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During a 2008 panel for the Intergov-
ernmental Panel on Climate Change’s
launch of a report on water and climate
[1], a hydrologist and an engineer called
for additional monitoring and research to
detect and attribute the effects of anthro-
pogenic climate change. The third mem-
ber of the panel, a frustrated World Bank
infrastructure lender, declared in response,
“l can’t wait thirty years for precise
science to tell me how much global
warming contributed to a particular
drought or flood. I want to see climate
adaptation programs based on non-precise
decision making. I need to make invest-
ment decisions now.”

In theory, this lender should be finding
guidance from conservation science, par-
ticularly ecology. Sustainable manage-
ment of natural resources such as forests,
soils, water, and fisheries are at the heart
of conservation, and these resources are
the building blocks for “green™ cities,
energy production, agriculture, and water
supply and sanitation systems. Relatively
stable ecosystems and species dynamics
are indicative of sustainable resource use,
and conservation science has been broad-
ening this knowledge to buffer ecosystems
and species from negative climate change
impacts [2-5]. Unfortunately, the means
of applying this new literature to sustain-
able economic development remains un-
clear. Conservation scientists and eco-
nomic investors continue to work largely
in isolation from one another. Poor
investment and management decisions
risk climate-initiated ecological transfor-
mations, which in turn could trigger
economic crises. In 2004, for instance,
Rwanda was briefly threatened with the
loss of 90 percent of its electrical capacity
following long-term wetlands destruction
and a drought [6], putting the country’s
development trajectory at risk and wors-
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ening the ecological damage already
incurred.

The difficulty of determining future
hydrological conditions based on past
records of climate and hydrologic regimes
has been the “death of stationarity” [7],
which refers to the assumption that future
climate conditions have “predictable un-
certainty”’; that is, the frequency and
severity of flood or drought events can
be accurately estimated, allowing water
managers (and economists) to manage
risk. Climate change undermines this
assumption by suggesting that the future
holds unpredictable uncertainty. The
water resource management community
has not yet developed an alternative
vision capable of embracing this new
reality [8].

Not all indications are bad, however.
One of the most promising combinations
of conservation science with a more
resilient vision of ecological sustainability
are infrastructure design and operations,
which is also a growing focus for main-
stream economic decision makers. Recent
reports from the United Kingdom and
United States governments and the World
Bank highlight the critical need to modify
how we plan and finance infrastructure to
become more climate-adaptive, particular-
ly water infrastructure [9-11].

Water resources management and wa-
ter infrastructure mediate much of our
influence on both terrestrial and freshwa-
ter ecosystems. The development of com-
plex human societies is also a history of
our increasing mastery of freshwater
resources. Wetlands management for rice
cultivation dates back about 8,000 years

BP in eastern China [12]. Some still-
operational dams in Yemen and Turkey
date back more than 2,000 years. More
than 40,000 large dams exist in the United
States alone, most built between 1950 and
1970 [13]. The rise of China, India, and
Brazil marks a new “golden era” of rapid
water infrastructure development [14].
Economic development for many govern-
ments has come to mean the sustained (if
not sustainable) mastery of freshwater
resources, typically in service of agricul-
ture, energy, and urban and industrial
needs.

Climatic change and variability has
always presented serious challenges to
water resources management. The hydro-
logical cycle—surface and ground water,
precipitation, soil moisture, snowpack and
glaciers, flow regime and hydroperiod,
runoff, and evapotranspiration—responds
to even small shifts in climate in often
unpredictable ways [1]. Archaeological
reconstructions show that humans have
often had to react dramatically to climate
regime shifts through the medium of water
infrastructure in order to survive, often
failing in the process [15]. According to
the United Nations World Water Assess-
ment Programme, for humans, climate
change is water change [16].

From a social perspective, the challeng-
es presented by climate change impacts
are especially acute today in a globalizing
world. The impacts of too much and too
little water extend far beyond the locali-
ties where they occur and are capable of
disrupting national food and energy
security as well as the global economy
[17,18]. For instance, the 2008 intensifi-
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cation of the Australian Murray-Darling
drought contributed to the rapid rise in
food prices in India [19], while in January
2011 China committed almost US$600
billion to more sustainable water man-
agement, especially for its drying north
[20].

Combining measures of ecosystem in-
tegrity, species health, and socioeconomic
indicators to evaluate water resource
management and climate change adapta-
tion represents a paradigm shift for both
sustainable development and conservation
science. However, our ability to project
future eco-hydrological conditions with
confidence is severely limited due to the
deep uncertainties in climate models,
particularly for precipitation [l], and
many ecologists struggle to find actionable
relevance in these models at the local
“project” or “site’” scale where most policy
and resource management decisions reside
[21]. Hydropower, irrigation, large-scale
water diversions, flood control levees and
bypass structures, storage systems, wells
and boreholes, and treatment and sanita-
tion facilities are traditionally designed to
function over decadal or even century-
scale time spans. Traditional methods for
infrastructure design that do not take
account of a non-stationary climate over
their operational lifetime render infra-
structure vulnerable to climate shifts.
Climate change represents a serious im-
pediment for water resource management
and economic development success [22—
24].

Long-functioning dams face new oper-
ational hurdles that demonstrate the
consequences of stationarity assumptions.
Hoover Dam in the Colorado River basin,
for instance, was designed in the 1930s
based on observations made during three
of the wettest decades of the past millen-
ium, but Lake Mead now consistently
stores only about 30 percent of its designed
capacity. Precipitation trends are now
moving closer to the 1,200-year mean
[25], which implies that the existing
infrastructure and patterns of water allo-
cation throughout the basin face difficult
tradeofls between agriculture, cities, and
energy production. Notably, the winter of
2010-11’s elevated precipitation levels
have not prompted water managers to
declare the current “drought” over. Water
infrastructure in regions where the climate
is shifting quickly, such as the Himalayas
or the Andes [26,27], are designed with an
assumption of stationarity, but many are
likely to already be facing mismatches with
their ambient climate.

As a result, the potential impacts on
infrastructure investments are massive. A
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group of development banks calculated
that most developing countries spend 2 to
6 percent GDP on infrastructure devel-
opment, amounting to almost half of all
international financial institutions’ lend-
ing [28]. The Organization for Economic
Co-operation and Development has esti-
mated that about 40 percent of all
development investments are at risk due
to climate change [29]. The Secretariat
for the Convention on Biological Diver-
sity projects that public funding of
infrastructure by 2020 will total US$400
billion in Asia and US$10 billion in Africa
[30]. Private investment sources, aid
agencies, and development banks togeth-
er build a global water sector measuring
in the tens of billions annually [16].
World Bank investments in water alone
totaled over US$10 billion in fiscal year
2010 [11].

Climate-infrastructure mismatches are
likely to produce a host of serious
repercussions for ecosystems and econo-
mies. In the developing world, climate-
infrastructure mismatches are likely to
reduce economic growth through low rates
of electrical production or irregular agri-
cultural harvests while wasting scarce
investment capital. Ecologically poorly
designed water infrastructure is likely to
reduce the inherent resilience and adap-
tive capacity of these nations’ ecosystems,
permanently altering lakes, rivers, soils,
and fisheries. Low levels of water security
and high biodiversity threats show a close
correlation globally [31]. Climate-infra-
structure mismatches may actually make
poor nations even poorer.

How can conservation science provide
the practical decision making tools for
funding, designing, and operating water
infrastructure that enables both econom-
ic and ecological sustainability? We
propose a recursive three-step process
(Figure 1):

e Consider alternatives to building new
infrastructure. Particularly for large
infrastructure projects such as Hoover
Dam in the US or China’s South-to-
North Water Transfer Project, the
risks for investors, communities, and
ecosystems are extremely high given
uncertainties in future hydrological
conditions. One or two decades of
apparently successful implementation
are likely to be followed by very
difficult tradeoffs between socioeco-
nomic and ecological impacts, with
both likely losing to the overly opti-
mistic expectations created when long-
term impacts and non-stationarity are
not considered. More effective ap-

proaches to reduce ecosystem impacts
and maximize operational lifetimes
include reducing water and power
demands, building infrastructure in
stages as climate trends become more
clear, or adjusting agriculture irriga-
tion schemes and crop selections to
cope with more variable water sup-
plies.

Explicitly integrate ecosystems into
infrastructure development. The emer-
ging practice of integrating functional
and intact ecosystems into water
resource management can help hu-
mans and ecosystems adjust to emerg-
ing climate impacts, an approach to
climate change adaptation referred to
in The Netherlands as “building with
nature” [32]. Focusing on seasonal
flow management systems [11,33],
“making room for the river” by
restoring floodplain dynamics [34],
and development and/or redevelop-
ment of decision trees for policymakers
considering “‘bioshields” for extreme
weather events [35] are all powerful
new tools and approaches that link the
sustenance and viability of both social
and ecological systems within a sound
conservation framework.

Reduce the vulnerability of the infra-
structure and its impacted ecosystems
over the operational lifetime of the
project. The assumption of stationarity
results in infrastructure designed for a
single climate future, but designing for
multiple potential climate regimes may
be a more conservative and econom-
ically viable alternative [11]. Articulat-
ing additional future climate scenarios
bridges the scientific discussion of
uncertainty with the engineering and
investment concerns about operational
and mvestment risks. Equally impor-
tant with infrastructure design is the
need to create institutional structures
capable of integrating monitoring data
into flexible infrastructure operations
[36], as well as more research into bio-
indicators to track ecological integrity
through time and anticipate ecological
tipping points. This will allow emerg-
ing conditions to be anticipated, oper-
ational efficiency maintained, and
ecological impacts reduced [37,38].
The development of a dynamic sea-
sonal river flow program in Tanzania’s
Pangani basin by the International
Union for Conservation of Nature
(IUCN), for instance, represents an
exciting new approach to balance
multiple allocation demands, econom-
ic growth, and probable long-term
declines in water availability while

2 September 2011 | Volume 9 | Issue 9 | e1001159



Consider alternatives to
building new infrastructure.

*Project Identification

sFeasibility Study
(including
environmental impacts)

*Project approval and
financing

\ Project Identification
Phase

Explicitly integrate ecosystems into
infrastructure development.

Il

Iplementation
Phase

*Detailed
engineering/design
*|mplementation

Redesign

eRetrofitting

eRelicensing

eReassessment of
projected, incurred
environmental impacts

Reduce the vulnerability of the
infrastructure and its ambient
ecosystems over the operational
lifetime of the project.

-—J

-Operatlon/ reoperatlon
*Monitoring
sEvaluation

Figure 1. Proposed actions for how conservation science can improve water infrastructure. Note that the orange arrows represent the
potential points for engagement in the infrastructure development process.

doi:10.1371/journal.pbio.1001159.g001

reducing human-induced pressures on
freshwater ecosystems; meanwhile,
Rwanda has reduced its dependency
on hydropower following the 2004
drought and undertaken extensive
wetlands restoration work to stabilize
hydrologic regimes [39]. The impacts
of existing infrastructure should also be
reconsidered. Processes for infrastruc-
ture evaluation and relicensing and
land-use classification schemes (such as
redefining a “100-year flood event”)
provide opportunities to engage with
the finance sector to incentivize the
reduction of long-term vulnerabilities
to humans and ecosystems.
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Economic development must occur, but
climate change is making sustainable
development a much broader and more
plastic concept that is harder to define and
achieve. Conservation science should play
an essential role in facilitating the transi-
tion to more flexible approaches to natural
resource management by focusing on the
issues that deeply concern policymakers
and profoundly modify ecosystems, espe-
cially over long time scales. Climate-
sustainable water resource management

should be part of the long-term strategy of

the conservation community to help
economies and terrestrial and freshwater
ecosystems to adjust to an uncertain

future. Given the risks for human com-
munities and ecosystems from climate
change, ecologists working in the develop-
ing world need to think more like
development economists, and economists
need to think more like ecologists.

Acknowledgments

We are grateful to the three anonymous reviewers,
who provided valuable comments. Catherine
Taylor also gave valuable insights into an early
draft. Finally, we wish to thank the staff in the
many field programs of Conservation Interna-
tional and the World Wildlife Fund, who helped
show us both the beauty and danger of water.

3 September 2011 | Volume 9 | Issue 9 | e1001159



References

1. IPCC (2008) Climate change and water. Techni-
cal paper of the Intergovernmental Panel on
Climate Change. Bates B, Kundzewicz Z, Wu S,
Palutikof ], eds. Geneva: IPCC Secretariat. 210 p.

2. Walther G-R, Post E, Convey P, Menzel A,
Parmesan C, et al. (2002) Ecological responses to
recent climate change. Nature 416: 389-395.

doi:10.1038/416389a.

3. Root T, Price J, Hall K, Schneider S,
Rosenzweig C, et al. (2003) Fingerprints of global
warming on wild animals and plants. Nature 421:

57-60.

4. Thomas C, Cameron A, Green R, Bakkenes M,
Beaumont L, et al. (2004) Extinction risk from

climate change. Nature 427: 145-148.

5. Parmesan C (2006) Ecological and evolutionary
responses to recent climate change. Annual

Review of Ecology and Evolution 37: 637-669.

6. Hategekimana S, Twarabamenya E (2007) The
impact of wetlands degradation on water resourc-
es management in Rwanda: the case of Rugezi
Marsh. Procecedings of the 5th International

Symposium on Hydrology; Cairo, Egypt.

7. Milly P, Betancourt J, Falkenmak M, Hirsch R,
Kundzewicz Z, et al. (2008) Stationarity is dead:
whither water management? Science 319:

573-574. doi:10.1126/science.1151915.

8. Matthews JH, Wickel AJ (2009) Embracing
uncertainty in freshwater climate adaptation: a
natural history approach. Climate & Develop-

ment 3: 269-279.

9. Defra (2011) Climate resilient infrastructure:
preparing for a changing climate. London:
Department of Environment, Food, and Rural

Affairs. 76 p.

10. Council NR (2011) Adapting to the impacts of
climate change. Washington (D.C.): National

Academies Press. 292 p.

11. Le Quesne T, Matthews J, Heyden Von der C,
Wickel AJ, Wilby RL, et al. (2010) Flowing
forward: freshwater ecosystem adaptation to
climate change in water resources management
and biodiversity conservation. Washington (D.C.):

World Bank. 62 p.

12. Zong Y, Chen Z, Innes JB, Chen C, Wang Z,
et al. (2007) Fire and flood management of coastal
swamp enabled first rice paddy cultivation in

cast China. Nature 449: 459-462. doi:10.1038/

nature06135.

13. US Army Corps of Engineers (2009) CorpsMap.
National inventory of dams. Available: http://

nid.usace.army.mil/. Accessed 16 August 2011.

14. Turpin T (2008) Dam. London: Reaktion Books.

256 p.

@ PLoS Biology | www.plosbiology.org

22.

23.

27.

29.

Ortloff C (2009) Water engineering in the ancient
world. Oxford: Oxford University Press. 424 p.

. World Water Assessment Program (2009) The

United Nations world water development report:
water in a changing world. Paris: UNESCO and
Earthscan. 318 p.

Grey D, Sadoff CW (2007) Sink or swim? Water
security for growth and development. Water
Policy 9: 545-571. doi:10.2166/wp.2007.021.
Sadoff C, Muller M (2009) Water management,
water security and climate change adaptation:
carly impacts and essential responses. Stockholm:
Global Water Partnership. 90 p.

. Piesse J, Thirtle C (2009) Three bubbles and a

panic: An explanatory review of recent food
commodity price events. Journal of Food Policy
34: 119-129. doi:10.1016/j.foodpol.2009.01.001.

. Yu C (2011) China’s water crisis needs more than

words. Nature 470: 370.

Parmesan C, Duarte C, Poloczanska E,
Richardson A, Singer M (2011) Overstretching
attribution. Nat Clim Chang 1: 2-4.

Kabat P, van Schaik H (2003) Climate changes
the water rules: how water managers can cope
with today’s climate variability and tomorrow’s
climate change. Amsterdan, Netherlands: Dia-
logue on Water and Climate. 119 p.

Keur P, Henriksen HJ, Refsgaard JC, Brug-
nach M, Pahl-Wostl C, et al. (2008) Identification
of major sources of uncertainty in current IWRM
practice. Illustrated for the Rhine Basin. Water
Resources Management 22: 1677-1708.
doi:10.1007/511269-008-9248-6.

. Wilby RL, Dessai S (2010) Robust adaptation to

climate change. Weather 65: 180-185.

. Mecko D, Woodhouse C, Baisan C, Knight T,

Lukas J, et al. (2007) Medieval drought in the
upper Colorado river basin. Geophys Res Lett 34:
L10705. doi:10.1029/2007G1L029988.

. Thompson L, Mosley-Thompson E, Brecher H,

Davis M, Leon B, et al. (2006) Abrupt tropical
climate change: past and present. Proc Natl Acad
Sci U S A 103: 10536.

Kehrwald NM, Thompson LG, Tandong Y,
Mosley-Thompson E, Schotterer U, et al. (2008)

Mass loss on Himalayan glacier endangers water

31.

33.

34.

36.

37.

38.

. Robichaud C (2010) Integrating biodiversity

considerations into urban infrastructure develop-
ment. Presentation at the Second Curitiba
Meeting on Cities and Biodiversity: 11 slides.
Vorosmarty CJ, Mclntyre PB, Gessner MO,
Dudgeon D, Prusevich A, et al. (2010) Global
threats to human water security and river
biodiversity. Nature 467: 555-561. doi:10.1038/
nature09440.

. Hulsman H, Maarse M (2010) Dutch experience

with green adaptation in water management.
Delft (The Netherlands): Deltares. 45 p.

Poff NL, Richter BD, Arthington AH, Bunn SE,
Naiman R]J, et al. (2010) The ecological limits of
hydrologic alteration (ELOHA): a new framework
for developing regional environmental flow stan-
dards. Freshw Biol 55: 147-170. doi:10.1111/
j-1365-2427.2009.02204.x.

Ebert S, Hulea O, Strobel D (2009) Floodplain
restoration along the lower Danube: a climate
change adaptation case study. Climate and
Development 1: 212-219. doi:10.3763/
cdev.2009.0022.

. Feagin RA, Mukherjee N, Shanker K, Baird AH,

Cinner J, et al. (2010) Shelter from the storm? Use
and misuse of coastal vegetation bioshields for
managing natural disasters. Conservation Letters
3: 1-11. doi:10.1111/§.1755-263X.2009.00087 x.
Huntjens P, Pahl-Wostl C, Rihoux B, Schliiter M,
Flachner Z, et al. (2011) Adaptive water man-
agement and policy learning in a changing
climate: a formal comparative analysis of eight
water management regimes in Europe, Africa and
Asia. Env Pol Gov 21: 145-163. doi:10.1002/
eet.571.

Pahl-Wostl C, Jeffrey P, Isendahl N, Brugnach M
(2010) Maturing the new water management
paradigm: progressing from aspiration to practice.
Water Resources Management 25: 837-856.
doi:10.1007/511269-010-9729-2.

Wilby RL, Vaughan K (2010) Hallmarks of
organisations that are adapting to climate change.
Water and Environment Journal. pp 271-281.
doi:10.1111/§.1747-6593.2010.00220.x.

- 39. Matthews J, Seimon A, Mulligan M, Sindorf N,
rcs'fmrcc& Geophys l_lcs Lett 35: L22503. Burke S, et al. (2011) An assessment of the climate
d01.. 1,0'1029/2008_GL033556' change vulnerability of Rwanda’s wetlands:
Shilling J, Chomitz K, Flanagan A (2007) The : : . . . g .

© . . integrating eco-hydrological, socio-economic,
Nexus between infrastructure and environment. and institutional wves. Kicali (Rwanda
Washington (D.C): The World Bank. 48 p. and institutional perspectives. Kigali (Rwanda)
Development OFECA (2005) Bridge over trou- and Washington (DC) Rwandan therl}anta.l
bled waters: linking climate change and develop- MantagTvc? C?Ft‘éur)tgomy and the Global Environ-
ment. Agrawala S, ed. Paris: OECD. 147 p. mentat Faciity. 92 p-
4 September 2011 | Volume 9 | Issue 9 | e1001159



