baker, and Gary L. Fahnenstiel, “Interannual
Variability of Cyanobacterial Blooms in Lake Erie,” PLOS ONE 7 (8) (2012): e42444.

12 Yuntao Zhou, Anna M. Michalak, Dmitry Beletsky, Yerubandi Rao, and R. Peter Richards,
“Record-Breaking Lake Erie Hypoxia during 2012 Drought,” Environmental Science & Technology
49 (2) (2015): 800–807, doi:10.1021/es503981n.

13 The essay by Jerald Schnoor in this volume examines other aspects of this relationship.
14 Robert Wisner, “Ethanol Usage Projections and Corn Balance Sheet,” Agricultural Marketing

Resource Center (2015), https://www.extension.iastate.edu/agdm/crops/outlook/cornbalance
sheet.pdf.

15 See Jerald L. Schnoor, “Water Unsustainability,” Dædalus 144 (3) (2015): 48–58.
16 Kristen Averyt, Jeremy Fisher, Annette Huber-Lee, Aurana Lewis, Jordan Macknick, Nadia

Madden, John Rogers, and Stacy Tellinghuisen, Freshwater Use by U.S. Power Plants: Electricity’s
Thirst for a Precious Resource (A Report of the Energy and Water in a Warming World Initiative)
(Cambridge, Mass: Union of Concerned Scientists, 2011). 

17 Hoekstra and Chapagain, “Water Footprints of Nations: Water Use by People as a Function
of Their Consumption Pattern.”

18 Felix T. Portmann, Stefan Siebert, and Petra Döll, “MIRCA2000–Global Monthly Irrigated
and Rainfed Crop Areas around the Year 2000: A New High-Resolution Data Set for Agri-
cultural and Hydrological Modeling,” Global Biogeochemical Cycles 24 (1) (2010), doi:10.1029/
2008GB003435.

19 United States Department of Agriculture, National Agricultural Statistics Service, “Corn:
Pro duction by year, U.S.,” http://www.nass.usda.gov/Charts_and_Maps/Field_Crops/
cornprod.asp.

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/DAED_a_00337 by guest on 25 April 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


