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The future of hydrology: An evolving science for a changing world
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[1] Human activities exert global‐scale impacts on our environment with significant
implications for freshwater‐driven services and hazards for humans and nature. Our
approach to the science of hydrology needs to significantly change so that we can
understand and predict these implications. Such an adjustment is a necessary prerequisite
for the development of sustainable water resource management strategies and to achieve
long‐term water security for people and the environment. Hydrology requires a paradigm
shift in which predictions of system behavior that are beyond the range of previously
observed variability or that result from significant alterations of physical (structural)
system characteristics become the new norm. To achieve this shift, hydrologists must
become both synthesists, observing and analyzing the system as a holistic entity, and
analysts, understanding the functioning of individual system components, while operating
firmly within a well‐designed hypothesis testing framework. Cross‐disciplinary integration
must become a primary characteristic of hydrologic research, catalyzing new research
and nurturing new educational models. The test of our quantitative understanding across
atmosphere, hydrosphere, lithosphere, biosphere, and anthroposphere will necessarily lie
in new approaches to benchmark our ability to predict the regional hydrologic and
connected implications of environmental change. To address these challenges and to serve
as a catalyst to bring about the necessary changes to hydrologic science, we call for a
long‐term initiative to address the regional implications of environmental change.
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1. Global Change Challenges

[2] Human activities now rival geologic‐scale forces
[Kieffer, 2009], with a footprint that is deepening and
widening rapidly across the planet (Figure 1) [Sanderson et
al., 2002]. Manifestations of this footprint are visible in
declining snowpacks resulting from human‐induced climate
change [Barnett et al., 2008], in quickly shrinking aquifer
storages due to excessive pumping of groundwater [Rodell
et al., 2009], in significantly distorted river flow regimes

due to the building of dams [Poff et al., 2007], and in altered
groundwater recharge due to changes in land use [Scanlon et
al., 2006]. These are just a few examples of the human‐
induced hydrologic change where demands of a growing
population for energy [King et al., 2008], water [Jackson et
al., 2001], food [Vörösmarty et al., 2000], and living space
[Zhao et al., 2001] radically alter our environment. Many
freshwater services we have historically relied on to protect
our natural ecosystems and to provide for human needs are
becoming irretrievably degraded as a consequence of human
activity, at considerable cost to sustainability of both nature
and human habitation [Palmer et al., 2004; Grimm et al.,
2008; Brauman et al., 2007; Wagener et al., 2008]. The
cumulative consequence of growing demand and a dwin-
dling resource base is increased competition for a resource
that is already scarce in many regions of the world, con-
tributing to a decline in water security [Postel and Wolf,
2001; T. Allan, Avoiding war over natural resources,
1998, available from Global Policy Forum at http://www.
globalpolicy.org/component/content/article/198/32890.
html]. Together with this decline in freshwater services, we
also face increases in hydrologic hazards such as floods and
droughts due to an increase in hydrologic variability, espe-
cially in the least resilient of nations [Milly et al., 2002;
Sheffield and Wood, 2008].
[3] Enabling society to address these problems, and to

develop appropriate policies and management plans to
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alleviate them, requires an ability to provide reliable pre-
dictions of freshwater occurrence, circulation, distribution,
and quality under human‐induced and natural change. To be
robust and credible, such predictions must be underpinned
by a greater understanding of the hydrologic and biogeo-
chemical cycles and their interactions with land‐forming
and life‐sustaining processes in the landscape, including an
explicit treatment of the impacts of water‐human‐ecosystem
interactions and associated feedbacks. Environmental man-
agement under global change requires new understanding of
the connective and evolving role of water across a wide
range of Earth and socioeconomic systems and across a
wide range of time and space scales. This now poses
enormous challenges to the conduct of hydrologic science
[Killeen and Abrajano, 2008], requiring newways to observe
and analyze how our environment is changing because of
both human and natural stressors and demanding new
approaches to prediction and management.

2. Challenges to Hydrologic Science

[4] The main challenge facing hydrologic science is to
deal with human‐induced change. While the need to deal
with the issue of change is not new to hydrology, the saving
grace in most cases has (for a long time) been the avail-
ability of historical observations with which we could cali-
brate hydrologic models or from which we could extrapolate
in time. This approach remains valid so long as system
changes are not too severe [Sivapalan et al., 2003] and the
critical assumption of stationarity can be justified [Milly et
al., 2008]. Many of the research tools and educational
materials adopted in the past have been founded on this
assumption of stationarity. However, to make predictions in
a changing environment, one in which the system structure
may no longer be invariant or in which the system might

exhibit previously unobserved behavior due to the exceed-
ance of new thresholds, past observations can no longer
serve as a sufficient guide to the future, and the credibility of
our predictions cannot simply be achieved by reproducing
historical observations. Instead, what is required is a greater
consistency between model and real‐world system, includ-
ing new strategies to demonstrate this consistency [Gupta et
al., 2008]. Historical observations of system characteristics
and behavior will, of course, remain crucial to furthering
understanding of hydrological processes and for evaluating
process representations in models, although their value
when moving beyond the range of observed behaviors is
less clear and could possibly be much diminished.
[5] In an era of global change, the ability to respond

appropriately to new societal needs and to make predictions
at scales relevant to society will require us to develop a
holistic and quantitative understanding of the changing
(sometimes transient) behavior of hydrologic systems and
their subsystems. Earth systems have coevolved over geo-
logic timescales, and we can expect that they will continue
to do so at potentially much greater rates because of human
impacts (Figure 2). Predictions of hydrologic responses now
need to allow for adaptive temporal evolution of vegetation,
soils, and river networks (among other things) under
human‐induced environmental changes, although the changes
might occur at different and varying rates. This requires
hydrologists to develop a new understanding of how all the
associated components (climate, soils, vegetation, and
topography) have coevolved in the past and how they
might do so in the future.
[6] Hydrology has made enormous strides in under-

standing the behavior of small, relatively homogeneous (and
unchanging) systems (e.g., at the soil column or river reach
level) over relatively short time scales, but more research is
needed to understand hydrologic system complexity at

Figure 1. Sanderson et al. [2002] estimated the human footprint by quantifying how strongly humans
impact the land surface, with a higher value of their human influence index indicating larger human
impact (www.wcs.org/humanfootprint/). Their index integrates human population density, land trans-
formation, human access, and electrical power infrastructure. Their study suggests that over 80% of the
land surface is impacted by human activity [from Sanderson et al., 2002].
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larger scales (e.g., catchments, regional aquifers, river
basins, and whole ecosystems), and over much longer time
scales than we have typically addressed (e.g., decadal to
century scales). System complexity under these circum-
stances arises from nonlinear, heterogeneous, and highly
dynamic processes involving hydrologic, biogeochemical,
ecologic, and human systems, with strong interactions and
feedbacks, sometimes producing surprising behavior at
larger scales [Gordon et al., 2008], not easily derived from
understanding the components of the system in isolation.
Lack of understanding of the complexity of whole‐system
behavior across space and time scales, combined with an
inability to observe many of the systems’ structural and
functional characteristics and internal process dynamics
(e.g., subsurface or stream network structures and pro-
cesses and linkages between hydrologic, biogeochemical,
and ecological processes), limits our ability to make
hydrologic predictions at scales relevant to many societal
challenges.

[7] One challenge in this regard is that such quantitative
understanding will have to be generated even as mea-
surement and monitoring resources are declining in many
places [Mishra and Coulibaly, 2009]. Assessments of the
implications of change also require an ability to benchmark
the effects of change against earlier system states. It is
particularly worrying that we have already lost track of the
degree to which humans have changed the environment
[Blackbourn, 2006; Walter and Merritts, 2008] and to what
extent these changes are already reflected in the water cycle.
This problem of shifting baselines (i.e., an ambiguity in
identifying the correct baseline against which we should
measure significant changes to the system) makes it even
more difficult to assess the impacts of change [Pauly, 1995]
(Figure 3).

3. Hydrologic Change Science

[8] Collectively, these challenges to hydrology call for
profound changes in the ways we conduct hydrologic sci-

Figure 2. We see an unprecedented change in human activity, with often‐unknown impacts on our
environment and on the water cycle (from Steffen et al. [2004] with kind permission of Springer
Science+Business Media).
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ence. Nonstationarity necessitates system evolution to be
considered as an integral part of system behavior rather than
as an exception [Vörösmarty et al., 2004; Milly et al., 2008],
with significant challenges for observation and analyses to
help understand and ultimately predict how the magnitudes
of change will manifest themselves across scales and places
[Heinz Center, 2008; Blöschl, 2006; Blöschl et al., 2007].
[9] Predicting the response of hydrologic systems in a

changing environment requires that the water cycle be con-
sidered as a complex, interconnected system that includes
not just the physical but also the biogeochemical, ecological,
and human subsystems whose interactions contribute to
land‐forming (i.e., structure‐forming) and life‐sustaining
processes. The complexity of the hydrologic system may be
thought of as a series of hierarchies (Figure 4). At the most
basic level (inner ring), water, nutrients, carbon, and sedi-
ments are characterized in terms of various fluxes, flow
paths, stores, residence times, and state transformations
(both physical and chemical). The nonlinear interactions
between these components, through self‐organization,
give rise to emergent patterns in the landscape, such as river
network structure, hydraulic geometry, soil catena, and
vegetation patterns. Many models attempt to exploit these
properties to improve predictability (middle ring). These
units of conceptualization, through the understanding they
generate, then form the basis for deciphering the interactions
between human, physical, biogeochemical, and ecological
systems that give rise to observed emergent patterns, iden-
tified here as units of engagement (outer ring). These
interactions can, of course, cascade both ways. For example,
human impacts modify extant patterns (e.g., stream network

structure), which in turn alter flow paths, residence times
(e.g., of nutrients, resulting in reduced denitrification), and
physical and chemical transformations in the aquatic envi-
ronment, ultimately impacting ecosystem health. It is evi-
dent that a variety of hierarchies and interfaces across dis-
ciplines exist that need to be understood, characterized, and
modeled to predict the evolution of system behavior. A
major scientific challenge is to understand how interacting
processes have led to the structure and function of existing
hydrologic systems and how they will evolve in the context
of human‐induced and natural changes to the environment
[Wagener et al., 2007].
[10] In the past 20 years, under the umbrella of hydro-

geomorphology and ecohydrology, hydrologists have made
enormous progress in exploring a variety of interacting
Earth surface processes, including hydrologic ones, involved
in the coevolution of climate, soils, topography, and vegeta-
tion in natural settings [Rodriguez‐Iturbe and Rinaldo, 1997;
Rodriguez‐Iturbe and Porporato, 2005; Eagleson, 2008].
This body of work has enabled significant advances toward a
predictive understanding of the space‐time structure and
functioning of stream networks [e.g., Willgoose, 2005],
vegetation [e.g., Rodriguez‐Iturbe et al., 1999; Newman et
al., 2006], and stream‐vegetation interactions [e.g., Ivanov
et al., 2008a, 2008b; Istanbulluoglu, 2009a]. A sound theo-
retical basis for learning from existing and readily available
geomorphologic and vegetation patterns now exists, which
can be used to predict likely future evolutionary changes
[Porporato et al., 2004; Istanbulluoglu, 2009b] and their
ecosystem impacts [e.g., Paola et al., 2006; Rodriguez‐Iturbe
et al., 2009]. This provides hope that a new generation of

Figure 3. What is the baseline against which we measure the impacts of change? The photograph shows
the Marshall Gulch catchment near Tucson in Arizona, United States. Does the current state of this system
represent the natural baseline? (Photo taken by Craig Rasmussen.)
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predictive models can be developed that incorporate orga-
nizing principles such as ecological optimality and minimum
energy expenditure and basic thermodynamic principles
such as maximum entropy production as a way to overcome
the paucity of historical observations and inadequate char-
acterization of landscape heterogeneity [McDonnell et al.,
2007; Schymanski, 2008; Hwang et al., 2009; Kleidon and
Schymanski, 2008].
[11] In light of the dominant role of humans in the land-

scape and their interference in the hydrologic cycle, the
substantial progress made so far needs to be extended to
human‐impacted landscapes [Jackson et al., 2009]. Current
and future experimental catchments must be embedded in
larger‐scale studies of hydrological variability and changing
controls to aid in understanding the time scales over, and
extent to which, system characteristics are changing. By
embedding local (place‐based) in‐depth studies in the
regional context, we can better understand (changing)
hydrological behavior across environmental gradients.
Such gradients form the basis of comparative hydrology
[Falkenmark and Chapman, 1989], which attempts to
understand how system behaviors and controls vary in space.
An understanding of spatial variability can provide a first‐
order assessment of potential temporal change by trading
space for time [Wagener, 2007]. Given that long‐range
model projections suffer from large uncertainties, the strat-

egy of using spatial gradients as proxy for temporal gra-
dients might be an important first step [Troch et al., 2009].
Nevertheless, because of human interferences in the land-
scape, the character of many of the interactions and feed-
backs that maintain the system in equilibrium may become
irretrievably altered such that future system responses may
diverge from what has been historically observed, imposing
limits to what the past can tell us about the future [Kumar,
2007]. New observations must therefore include those that
enable a deeper understanding of the legacy effects of past
and future human behaviors and support understanding of
human‐induced emergent behaviors of hydrological systems
across varying scales [Braden et al., 2009; Botter et al.,
2010].

4. Needs of an Evolving Science of Hydrologic
Change

[12] Human activity has impacted almost all parts of the
landscape, so much so that hydrologic and human systems
are now intrinsically coupled. Explicit recognition of this
fact must move us toward a coherent holistic, quantitative,
and predictive science of hydrology that is attuned to the
needs of both nature and humans in a changing world. In
recognizing the challenges of dealing with human‐induced
change so as to achieve a sustainable cohabitation of

Figure 4. Hierarchies in coupled physical (oceans, atmosphere, rivers or lakes, and aquifers), ecological
(habitats, disturbance regimes, and life cycles), biogeochemical (nutrient cycles, carbon cycle, and con-
taminants), and human (human impact, engineering works, water use, and management) subsystems that
constitute the hydrological system: the innermost circle represents units of representation, the middle circle
represents units of conceptualization, and the outer layer represents units of engagement (courtesy Praveen
Kumar).
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humans with nature, and in understanding the limitations of
the current approach to hydrologic science, we arrive at
certain broad questions that underpin the newly evolving
science of hydrologic change.
[13] 1. How will the hydrologic system and its associated

(sub)systems respond to, and evolve under, natural and
human‐induced changes in climate and the environment?
[14] 2. How are natural, managed, and engineered pro-

cesses reflected in the various freshwater services that nature
provides?
[15] 3. How can hydrologic systems be managed toward

sustainability?
[16] Given such a perspective, the roles of current and

future hydrologists must expand to seek greater under-
standing of how each system component receives, stores,
transports, and releases water, energy, and dissolved and
suspended constituents; how it interacts with the living
world; and how it contributes to overall system behavior
[McDonnell et al., 2007; Hopp et al., 2009; Dontsova et al.,
2009]. Hydrologists need to work much more closely with
experts from other disciplines, geologists, soil scientists,
biologists, geochemists, ecologists, and social scientists,
among others, to understand how the system functions at a
much more fundamental level, as well as at the holistic
level. This will promote a deeper understanding of the
characteristics of the system, and of its components, under
changing conditions. Through interdisciplinary collabora-
tive efforts, a new balance can be struck between the
reductionist and holistic approaches to experimental and
theoretical (model‐based) exploration of change. Hydrolo-
gists must become both synthesists, observing and analyzing
the system as a holistic entity using top‐down strategies, and
analysts, understanding the functioning of individual system
components through bottom‐up approaches, while operating
firmly from a strategy of well‐designed hypothesis testing.
[17] The evolution of hydrologic science must also involve

new kinds of observations (of processes and process inter-
actions) and new ways to monitor and measure change.
Remote sensing, for example, offers opportunities to mea-
sure environmental change at much larger scales than pre-
viously feasible, e.g., the GRACE mission to monitor
changes in water storage [Rodell et al., 2009]. Observational
strategies must explicitly consider the role of humans in the
water cycle and must include measurements of water
extraction for human use, return flow, water quality, and
effects of infrastructure constructed to serve human needs.
Modern technology facilitates the development of new
(numerous, cheap, and qualitative yet useful) sensors and
sensing techniques that can be used to monitor human water
use and interactions with the water cycle (i.e., participatory
sensing). This offers significant opportunities to improve
system analyses and predictions via data‐model fusion, real‐
time learning, and recursive forecasting. In comparison with
the past, a greater use of controlled field and laboratory
experiments across space and time scales is also needed
[Kleinhans et al., 2010; Hopp et al., 2009; Holländer et al.,
2009; Dontsova et al., 2009], which helps to improve our
understanding of interacting processes under transient con-
ditions. Further, a more opportunistic use of observations
and monitoring in the aftermath of nature’s experiments at
larger scales in real landscapes (e.g., following accidents or

natural disasters) can provide highly valuable data regarding
extreme conditions [e.g., Jung et al., 2009].
[18] For hydrologic science to be better attuned to the

needs of people, it must also be more explicitly connected to
societal water uses and their ecosystem impacts. An under-
standing of the freshwater services provided by, and
hazards arising from, hydrologic system responses must be
explicitly linked to societal relevance and used to support
sustainable resource management [Brauman et al., 2007;
Wagener et al., 2008]. We must understand, and be able to
project, the variability of such services under different sce-
narios, including their relationship to economic gains and
losses [Clark et al., 2001]. There have been continental‐ or
global‐scale modeling assessments of water scarcity under
projected climate change and population growth scenarios,
which include increased water demand for food and energy
production, and various technological and economical
measures to increase resilience, e.g., the adoption of virtual
water trade [Rockström et al., 2009; Liu et al., 2009]. Such
analyses must contribute to understanding of the importance
of green water fluxes and virtual water trade in support of
regional decision making. Nevertheless, in doing so, the
advancement of hydrologic understanding has to remain an
important concern, and the adoption of tailored solutions
that contribute little to hydrological innovation should be
avoided since such solutions remain limited in their value as
building blocks toward a coherent hydrologic theory. The
importance of this focus on understanding has previously
been discussed in the context of problem solving versus
puzzle solving [Eagleson, 1991], which helps to contrast
the engineering and scientific approaches to hydrologic
research.
[19] Such a redirection of both effort and emphasis would

help to fill current gaps in our understanding of coupled
human‐nature systems (examples of such gaps are poor
understanding of nonlinear couplings and feedbacks and of
scaling of hydrologic services), thereby addressing the sig-
nificant challenges of characterizing evolutionary environ-
mental change and the acceleration or deceleration of such
change. It is abundantly clear that the sum total of such
changes in our approach to hydrologic science (research,
education, and practice) will constitute nothing less than a
paradigm shift in the sense of a scientific revolution as
described by Kuhn [1996]. Figure 5 presents a summary
of the ideas that constitute key elements of the paradigm
shift.
[20] Finally, it is not just the practice of hydrologic sci-

ence that must become more holistic but also the approach
to primary and continuing education of hydrologists. The
educational system that supports the teaching of hydrology
must undergo a paradigm shift away from the current
practice of imparting a narrow set of basic concepts and a
disciplinary set of skills to engineers and scientists. Given
the great complexity of the problems facing a changing
world, the teaching of hydrology must adopt a greater
emphasis on learning from observations and from collective
experiences in dealing with the environment around us (akin
to the constructivist approach of Piaget [1967]). This calls
for the teaching of new skill sets, including the ability to
read, interpret, and learn from patterns in the landscape;
comparative studies to supplement place‐based studies;
learning through case studies; use of space for time sub-
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stitutions; and modeling of interacting processes such as
human‐nature interactions and feedbacks. Above all, the
new generation of hydrologists must be trained to become
both analysts and synthesists. This will inevitably require
dissolution of the historical separation between science and
engineering in our approach to hydrology education.
Teaching methods should be rooted in the scientific and
quantitative understanding of hydrologic processes, pro-
viding flexible hydrologic problem‐solving skills, which
can be adapted to provide solutions for new problems and to
understand new phenomena. For our science to evolve,
these skills must necessarily continue to advance, which
provides new challenges to the continuing education of
practicing hydrologists. Kleinhans et al. [2010] argue that it
is necessary for hydrology and other Earth sciences to go
beyond the traditional inductive and deductive lines of
reasoning by adopting a formalized use of observed patterns
and known laws of nature to arrive at hypotheses on the

causes of these patterns, in this way arriving at improved
understanding. Hydrology education can benefit from rec-
ognition of this logical style of reasoning. While these
arguments provide some perspective on the kind of para-
digm shift that appears to be needed in hydrology education,
a considerable new effort at the community level will be
required toward the joint development and continuing evo-
lution of holistic education materials and to promote the
mutual exchange of experiences as a community of teachers
and practitioners (Modular Curriculum for Hydrological
Advancement (MOCHA), 2009, http://www.mocha.psu.edu).

5. Call to Action

[21] The problems of water scarcity, environmental deg-
radation, and water‐related natural hazards arising from the
expansion of the human imprint on Earth pose enormous
challenges to the way we conduct hydrologic science.

Figure 5. Key elements of the needed paradigm shift in hydrologic science (building on work by
Sivapalan [2005]).

WAGENER ET AL.: OPINION W05301W05301

7 of 10



However, they also provide an unprecedented opportunity to
utilize technological and theoretical advances in measure-
ment, modeling, and visualization of both variability and
change in our world, these being prerequisites for detecting,
interpreting, predicting, and managing evolving hydrologic
systems. By addressing these challenges, we can help to
bring about a paradigm shift in hydrologic science by fun-
damentally revising and advancing the concepts, theories,
and methodologies that underpin our science.
[22] How do we, as a community, facilitate this paradigm

shift? What are some of the actions we can undertake to help
evolve our science? We believe that the required scientific
revolution can best be achieved by a grass roots–driven
and community‐led long‐term initiative that focuses on the
regional implications of change (in climate, land cover, land
use, and population), thereby providing the catalyst needed
to bring about the change we believe is required. The quest
to achieve better regional‐scale predictions will help to
uncover deficiencies in our quantitative understanding and
in our ability to provide information at the scales most rel-
evant for decision making. We believe that it will only be
through a cross‐disciplinary long‐term community effort
(involving hydrology and other Earth as well as the bio-
logical and social sciences), with a unified focus on the
regional implications of environmental change, that the
required fundamental transformation of our science can be
achieved. Significant progress has already been made in
strengthening interdisciplinary collaboration across the
Earth sciences. In addition to this, we are now poised to
capitalize on recent advances in the technological ability to
observe, store, analyze, visualize, and transmit relevant data
collected over large parts of the world at appropriately fine
resolutions.
[23] Examples of where such community‐driven initia-

tives have brought about greater focus and coherence to
hydrologic research, teaching, and practice abound. The
First International Hydrologic Decade led to the launch of a
large number of experimental basins around the world,
which brought about major advances in data collection and
process understanding [Keller, 1976]. The recent Predic-
tions in Ungauged Basins (PUB) decadal initiative of the
International Association of Hydrological Sciences launched
in 2002 [Sivapalan et al., 2003] quickly went far beyond a
dependence of predictive models on calibration, and high-
lighted limitations in theory, in the ability to observe and
predict and ultimately in our capacity to assess the hydro-
logic implications of environmental change [Sivapalan,
2003; Blöschl, 2006; Kirchner, 2006; Wagener, 2007;
Troch et al., 2008]. By elevating the profile of the funda-
mental question of how to transfer information from one
location to another and from gauged to ungauged catch-
ments, PUB led to a sharper focus in research, energized the
hydrologic community, enhanced integration across dis-
ciplines and subdisciplines, and is bringing about significant
advancements and greater coherence in our understanding of
catchment responses and our ability to predict them. Driven
by the increasing speed of environmental change, the pro-
posed new initiative must shift the focus from extrapolating
in space to extrapolating in time (using space for time
proxies as appropriate) by creating a particular emphasis on
the regional implications of global and local change. This
will help provide guidance for adaptation efforts, as it is at

the regional scale that human decision making and envi-
ronmental stresses intersect [Barron, 2009].
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