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and in many pans of the world, rivers and 
lakes are so ~olluted that their water is unfit 
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G rowing water scarcity and alarming culture (2), but more than half the water en- 
declines in aquatic biodiversity in- tering irrigation distribution systems never 
dicate that water policies in most makes it to the crops because of leakage 

of the world are failing to protect life's and evaporation (6). As population grows, 
most vital resource. Water is certain to be a we will become even more dependent on ir- 
major topic of discussion at next year's 
Rio +10 Summit and seems likely to join 
climate change as a perennial topic at glob- 
al gatherings of environmental policy-mak- 
ers. Two questions should be prominent at 
these events. First, where is water scarce 
and how will this change over time? Sec- 
ond, what changes in water management 
can address the needs of people and nature? 

How Scarce Is Water? 
Freshwater ecosystems occupy less than 1% 
of the earth's surface but deliver goods and 
services of enormous global value. Inland 
capture fisheries, for example, contribute 
about 12% of all fish consumed by humans 
(I). Irrigated agriculture sup- 

rigation for our food supplies. This places 
extraordinary stress on freshwater systems 
particularly in arid and semi-arid regions. 

New estimates of water scarcity calculat- 
ed by the World Resources Institute in col- 
laboration with the University of New 
Hampshire show that 2.3 billion people live 
in river basins under water stress, with annu- 
al per capita water availability below 1700 
m3. Of these, 1.7 billion people reside in 
highly stressed river basins where water 
availability falls below 1000 m3 per capita 
annually, and chronic water shortages threat- 
en food production and hinder economic de- 
velopment (7). Assuming that current con- 
sumption patterns will continue, at least 3.5 

even for industrial uses (2). A century ago, 
the main contamination problems were fecal 
and organic pollution from untreated human 
waste and industrial byproducts. These pol- 
lution sources have been greatly reduced in 
most industrialized countries. However. a 
new suite of contaminants from intensive 
agriculture and urban development has kept 
the cleanup from being complete. Mean- 
while, in most developing countries, tradi- 
tional pollution sources and new pollutants 
like pesticides have combined to heavily de- 
grade water quality near urban centers and 
intensive agricultural areas (8). 

Concerns about water scarcity also in- 
clude groundwater sources. Nearly 1.5 bil- 
lion people rely on groundwater as their 
sole source of drinking water (9). Some of 
this water comes from deep sources that 
are isolated from the normal runoff cycle, 
but much groundwater comes from shal- 
lower aquifers that draw from the same 
runoff that feeds freshwater ecosystems. 
Overdrafting of groundwater sources can 
rob streams and rivers of a significant 
fraction of their flow, whereas pollution 
can render aquifers unfit for human use 
and degrade water quality in adjacent 
freshwater ecosystems. 

www.sciencemag.org SCIENCE VOL 292 11 MAY 2001 

plies about 40% of the world's 
food crops (2), and hydropower 
provides nearly 20% of the 
world's electricity production 
(3). An estimated 12% of all an- 
imal species live in freshwater 
ecosystems, and most other 
species depend in Some way on 
freshwater ecosystems for their 
survival (4). 

Despite their value, freshwa- 
ter ecosystems are being in- 
tensely modified and degraded 
by human activities. Since 
1950, the number of large dams 
(over 15 meters in height) has 
increased from 5700 worldwide 
to 41,000, creating extensive 
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habitat fragmentation in nearly Projected renewable water supply by river basin, 2025. Outlined basins are projected to have at Least 10 mil- 
60% of the major river basins Lion residents by 2025 and are in or approaching water scarcity, with Less than 2500 m3 of water per person per 
(5). So much water is diverted year. Source: (5). 
for human uses that the natural 
flow of major rivers such as the Colorado, billion people will live in water-stressed river Can We Manage Water for People 
Yellow, and Amu Darya no longer reach the basins in 2025--or 48% of the world's pro- and Nature? 
sea during the dry season (6). jected population (see the figure) (5). Freshwater ecosystems are not being man- 

$ Compared with domestic and industrial Water is not only becoming scarce be- aged effectively for people or for nature. 
5 water uses, agriculture has a disproportion- cause of increased demand, but also because The state of aquatic biodiversity is far 

ate impact on water flow, water quality, and of higher pollution levels and habitat degra- worse than for forest, grassland, and 
6 alteration of freshwater habitats. About dation. Contamination denies as many as 3.3 coastal ecosystems (5). The rapid prolifer- 

70% of all water withdrawals are for agri- billion people access to clean water supplies ation of dams has caused widespread loss 
= 
2 (5). In developing countries, an estimated of freshwater habitats, especially water- 
: ~h~ authors are at the world R~~~~~~~~ institute, 90% of wastewater is discharged directly in- falls, rapids, riparian floodplains, and wet- 
: Washington, DC 20002, USA to rivers and streams without treatment (2), lands (10). Large dams such as Egypt's 
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Aswan, for example, may alter aquatic and 
riparian habitat conditions for more than 
1000 kilometers downstream. Floodplains 
and wetlands have also been greatly di- 
minished by river and stream embank- 
ments for navigation and flood control. 
More than half the world's wetlands have 
been converted to other uses, especially 
agriculture, during the 20th century (5). As 
a result, more than 20% of the world's 
freshwater fish species have become ex- 
tinct, endangered, or threatened in recent 
decades (11). Researchers estimate future 
extinction rates for aquatic animal species 
in North America could be five times as 
high as for terrestrial species (12). 

A major reason for growing water 
scarcity and freshwater ecosystem decline 
is that water is undervalued the world over. 
For example, the price for irrigation water 
usually covers only a small fraction of cap- 
ital and management costs as governments 
pursue policies for cheap food production. 
Moreover, the costs of watershed manage- 
ment have been almost universally neglect- 
ed in water pricing. Meanwhile, pollution 
continues to grow, because regulations are 
often ineffective, and polluters are rarely 
charged for damages caused by their efflu- 
ents. Equitable market-oriented mecha- 
nisms are an essential part of the solution. 

A first step toward sustainable water 
management is to improve efficiency by 
setting prices that reflect the cost of sup- 
plying and distributing water. Price reforms 
in Chile reduced irrigation water use by 22 
to 26% and saved $400 million in new wa- 
ter infrastructure costs while price increas- 
es in Bogor, Indonesia, reduced domestic 
consumption by 30% (13). Although pric- 
ing water to reflect its true cost is relatively 
simple in theory, opposition from irrigators 
and poor urban residents who fear increas- 
es in the cost of water provides powerful 
incentives for policy-makers to keep subsi- 
dizing water. 

Fortunately, full-cost water pricing can 
be introduced with the support of farmers 
and urban residents if they are assured of 
more reliable service. In India, farmers in 
Andhra Pradesh agreed to a threefold in- 
crease in water prices as part of a reform 
package that increased their role in the 
governance of the irrigation agency and its 
use of their fees (14). In Haiti, shantytown 
residents with no connection to the water 
utility pay 10 times as much for water 
from private water trucks as those who are 
connected in nearby villages (15). Water 
pricing schemes, however, must take the 
concerns of the poor seriously. The use of 
progressive block tariffs with a very low 
initial tier, such as those recently intro- 
duced in South Africa, can address social 
equity concerns (16). 

A second step is to include the cost of in- 
tegrated watershed management in the price 
of water. Ecosystems and land uses influ- 
ence water flow and water quality in a vari- 
ety of ways. Wetlands store runoff, recharge 
aquifers, and digest organic wastes, for ex- 
ample, while forests shade streams, reduce 
runoff through evapotranspiration, and help 
to reduce erosion. However, watersheds are 
routinely ignored in water management. 
Conserving natural forest and wetland habi- " 
tats, creating buffer zones along rivers and 
streams, shifting away from farming and 
road-building on steep slopes, and avoiding 
agricultural chemical use in sensitive areas 
can help achieve water management objec- 
tives. This could increase water fees (1 7), 
but it may also lead to substantial long- 
term savings. For example, several cities in 
the United States (including Portland, OR, 
New York, NY, and Portland, ME) found 
that every $1 invested in watershed protec- 
tion could save from $7.5 to nearly $200 
for new water treatment facilities (18). 

A third step toward sustainable water 
management is to charge polluters for their 
effluents. A variety of tools are available, in- 
cluding permit fees, discharge levies and 
fines, and "green" taxes. Similar taxes have 
been used effectively to reduce COz, NO,, 
and SO2 emissions in some European coun- 
tries (19). Where emission levels are tightly 
regulated, trading schemes are a promising 
approach. "Nutrient trading," for example, 
allows factories and sewage treatment facili- 
ties to meet their obligations by paying 
farmers to reduce their effluents, which can 
lead to greater reductions at less cost. Case 
studies in Michigan, Wisconsin, and Min- 
nesota show that removing a pound of phos- 
phorous by trading would cost as little as 
$2.90 compared with almost $24 with con- 
ventional approaches (20). 

The Role of Science 
Science is essential to the effective use of 
market mechanisms for sustainable water 
management, but more must be done in 
several areas. Water management agencies 
and scientific institutions must invest care- 
fully in more basic and applied research, es- 
pecially in water-stressed river basins. Bet- 
ter knowledge about such issues as mini- 
mum in-stream flows for maintaining biodi- 
versity, maximum threshold loads for com- 
mon pollutants, and the relation of land use 
to hydrologic functions is especially impor- 
tant. The World Water Assessment Program 
and the Millennium Ecosystem Assess- 
ment, both sponsored by the United Na- 
tions, provide important frameworks for 
scientists to address such issues (21). In ad- 
dition, governments and donor agencies 
must reverse the worldwide decline in water 
monitoring. The number of monitoring sta- 

tions for water flow and quality in Africa, 
for example, declined by 90% between 
1990 and 2000 (22). Future international 
water meetings should highlight this issue 
and develop monitoring guidelines for use 
in new water management projects. Scien- 
tists can also help by identifying environ- 
mental and economic tradeofs, developing 
future scenarios, and evaluating manage- 
ment options. This information is crucial if 
policy-makers and the public are to support 
policy and management changes, including 
the use of market mechanisms. needed to 
sustain freshwater ecosystems. 
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