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Preface

For many years scientists and river practitioners have
recognised the severity and extent to which aquatic eco-
systems have been degraded by a variety of human distur-
bances and activities (Gregory and Park, 1974; Sear and
Arnell, 2006). In turn, realisation of the widespread nature
of the problem has more recently elicited a surge of inter-
est in the possibility of undertaking corrective interven-
tions, such as flow restoration and channel modifications,
to restore or rehabilitate lost and/or damaged ecosystem
functions (Brookes and Shields, 1996; Wissmar and
Bisson, 2003). Indeed, there is now a substantial volume
of literature on the broad topic of river restoration, much
of which suggests that, to be sustainable, river restoration
projects should be designed to recreate functional charac-
teristics within a context of physical (i.e. geomorphic)
stability. It is true that the emphasis on stable channel
design may reflect the traditional disciplines of many of
the river engineers who have now turned their attentions
to restoration. Whatever the provenance and merits of this
approach, a focus on stable channel design requires the
application of geomorphic and engineering design tools
(models) that are for the most part either entirely empirical
or empirically calibrated. As a result, different results are
obtained when different models are applied to the same
problem. Furthermore, the data required to apply morpho-
logical models to restoration design are often absent,
incomplete, or subject to measurement error. Finally, even
when a restoration design is completed, it is usually not
possible to predict the precise sequence of flood events.
In the long term further variability is introduced by cli-
matic or catchment changes (e.g. in land use), or unantici-
pated social or cultural changes, all of which might shift
the basic premise(s) of the design. It is evident that the
designers and managers of stream restoration projects are
inevitably confronted with uncertainty.

Despite, or perhaps because of, this challenging situa-
tion the restoration literature, albeit with some notable

exceptions (Wissmar and Bisson, 2003), has not yet
devoted consideration to identifying associated uncertain-
ties, let alone seeking to quantify, manage, or — where
appropriate (see below) — constrain them. Rather, the dis-
cipline has instead tended to focus on management
responses (e.g. post-project appraisal, adaptive manage-
ment strategies) that only implicitly confront assumed
sources of variability and uncertainty. Our concern is that
a collective disciplinary failure to recognise, communicate
and deal appropriately with uncertainties might, at some
time in the future, undermine institutional and public con-
fidence in river restoration. In a first attempt to address
these issues, we (together with Dr Andrew Collison and
Dr Sean Bennett) convened a special session on Uncer-
tainty in River Restoration at the 2002 Fall Meeting of the
American Geophysical Union (AGU) in San Francisco,
California. While recognising that no single volume can
ever cover all aspects of such a multi-faceted discipline as
river restoration, the positive response to the topic at that
AGU symposium prompted us to seek to explore it further
in this volume. All the chapters for this book were, there-
fore, specially commissioned in an attempt to provide a
coherent narrative structure that offers a rational theoreti-
cal analysis of the uncertain basis of restoration, while
simultaneously providing practical guidance on managing
the implications of that uncertainty.

The resulting book is structured into four main sections.
Each offers a range of case studies in an attempt to ensure
a wide geographic coverage. Likewise, the authorship is
drawn from a range of countries and disciplines, in an
attempt to bring a range of perspectives to the table.
Section I comprises three chapters that review the nature
and significance of uncertainty in river restoration, provid-
ing a context for the remainder of the book. In Chapter 1
Lemons and Victor focus on the specific nature of scien-
tific uncertainty in restoration, while Graf (Chapter 2)
expands on this theme, identifying a series of sources of
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uncertainty in theory, research and communication. In
Chapter 3 Wheaton ef al. synthesise and extend these
analyses, presenting a classification that suggests uncer-
tainty fundamentally arises either through limited knowl-
edge or through natural system variability. This is an
important distinction, not least because it helps to dis-
criminate between those sources of uncertainty (limited
knowledge) which should, where possible, be constrained
(e.g. by scientific progress) from those sources (e.g. natural
variability) that should be embraced to promote healthy
system functioning. The management implications associ-
ated with each form of uncertainty are therefore distinct,
but recognition that embracing certain types of uncertainty
may be both necessary and desirable to assure sustain-
ability is a theme that runs throughout many of the con-
tributions herein.

The book is subsequently structured to address the dis-
crete stages in the life span of a typical restoration project,
covering the planning and design activities associated with
the pre-construction phase (Section II), the construction
phase itself (Section III) and the long term post-construc-
tion phase (Section IV). Section II (Chapters 4 to 8) pres-
ents contributions covering various aspects of planning
and design associated with restoration projects. In Chapter
4 Kondolf and Yang’s review reminds us that restoration
is fundamentally a social and cultural process, with vari-
ability in cultural values acting as a significant contributor
of uncertainty. Presenting an Australian case study, where
the aim was to restore flows capable of flushing fine sedi-
ment from river gravels, Stewardson et al. (Chapter 5)
identify the limits in our understanding of hydrological,
hydraulic and geomorphic processes and how these con-
strain our ability to model river system dynamics. In terms
of the uncertainty classification discussed in Chapter 3,
their focus is essentially on quantifying the magnitude of
uncertainty due to limited knowledge. Their results (that
the magnitude of designed flushing flows is subject to
uncertainty estimates approximately twice that of the flow
itself) reinforce the earlier suggestion that restoration is
indeed an uncertain discipline. Whether this really means
that we should have ‘unreasonable confidence’ in restora-
tion, as suggested by their provocative sub-title, is a theme
that is continued throughout the book.

In contrast to the focus on uncertainty due to limited
knowledge expounded in Chapter 5, Chapter 6 (Hughes
et al.) reviews some of the difficulties associated with
extending restoration into complex riparian and floodplain
habitats, emphasising that in these systems uncertainty (in
this case in the form of physical diversity and variability)
is necessary to underpin the successful restoration of
forest floodplain ecosystems. In Chapter 7, Clifford et al.’s
comprehensive review of how the restoration of flow

hydrology and hydraulics can be used to enhance aquatic
habitats also recognises the importance of restoring natural
variability, and provides recommendations on how such
variability can be interpreted in modelling investigations.
The theme of uncertainty associated with ecological
targets is explored further in Chapter 8 (Perrow et al.),
where the paradox that uncertainty is often viewed as a
pejorative term is again highlighted, even if it is uncer-
tainty (in the form of natural variability) that is the key
mechanism for sustaining healthy ecosystems. How uncer-
tainty due to the lack of understanding of a discipline
(ecology) by river managers has led to a lack of using
available science within restoration process is also
highlighted.

Section III (Chapters 9 to 12) addresses the construction
phase of a restoration project, which is defined in this book
as extending up to one or two years after completion of
the project. The contributions in this section are written
primarily by river practitioners, who employ their collec-
tive experience to offer a range of perspectives on uncer-
tainties encountered during this key stage of restoration.
Mant et al. (Chapter 9) review the difficulties encountered
during construction and note that strong teamwork skills
are required to ensure that the design concepts provided
by geomorphologists and ecologists are correctly trans-
lated into practice by those responsible for construction.
A difficulty here is that restoration is seen as a relatively
new facet of civil engineering, such that contractors may
not always have the experience necessary to recognise that
variability, rather than uniformity (their experience to
date), is often necessary. To this end it is essential that
designers inform the workforce of the specific require-
ments of the river restoration project, while project man-
agers must also take responsibility for monitoring
construction as it progresses. This points to the importance
of ensuring that the constructed project does indeed
conform to the design specifications, raising the issue of
evaluating project outcomes.

This subject is the theme of the next three chapters.
Skinner et al. (Chapter 10) review post-project appraisals
with reference to both physical and ecological measures
of success, whilst Rhoads e al. (Chapter 11) focus on
methods for evaluating the geomorphological performance
of restored rivers, providing examples from heavily urban-
ised catchments in Illinois in the USA. Both contributions
emphasise the key need for both pre and post-project moni-
toring, even if only to a minimum standard. This is viewed
as necessary to verify that projects are constructed accord-
ing to their design, as well as an integral tool of adaptive
management that can make project adjustments in the face
of uncertainties introduced by variable post-project condi-
tions. This theme is further explored by Brookes and
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Dangerfield (Chapter 12), who propose that managers
should adopt continuous improvement as an overall opera-
tional philosophy for restoring rivers. The term continuous
improvement is widely documented in human resource,
organisational management and environmental manage-
ment literature, and is taken to be a philosophy of learning
during the construction and post-construction phases (and
making adaptations to a particular project as necessary)
for the benefit of the continuing work and future practice.
This appears to be a robust approach that has the potential,
over time, to reduce uncertainties associated with limited
knowledge while simultaneously providing a framework
for adaptive response to uncertainties associated with
natural variability.

Section IV (Chapters 13 and 14) addresses the challenge
of'the need to assure the long term sustainability of restora-
tion projects in the face of uncertain futures. There is a
clear recognition that as the time scales over which project
outcomes should be considered increase, there is a con-
comitant need to address increased spatial scales. Specifi-
cally, there is a need to consider how catchment-scale
processes (which influence the fluxes of water and sedi-
ment supplied to restoration reaches) are to be sustained
in the long term. Clearly, as spatial and temporal scales
increase, then so do the uncertainties particularly, but not
exclusively so, those associated with increases in spatial
and temporal variability. In Chapter 13 Downs and Gregory
bring a hydromorphological perspective to these issues,
suggesting that the bounds of these uncertainties can be
evaluated with reference to long term (palaeo)hydrological
and geomorphological evidence of past catchment response
— in effect advocating a more precise definition of the
uncertainty due to natural variability.

The final chapter (Chapter 14; Newson & Clark) pro-
vides an apt conclusion. Recognising that uncertainty (in
the form of natural variability) is both endemic and neces-
sary, it is noted that there is a conflict between the precau-
tionary principle — a cornerstone of sustainable thinking
— and uncertainty. Newson and Clark recognise that all
restorations have outcomes that are to some extent unpre-
dictable, and the precautionary principle thus becomes a
recipe for inaction. Uncertainty is therefore simultane-
ously necessary for, but also a barrier to, sustainability.
They attempt to resolve this particular problem by identi-
fying management and restoration opportunities that are
sustainable despite being uncertain, noting that in practical
terms it is to adaptive management that we most often turn
for a way forward, reinforcing a series of conclusions from
earlier chapters.

Do we have unreasonable confidence in restoration,
based on the state of the art, or are we happy to boldly go

with the uncertain ebb and flow of natural variability?
Perhaps the way forward is through a clearer and more
transparent approach to communicating uncertainty, such
that all participants — and especially stakeholders — under-
stand that while every effort can and should be made to
identify, and where possible reduce, scientific and meth-
odological uncertainties, uncertainty due to natural vari-
ability is both welcome and necessary to sustain healthy
aquatic ecosystems. This implies a concerted approach on
two fronts: scientists can continue to refine the knowledge
base (and managers need to recognise the value of this
research for their (adaptive) management practices), while
managers must work harder to build and accommodate
variability into projects. Uncertainty in river restoration is
endemic but clearly offers opportunities, not just as a
rationale for further research, but fundamentally for more
sustainably managed restoration projects. Just as life goes
on with little confidence or ability to predict the future, so
restoration must continue to evolve and adopt an approach
that is consistent with the uncertain functioning of riverine
ecosystems.

In closing this preface, we would like to acknowledge
those who have made significant contributions during the
production of this book. Firstly, we would like to thank
those numerous professionals who provided detailed peer
reviews of each chapter, often working to tight deadlines.
The anonymous nature of peer review means that we are
unable to identify them here, but you know who you are!
Finally, Tim Aspden and the staff of the Cartographic Unit
at the School of Geography, University of Southampton,
provided guidance on, and help with, the production of
much of the artwork. A final acknowledgment must go to
our families who have put up with longer hours than
normal (or natural!) in the drive for completion.

Stephen Darby and David Sear
December 2007
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Introduction: The Nature and Significance
of Uncertainty in River Restoration






Uncertainty in River Restoration

John Lemons' and Reginald Victor?

'Department of Environmental Studies, University of New England, USA
*Center for Environmental Studies and Research, Department of Biology, Sultan Qaboos University, Sultanate of Oman

1.1 INTRODUCTION

As we are well aware, rivers fundamentally shape the
planet and human life. Both ancient and modern societies
have developed and flourished in the proximity of rivers
and this trend has continued till modern times. Nienhuis
and Leuven (2001) summarize how humans have spatially
and temporally altered rivers over a 6000-year period by
various anthropogenic activities. For example, intensive
use of European rivers started over 500 years ago leading
to the loss of their ecological integrity (Smits et al., 2000).
Some rivers were altered for navigation, flood control,
agriculture and reclamation of land for urban develop-
ment, while most were used as chutes for waste disposal
including sewage, thermal effluents and both nontoxic and
toxic chemicals; some rivers were also routinely dredged
to facilitate the transport and storage of timber, while
others were heavily fished (Ward and Stanford, 1979; De
Wall et al., 1995; Eiseltova and Biggs, 1995).

Large river systems (stream order >8) all over the world
have been extensively dammed for hydroelectric power,
recreation, flood control and to divert water to support
agriculture. Impacts of large dams include the loss of
fisheries and the ecological collapse of the entire river
regime (Balon and Coche, 1974; Rzoska, 1976; Obeng,
1981). Extensive series of levees built along large rivers
have caused major losses of ecosystem structure and func-
tion. Along the Mississippi River, the largest river in North
America, levees threaten federal plans to protect endan-
gered species (EPA, 2004). The effects of impounding
small rivers (stream order 4-8) are even more drastic. In

some West African small rivers entire fish communities
had changed due to impoundment and the ecological per-
turbations extended for considerable distances downstream
(Victor and Tetteh, 1988; Victor and Meye, 1994; Victor
and Onomivbori, 1996). Gopal (2003) describes how
rivers in arid and semi-arid regions in Asia are being
degraded due to overexploitation of natural resources,
salinization, pollution and introduction of exotic species.

Just as rivers have undergone alteration, so too have
there been efforts to restore them in order to provide ben-
efits to the environment and/or human health, as this book
attests (see also MacMahon and Holl, 2001). Obviously,
scientific research contributes to river restoration by: pro-
viding reliable and needed explanatory or heuristic knowl-
edge and understanding of restoration problems; helping
to identify and define new research needs and directions
through the acquisition of factual information; and inform-
ing policy and decision making (Caldwell, 1996).

A major premise of this book is that to be sustainable,
river restoration projects need to effectively recreate a
rivers’ functional characteristics taking into account the
dynamic geomorphic characteristics. While many restora-
tion projects have benefited environmental and/or human
health, understudied sources of uncertainty limit confi-
dence in predicting the outcomes of restoration activities
and programs. Specific examples of uncertainty in river
restoration discussed in this book include those inherent
in: river management processes; the planning and design
phases of restoration projects; hydraulic and hydrological
aspects of restoration; water quantity issues; identifying
appropriate ecological characteristics and predicting their

River Restoration: Managing the Uncertainty in Restoring Physical Habitat Edited by Stephen Darby and David Sear
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responses in restoration designs; and the construction and
post-construction phases of restoration projects. The
sources of uncertainties include: lack of scientific and
other information; limitations of analytical methods
and tools; complexities of river systems; and needs
to make value-laden judgments at all stages of river res-
toration problem identification, analysis and solution
implementation.

Beginning in and since the early 1990s some philoso-
phers, scientists and public policy experts concluded that
the sources and implications of scientific and other uncer-
tainty in environmental problem solving, including resto-
ration, have been understudied and, as a consequence,
not sufficiently taken into account by researchers, public
policy makers and decision makers (Mayo and Hollander,
1991; Cranor, 1993; Shrader-Frechette and McCoy, 1993;
Funtowicz and Ravetz, 1995; Lemons and Brown, 1995;
Lemons, 1996; EEA, 2001; Kriebel et al., 2001; Tickner,
2002, 2003).

In agreeing with this conclusion, the objective in this
chapter is therefore to first discuss various broad views
about scientific uncertainty and indicate how and why
these need to be taken into greater account by scientists,
policy makers and decision makers. (Other chapters
address uncertainty and analyze in more concrete detail
how it interacts with the specific theories and practices of
river restoration.). Discussion then focuses on what might
constitute ‘good’ science when science is used to inform
policy and decision making under conditions of scientific
uncertainty. Value-laden sources and implications of
uncertainty in river restoration are then discussed because
they are both important but understudied. Discussion of
the value-laden sources and implications of uncertainty is
followed with: a brief discussion of some of the practical
and policy implications of uncertainty in river restoration,
and, finally, a brief case study of river restoration in order
to communicate our views with a practical example. For
reasons of brevity the case study communicates views
about some, but not all, aspects of uncertainty in river
restoration.

Parenthetically, here it is necessary to comment on defi-
nitions of ‘restoration’ when used in the context of river
restoration. The field of restoration ecology suffers from
a lack of conceptual clarity concerning its meaning, goals
and objectives. Since about the mid-1980s, the field of
river restoration has increasingly evolved in an attempt to
better meet societies’ needs to more effectively repair
damage to rivers (e.g., Cairns and Heckman, 1996; Karr
and Chu, 1999; Cairns, 2001). The Society of Wetlands
Scientists (SWS, 2000) defined restoration as ‘actions
taken in a converted or degraded natural wetland that
result in the re-establishment of ecological processes,

function, and biotic/abiotic linkages and lead to a persis-
tent, resilient system integrated within its landscape.’ In
2002, the Society for Ecological Restoration (SER, 2002)
defined restoration as the °...process of assisting the
recovery of an ecosystem that has been degraded, damaged,
or destroyed.” Regardless of these definitions, the goals
and objectives of river restoration are not clear.

Rolston (1988) believes that where possible ecosystems
should be returned to their ‘natural” or ‘original’ condition.
Westra (1995) argues that restoration should focus on
restoring ecosystems’ abilities to continue their ongoing
change and development unconstrained by human inter-
ruptions past or present. The United States National
Research Council (NRC, 1999) defined restoration as
‘the return of an ecosystem to a close approximation of
its condition prior to disturbance.” This definition was
expanded by Cairns (2001), who asserted that the goal of
restoration should be devoted to ‘returning damaged eco-
systems to a condition that is structurally and functionally
similar to the predisturbance state.’

Alternatively, others involved in the field of restoration
ecology provide definitions for restoration that more
explicitly focus on historical, social, cultural, political,
aesthetic and moral aspects. For example, Sweeney (2000)
argues that restoration should focus on the value-laden
social and ethical perspectives regarding what constitutes
a ‘restored’ ecosystem. Some others maintain that conser-
vation and, by implication, restoration goals should take
into account the views and practices of rural and indige-
nous people who depend on the ecosystems for their
physical and cultural subsistence, and should also include
scientific and nonscientific considerations (Gomez-Pompa
and Kaus, 1992; Westra, 1995; Light and Higgs, 1996;
Higgs, 1997; Chauhan, 2003). Regier (1995) proposes an
abstract definition for restoration that is dependent on
what people believe as fostering a state of ‘well-being.’

Obviously, lack of conceptual clarity about restoration
introduces an element of uncertainty into restoration
problem solving. In this chapter, while being mindful of
the unresolved problems of conceptual clarity regarding
‘restoration’ other sources and implications of uncertainty
and their relevance to river restoration are focused upon.

1.2 BROAD PHILOSOPHICAL VIEWS ABOUT
SCIENTIFIC UNCERTAINTY

During the 19th century there was a high degree of confi-
dence in the methods and tools of science and technology
to increase understanding of the natural world and enable
robust predictions of its future states. This confidence in
science contributed to beliefs that ‘nature’ could be con-
trolled and rendered useful to humankind (Latour, 1988).
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Contributing to these beliefs were philosophers and scien-
tists (so-called ‘logical positivists’) who proposed that
an important goal of science should focus on formulating
hypotheses and conducting observations to test them,
developing an understanding of processes and linkages
among variables, and developing conclusions and predic-
tions about which there is a high degree of confidence.
More specifically, the logical positivistic view of science
assumes that: knowledge is founded on experience; con-
cepts and generalizations only represent the particulars
from which they have been abstracted; meaning is
grounded in observation; the sciences are unified accord-
ing to the methodology of the natural sciences and the
ideal pursued in knowledge is the form of mathematically
formulated universal science deducible from the smallest
number of possible axioms; and values are not facts
grounded in observation and therefore cannot be included
as a part of scientific knowledge. One the one hand, while
logical positivism has influenced the thinking of modern
scientists public policy makers, and decision makers, on
the other it does not enjoy wide support from contempo-
rary scientific philosophers (Hull, 1974).

Scientists typically are conservative insofar as they pro-
visionally reject a null hypothesis only if the probability
of making a type I error is five percent or less (Cranor,
1993; Lemons et al., 1997). This scientific conservatism
is consistent with the logical positivist goal of developing
conclusions about which there is a high degree of confi-
dence. With respect to the use of science as a basis for
public policy and decision making, there are those who
hold that scientific methods and tools are capable of yield-
ing information about which there is a high degree of sci-
entific confidence and, therefore, it is this information and
not more speculative information that should be used as
the basis for policy and decision making (Peters, 1991;
Sunstein, 2002). This latter view is a component of the
field of environmental and human health risk assessment,
which has developed to help inform public policy and
decision makers about the risks from threats from both
natural phenomena and human activities, including assess-
ing whether to undertake some river restoration projects.
Components of risk analysis include: identifying the
sequence of events through which exposure to risk could
occur; determining the number and kinds of people or
environmental resources exposed to the risk; determining
the adverse effects of exposure to the risks; and commu-
nicating risk assessment findings to decision makers and
the public. Although risk assessors acknowledge scientific
uncertainty, they often hold that scientific methods and
tools can identify the risks and enable the calculation of
the probabilities of their occurrence, including the bound-
ing of the probabilities with confidence limits. For in-

depth discussions on the role of scientific information in
policy and decision making, see Peters (1991), Shrader-
Frechette, (1994), Caldwell (1996), Lemons (1996), and
Kaiser and Storvik (2003).

Historically, logical positivism and its outgrowths also
have influenced the thinking of some scientists and policy
makers in other ways by inculcating the view that ‘good’
science is objective insofar as it is not biased by the values
of the scientists. Accordingly, this view holds that the
proper role of science in policy and decision making is to
provide factual information to decision makers, and that
any controversies about the factual information should be
left to members of the scientific community competent
in evaluating the scientific bases of the controversies
(Shrader-Frechette, 1982). Consequently, the conclusions
of scientific analyses do not become a part of broader
public policy debates such as those that might pertain to
such issues as what level of risk is acceptable. Practically
speaking, proponents of this view believe that the scien-
tific and technical problems of managing large scale and
complex problems are enormous and that the public cannot
be expected to grasp the many scientific and technical
issues inherent in understanding and resolving the prob-
lems. Further, the fundamental differences people have
about how problems should be handled generate endless
debate and controversy. This implies that while people and
local governmental representatives with different interests
may review and comment on scientific and technical
documents, they would not be brought into the actual
decision- making process regarding the complex scientific
dimensions of problems (Lemons et al., 1997).

Despite the high degree of confidence held by some
people in scientific methods, confidence in the power of
science to understand and predict natural phenomena has
been undermined by general relativity theories, quantum
theories and chaos theories (Brown, 1987). Rorty (1979)
notes that there is no evidence that science develops better
and more accurate ‘mirrors’ with which to view nature. In
his classic work, Kuhn (1962) describes how on the one
hand the level of confidence in models used by members
of the scientific community increases with evidence that
supports the underlying hypotheses of the models, and on
the other the scientists’ use of the models cannot be
expected to produce consistently better and cumulatively
more truthful descriptions of the way the world works.
According to Kuhn, the reason is because predictive suc-
cesses of scientific theories do not guarantee their meta-
physical accuracy because ‘paradigm shifts’ subsequently
change scientists’ views of nature. Other critics have
pointed out that so-called scientific truths of historical
periods are social constructs influenced by the dominant
cultural and political powers of those periods (Briggs and
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Peat, 1982; Funtowizc and Ravetz, 1995). Some postmod-
ern critics argue that Western science has been permeated
by a variety of biases (e.g., ‘free market’ economics and
industrialism, racism, religion, patriarchy) that while
serving powerful interests have not led to the generation
and use of more ‘objective’ or value-free scientific
knowledge (Sirageldin, 2002).

More practically speaking, scientific institutions as well
as individual scientists increasingly hold the view that
scientific uncertainty regarding environment and human
health problems is so pervasive and value laden that many
conclusions about the problems cannot be made with
a high degree of scientific confidence (Cranor, 1993;
Shrader-Frechette and McCoy, 1993; Lemons and Brown,
1995; Lemons, 1996; EEA, 2001; Kriebel et al., 2001;
Tickner, 2002, 2003). This view is based on empirical
studies focusing on: exposure to radiation from nuclear
facilities and nuclear waste; managing large-scale ecosys-
tems such as the Florida Everglades, agricultural lands,
marine and freshwater oil spills; biodiversity protection
and management of biological reserves; ocean dumping
of sewage sludge; sulfur dioxide and protection of human
lungs to remote lake restoration; antifouling paints on
ships (e.g. tributyltin); estuarine eutrophication; protec-
tion and management of marine fisheries; extrapolating
from toxicological responses in laboratory systems to both
human health and to the responses of natural systems;
management of fresh water resources; benzene in occupa-
tional settings; the use and health impacts of asbestos;
risks from polychlorinated biphenyls (PCBs); halocarbons
and the ozone layer; diethylstilbestrol (DES) and long-
term consequences of prenatal exposure; human health
effects of lead in the environment; methyl tertiary-butyl
ether (MBTE) in petrol as a substitute for lead; chemical
contamination in the Great Lakes; hormones as growth
promoters in animals used for food; and global climate
change.

1.3 WHAT IS ‘GOOD’ SCIENCE UNDER
CONDITIONS OF UNCERTAINTY?

Here, the question discussed is: What is ‘good’ science
when science is used in trying to solve river restoration
problems under conditions of scientific uncertainty?

A traditional and commonly accepted goal of science is
that the probabilities of adding speculative information to
the body of scientific knowledge should be minimal (Hull,
1974; Peters, 1991). For this reason, scientists typically
are conservative insofar as they provisionally reject a null
hypothesis if there is a five percent or less chance of
rejecting it when it is true; this criterion is known as a
normal standard of scientific proof or so-called ‘ninety-

five percent confidence rule.” With respect to the science
used to inform certain types of river restoration policies
and decisions, an example of a null hypothesis is that there
is no effect on rivers or their resources from existing or
proposed human activities. A type I error is to accept a
false positive result, that is, to conclude that there is harm
to rivers or their resources when in fact there is none. A
type Il error is to accept a false negative result, that is, to
conclude there is no harm when in fact there is.

Many environmental laws and regulations place the
burden of proof for demonstrating harm to the environ-
ment or human health on government regulatory agencies
or others attempting to demonstrate harm from develop-
ment activities and, often, the standard that is used to meet
the burden of proof test is the normal standard of scientific
proof (Brown, 1995). When this standard is adopted as a
basis for environmental decisions the scientific uncer-
tainty that pervades many environmental problems means
that the burden of proof usually will not be met, despite
the fact that some information or even the weight of evi-
dence might indicate the existence of harm to the environ-
ment or human health. Consequently, in public policy and
decision making if the data show that some factor or per-
turbation has had an effect on the environment or human
health but, say, only at the 70-90% confidence level the
null hypothesis that there is no effect from the factor or
perturbation is accepted. In such cases there is a tendency
by decision makers and others to assume not only that
there was not enough evidence to reject the null hypothesis
but that there was no effect when, in fact, the experimental
design or test could have been too weak or the data too
variable or too close for an effect to be demonstrated even
if there had been one (a type II error).

Minimizing a type II error requires the statistical power
of a research design or hypothesis test to be calculated. In
contrast to confidence, which is designed to minimize type
I error, power depends on the magnitude of the hypothe-
sized change to be detected, the sample variance, the
number of replicates and the significance value. The power
of a test is the probability of rejecting a null hypothesis
when it is in fact false and should be rejected. The larger
the detected change, the larger is the power. In situations
where the detected changes are relatively small, statistical
power is increased by increased sampling size but this
involves additional costs, research facilities and time.
Analysis of variance in assessing threats to environmental
and human health problems shows that the number of
samples required to yield a power of 0.95 increases rapidly
if changes smaller than 50% of the standard deviation are
to be detected (Cranor, 1993). If the sample size stays
the same the probability of a type I error is increased if
the probability of a type II error is decreased. A practical



Uncertainty in River Restoration 7

problem in river restoration is that a desired emphasis on
avoiding type II error must be balanced against other
opportunities to use limited scientific resources to address
other environmental and human health problems.

Decisions about water management in the Klamath
Basin along the California and Oregon border in the
United States show some of the types of consequences that
can happen when the law or decision makers require the
use of scientific information that meets the normal stan-
dard of scientific proof. In decades long disputes about
water management in the basin, federal biologists have
been trying to save three species of endangered fish by
calling for diversions of water from irrigation into the
basin to reduce the frequency of fish kills during low water
periods (over 30000 Chinook salmon died during a fish
kill in 2002) (Service, 2003). As would be expected, a
recommendation to reduce the amount of water available
for irrigation met with strong opposition by ranchers and
farmers in the basin. However, failure of the biologists to
meet normal scientific standards of proof demonstrating
that releasing more water into the basin would help the
fish has been cited by the United States Department of
Interior (DOI) in its recent refusal to restrict the amount
of water farmers can remove from waterways in the basin
(NRC, 2004). It is important to understand that the DOI
was not criticizing the scientists for doing poor science;
rather, it concluded that the normal standard of proof was
not met. The DOI noted that factors such as nutrient runoff
from natural sources as well as farms and ranches, algae
blooms and dams that restrict access to fishes’ spawning
grounds complicate and in fact might preclude demon-
strating the relation of water flow into the basin and the
health of the fish populations with a higher degree of
scientific confidence.

The question of how to protect endangered species in
the Klamath Basin and manage water resources raises a
fundamental dilemma that those involved in river restora-
tion have to confront. On the one hand, traditional scien-
tific norms call for making conclusions on information
about which there is a high degree of confidence. In the
Klamath Basin example, adhering to traditional scientific
norms constrains decisions to protect endangered fish
under conditions of uncertainty but, at the same time, in
the absence of decisions to protect endangered fish the
threats continue. In this type of situation, when science is
used for public policy and decision making, scientists
might wish to consider whether and to what extent they
should be more comfortable with making conclusions
based on the weight of evidence rather than based solely
or primarily on high levels of confidence, especially since
public policy decisions are not based simply upon proba-
bilistic considerations but rather involve making discrete

and explicit choices among specific alternatives, including
those with political, economic and ethical ramifications
(Bella et al., 1994; Lemons et al., 1997). Admittedly, this
could create a tension between doing ‘good’ science as
traditionally defined because scientists would be making
more speculative conclusions; however, in their attempt to
make science rigorous in the sense of not wanting to add
speculation to the body of scientific knowledge as required
by the scientific profession the regulatory questions for
which the studies are done may be frustrated.

1.4 VALUE-LADEN DIMENSIONS OF SCIENCE
AND UNCERTAINTY

In addition to the policy and management problems that
arise from the use of traditional scientific norms for
making conclusions in river restoration, other value-laden
dimensions of science and policy both contribute to uncer-
tainty and raise complicated questions about how it should
be handled in public policy.

Westra and Lemons (1995) and Lemons (1996) contain
papers analyzing both philosophical and scientific con-
cepts used to inform ecological restoration science and
practice. The concepts are diverse and include basing res-
toration on: ecosystems’ abilities to function successfully
in a way deemed satisfactory by society; ecosystems’
abilities to maintain a balanced, integrated, adaptive
community of organisms having species composition,
diversity and functional organization comparable to that
of ‘natural’ habits of the region; ecosystems’ abilities to
regenerate themselves and withstand anthropogenic stress;
and ecosystems’ abilities to approach optimum capacity
for ecological succession development options. One
problem with all these definitions is that they are incom-
plete, general and qualitative insofar as they fail to provide
precise principles that would make them operational.

In his analysis of value-laden issues in restoration
for ecological as opposed to primarily or exclusively
economic development goals, Cairns (2003) focuses on
several types of problems. Firstly, some restoration proj-
ects are carried out on habitats different in kind from those
altered or destroyed. For example, an upland forest may
be destroyed in order to partially restore river systems and
wetlands that once occupied a particular lowland area.
Despite the fact that restoration of rivers and/or wetlands
has ecological value, sacrificing a relatively undamaged
habitat to restore another kind may cause unanticipated
ecological change or harm. Secondly, with few exceptions
most river and other ecological restoration projects are
done to support the anthropocentric commodity or utilitar-
ian values they offer humans and this poses conflicts with
restoration goals for nonanthropcentric reasons. Thirdly,
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river restoration has uncertain outcomes because of unpre-
dictable events like floods or droughts, and because of the
limitations of the methods and tools of science to predict
long-term outcomes. Fourthly, restoration efforts focusing
on single species or ecosystem attributes might eliminate
those species that had initially colonized disturbed areas
and were at the same time able to tolerate anthropocentric
stress. However, restoration projects might result in the
displacement of species tolerant to human activities with
those less tolerant, at least in the short term. Fifthly, eco-
logical restoration often takes place with species that
tolerate anthropocentric stress and the ultimate succession
processes and states will be human dominated or depen-
dent. Most likely, a return to indigenous species would
require continual intervention by researchers and
environmental decision makers on behalf of their re-
establishment. While science is not determinative to how
the issues are resolved, robust scientific information is
needed to help inform satisfactory policy judgments.
Mayo and Hollander (1991), Cranor (1993), Shrader-
Frechette and McCoy (1993) and Lemons and Brown
(1995) analyzed how and why numerous value-laden
judgments, evaluations, assumptions and inferences are
embedded in scientific methods pertaining to the study
and management of ecosystems, including geohydrologi-
cal and other water resources. For example, people have
to decide the ecosystem parameters that are more impor-
tant to base judgments on, often with little or no empirical
information available. Assumptions have to be made, often
without direct empirical evidence, whether ecosystem
parameters should be considered independently or syner-
gistically, and whether threshold values for environmental
or health impacts exist and, if so, what such values should
be. In addition, a lack of empirical data cannot be sepa-
rated entirely from practical limitations imposed on envi-
ronmental scientists. Decision makers require information
in a relatively short period and at reasonable cost. These
factors constrain the focus of most restoration studies to
the short term, relatively small spatial areas and measure-
ment of a relatively small number of samples and param-
eters. Further, the above commentators conclude that
many of the value-laden dimensions of scientific method-
ology and information not only are not fully recognized
by scientists, policy and decision makers, but that the
failure to sufficiently recognize the value-laden dimen-
sions of science casts serious doubts about even the best
and most thorough scientific and technical studies used to
inform decisions about problems such as river restoration.
In other words, unless the value-laden dimensions of sci-
entific studies are disclosed the positions of decision
makers will appear to be justified on value-neutral scien-
tific reasoning and will appear to be more certain than

warranted when, in fact, the positions will be based, in
part, on often controversial and conflicting values of sci-
entists and decision makers (see also Fleck, 1979).

One of the most common ways in which value issues
are hidden in public policy concerning issues such as river
restoration develops out of the expectation that technical
analysts can isolate and apply the facts under dispute in
a manner consistent with policy directives or legislative
mandates. This separation of facts and values is highly
problematic. For example, consider the use of safety
factors in river water quality regulations as a means of
extra protection for human or environmental health.
Implicit in the choice of safety factors is an asymmetric
cost function with health costs rising more steeply than
costs for over-treatment. Implicit in the magnitude of a
safety factor are significant uncertainties in health impacts
and a steeper cost function for health effects from under-
treatment than for over-treatment. When these issues
remain implicit in the use of safety factors (as they typi-
cally are) the real issues of knowledge and uncertainty are
obscured for decision makers and the public. Often, these
issues remain implicit or hidden because safety factors
and cost factors are described in quantitative terms per-
taining to risks or cost-benefit calculations. This increases
the likelihood of the misuse of conclusions by decision
makers who do not understand the basis for deriving safety
factors (Brown, 1987).

1.5 PRACTICAL AND POLICY ASPECTS
OF UNCERTAINTY

Cairns (2001) analyzed how most complex environmental
problems transcend the capabilities of any single disci-
pline but at the same time and all too often research teams
are not sufficiently interdisciplinary to deal adequately
with the problems. In addition, problem solving often does
not provide a balanced mix of academicians, public policy
and decision makers, representatives from private industry
or business and nongovernmental organizations. As a
result, the framing of problems and their solution is too
often fragmented and ineffectual and biased towards one
or a few disciplinary approaches or stakeholder groups
(Nienhuis and Leuven, 2001; Benyamine, 2002).

Some scientists and policy makers involved in environ-
mental problem solving have argued for synthesizing
analyses and alternatives to solutions of environmental
resource problems (Lubchenco et al., 1991; Bella et al.,
1994; Lemons and Brown, 1995; Caldwell, 1996). In prac-
tice, at least three levels of synthesis may be identified.
The first is conceptual synthesis and occurs when the
diverse and often disparate elements of a problem situation
are pulled together intuitively, then tested and integrated
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to form a coherent research design. Following analysis of
the problem and identification of its causes and conse-
quences, a second level of synthesis involves delineation
of the findings of the scientific research. A third level of
synthesis can occur when research findings are evaluated
and consolidated in deciding a course of action by
decision makers.

Despite the need for greater synthesis of research
methods and information, synthesis itself introduces addi-
tional value-laden dimensions and uncertainties into envi-
ronmental problem solving. Caldwell (1996) and Brown
(1995) discuss how decision makers must synthesize a
policy (in part) from the scientific information available
even when the information often is incomplete. When
science is used to inform policy decisions such decisions
also include economic, legal, administrative and cultural
parameters and, therefore, are based on human values
and judgments. Benyamine (2002) discusses how dis-
agreements about scientific theories that are used as a
basis for informing public policy and decision making
become entangled with economic, legal and ideological
issues. Sometimes, the disagreements remain largely con-
fined to the scientific community, while at other times the
public knows about them. When scientists and/or decision
makers know the underlying theoretical bases for dis-
agreements, this knowledge can influence the scientific
arguments about the disagreements. However, some con-
flicting arguments and their underlying theoretical support
can be under recognized or little understood by the non-
scientific communities as well as by scientists whose spe-
cialized fields are outside the discipline where debates
about theories are taking place. When this happens, con-
flicting scientific arguments will not have much influence
on the disagreements.

There is debate within the scientific and public policy
communities regarding approaches to deal with uncertain-
ties (Bradshaw and Borchers, 2000). For example, one
approach might be to attempt to increase scientific confi-
dence by increasing scientific confirmation of hypotheses.
In this way, scientists can decrease uncertainty sufficiently
to allow more precise estimates of risk for policy and
decision makers. A second approach might be to increase
the knowledge of sources of uncertainty by enhancing
education and communication between scientists, policy
and decision makers and the general public. A benefit of
this approach is that when scientists and decision makers
are involved with the public there is greater opportunity
for consensus building and less risk of legal challenges
from disaffected stakeholders. A third approach might be
to foster the view that scientific uncertainty should be
regarded in public policy and decision making as it is
within the scientific community, namely, as information

for hypothesis building and testing. Consequently, calls
for faster and more ‘certain’ scientific conclusions to
inform public policy and decision making would be tem-
pered with a better understanding of the limitations and
capabilities of science to provide information about which
there is a high degree of confidence.

Still another approach might be for society to require
procedural rules for making decisions under conditions
of scientific uncertainty to take into account conflicting
points of view, possible consequences to welfare, as well
as various ethical and legal obligations such as those
involving free informed consent and due process (Shrader-
Frechette, 1996). This approach could include greater use
of the precautionary principle by helping to ensure that
when there is substantial scientific uncertainty about the
risks and benefits of a proposed activity, policy decisions
should be made in a way that errs on the side of caution
with respect to the environment and the health of the
public (Kriebel et al., 2001; Tickner, 2003).

1.6 CASE STUDY OF SCIENTIFIC
UNCERTAINTY IN RIVER RESTORATION

The example discussed here is based on ecological studies
conducted from 1980-1989 in a small (4th order), black
water West African river, the River Ikpoba flowing through
Benin City, Southern Nigeria (Victor and Dickson, 1985;
Victor and Ogbeibu, 1985, 1986, 1991; Victor and Tetteh,
1988; Ogbeibu and Victor, 1989; Victor and Brown, 1990;
Victor and Meye, 1994; Victor and Onomivbori, 1996;
Victor, 1998). The stretch of river studied was affected by
a variety of urban perturbations such as damming, water
extraction, point and nonpoint source pollution, sand
dredging and agriculture. As a result of government
policies and directives mandating river clean-up activities,
there was a rare opportunity to study river restoration by
recovery processes. Scientific results of this study were
published in the series of publications listed above and
provide one of the bases of our focus on uncertainties
associated with the restoration process.

The first logical step was to investigate recovery pro-
cesses. Geomorphologic changes of the river channel and
the entire riparian corridor influenced by urban develop-
ment could not be reversed (e.g. the presence of a dam,
water extraction for human consumption) and therefore
complete restoration would not be possible. Removal of
human influences where possible would permit recovery,
but the rates limiting recovery in different sections would
not only depend on the type of influence (e.g. sand extrac-
tion, car washing), but would also be complicated by
natural events such as floods. Thus the optimum threshold
for the recovery process in this study at various sections
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of the river continuum was unpredictable and uncertain.
Other significant uncertainties were: the role of early
recolonizing species affecting the trajectory of recovery;
the successional sequence of species re-establishing; and
the establishment of appropriate abiotic conditions and
the establishment of previously non-existing non-native
species like the water hyacinth.

The next group of uncertainties was related to the analy-
sis and synthesis of data. Removal of a particular human
influence (e.g. discharge of untreated sewage) in one
section significantly increased the presence of a parameter,
say i (P < 0.05), showing that this parameter was a good
indicator of recovery. But the same parameter did not
increase significantly in an adjacent section with a similar
problem (P > 0.05) showing its uncertain predictive status.
Graphical examination of associations between specific
human influences (e.g. removal of detergent contamina-
tion) and biological parameters like taxa richness and
abundance showed positive relationships, but statistically
these relationships as evaluated by Pearson’s r or Spear-
man’s 7, were not significant (P > 0.05). Thus, correlation
matrices generated for evaluating relationships between
the removal of perturbation influences and the recovery of
both biotic and abiotic parameters were difficult to inter-
pret. Interpretation using traditional statistical norms and
acceptable levels of significance were ecologically and
rationally highly problematic.

Further uncertainties arose while considering the tem-
poral and spatial scale of the recovery process. The recov-
ery process was happening in an urban setting with a new
land use matrix, far different from pristine or semipristine
natural conditions that previously existed. Therefore, com-
parison of the restored river sections to that of ‘undis-
turbed’ sections upstream was not valid and new baseline
standards had to be established for future monitoring.
Even these were extremely site specific with very limited
potential for use in other sections of the study stretch.
Because of the uncertainties involved, the scale needed for
managing temporal and spatial variability in restoration
was not apparent. ‘Rules of thumb’ based on value judg-
ments had to be made to evaluate recovery in specific
sections of the river stretch with specific types of perturba-
tions. The magnitude of uncertainties involved render the
combination of tools used here (e.g. sampling duration,
sampling frequencies, choice of methods, size of samples,
analytical models) inadequate to evaluate recovery pro-
cesses in other rivers of similar stream order, larger rivers
with higher stream order and even the same river 100 km
downstream where its stream order is >8.

Implementation and analysis of monitoring were also
wrought with uncertainties. For example, five different
sections of the river stretch were monitored for restoration

by recovery. Each section was characterized by its own set
of physical and biological parameters that were good
indicators of recovery at the time of the study. Due to
limitations of funding, personnel and the required cost
effectiveness of the monitoring program, proposals had
to identify common parameters that would monitor the
overall health of the study stretch in the long term. As
discussed earlier, uncertainties associated with the analy-
sis and synthesis of data did not permit the ready identi-
fication of common parameters. Even if there was an
agreement on using different sets of parameters for differ-
ent sections of the stretch, there was no certainty that these
parameters (e.g. BOD, nitrate—N, fish diversity) will con-
tinue to serve as good indicators of recovery in the long
term. It was also possible that a parameter considered
trivial and not included in the monitoring program (e.g.
dissolved organic matter, haptobenthos) may become
important in the long term, which in itself cannot be
defined clearly. ‘Long term’ in this case at least did not
refer to an indefinite period and envisaged monitoring
programs were not relatively open-ended, as often is the
case in countries with limited resources. Policy and deci-
sion makers considered what seemed to be a comprehen-
sive proposal for monitoring in the view of scientists as
not being practical.

Policy questions concerning river restoration in the
geopolitical context were plagued with more uncertainties
than scientific questions. The political climate of the study
area at that time was unstable and government changed
hands frequently. For example, one government down-
graded the priority given to environmental issues, such as
river restoration, by the previous government if personal
interests and political expediency demanded it. Assuming
no change in policies with change in governments, there
were uncertainties concerning funding tools that would
ensure the long term success of restoration, design of
legislation to accommodate river restoration without com-
promising sustainable development and coordination of
policies and legislation to devise strategies for river resto-
ration in a broader context of the administrative region
(e.g. district, state, country). The management of restored
or recovered river as a water resource for domestic use,
agriculture, fisheries and recreation was not considered
intentionally. For scientific uncertainty concerning water
resources management, see Canter (1996).

1.7 CONCLUSION

Scientific and other uncertainty is pervasive in environ-
mental problem solving, and river restoration is no excep-
tion. When the traditional scientific standard of proof is
used as a basis for river restoration decisions, the scientific
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uncertainty that pervades many restoration problems
means that the standard usually will not be met, despite
the fact that some information or even the weight of evi-
dence might indicate the existence of harm and therefore
the need for restoration. A high degree of confidence in
river restoration science, as in other sciences, unfortu-
nately seems to hinge on conventional statistical decision
rules such as when, for example, river monitoring during
restoration strives to detect human-influenced factors
that caused deviations from baseline conditions. The major
concern here will be ecological change and not how large
or small the P-values are (Yoccoz, 1991; Stewart-Oaten,
1996). Most statistical decision rules are too simplistic and
misleading insofar as their assumptions that lack of statis-
tical significance means lack of environmental signifi-
cance (Karr and Chu, 1999). According to Yoccoz (1991),
Kriebel et al. (2001), and Lemons et al. (1997) ecologists
tend to over-use tests of significance and restoration ecolo-
gists are no exception to this rule. Karr and Chu (1999)
suggest that it would be wiser to decide what is ecologi-
cally relevant first and then use hypothesis testing to detect
ecologically relevant effects; the use of other statistical
tools such as power analysis and decision theory also is
recommended (Hilborn, 1997).

Cairns and Heckman (1996) state that restoration
ecology in general ‘is a bridge between the social and
natural sciences.’ In this chapter it has been shown that it
is impossible to separate scientific and policy questions in
restoration ecology and this, in and of itself, introduces
uncertainty into what otherwise might be viewed as value—
neutral or ‘objective’ scientific conclusions.

As discussed more generally in this chapter and shown
more specifically in the case study section, scientific
research is both value-laden and is used to support politi-
cally-driven river restoration policies and decision making
(see also Shrader-Frechette, 1994). For example, historical
or descriptive research is intended to reveal or explain the
dynamics of a given policy and to explore its origin and
evolution. Prescriptive or advocacy research defends a
conclusion or possibly even a preconceived policy, and
also is characterized by publicized disputes among, e.g.,
scientists. Decision-informing or predictive research typi-
cally is financed by grants or contracts leading to conclu-
sions supportive of a predetermined policy preference,
sponsor bias, or predilections within a research peer group.
Consequently, the focus of this research does not attempt
to analyze all feasible alternative policy choices and the
probable consequences. Because the focus of this research
is on applicability for a particular policy its findings are
presented in the form of propositions upon which deci-
sions can be made. The efficacy of the policy towards
which the research is focused depends on the validity,

reliability and persuasiveness of the research and the
extent of political public receptivity.

It is important to clearly distinguish between the use of
methods and tools of science to understand the phenom-
ena of nature and the acquisition of scientific information
about a restoration issue and the setting of policy; but in
practice, there is not always an unambiguous demarcation.
Policy makers set agendas that determine the questions
that are asked of scientists; scientists formulate hypothe-
ses in ways limited by their tools and their imaginations
and disciplinary conventions. Consequently, the informa-
tion they provide to the policy makers is limited and
socially determined to a degree and therefore there is a
complicated feedback relation between the discoveries of
science and the setting of policy. While attempting to be
objective and focus on understanding river restoration
phenomena, scientists and other researchers should be
aware of the policy uses of their work and of their social
responsibility to carryout science that protects the envi-
ronment and human health (Kriebel et al., 2001). In trying
to fulfill this responsibility, scientific and other uncertainty
needs to be taken into greater account.

The discussion of some of the value-laden decisions and
judgments scientists and other researchers make is not a
criticism. Rather, the issue is discussed because a failure to
recognize the existence of the value-laden dimensions of
science casts serious doubt about even the best and most
thorough of scientific and technical studies used to inform
decisions about river restoration. In other words, unless the
value-laden dimensions of scientific and technical studies
used to derive information are disclosed, the positions
of policy makers and decision makers will appear to be
justified on objective or value—neutral scientific reasoning
when, in fact, they will be based in part on often controver-
sial or conflicting values of scientists themselves.
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2.1 INTRODUCTION: GENERAL SOURCES
OF UNCERTAINTY

The practice of science in support of river restoration is
subject to four primary sources of uncertainty (see Chap-
ters 1 and 3 for additional/alternative views) so significant
that they may prevent the restoration from achieving its
goals. Firstly, the underlying theory applied by investiga-
tors to particular problem cases is imperfect and contains
substantial gaps in explanatory and predictive capability.
Secondly, the research process itself is subject to a variety
of operational problems that introduce uncertainty to the
use of science. Thirdly, the communication of scientific
results to decision makers is often fraught with ambiguity
derived from the scientific sender as well as the policy
receiver. Fourthly, the scientists themselves are subject to
bias that generates doubt in the outcome of generating
scientific products and applying them. In the following
sections the issues for each of these sources of uncertainty
is outlined.

2.2 UNCERTAINTY IN THEORY

All science in support of river restoration begins with
theory, because it is theory that allows the investigator to
identify what to measure and how to construct a concep-
tual model that connects the measurements together.
Investigators perceive only those aspects of the river and
its operations that theory allows them to see. Practitioners
of fluvial geomorphology tend to revere existing theory as
a sacrosanct starting point but, like all sciences, geomor-
phology is in a state of constant change and revision. The

change is sometimes gradual, as with the development and
application of fundamental hydraulics to explain river
behavior that evolved over a period of several decades
(Chang, 1998; Simons and Sentiirk, 1992). Sometimes the
change is abrupt, as was the case with the introduction of
the concepts surrounding hydraulic geometry that burst
upon the fluvial geomorphology scene, became widely
accepted in less than a decade and continued in common
use for several decades (Leopold, 1994). The result of this
constantly changing theory is that the geomorphologist
working in 2007 may perceive a very different system than
one working just a few years before or later, even though
the physical system in all cases would be the same. Uncer-
tainty, therefore, is included in the application of science
in its broadest sense.

Another source of ambiguity in theory for river restora-
tion is the regional specificity that is built into much
of fluvial theory. Much of what we theorize about
single-thread meandering rivers comes from research
experience in northwest Europe and eastern North America
(Knighton, 1998), yet the global applicability of this work
is largely untested. Most of the streams of northwest
Europe and eastern North America that have been inten-
sively investigated are relatively small on a world-wide
basis, and though some generalities certainly must apply
in many locales, the details may differ. Until the late
1990s, much of the theory for dryland rivers came from
experiences in the American Southwest (Graf, 1988), but
more recent investigations in Australia by Gerald Nanson,
Steven Tooth and others, for example, have shown that the
American experience is not applicable in all drylands
(Nanson and Knighton, 1996).
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If it is true that we must theorize based on what we
know best, it must also be true that we are still limited in
the range of our collective experience. As a result, when
we apply existing theory in new geographic settings, there
is reasonable doubt about the applicability of that theory,
at least in its totality. Geomorphologists commonly rec-
ognize that it is unwise to extend statistical models beyond
the numerical ranges of the data. It is equally risky to
extend geomorphological models beyond the geographic
ranges of their origin. The extension of theory also forces
us to consider how much of the geomorphology and
hydrology of a particular river is unique, regardless of its
geographic location. Each reach (a few kilometers long)
of a stream is likely to be unique but the overall operation
and form of a river (hundreds of kilometers long) is likely
to have many similarities with other systems of similar
magnitude. At the more extensive end of this range of
magnitudes, generalizations are possible, while at the local
end of the range of magnitudes, uniqueness becomes more
apparent.

The incompleteness of most fluvial geomorphologic
theory is also a source of uncertainty. This incompleteness
is in part purely a function of the natural river system, for
which investigators have nine fundamental operating vari-
ables, but for which there are only a very few connective
mathematical functions (Leopold, Wolman, and Miller,
1964). But an equally important limitation of existing
theory is its lack of recognition of human effects. Through-
out much of the twentieth century (with a few exceptions),
geomorphology as a science pursued explanation for
‘natural’ rivers and many investigators made a conscious
effort to avoid the confounding influence of technological
influences. It has only been in the last twenty years that
those human influences, pervasive and significant in many
rivers of the world, have themselves become the objects
of study (Costa et al., 1995; Graf, 2001). By definition,
rivers subject to restoration have undergone changes
resulting from human management and technology, but
existing theory is remarkably weak with respect to these
issues.

The Colorado River in the Grand Canyon in the USA
provides an example of the issues related to uncertainty in
theory. Glen Canyon Dam, several kilometers upstream
from the Grand Canyon controls the flow of the river, and
especially reduces annual flood peaks to less than half of
their former magnitude. The dam also reduces the sedi-
ment supply to the downstream canyon by more than 80%.
As a result, the river has eroded sandy beaches and bars
that once were common in the canyon (National Research
Council, 1996). River restoration for the canyon included
reintroduction of moderate floods to move the available
sediment from the channel floor to elevated positions,

restoring these ecological niches. Despite considerable
research, there were no established theories to predict the
response of the river to the artificial floods and although
there have been several flood-simulating releases from the
dam, the restoration results are not yet apparent.

2.3 UNCERTAINTY IN RESEARCH

Research using admittedly limited theory in support of
restoration is subject to uncertainty in the specification
of variables, assumptions, sampling, measurements and
testing of hypotheses. The specification or definition of
variables, for example, is much entangled in the vagaries
of science, law and personal perception of the researcher.
Channel width provides an example. Most geomorpholo-
gists would agree that channel width is the distance across
the active channel from one bank to the other, but the
application of this seemingly simple proposition is devil-
ishly difficult in many rivers. How should semi-permanent
islands be taken into account? What about ephemeral
bars? How should width be determined in the common
circumstance where multiple sets of banks have resulted
from episodic incision or simply variable flows, which is
often the case in arid, semi-arid, arctic or alpine regions.
Many legal systems also define the channel as being
‘between the banks,” but do not specify which banks to use
for the description (Graf, 1988).

All geomorphological research includes assumptions
which form another source of uncertainty. The geographic
and ecological complexity of rivers and their environ-
ments imply that when conducting investigations it is
essential to focus on a few components and assume away
the importance of variability in other factors that go
unmeasured. In geomorphology, hydrology and engineer-
ing studies that support restoration, investigators often
assume stationarity of the hydro—climatic processes ruling
the river. Stationarity means investigators assume that
the underlying statistical distributions describing climatic
variables important to river processes are unchanging.
Standard magnitude/frequency analysis includes this
assumption so that the researcher can address other vari-
ables of interest to planners, including the return intervals
for various magnitudes of discharge. However, climate is
anything but stationary, and its variation is highly likely
to influence the statistical distributions upon which return
interval concepts depend. This variation is also likely to
be significant to the fluvial system over time scales as
short as decades, scales that encompass the likely project
life of most restoration efforts. Predictions for the near-
term future of a few decades are therefore uncertain
because the effects of expected climatic changes are not
part of the analysis (see Chapter 13).



