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Our technical and engineering capacity increased tre-
mendously in the last century, allowing us to manipulate 
rivers to meet demands for electricity, construction, navi-
gation, and human safety. In this period of intense devel-
opment, we strongly regulated rivers and damaged them. 
We were able to address a large number of human needs, 
thus improving human well-being. Other needs were 
compromised however, and river channel reactions to 
our actions have had more negative consequences than 
were ever anticipated.

We entered into a new period of ‘sustainable’ develop-
ment in the mid-1990s, recognizing the value of river-
scapes and the ecosystem services provided by rivers with 
little or no regulation. After decades of diking, some 
countries promote ‘more space’ or ‘room’ for rivers and 
diverse schemes of dike setback have been undertaken, 
both approaches aiming to protect populations. In urban 
and suburban areas, riverfronts and corridors are increas-
ingly valued for their potential contribution to the quality 
of city life. In this context, new questions emerge around 
environmental ethics and justice, and public actions to 
mitigate, improve, enhance, restore, and repair the rivers 
are underway.

Repairing rivers is becoming a real challenge in differ-
ent parts of the world, and varying strategies are pro-
posed by decision makers to promote this new objective. 
In Europe, we must reach a good ecological status for our 
rivers by 2015. This effort is often associated with actions 
on the physical conditions: so-called hydromorphologi-
cal measures.

River restoration is a newly emerging practical science 
based on the principles of engineering ecology. It is still 
a work in progress. We need to learn a lot, partly from 
our previous errors. We have passed the ‘we did it’ step, 
where the fact of doing was already an achievement in 
itself. Now we are climbing the ‘we did this and it was 
successful’ step. We are realizing more humbly that resto-
ration is not so easy. We need to experiment, try, and 
innovate in a domain where uncertainty is high and 
patience is required; nature does not react obligingly to 
our requirements. After almost two decades of river res-
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Foreword

toration some scientists are now deeply involved in this 
new domain, becoming restoration specialists and pro-
viding feedback to the scientific community and practi-
tioners. Good practice guidelines are therefore needed to 
allow us to move forward and improve decision-making 
procedures, techniques, and savoir faire.

What is the problem? Why is it degraded? These may 
seem basic questions, but their answers allow us to know 
whether we act on the disease or its symptoms. Rivers are 
not only water canals but also complex corridors with 
water and other features. Riparian vegetation is com-
pletely integrated within this environment, contributing 
to its good health. Flooding, erosion, and sediment depo-
sition are the engines of this natural infrastructure. A 
good repair is based on a good diagnosis.

Where should we repair? When thinking about restora-
tion, it is important to look at the big picture. The 
regional level is strategic here because it allows considera-
tion of the different geographical contexts that control 
river functioning. Restoration measures can be valuable 
in a given regional context but not in another. Consider-
ing this level is therefore critical for improving the success 
of restoration. The regional level is also appropriate for 
policy making to plan and target actions. At this level we 
can prioritize where restoration would be most beneficial. 
Where is the most damage? Where would restoration 
most clearly satisfy needs?

What should we do when we repair? How can we 
design a restoration project? We need to consider geo-
graphical complexity; rivers have different sensitivities to 
change and can react differently to our actions. This can 
be helpful at times, but it may also have counter effects if 
we do not properly appreciate these properties. We also 
need to consider different timescales; sustainable solu-
tions for very active and reactive rivers will be different 
from other cases, and self-restoration may take time to 
propagate its effect downstream. Process-based thinking 
provides a framework for preventing unexpected river 
responses. When we play with nature, there are rules we 
must know. Monitoring is also needed because we do not 
know enough: we must better define and characterize 
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what we call a restoration success. How should we do 
this? What can we learn from previous experiences? How 
can we capture this valuable feedback? All these are ques-
tions to be answered in the near future.

Restoration is a management action and a socioeco-
nomic challenge. It aims to provide benefits for society. 
Such action is therefore conducted in a collective frame-
work and there is a need to reconsider why we are acting. 
Working not only with nature but also with society has 
become necessary. Public participation is important 
because these approaches are new, not always intuitive 
and sometimes contradictory to historical practices. Dis-
cussing conflicting aspects in order to understand differ-
ent viewpoints opens ways to co-construct a river’s future. 
Environmental education is equally a means for prepar-
ing society, especially younger generations, to develop 
with nature. Cost-effective pragmatic measures should be 
a goal shared by all participants.

All these questions are addressed in this very valuable 
contribution by a team of authors known internationally 

for their competence in the field of river restoration. 
Their motivation is to transfer their knowledge and help 
society answer this new challenge. Opportunistic restora-
tion must give way to a more strategic framework for 
prioritizing, designing and implementing actions in an 
iterative way. The questions are complex. The authors’ 
response here is interdisciplinary, crossing examples and 
experiences from North America and Europe where 
pioneer experiences provide discussion material. This 
book is a very well-illustrated and exemplified update 
step. It comprehensively summarizes previous results, 
then moves on to promote principles, strategies, methods, 
and techniques to improve our practices and answer 
social demands for a better environment.

Hervé Piégay,
Research Director at the Centre National de la 

Recherche Scientifique, Lyon, France
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Series Foreword

Advancing River Restoration
and Management

The field of river restoration and management has evolved
enormously in recent decades, driven largely by increased
recognition of the ecological values, river functions, and
ecosystem services. Many conventional river manage-
ment techniques, emphasizing hard structural controls,
have proven difficult to maintain over time, resulting in
sometimes spectacular failures, and often degraded river
environment. More sustainable results are likely from a
holistic framework, which requires viewing the ‘problem’
at a larger catchment scale and involves the applica-
tion of tools from diverse fields. Success often hinges
on understanding the sometimes complex interactions
among physical, ecological and social processes.

Thus, effective river restoration and management
requires nurturing the interdisciplinary conversation,
testing and refining our scientific theories, reducing
uncertainties, designing future scenarios for evaluating

the best options, and better understanding the divide
between nature and culture that conditions human
actions. It also implies that scientists better communicate
with managers and practitioners, so that new insights
from research can guide management, and so that results
from implemented projects can in turn, inform research
directions.

The series provides a forum for ‘integrative sciences’
to improve rivers. It highlights innovative approaches,
from the underlying science, concepts, methodologies,
new technologies, and new practices, to help managers
and scientists alike improve our understanding of river
processes, and to inform our efforts to better steward
and restore our fluvial resources for more harmonious
coexistence of humans with their fluvial environment.

G. Mathias Kondolf,
University of California, Berkeley

Hervé Piégay
University of Lyon, CNRS



This book was borne out of the clear need for a compre-
hensive resource for developing stream and watershed 
restoration programs at regional (provincial), watershed, 
reach, and project scales. Many restoration efforts have 
failed to meet their objectives because they have not 
adequately addressed the root cause of habitat degrada-
tion, or because they do not recognize the role that water-
shed and riverine processes play in determining the 
outcome of restoration actions. Over our many years of 
experience in watershed research, we have repeatedly seen 
the need for a systematic process-based approach to plan-
ning, prioritizing, designing, and evaluating habitat res-
toration programs and projects. In the chapters that 
follow, we strive to meet this need. This book is a synthe-
sis of our previous efforts on restoration that have been 
published as manuscripts, books, and technical reports, 
as well as our experience teaching practitioners and stu-
dents in workshops and university courses. We focus pri-
marily on restoration of physical processes and habitat 
and draw heavily from our experiences in North America 
and Europe, the continents where considerable habitat 
restoration and research has occurred. However, the prin-
ciples and methods covered in this volume are applicable 
to stream, river, and watershed restoration anywhere in 
the world and useful for programs that focus on improv-
ing degraded water quality and reducing contaminants.

This book is intended as a guide for practitioners, an 
instructional manual for educators and students, and a 
general reference for those interested or active in the field 
of aquatic and restoration ecology. It is organized in a 
stepwise fashion covering the key aspects of aquatic  
restoration including: assessing watershed and riverine 
processes and conditions; identifying restoration oppor-
tunities; choosing appropriate restoration techniques; 
prioritizing restoration actions; and monitoring and 
implementation. For the educator and student, it is set 
up so that each chapter can be covered as a section of a 

course on stream and watershed restoration. Ideally, an 
instructor will use our text along with data from a local 
watershed to create realistic and relevant assignments and 
exercises for the students. For those new to restoration, 
we recommend reading through most of the chapters in 
the order presented before embarking on a project. For 
the experienced restoration practitioner or those with a 
general interest in the topic, we recommend reading the 
introduction and watershed processes chapters (1 and 2) 
and then the remaining chapters in the order that most 
suits your needs and interests.

This book would not have been possible without the 
assistance of numerous individuals and organizations. 
First, our employer the Northwest Fisheries Science 
Center and current and former supervisors John Fergu-
son, Tracy Collier, and Doug Dey deserve special thanks 
for allowing us to pursue and work on this project. We 
would also like to thank all those who assisted us by 
reviewing chapters including: Peter Kiffney, John Klochak, 
Keith Hendry, Mason Bryant, Tom O’Brien, Matt Hudson, 
Jennifer Steger, Lauren Senkry, Erik Michelson, Martin 
O’Grady, Sarah Miller, Chris James, Robin Jenkinson, 
Pauliina Louhi, Ray White, Martin Janes, Jenny Mant, 
Mary Raines, and Dana Warren. Karrie Hanson, Ed 
Quimby, Bert Tarrant and JoAnne Butzerin provided 
much-needed assistance with technical editing. We thank 
Su Kim, Clemens Trautwein and Hiroo Imaki for assist-
ance in developing figures and numerous individuals for 
providing photos of restoration used in one or more 
chapters. Finally, we would like to thank all those who 
have and continue to dedicate their lives to environmen-
tal restoration. We hope that this book will serve you well 
in your challenge to protect and restore streams, rivers, 
and watersheds.

Philip Roni and Tim Beechie
June 2012
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1.1  Introduction

The restoration of streams, rivers, and watersheds has 
become a growth industry in North America and Europe 
in the 21st century, with an estimated $1 billion spent 
annually in the United States alone (Bernhardt et al. 
2005). This comes with a growing appreciation from the 
general public of the importance of water, watersheds, 
and natural places not only for their wildlife and fisheries, 
but also for social, cultural, economic, and spiritual 
reasons. With this increased emphasis on restoration has 
come the need for new techniques and guidance for 
assessing stream and watershed conditions, identifying 
factors degrading aquatic habitats, selecting appropriate 
restoration actions, and monitoring and evaluating res-
toration actions at appropriate scales. All these require 
detailed consideration of not only the latest scientific 
information but also regulations and socioeconomic con-
straints at local, regional, and national levels. Thus the 
challenges facing watershed restoration in the 21st 
century are multifaceted, including both technical and 
non-technical issues.

As interest in aquatic restoration has increased, several 
texts have been produced over the last few decades to 
assist with various aspects of river restoration. Most have 

focused on habitat improvement techniques specific to 
trout and salmon (e.g. Hunter 1991; Mills 1991; Hunt 
1993; O’Grady 2006) or design considerations for specific 
techniques (e.g. Brookes & Shields 1996; Slaney & 
Zoldakis 1997; RRC 2002). A few have provided more 
comprehensive regional overviews of riverine restoration 
planning and techniques (Ward et al. 1994 in UK; Cowx 
& Welcomme 1998 in Europe; FISRWG 1998 in USA; 
CIRF 2006 in Italy). Still others have published overviews 
of key concepts and principles (e.g. Brierley & Fryirs 
2008; Clewell & Aronson 2008). Collectively these publi-
cations cover many of the tools, techniques, and concepts 
needed for restoration planning, but no single book 
covers the full restoration process from initial assessment 
to monitoring of results and adaptive management. In 
this book, we strive to meet the need for a comprehensive 
guide and educational tool that covers the key steps in 
this process and provide a text that links watershed 
assessment and problem identification to identification 
of appropriate restoration measures, project selection, 
prioritization, project implementation, and effectiveness 
monitoring (Figure 1.1). Each of these steps is discussed 
in detail in subsequent chapters. In addition, we discuss 
the human dimension and how one can best work with 
citizens, government bodies, and private companies to 
develop restoration projects and goals. In this introductory 
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2    Stream and Watershed Restoration

We focus most of our discussion on ‘active restoration,’ 
which are restoration efforts that take on the ground 
action to restore or improve conditions. However,  
regulations, laws, land-use practices, and other forms of 
‘passive restoration’ that eliminate or prevent human 
disturbance or impacts to allow recovery of the environ-
ment are equally important. For example, most of the 
improvements in water quality and habitat condition  
in the USA, Europe, and elsewhere would not have 
occurred without legislation and regulation. Similarly, 
habitat protection, while not typically included in  
definitions of restoration, is a critical watershed conser-
vation and restoration strategy that should not be 
overlooked. Given the continued pressure on aquatic 
ecosystems, including a growing human population and 
climate change, habitat loss will continue and even 
outpace restoration efforts unless protection of high-
quality functioning habitats is a high-priority component 
of restoration plans. In fact, habitat protection in  
many cases is a type of passive restoration that allows 
ecosystems to recover following disturbance. Ultimately, 
it is much more cost-effective to protect functioning 
habitats from degradation than it is to try to restore 
them once they have been damaged.

chapter we provide important background on the need for 
restoration, its relatively short history, and the major 
steps and considerations for planning and implementing 
restoration actions.

1.2  What is restoration?

Restoration ecology is a relatively young field with  
considerable confusion over its terminology (Buijse et al. 
2002; Omerod 2004; Young et al. 2005). The terms 
restoration, rehabilitation, enhancement, improvement, 
mitigation, reclamation, full and partial restoration, 
passive and active restoration, and others have been used 
to describe various activities meant to restore ecological 
processes or improve aquatic habitats (Table 1.1). These 
represent a gradient of activities from creating new  
habitats, to mitigating for lost habitat, to full restoration 
of ecosystem processes and functions and even protection. 
In practice, the term restoration is used to refer to any  
of the above activities. To avoid further confusion over 
terminology, we therefore use the term in this sense 
throughout this text. Where appropriate, we distinguish 
between full restoration, partial restoration and habitat 
improvement or creation (Table 1.1).

Figure 1.1 Major steps in the restoration process required to develop a comprehensive restoration program and well-designed 
restoration projects.
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Bronze Age (van Andel et al. 1990; Montgomery 2007). 
This was followed by diversion of rivers, draining  
wetlands, and harnessing waterpower in some areas of 
Europe and the Mediterranean with the rise of the Roman 
Empire (Cowx & Welcomme 1998). Deforestation, which 
often leads to increased silt loads, expanded rapidly 
during the Middle Ages not only in Europe but also in 
China and elsewhere, resulting in filling of coastal and 
low-lying areas and presumably other impacts to streams. 
During medieval times and through the Renaissance  
(c. 1000 to 1700 AD), extensive deforestation and  
conversion of lands to agriculture in Europe and the 
Mediterranean were common (Cowx & Welcomme 1998; 
Williams 2001). This occurred somewhat later in the New 
World and elsewhere following European colonization. 
More dramatic changes to rivers and watersheds occurred 
during the Industrial Revolution, as construction of dams 
and weirs to power industry and rapid industrialization 
caused the pollution of many waters. In parts of Europe, 
the mass production of drainage tiles and other technologies 
led to the drainage and conversion of vast wetlands to 
agricultural land (Vought & Lacoursière 2006). Increasing 
urban and agricultural activities resulted in some local 

1.3  Why is restoration needed?

It may seem obvious to people living in densely popu-
lated and developed areas why one might seek to restore 
streams or watersheds, but the level of human impact and 
the reasons for restoration vary widely among stream 
reaches, watersheds, regions, and countries. Human 
impacts to watersheds began well before recorded history. 
Archeological evidence indicates that localized deforesta-
tion and subsequent impacts to watersheds occurred in 
populated areas throughout the world even prior to 1000 
BC (Williams 2001). For example, forest removal or con-
version to agricultural lands occurred in the Mesolithic 
and Neolithic periods (c. 9000–3000 BC) in parts of 
Greece and Britain (van Andel et al. 1990; Brown 2002). 
Deforestation expanded during both the Bronze and Iron 
Age (c. 3000 BC to 500 AD) when metal tools replaced 
stone tools and made clearing of forests and plowing of 
lands easier. Extensive hillslope erosion and subsequent 
sedimentation and aggradation of river valleys in Greece 
and other areas in the eastern Mediterranean is attributed 
to deforestation and intensive agriculture during the 

Table 1.1 Commonly used restoration terminology and general definitions. In this book and in practice, the term restoration is 

used to encompass all these activities with the exception of protection and mitigation. Where appropriate, we distinguish 

between restoration in its strictest sense (full restoration), rehabilitation (partial restoration), and habitat improvement or 

creation. Modified from Roni (2005), Roni et al. (2005), and Beechie et al. (2010).

Term Definition

Protection Creating laws or other mechanisms to safeguard and protect areas of intact habitat from degradation.
Restoration Returning an aquatic system or habitat to its original, undisturbed state. This is sometimes called ‘full 

restoration,’ and can be further divided into passive (removal of human disturbance to allow 
recovery) and active restoration (active manipulations to restore processes or conditions).

Rehabilitation Restoring or improving some aspects or an ecosystem but not fully restoring all components. It is also 
called ‘partial restoration’ and may also be used as a general term for a variety of restoration and 
improvement activities.

Improvement Improving the quality of a habitat through direct manipulation (e.g. placement of instream structures, 
addition of nutrients). Sometimes referred to as habitat enhancement and sometimes also 
considered as ‘partial restoration’ or rehabilitation.

Reclamation Returning an area to its previous habitat type but not necessarily fully restoring all functions (e.g. 
removal of fill to expose historic estuary, removal of a levee to allow river to periodically inundate a 
historic wetland). Sometimes referred to as compensation.

Creation Constructing a new habitat or ecosystem where it did not previously exist (e.g. creating new estuarine 
habitat, or excavating an off-channel pond). This is often part of mitigation activities.

Mitigation Taking action to alleviate or compensate for potentially adverse effects on aquatic habitat that have 
been modified or lost through human activity (e.g. creating of new habitats to replace those lost by 
a land development).
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mates that more than half the world’s rivers are polluted 
or at risk of running dry, and less than 20% of the world’s 
freshwaters are considered pristine (World Water Council 
2000; UN Water 2009). Moreover, 80% of human water 
supplies are threatened by watershed disturbance,  
pollution, water resource development or other factors 
(Vörösmarty et al. 2010). As recently as 2004, 44% of the 
stream miles in the USA were considered too polluted to 
support fishing or swimming (EPA 2009). Current species 
extinction rates are estimated to be more than 100–1000 
times background (prehistoric) rates (Baillie et al. 2004), 
and some studies suggest that modern rates are more 
than 25,000 times background rates (Wilson 1992). 
Extinction rates for freshwater fauna are thought to be 
4–5 times that of terrestrial species (Ricciardi & Rasmussen 
1999), and habitat loss and degradation are believed to 
be the primary cause of extinctions (Baillie et al. 2004). 
A suite of human activities has led to degradation of 
streams and watersheds and impaired their use for biota 
(including humans), and therefore stream and watershed 
restoration has become critically important worldwide.

1.4  History of the environmental 
movement

The rapid modification of our natural environment was 
recognized centuries ago. Limited protection of forests for 
hunting and timber production occurred in the ancient 
times, middle ages (c. 500–1500 AD), and the early 
modern period (c. 1500–1800 AD). Ancient empires such 
as Assyria, Babylon, and Persia set aside hunting reserves 
and the Roman Empire set up a system of protected areas 
for wildlife (Brockington et al. 2008). The Emperor 
Hadrian set half of Mount Lebanon aside in the 2nd 
century AD to protect cedar forests (Brockington et al. 
2008). As early as the 11th century in Scotland and 13th 
century in England, laws and fishing seasons were set to 
protect salmon (Montgomery 2003). However, large-scale 
environmental movements did not start until the late 19th 
and early 20th century in the UK, Europe, the USA,  
Australia, New Zealand and elsewhere (Hutton & Connors 
1999). The late 1800s saw the establishment of some of 
the first national parks such as Yellowstone National Park 
in the USA, Rocky Mountain National Park in Canada, 
and Royal National Park in Australia. During the same 
period, the Audubon Society, the Sierra Club, the Wilderness 
Society in America, and the Royal Society for Protection 
of Birds in the UK were formed and began pushing for 
greater protection of wild lands and wildlife.

channelization of rivers and streams. The combination of 
migration barriers (dams) and pollution due to industry 
and the rapidly growing human population led to the 
decline of several migratory fishes in Europe and eastern 
North America.

The most severe impacts to aquatic systems in North 
America, Europe and elsewhere arguably occurred in the 
late 19th and during the 20th century. Increasingly mech-
anized societies channelized and dredged rivers, drained 
wetlands, cut down entire forests, intensified agriculture, 
and built dams for power, irrigation, and flood control. 
In the UK, Ireland, Europe, the USA, and elsewhere, large 
river channelization and wetland drainage programs 
occurred from the early part of the 20th century up until 
the 1970s (Cowx & Welcomme 1998; O’Grady 2006). 
This history of land and water uses along with other 
human activities produced the degraded conditions we 
see on the landscape today. For example, it is estimated 
that worldwide over 50% of wetlands may have been lost 
(Goudie 2006). Coastal wetland loss in some US states 
and Europe countries exceed 80% (Dahl & Allord 1999; 
Airoldi & Beck 2007). Estimates suggest that globally 
more than 75% of riverine habitats are degraded (Benke 
1990; Dynesius & Nelsson 1994; Muhar et al. 2000; 
Vörösmarty et al. 2010).

The above factors, coupled with an increasing human 
population, have led to increased air pollution, highly 
modified and polluted rivers, and a rapid increase in 
number of threatened, endangered, or extinct species 
(Figure 1.2; Goudie 2006). The World Water Council esti-

Figure 1.2 Increase in selected human impacts during the last 
300 years (percent increased compared to 10,000 BP). From 
Goudie (2006). Reproduced by permission of John Wiley & 
Sons.
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hunters and fishermen. While efforts to minimize erosion 
and protect water supplies and agricultural land date 
back thousands of years (Riley 1998), the first substantial 
efforts to restore streams are thought to have been made 
in the late 1800s by local fishing clubs in the USA and 
river keepers on British estates interested in improving 
salmon or trout fishing (Thompson & Stull 2002; White 
2002). As early as 1885, Van Cleef called for the restora-
tion and protection of trout streams in the Eastern USA 
(Van Cleef 1885). There is also evidence of early restora-
tion efforts in Germany and Norway (Walter 1912; 
Thompson & Stull 2002). These early efforts often 
included stocking of fish and killing of predatory birds, 
fish and mammals, actions that today would be frowned 
upon (White 2002).

More formalized efforts to restore streams were under-
taken in the USA in the early part of the 20th century 
(Thompson & Stull 2002). The Civilian Conservation 
Corps and some smaller state-sponsored stream and land 
restoration programs began implementing restoration 
projects on miles of small streams in the Midwest, Rocky 
Mountains and elsewhere during the Great Depression, 
partly to combat soil and bank erosion. These efforts 
tended to focus on planting trees, fencing out livestock, 
bank protection and stabilization, installing small log 
structures or weirs to create pools, and even excavation 
of pools. The latter three techniques were largely engi-
neering approaches attempting to create pool habitat or 
a static stream channel, and often treated symptoms (lack 
of pools) rather than underlying problems (e.g. excess 
sediment, lack of riparian vegetation and woody debris) 
(White 1996; Riley 1998). It is however important to 
remember that, during this period, streams were highly 
degraded from decades of severe overgrazing and removal 
of streamside vegetation and it was not yet fully under-
stood how quickly riparian banks and vegetation might 
recover once they were protected (White 2002). The 
1940s and 1950s witnessed an increased emphasis on 
planting of vegetation to stabilize banks; however, these 
efforts were often not viewed as favorably as instream 
structures and hardening of banks, which were seen as 
quicker and more permanent (White 1996). Both before 
and after World War II in Europe there were efforts to 
stabilize banks using plantings and bioengineering 
approaches, but again these were largely to create static 
channels and prevent streams from moving.

Expansion of state and federal stream restoration pro-
grams in the USA continued from the 1950s through the 
1980s. Following years of overgrazing and other human 
activities, riparian vegetation began to recover along 

The modern environmental movement began in the 
1960s, initially focusing on water and air quality issues. 
In the USA, key publications on increasing environmental 
problems such as Rachel Carson’s Silent Spring (Carson 
1962) and a series of environmental disasters led to a  
large environmental movement and a series of laws to 
protect the environment in the 1960s and 1970s. These 
laws included the Wilderness Act (1964), the National  
Environmental Policy Act (1969), the Clean Air Act 
(1970), the Water Pollution Control Act (1972), and the 
Endangered Species Act (1973). Similar legislation was 
passed in the 1970s, 1980s, and 1990s in other industrialized 
countries (e.g. German Federal Nature Conservation  
Act 1976, Swiss Environmental Protection Law 1983, 
Canadian Fisheries Act 1985, Canadian Water Act 1985, 
Japanese Act on Conservation of Endangered Species  
of Wild Fauna and Flora 1992, Australian Endangered 
Species Protection Act 1992). In 2000, the European 
Union (EU) passed the Water Framework Directive 
(WFD), arguably the most sweeping legislation for the 
protection and restoration of watersheds and aquatic 
biota. The WFD combined with other EU Directives for 
the conservation of nature and biodiversity such as the 
Birds Directive (79/409/EEC) and the Habitats Directive 
(92/43/EEC) provide a legal basis to implement compre-
hensive, interdisciplinary basin-wide restoration programs.

Another key environmental aspect is the importance 
and economic value of ecosystem goods and services. 
Until recently the value of ecosystems was only based on 
the goods they might produce (e.g. harvestable fish, food, 
timber), but in recent years the services or benefits we 
derive directly or indirectly from ecosystem functions 
have also been recognized. These other services include 
waste processing, carbon sequestering, regulation of 
atmos pheric gases, water regulation, climate regulation, 
genetic resources, and many others (Costanza et al. 1997; 
Cunningham 2002). In fact, the economic value of ecosys-
tem services globally has been estimated to be 2–3 times 
that of the total global gross domestic product from world 
economies (Costanza et al. 1997). This realization of the 
importance of functioning ecosystems for our economic 
prosperity and our very existence has led to further emphasis 
on protecting and restoring natural ecosystems globally.

1.5  History of stream and watershed 
restoration

Similar to the environmental movement, the earliest 
stream restoration efforts were largely undertaken by 
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whole watersheds through improving land use, reducing 
sediment sources, protecting riparian areas, and other 
restoration efforts focused on restoring the processes that 
create and maintain stream habitats and health.

European river restoration efforts largely began in the 
1980s and increased dramatically during the 1990s (Cowx 
& Welcomme 1998), focusing mostly on rehabilitation of 
channelized, straightened and engineered channels and 
floodplains. In fact, the science of floodplain restoration 
and remeandering of rivers was largely developed in 
Europe, and much of the literature on this topic comes 
from European case studies (e.g. Brookes 1992, 1996; 
Iversen et al. 1993). With the exception of some early 
erosion reduction efforts to reduce declining production 
of agricultural lands in the 1970s, restoration efforts in 
Australia and New Zealand and other developed countries 
also began in the 1980s and 1990s (Gippel & Collier 1998).

The number and scale of watershed restoration efforts, 
along with spending on restoration, has increased  
rapidly in the last few decades in North America,  
Europe, Australia, and elsewhere. This has been partly 
driven by increasing environmental awareness, stronger  
environmental regulations, and declines in species of fish 
and aquatic organisms that are of high socioeconomic 
and cultural value. As discussed in the Section 1.4, legal 
mechanisms have been developed to restore water quality, 
individual species, and riverine ecosystems in developed 
countries. Perhaps the most commonly recognized legal 
mandates are those requiring protection or restoration of 
specific species under national laws such as the Endangered 
Species Act in the USA, the Canadian Species at Risk Act, or 
the European Red List. These legislative actions are  
generally reactive and drive attempts to restore habitats 
for listed species. While the legislation behind these lists 
generally calls for conservation and restoration of the 
ecosystems upon which these species depend, restoration 
actions are commonly focused on restoring specific habitats 
deemed important for one species or another. In the USA 
and Canada, for example, massive efforts to restore 
watersheds in the Pacific Northwest of North America are 
almost exclusively focused on recovering threatened and 
endangered salmon and trout populations (Katz et al. 
2007), although restoration actions such as sediment 
reduction and riparian restoration also benefit other species. 
Beyond endangered species concerns, many nations have 
also passed legislation aimed at more holistic attempts to 
restore riverine ecosystems (e.g. the Clean Water Act in the 
USA or the Water Framework Directive in the EU) which 
seek to improve more broadly defined hydromorphological, 
chemical, and biological conditions of rivers.

numerous streams in the USA and Canada (White 2002). 
During this period, there was also an increased focus  
on placement of log and boulder cover structures,  
based largely on promising results from trout stream  
restoration in Wisconsin and Michigan. However, these 
structural techniques were largely pioneered in low-energy 
Eastern and Midwestern streams and met with mixed 
results when applied elsewhere, particularly in higher-
gradient higher-energy streams of the mountainous 
western North America. Several of these techniques  
were subsequently applied in European streams in the 
1980s and 1990s with varying degrees of success. Despite  
the emphasis on structural treatments, the key stream 
restoration manual (White & Brynildson 1967) recom-
mended protecting riparian vegetation before installing 
instream structures. Unfortunately, this sage advice was 
largely ignored until recently when the importance  
of watershed processes became more widely accepted 
(Chovanec et al. 2000; Hillman & Brierely 2005; Beechie 
et al. 2010). Fortunately, as early as the 1960s some states 
were acquiring land along streams to let riparian  
vegetation and streams recover naturally. There was  
also an increasing understanding of riverine processes – 
partly based on Leopold et al. (1964) – which biologists 
were attempting to incorporate into stream restoration 
projects.

The late 1980s and early 1990s saw rising awareness  
in the importance of riparian areas, the physical and  
ecological importance of large wood, and a better  
understanding of physical and biological processes  
and how land use and human activities impact those 
processes and fish habitat (White 2002). This was initially 
based on extensive studies on forested streams in the 
Pacific Northwest of North America, but was later based 
on studies in a range of land uses and ecoregions. The 
results of these studies led to recommendations for a 
watershed or ecosystem approach to management and  
a growing call for looking beyond an individual stream 
reach when planning restoration (Beechie & Bolton 1999; 
Roni et al. 2002; Hillman & Brierely 2005). From the 
1990s until today, restoration efforts have slowly been 
changing from a focus on localized habitat improvement 
actions at a site or reach scale (which often overlooked 
the root causes of habitat degradation) to a more holistic 
watershed or ecosystem approach which tries to treat the 
underlying problem that has led to the habitat degradation 
(to be discussed in great detail in the following chapters). 
This is not to say that certain habitat improvement  
techniques are not widely used or are ineffective, but 
rather that greater emphasis has been placed on restoring 
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• an inconsistent (or complete lack of an) approach for 
sequencing or prioritizing projects;
• poor or improper project design;
• failure to get adequate support from public and private 
organizations; and
• inadequate monitoring to determine project 
effectiveness.

These challenges and problems can be overcome by 
systematically following several logical steps that are  
critical to developing a successful restoration program or 
project (Figure 1.1). This book is designed to cover these 
steps in detail to assist with improving the design and 
evaluation of stream and watershed restoration plans  
and projects. We begin with a discussion of watershed  
processes and process-based restoration (Chapter 2), as 
these basic concepts underlie the restoration steps in  
subsequent chapters. The following chapters then explain 
the key steps, including: assessing watershed conditions 
and identifying restoration needs (Chapter 3); selecting 
appropriate restoration actions to address restoration 
needs (Chapter 5); identifying a prioritization strategy 
for prioritizing actions (Chapter 6); planning and  
implementing projects (Chapter 7); and developing a 
monitoring and evaluation program (Chapter 8). Goals 
and objectives need to be set at multiple stages of the 
restoration process, and there are multiple steps within 
each stage which we will discuss within each chapter. In 
addition, the human and socioeconomic aspects need to 
be considered throughout the planning and design 
process (Chapter 4). We close with a discussion of how 
to synthesize all these pieces to develop restoration plans 
and proposals (Chapter 9).

Throughout this book we emphasize the concept  
of process-based restoration (Chapter 2), which aims to 
address root causes of habitat and ecosystem degradation 
(Sear 1994; Roni et al. 2002; Beechie et al. 2010). Our 
purpose in doing so is to help guide river and watershed 
restoration efforts toward actions that will have long-
lasting positive effects on riverine ecosystems and to 
ensure that, when habitat improvement is undertaken, 
the site potential and watershed processes are considered. 
We also emphasize the importance of recognizing socio-
economic and political considerations such as involving 
landowners and other stakeholders, permit and land-use 
issues, and education and outreach to the general public 
to build continued support for restoration (Chapter 4). 
Failure to consider these factors and involve stakeholders 
early on can prevent even the most worthwhile and fea-
sible projects from being implemented. The following 
chapters go into detail on each of the steps for planning 

In conjunction with changing drivers of restoration 
and an increasingly holistic approach to restoring water-
sheds, the expertise needed to plan and implement 
projects has also evolved. Early restoration efforts were 
often initiated by outdoorsmen or fisheries biologists and 
later by engineers, and focused on structural treatments 
or bank stabilization. The greater emphases on watershed 
processes in the USA and Europe has also led to improved 
design of more traditional habitat improvement tech-
niques and greater emphasis on addressing root causes of 
degradation. Given that streams integrate both terrestrial 
and aquatic processes at multiple scales, the practice of 
restoring processes or improving habitats of an aquatic 
ecosystem requires an interdisciplinary approach to be 
successful. This often requires the collaboration of those 
with expertise in fish and aquatic biology, riparian and 
stream ecology, geology, hydrology and water manage-
ment, geomorphology, landscape architecture, and even 
public policy, economics, and other social sciences. That 
is not to say that all projects will require expertise in  
all these fields, but most will benefit from an interdisci-
plinary team; this will certainly be essential for large  
or comprehensive restoration projects or programs to 
achieve their goals. Another aim of this book is therefore 
to provide a common basis and level of knowledge for 
individuals from various backgrounds to work together 
on developing and implementing successful restoration 
programs.

1.6  Key steps for planning and 
implementing restoration

Despite large financial investments in what has recently 
been called the ‘restoration economy’ (Cunningham 
2002) and increasing literature on restoration planning, 
numerous watershed councils, river trusts, agencies, and 
other restoration practitioners do not follow a systematic 
approach for planning restoration projects throughout a 
watershed or basin. As a result, a number of restoration 
efforts fail or fall short of their objectives. Some of the 
most common problems or reasons for failure of a resto-
ration program or project include:
• not addressing the root cause of habitat or water quality 
degradation;
• not recognizing upstream processes or downstream 
barriers to connectivity;
• inappropriate uses of common techniques (one size fits 
all);
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2

2.1  Introduction

Effective planning, design, and implementation of river 
restoration efforts each require an understanding of how 
watershed processes drive the structure and functions of 
riverine ecosystems, as well as how those processes 
support a wide variety of ecosystem services. In this book, 
the term ‘watershed process’ generally refers to move-
ments of landscape or ecosystem components into and 
through river systems, which are typically measured as 
rates (Beechie & Bolton 1999). For example, erosion is a 
process that moves sediment from hillslopes to river 
channels, while sediment transport processes move sedi-
ment through stream and river channels to deltas and 
estuaries. Erosion is measured in units of mass/area/time, 
whereas sediment transport is commonly measured  
in units of mass/time. We do not restrict the term ‘pro-
cesses’ to geomorphological or hydrological processes, 
but instead refer to a wide range of processes including 
erosion and sediment transport, storage and routing of 
water, plant growth and successional processes, delivery 
of nutrients and organic matter, inputs of thermal energy, 
trophic interactions, species interactions, and population 
dynamics. Understanding these processes and relation-

ships between them is critical to the success of river 
restoration programs.

These driving processes influence states and dynamics 
of biological communities through a sequence of cause–
effect linkages that connect watershed processes to habitat 
conditions, and habitat conditions to biota (Figure 2.1). 
‘Habitat conditions’ here refers to physical, chemical, and 
thermal features of the river environment and ‘biota’ 
refers to ecological systems and functions that respond to 
habitat features. Humans alter watershed processes in 
many ways, leading to changes in habitat conditions, food 
webs, and biological communities (Allan 2004). Process-
based restoration focuses on correcting anthropogenic 
disruptions to driving processes, thereby leading to 
recovery of habitats and biota (Sear 1994; Beechie & 
Bolton 1999). Restoration of critical processes also 
confers added resilience to river–floodplain ecosystems, 
as functioning processes allow the system to respond to 
future disturbances through natural physical and biologi-
cal adjustments (Brierley et al. 2002; Beechie et al. 2010). 
While restoration of processes and habitats is critical to 
ecosystem recovery, correcting ecosystem degradation 
that results from lack of key species, introduction of non-
native species, or poor water quality is also critical to 
ecosystem recovery (Karr 2006). Because these factors 
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nested, and to show that higher-level controls set limits on 
the expression of habitat features or ecosystem attributes 
as influenced by lower-level controls (e.g. Beechie et al. 
2010). We then describe the landscape setting, and proceed 
to watershed-scale processes, reach-scale processes, 
habitat dynamics, and instream biological processes. We 
also briefly describe ways in which watershed processes 
may be altered, thereby affecting the productivity,  
resilience, and functions of river ecosystems. Alterations 
to processes are further discussed in the chapter on  
watershed assessments (Chapter 3), and restoration 
actions that restore processes are discussed in Chapter 5. 
Finally, we describe process-based restoration (which is a 
central theme of river and watershed restoration in this 
book) and we present four process-based principles to 
help guide restoration planning and implementation.

must also often be addressed to achieve restoration  
goals, we briefly address restoration of other ecosystem 
alterations and describe a comprehensive set of both  
processes and ecosystem features that may be important 
in restoring river ecosystems.

In this chapter we first describe the hierarchical suite  
of processes that drive riverine ecosystems. We identify 
and describe the main processes driving riverine habitat 
dynamics and biota, focusing on processes that are  
commonly targeted by stream and watershed restoration 
activities. We also describe how watershed and reach-scale 
processes drive the expression and dynamics of habitat 
types in each reach of a river network, and illustrate how 
habitat conditions control expression and dynamics of 
biological communities. Throughout, our main purpose 
is to illustrate how these processes are hierarchically 

Figure 2.1 Illustration of process linkages between watershed processes, instream processes, and biological responses (adapted 
from Beechie & Bolton 1999; Beechie et al. 2009).
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2.2  The hierarchical structure of 
watersheds and riverine ecosystems

Physical and biological features of riverine ecosystems are 
controlled by a hierarchy of physical, chemical, and bio-
logical processes operating across a wide range of 
space- and timescales (Figure 2.2). These processes 
control the arrangement of channel and habitat types 
across the riverine landscape, such as reach-scale channel 
types, or pool and riffle units at smaller scales (e.g. Frissell 
et al. 1986; Fausch et al. 2002; Allan 2004). Biological 
features are also controlled by a hierarchy of processes, 
including community composition of riparian or aquatic 
species and locations of suitable habitats for individual 
species (e.g. Beechie et al. 2008a; Naiman et al. 2010). For 
example, the typical sequence of channel patterns from 
headwaters to lower river begins with steep cascades in 
tributaries and progresses through step-pool, plane-bed, 
and pool-riffle channels (Montgomery & Buffington 
1997) (Figure 2.3). As tributaries coalesce the channels 
become larger and more complex, and are classified as 
braided, straight, island-braided, or meandering (Beechie 
et al. 2006a). This arrangement of reach-level channel 
types, as well as habitat features within reaches, is deter-
mined by six main variables: channel slope, valley 
confinement, discharge, sediment supply and size, bank 
strength (including root strength), and wood supply 
(Figure 2.4).

Two of these variables – channel slope and valley  
constraint (the ‘ultimate controls’) – are generally 
unchanging over human time frames, as the tectonic and 
erosional processes controlling these variables act over 
long time frames and across large areas (>102 years, 
>1 km2) (Naiman et al. 1992; Montgomery & Buffington 
1997; Figure 2.5). Broad valley forms are defined by  
characteristics such as valley shape (V-shaped or U- 
shaped), the presence or absence of terraces, valley slope, 
and confinement of the stream (floodplain width relative 
to stream width). Valley forms are also relatively immu-
table over management time frames (<100 years) (Naiman 
et al. 1992), and are also controlled by past geological 
processes such as uplift, glaciation, and river erosion 
(Bishop et al. 1985; Benda et al. 1992; Montgomery 2002). 
While reach-scale channel slopes can change locally over 
shorter time frames, they can only do so within a fairly 
narrow range set by the valley slope, which is essentially 
immutable over hundreds of years. Hence, these land-
scape features (valley slope and constraint) control the 

range of channel types that can be expressed within valley 
segments (Naiman et al. 1992).

The third and fourth controlling variables are dis-
charge (or stream flow) and sediment supply. These two 
variables are controlled at the watershed scale, and the 
drainage boundary defines the region within which 
erosion and runoff processes control regimes of sedi-
ment supply and stream flow (Figure 2.5). Sediment 
supply and stream flow largely determine stream size 
and channel forms (e.g. pools, riffles, gravel or sand 
bars), within the limits set by valley confinement and 
channel slope. To some extent, patterns of stream size 
and sediment supply are also controlled by the structure 
of the river network (the arrangement of stream chan-
nels and confluences) which influence riverine habitats 
in two ways. First, the general downstream pattern of 
increasing stream flow and decreasing slope drives a 
corresponding shift in habitat characteristics (Vannote 
et al. 1980; Minshall et al. 1985; Naiman et al. 1987). 
Second, the network structure, arrangement of conflu-
ences, nick points, and alternating valley and canyon 
reaches interrupt gradual downstream trends to create 
local nodes or reaches with unique geomorphic features 
(Poole 2002; Benda et al. 2004). For example, sediment 
supply tends to be higher below large tributaries, creat-
ing locally complex habitat features and higher biological 
diversity. Together, these interacting patterns create a 
generally predictable arrangement of physical attributes 
in river systems.

At the reach level, channel forms are mutable and  
controlled by shorter-term variation in processes such as 
sediment supply regime, flow regime, and wood and 
plant propagule supply (Gurnell et al. 2005, 2006a; Figure 
2.5). Because these processes naturally vary from year to 
year as a function of storms and floods, channel locations 
can change over relatively short time frames (years to 
decades) while the dominant reach type is usually  
relatively constant over decadal periods (Beechie et al. 
2006a). Moreover, the dominant channel forms tend to 
exhibit a characteristic arrangement within watersheds, 
although geological features and the influence of river 
confluences can interrupt this pattern (e.g. Montgomery 
1999; Benda et al. 2004; Beechie et al. 2006a). Within 
reaches, habitat units (e.g. pools, riffles, ponds) are even 
more variable in space and time (Frissell et al. 1986), 
often shifting positions between years as a result of wood 
movement. However, the relative abundance of habitats 
is relatively constant in the absence of major changes in 
driving variables (e.g. Zanoni et al. 2008).
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Figure 2.2 Hierarchical nesting of processes controlling population and community responses of riverine biota. Higher-level 
controls set limits on the types of habitat features or ecosystem attributes that can be expressed at lower levels, and lower-level 
processes control the expression of attributes within those limits (based on Beechie et al. 2010). (See Colour Plate 1)



Watershed Processes, Human Impacts, and Process-based Restoration    15

Figure 2.3 Common channel patterns in river networks, based on Montgomery & Buffington (1997) and Beechie et al. (2006a).
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The biological structure of riverine ecosystems is also 
hierarchically controlled, partly by the physical controls 
described above and partly by a suite of biological  
processes. At the landscape scale, biogeography of species 
controls the pool of species available to form riparian and 
aquatic communities (Figure 2.5). For example, native 
riparian species found in a watershed are limited to those 
that are endemic to the region and its climate, and native 
fishes are limited to those that can migrate to suitable 
habitats within their native range. Hence, in the absence 
of human interventions, local riparian and aquatic com-
munities only comprise species present in the native 
species pool. At the watershed scale, both riparian and 
aquatic communities exhibit characteristic shifts in com-
position in the downstream direction and biological 
zones are often classified by the dominant species present, 
or by community composition and species richness (Huet 
1959; Sheldon 1968; Ibarra et al. 2005). These shifts are 
partly due to a gradual increase in river size (e.g. the river 
continuum concept, Vannote et al. 1980; Minshall 
et al. 1985; Naiman et al. 1987; Figure 2.6). However, 
differences in channel slope, width, or pattern and dynam-
ics are also influenced by changes in lithology or by 
network structure, which create localized discontinuities 
in this downstream trend. At the site scale, biological 
attributes are largely controlled by local habitat conditions, 
as well as by species interactions. For example, spawning 
locations of individual fish species are controlled by  
locations of suitably sized substrate, water depth, and 
velocity for the species (Beechie et al. 2008a), whereas 
productivity and species composition of riparian forests 
are controlled by local soil and moisture conditions (Naiman 
et al. 2010).

Figure 2.4 Illustration of the six primary 
controls on channel form, including 
physical and biological processes that 
control physical habitat conditions in 
streams and rivers: channel slope, valley 
constraint, discharge, sediment supply, 
bank strength (including root 
reinforcement), and wood supply.

Figure 2.5 Spatial and temporal scales of processes that control 
physical features, vegetation, and aquatic biology in river 
ecosystems (adapted from Naiman et al. 1992; Beechie et al. 
2010).
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upstream of wood jams, whereas a large low-gradient 
floodplain reach can develop a suite of habitat types 
ranging from mainstem pools and riffles, to bank and bar 
habitats, to a wide range of lentic and lotic floodplain 
habitats (Brierley et al. 2002; Beechie et al. 2005a).

Similarly, the landscape template influences hydrologic 
and sediment supply regimes that control channel forms. 
For example, regions with steep slopes, shallow soils, and 
humid climates may be characterized by high landslide 
rates and coarse sediment loads that tend to create 
braided or island-braided channels (Sidle et al. 1985; 
Hovius et al. 1997; Imaizumi et al. 2008). By contrast, a 
drier region with deep soils and gentle slopes may be 
characterized by high fine sediment loads and more 
stable anastomosing or meandering channels (Rust 1981; 
Beechie et al. 2006a). These differences in process regimes 
create diverse ranges of potential physical conditions that 
restoration can achieve in streams, but do not describe 
specific local habitat or biological conditions that are 
controlled by smaller-scale processes. The timescale of 

2.3  The landscape template and 
biogeography

Landscapes and watersheds are physically defined by their 
topography, geology, and climate, and can be classified by 
landscape units that stratify broad suites of habitat-
forming processes and disturbance regimes (Montgomery 
1999; Montgomery & Bolton 2003). This geologic,  
tectonic, and climatic template controls the arrangement 
of reach types in the network, locations of tributary  
junctions, and alternating canyon and floodplain reaches 
(Montgomery 1999; Benda et al. 2004; Brierley & Fryirs 
2005; Beechie et al. 2006a). That is, the landscape 
template sets limits on the range of physical and biological 
attributes that any reach in the network is capable  
of expressing, and therefore sets limits on what can  
be achieved through restoration. For example, a steep 
headwater reach can only develop specific habitat types 
ranging from boulder cascades to short alluvial reaches 

Figure 2.6 Illustration of the river continuum concept (left panel, after Huet 1959; Vannote et al. 1980) and measurements of 
downstream trends in channel slope, bankfull channel width, and floodplain width (right panel, data from Skagit River, USA). 
Measured trends indicate a systematic downstream trend in river size and slope as indicated by the river continuum concept, as 
well as local discontinuities created by changes in lithology that create alternating steep canyon reaches and low-gradient valley 
reaches.
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 processes. There are three main runoff pathways:  
overland flow (water running over the soil surface); 
shallow subsurface flow (water flowing through the soil 
layer); and groundwater flow (water flowing through deep 
flow paths below the soil layer) (Tague & Grant 2004; 
Figure 2.7). Interception of rain by vegetation reduces the 
amount of water reaching the soil, and evapotranspiration 
removes water from the soil during the growing season. 
In colder areas, the magnitude of snowmelt runoff  
can also be reduced by interception, as snow captured in 
a forest canopy reduces total snow accumulation and  
snow in the canopy tends to sublimate (a direct transition 
from ice to water vapor) before melting and reaching  
the ground to contribute to stream flow. This process is  
particularly important in watersheds with transitional 
snowpack (i.e. where snow may melt and accumulate 
several times a year) because snow interception reduces 
rapid snowmelt and rain-on-snow flooding in regions 
with forest cover. In both snow and rainfall zones, the rate 
of infiltration into the soil determines how much of the 
runoff is by overland flow or by subsurface flow. Areas 
with low infiltration rates have more rapid surface runoff, 
higher peaks, and shorter duration floods, whereas areas 
with high infiltration rates have slower runoff, lower peak 
flows, and longer duration floods.

Annual patterns of stream flow (referred to as flow 
regimes) are controlled by annual patterns of precipitation 
and temperature, which largely control the timing of 
runoff (Figure 2.8). Cold regions receive most precipitation 
as snow, and most runoff occurs during spring or summer 
snowmelt (Wohl 2000). In the absence of forest cover, 
snow accumulation is higher and more water is available for 
runoff during spring melt. In warm regions, precipitation 
falls as rain and runoff patterns follow the timing of  
rain storms. In these rainfall-dominated areas, runoff is 
moderated by evapotranspiration and interception, 
although intense rainstorms overwhelm these moderating 
processes and flooding responses strongly reflect the 
pattern of rainfall. In regions with moderate temperatures, 
flow regimes may exhibit the transitional runoff pattern 
which has both rainfall and snowmelt runoff peaks 
(Mount 1995; Beechie et al. 2006b). These double-peaked 
hydrographs tend to occur at intermediate elevations,  
or in large rivers receiving flow from both snowmelt  
and rainfall-dominated tributaries. Finally, where water 
enters deep aquifers and emerges in streams after  
long groundwater residence, rivers tend to have muted 
hydrographs that show little response to either rainfall or 
snowmelt patterns (Sear et al. 1999; Tague et al. 2008). 
Streams and rivers in arid or semi-arid regions may 

processes that create the landscape template also captures 
past climatic changes that formed regional geologic fea-
tures such as glacial terraces (e.g. Benda et al. 1992), as 
well as large but rare disturbances such as volcanic erup-
tions or mega-floods that alter valley floor morphology 
(Beechie et al. 2001; Brown et al. 2001).

Key biological processes that drive the biogeography of 
species operate at similarly long space- and timescales. 
That is, processes such as migration, colonization, extinc-
tion, and evolution have – over tens of thousands of years 
– resulted in biotic assemblages that are adapted to the 
local geographic and climate settings of individual river 
systems and reaches within systems (Taberlet et al. 1998; 
Waples et al. 2004). Examples of these processes are 
migration and evolution of Pacific salmon (Oncorhyn-
chus spp.), and colonization and establishment of plant 
species after glaciations (Bennett 1986; Waples et al. 
2008). These processes result in species pools that limit 
the natural suite of riparian and aquatic communities 
that can be expressed in each reach. However, short-term 
climate variations can alter the spatial distribution or 
relative abundance of species over relatively short time 
frames (hundreds to thousands of years), yet the broad 
pool of species available in ecosystems generally changes 
much more slowly in the absence of human interventions 
(Pess et al. 2003; Bekker 2005).

2.4  Watershed-scale processes

Within limits set by the landscape template, runoff and 
erosion processes modify channel conditions through 
time, and energy and nutrient supply processes influence 
productivity levels. Each of these watershed-scale processes 
influences the short-term expression of physical and  
biological conditions within reaches (Table 2.1; Figure 
2.2). Understanding the influences of these processes on 
riverine ecosystems helps explain associations between 
watershed-scale land use and biological community 
measures (e.g. Death & Collier 2010), and determines  
the kinds of assessments needed to identify necessary 
restoration actions (Chapter 3).

2.4.1  Runoff and stream flow
Stream flow regimes are defined by the magnitude,  
frequency, duration, timing, and rate of change of flow 
events (Poff et al. 1997). These five components are 
primarily controlled by the timing and magnitude of  
precipitation or snowmelt events, but are also moderated 
by interception, infiltration, and evapotranspiration 
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Table 2.1 Key watershed-scale and reach-scale processes that drive habitat formation and biological responses in river 

ecosystems.

Process group Specific processes Description

Watershed-scale processes
Runoff and stream 

flow
Interception Rainfall captured in tree canopy where it evaporates
Snow accumulation and 

melt
Storage of water as snow through winter and release to streams during 

spring or summer melt
Surface runoff Water delivered to streams by overland flow
Subsurface flow Water delivered to streams by flow through the soil layer
Groundwater flow Water delivered to streams via flow below the soil layer

Erosion and 
sediment supply

Surface erosion Erosion of the soil surface by rain splash (dislodging of soil particles by 
rain) or overland flow

Mass wasting Mass movement of soil by landslides, debris flows, and gullying
Soil creep Gradual downslope movement of the soil mantle by gravity

Nutrient delivery Nutrient production and 
delivery

Nutrient delivery to streams via litter fall, photosynthesis, dissolved 
nutrients, or anadromous fishes (marine-derived nutrients)

Reach-scale processes
Riparian processes Shading Blockage of solar insolation by vegetation

Root reinforcement of 
banks

Additional soil cohesion of river banks provided by roots

Wood supply Delivery of dead trees to streams and rivers
Sediment retention Trapping of sediment on bars or floodplains by vegetation
Litter fall Leaf litter, needles and branches delivered to streams

Stream flow and 
flood storage

Routing and stream flow Movement of water through stream and river channels
Flood storage Slowing and temporary storage of flood waters on floodplains and in 

side-channels
Sediment transport 

and storage
Sediment transport Movement of sediment by river flow, either in suspension or as bedload
Sediment storage or 

retention
Deposition and storage of suspended sediment or bedload sediment in 

the river channel, sometimes induced by wood jams, aquatic 
vegetation, or beaver dams

Floodplain building Deposition of suspended sediments on floodplain surfaces, sometimes 
augmented by the influence of vegetation

Channel, 
floodplain, and 
habitat dynamics

Pool or bar formation Formation of pools or bars by hydraulic scour and deposition, often 
influenced by wood accumulations

Channel movement Channel movement by bank erosion (lateral migration) and avulsion
Pond formation Construction of beaver dams creates ponds

Organic matter 
transport and 
storage

Transport and storage of 
seeds and plant 
propagules

Seeds and plant propagules transported by stream flow, and trapped in 
backwaters and on bars

Transport and storage of 
detritus

Organic detritus (e.g. leaves, twigs, needles) transported by stream flow 
and trapped by bed material, wood jams, and in pools or backwaters

Instream biological 
processes

Primary production Algae and aquatic plant production by photosynthesis can drive aquatic 
food webs

Secondary production Production of aquatic invertebrates that consume algae and plants, or 
leaf litter and other allocthonous organic matter

Feeding/predation Consumption of algae, plants, or invertebrates by fishes and other 
organisms; also predation of fishes by other fishes

Competition Competition among taxa (e.g. plants, invertebrates, or fishes) for space 
or food resources
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events, landslides tend to be very rare and sediment 
supply low because soil failure thresholds are reached at 
only a few potential landslide sites (i.e. only the steepest 
sites with deep soils fail). As storm intensity and duration 
increase, more potential landslide sites fail and sediment 
delivery to streams is higher and more widely distributed 
on the landscape. The combination of variation in storm 
intensity and site susceptibilities to failure lead to high 
spatial and temporal variation in sediment supply by 
mass wasting (Benda & Dunne 1997a).

Surface erosion on bare soils is more predictable than 
mass wasting because it occurs during virtually all rain-
storms and snowmelt, and the severity of erosion varies 
predictably with rainfall intensity, slope, and soil type 
(Dunne & Leopold 1978). Surface erosion is relatively 
rare in naturally forested and grassland environments, 
but more common in semi-arid to arid zones or in alpine 
areas that are unvegetated. Wildfire events in relatively 
dry areas with high soil erodibility can dramatically 
increase sediment supply because removal of vegetation 
and decay of roots leads to higher surface erosion rates 
(Prosser & Williams 1998; Wondzell & King 2003). 
However, pulses of fine sediment from surface erosion 
tend to be relatively rare in semi-arid to arid environ-
ments as there are often long intervals between intense 
rainstorms (e.g. Rice 1982). By contrast, fine sediment 
from alpine areas – especially glaciated areas – is observed 
consistently during spring snowmelt.

exhibit any of these patterns, although their hydrographs 
are most often dominated by long periods of no stream 
flow with short intense flood flows during and after rain 
storms.

2.4.2  Erosion and sediment supply
Erosion processes are commonly classified as three types: 
soil creep (the gradual downslope movement of the soil 
mantle by gravity); surface erosion (including sheetwash, 
rilling, and gullying); and mass wasting (e.g. landslides) 
(Figure 2.9; Dunne & Leopold 1978). We focus on mass 
wasting and surface erosion because they are influenced 
by many human activities including logging and road 
building, tilling and grazing practices, and land clearing 
and construction activities (Sidle et al. 1985; Bradford & 
Huang 1994; Imaizumi et al. 2008). By contrast, human 
influences on soil creep have not been shown to impact 
streams and are not a target of restoration activity. Mass-
wasting processes such as landsliding are episodic, driven 
by storm event frequencies and high spatial variation in 
number and failure potential of landslide sites (Berg-
strom 1982; Benda & Dunne 1997a). Failure potentials of 
landslide sites are primarily a function of slope angle, soil 
depth and cohesion, root strength, and the amount of 
water in the soil. Steeper sites with deeper soils and less 
root strength are most prone to failure, whereas low-slope 
sites with shallow soils rarely fail. During small storm 

Figure 2.7 (A) Key hydrological processes include precipitation, infiltration, interception, and evapotranspiration, and (B) 
dominant runoff pathways include surface flow, subsurface flow through the soil layer, and deep groundwater flow below the soil 
layer.



Figure 2.8 Form of precipitation (snow or rain) and flow path 
(overland flow, subsurface flow, groundwater flow) are 
dominant controls on the shape of annual hydrographs. 
Precipitation timing (gray shaded months) is the same in each 
of the four basins illustrated here, but the proportion of 
precipitation falling as snow or rain controls the shape of the 
annual hydrograph when runoff is dominated by subsurface 
flow or overland flow (upper three panels). When the main 
flow path is through deep groundwater, rainfall and snowmelt 
signals are muted and the hydrograph is relatively constant 
through the year (lower panel). Adapted from Skidmore et al. 
2011.

Figure 2.9 Erosion processes are classified into three main 
groups: landsliding, surface erosion, and soil creep. 
Landsliding mechanisms include both shallow and deep failure 
processes, as well as debris flows. Surface erosion comprises 
rainsplash, sheet wash, and rilling. Soil creep is the gradual 
downslope movement of the soil mantle.
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2005). Extensive wetlands also influence uptake and  
production of nutrients in a river system, creating locally 
higher or lower nutrient availability within reaches. 
Finally, algal dynamics can reduce nutrient uptake rates 
and increase concentrations in the water (Hill et al. 2001).

2.5  Reach-scale processes

In the previous section we described how watershed-scale 
processes such as stream flow and erosion shape the 
physical characteristics of a channel, within the constraints 
set by the landscape template. That is, the landscape  
template sets a limited range of conditions that might  
be expressed in each reach, and inter-annual variations  
in watershed-scale processes (e.g. erosion and runoff)  
determine stream flow and sediment supply to the reach. 
Channel characteristics are further modified by reach-
level processes such as sediment routing, flow routing  
and storage, channel migration, riparian processes, and 
instream biological processes (Table 2.1). These reach-scale 
processes then determine specific conditions that may  
be present at any point in time. We discuss each of these 
reach-scale processes separately in the following sections.

2.5.1  Riparian processes
Riparian vegetation communities are structured by two 
main processes: colonization and succession (Hughes 
1997). Colonization may result from germination of 
seedlings or by vegetative reproduction (sprouting  
from plant fragments), allowing riparian vegetation to 
become established on bars and developing floodplains. 
Reproduction by both riparian and aquatic plants is 
remarkably adapted to the disturbed river corridor  
environment (Karrenberg et al. 2002; Haslam 2006). 
For example, riparian willows (Salix spp.) and poplars 
(Populus spp.) produce enormous quantities of very 
small short-lived light seeds in spring and early summer. 
These seeds are dispersed widely by wind and water, 
ensuring that some fall on the exposed, moist, alluvial 
sediments required for germination (Karrenberg et al. 
2002). Once germinated, the seedlings require very  
particular conditions for survival which depend on the 
river’s flow regime (Rood et al. 2005). Specifically, they 
require a period without flood disturbance and a gradually 
falling alluvial water table, termed the ‘recruitment box’ 
by Mahoney & Rood (1998).

Vegetative fragments from these species essentially 
require the same conditions as seedlings for sprouting 
and establishment. However, vegetative fragments can  

In mountain headwater channels sediment supply is 
strongly reflected in channel form, as headwater channels 
are typically supply limited and have a high probability 
of exhibiting either cascade or bedrock morphologies, 
but periodic delivery of sediment may create localized 
alluvial reaches. In mid-network, temporal variability in 
sediment supply is dampened by bedload transport  
processes that attenuate and disperse sediment pulses 
(Benda & Dunne 1997b; Beechie et al. 2005b), and small 
channels adopt step-pool forms where cobble and 
boulder sorting creates steps or plane-bed forms where 
substrate is smaller and does not create distinct bedforms 
(Montgomery & Buffington 1997). Temporal variation in 
sediment supply is lowest in larger low-gradient streams 
and rivers as channels become transport-limited and 
pool-riffle or floodplain channels tend to dominate. 
Moreover, decreasing flow energy (scaled to channel width) 
allows aquatic and riparian plants to form increasingly 
important sediment retention structures (Gurnell et al. 
2005, 2010). In this zone the supply of sediment interacts 
with channel slope and size to determine channel form, 
with high-supply channels tending toward a braided 
pattern. Island-braided and meandering channels are a 
reflection of a decreasing channel slope, flow strength, 
and bedload supply (Schumm 1985; Church 2002; 
Gurnell et al. 2009).

2.4.3  Nutrients
Nutrient dynamics are governed by many watershed-
scale features and processes, including parent geology, 
landforms, precipitation and runoff, and vegetative cover. 
Parent geology influences land forms, such as depressions 
or ridges that control nutrient delivery pathways, as well 
as rates of weathering and concentrations of elements 
such as calcium and phosphorus. Areas with higher  
precipitation typically have faster weathering rates and 
faster rates of delivery of nutrients to the channel, and 
areas of higher erosion rates also tend to contribute 
greater nutrient supply to streams. Leaf-fall from riparian 
trees is a dominant process of nutrient delivery to streams 
in forested regions, and nitrogen-fixing species such as 
alder (Alnus spp.) can increase nitrogen concentrations 
in riparian soils and streams (e.g. Compton et al. 2003). 
A variety of factors influence uptake and release of nutrients 
from the landscape, including land cover type, presence 
of riparian wetlands, and algal dynamics. Land cover type 
influences the uptake and release rates of nutrients, with 
forest lands retaining nutrients, while natural wildfire  
can reduce the uptake of nutrients and increase rates  
of nutrient delivery to a stream channel (e.g. Nitschke 
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forests along these small, non-migrating channels are 
often structured by microtopography and variability in 
depth to the water table, frequency of flooding, or light 
availability. On larger rivers that migrate across their 
floodplains (i.e. braided, island-braided, and meandering 
channels), floodplain forests predominantly comprise 
colonizing species on braided channels, late successional 
species on straight channels, and a high diversity of both 
species and stand ages on meandering and island-braided 
channels (Beechie et al. 2006a; Naiman et al. 2010). These 
processes of colonization and succession also interact 
with stream characteristics and flow regimes to create 
variation in riparian characteristics among physiographic 
or climatic regions. For example, in regions with pre-
dominantly low-gradient streams, riparian areas may be 
dominated by wetland communities because riparian 
areas are persistently flooded or wet (Pollock et al. 1998) 
or streams in semi-arid or arid regions may be dominated 
by small woody species that are adapted to flashy streamflow 
patterns and episodic riparian disturbance regimes (e.g. 
Stromberg 2001).

Riparian processes and functions that affect stream 
ecosystems include root reinforcement of banks, wood 
supply to streams, sediment retention, leaf litter supply, 
and shading (Figure 2.10). Delivery and retention of  
seeds and vegetative propagules also eventually contribute 
to the physical processes of sediment trapping, root  
reinforcement and wood delivery. Indeed, two-way  
interactions between riparian vegetation and physical 
processes are increasingly being recognized as crucial to 
fluvial landform development, with vegetation becoming 
increasingly important along a gradient of decreasing 
fluvial disturbance (Corenblit et al. 2007; Perucca et al. 
2007). Furthermore, variability in the growth and vigor 
of riparian trees and shrubs can result in alternation in 
space and time between predominantly island-braided 
and bar-braided reaches (Bertoldi et al. 2011a, 2011b) 
or can contribute to transitions from meandering to 
braiding channel styles triggered by destructive floods 
(Smith 2004).

At the reach level, riparian processes influence channel 
form primarily through reinforcement of banks and  
bars by roots (Bertoldi et al. 2009), or – in low-energy 
channels – by reinforcement of the river bed by aquatic 
macrophytes, roots, and rhizomes (Liffen et al. 2011; 
Pollen-Bankhead et al. 2011). Bank reinforcement by roots 
influences channel planform primarily in depositional 
reaches (Figure 2.11), most notably by reducing or  
preventing lateral migration (Micheli & Kirchener 2002; 
Beechie et al. 2006a). Bank reinforcement often forces 

be produced and dispersed by floods at any time of  
the year and have larger internal resources to support 
sprouting and establishment. This mode of reproduc-
tion is therefore particularly well suited to harsh and 
frequently disturbed riparian environments. Rapid 
growth is also crucial for the survival of young riparian 
plants because plant size is the main factor contributing 
to their ability to survive fluvial disturbances of differing 
magnitudes (Corenblit et al. 2007; Gurnell et al. 2009). 
Growth rates of riparian trees are heavily dependent 
upon moisture supply (Gurnell & Petts 2006) and, as a 
result, there is complex interdependence between physi-
cal processes and colonization and succession of riparian 
vegetation.

Succession is the gradual transition from colonizing 
species to late successional species (Naiman et al. 2005) 
and, if succession proceeds without a stand-replacing  
disturbance, then pioneer stands gradually develop into 
mature vegetation communities (Gurnell et al. 2006a; 
Naiman et al. 2010). Succession may be a relatively simple 
transition from one or a few species to another or several 
other species, or it may include multiple species transitions. 
These transitions depend on seed dispersal distances, 
erosion and depositional processes, and flooding frequency 
and duration (e.g. Fastie 1995; and various examples in 
Naiman et al. 2005). In forests of the Pacific Northwest 
USA, for example, the common successional pathway 
progresses from pioneer willow species to red alder 
(Alnus rubra) or black cottonwood (Populus trichocarpa) 
and then to conifer species such as Sitka spruce (Picea 
sitchensis) and western hemlock (Tsuga heterophylla) 
(Naiman et al. 2010). However, some floodplain forest 
stands are eroded into the river before they reach the 
mature forest stage, while floodplain formation in other 
areas leads to colonization and succession of new stands 
that eventually become late-seral stands or may once 
again be eroded into the river during stand development 
(Hughes 1997; Naiman et al. 2010). The interplay of 
physical, hydrological, and successional processes therefore 
creates a patchwork of forest ages and successional states 
within the riparian zone (Gregory et al. 1991; Corenblit 
et al. 2007; Osterkamp & Hupp 2010).

When viewed at the landscape scale, these interactions 
between vegetation colonization and succession and fluvial 
processes lead to distinct, dynamic assemblages of plants 
and landforms along river systems. For example, coloni-
zation and succession processes lead to predominantly 
mature vegetation along headwater streams, with a relatively 
narrow fringe of young plants along the channel margins 
affected by flood disturbances (Agee 1988). Floodplain 
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landform development, as well as channel adjustments to 
discharge and sediment regimes (Gurnell et al. 2009). 
These processes can then alter the morphology of reaches 
by changing the spatial extent and biomass of colonizing 
vegetation, even among reaches where the discharge and 
sediment regimes are essentially the same (Bertoldi et al. 
2011b). Indeed some plants, particularly certain riparian 
tree and emergent aquatic macrophyte species, can 
perform the role of physical ecosystem engineers by trap-
ping plant propagules and sediment, thereby constructing 
physical habitats suitable for the germination and growth 
of other plant species (Kollmann et al. 1999; Gurnell 
et al. 2005, 2007; Francis et al. 2008).

While interactions between vegetation and channel 
morphology are generally greater in small streams,  
delivery of wood to channels can influence channel  

braided channels into single-thread or island-braided 
forms (Millar 2000) and, in the lowest energy reaches, 
reinforces sand and finer sediments to form channel-
margin benches that in turn induce erosion of the  
opposite banks and channel migration and curvature 
(Gurnell et al. 2006b; Bennett et al. 2008; Liffen et al. 
2011). Root reinforcement of banks is not restricted to 
forested environments, and occurs in most river environ-
ments ranging from wet meadows in semi-arid or desert 
environments to wetland systems to a variety of forested 
environments.

Sediment trapping by plants on bars and floodplains 
leads to aggradation of floodplain, bank, and bar surfaces, 
as does the delivery of wood to the channel (Naiman  
et al. 2010). Sediment trapping by plants and large wood 
can accelerate floodplain, river margin and in-channel 

Figure 2.10 (A) Schematic diagram of riparian functions, and photographs of (B) wood-formed pools and bank protection in the 
Pacific Northwest, USA (photo Tim Beechie), (C) shading of stream by deciduous trees in the western desert ecoregion, USA 
(photo Tim Beechie), and (D) sediment trapped by riparian tree seedlings in the Tagliamento River, Italy (photo Angela Gurnell).
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morphology throughout the river network. Wood can 
create alluvial reaches from bedrock reaches in headwater 
channels (Montgomery et al. 1996a), force formation 
of pools in mid-network channels (Montgomery et al. 
1995; Beechie & Sibley 1997; Montgomery & Buffington 
1997) and create floodplain hard points that force island 
formation and channel switching in large floodplain 
channels (Fetherston et al. 1995; Gurnell et al. 2001; 
Abbe & Montgomery 2003; Montgomery & Abbe 2006). 
Reach-level wood dynamics are perhaps most influential 
in floodplain reaches where lateral channel migration or 
avulsion erodes floodplain patches and recruits wood to the 
channel, and wood accumulations force island formation. 
Accumulations of wood also contribute to vegetation 
colonization and growth in floodplain reaches, which 
ultimately induces or accelerates landform development, 
helps initiate vegetation colonization, and supports creation 
of forest patches that are ultimately eroded and recruited 
as wood to the channel.

Riparian vegetation also shades streams and reduces 
summer stream temperatures in small streams, especially 
in densely forested environments. The main mechanism 
by which riparian forests reduce stream temperature is by 
blocking solar radiation (Moore et al. 2005), but reduced 
ambient air temperature beneath a forest canopy also has 
some effect on stream temperatures (Pollock et al. 2009). 
In non-forested areas, brush and grasses may have little 
effect on stream temperature, but still provide other  
ecosystem functions such as supply of organic matter, 
contributions of terrestrial invertebrates, and trapping 
fine sediments on the floodplain. In low-energy unshaded 
reaches, abundant aquatic vegetation can moderate 
summer stream temperatures, induce complex flow  
patterns, and trap fine sediments into discrete patches 
(Sand-Jensen 1998; Clarke 2002; Gurnell et al. 2006c, 
2007; Asaeda et al. 2010). Moreover, areas without canopy 
cover have increased photosynthetically active radiation 
which leads to increased primary (e.g. algae) and secondary 
productivity (Kiffney et al. 2003).

Finally, fluxes of allochthonous organic matter (e.g. 
leaf litter) and terrestrial invertebrates to streams are 
critical drivers of stream food webs. Small streams with 
closed canopies may have food webs that are driven by 
leaf litter inputs, with stream invertebrate communities 
dominated by shredders or filterers that feed on organic 
particulates. In many cases, organic matter input rates are 
higher in forested environments than in grasslands 
(Kawaguchi & Nakano 2001), but riparian functions of 
grasses and shrubs are nonetheless critical to the health 
of riverine ecosystems in drier environments.

Figure 2.11 Examples of root reinforcement of banks by (A) 
grasses and sedges in a desert ecosystem of Nevada, USA 
(photo Tim Beechie), (B) deciduous riparian trees along the 
Tagliamento River, Italy (photo Angela Gurnell), and (C) 
understory bamboo, Hokkaido, Japan (photo Tim Beechie).
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roughness such as bars, pools, or meander bends, and 
vegetation roughness such as macrophytes, trees, and 
roots. High-gradient mountain rivers typically have large 
bed particle sizes (boulders and cobbles) which creates 
substantial turbulence in the flow and significantly 
reduces velocity. In these channels vegetation and bed form 
roughness may be relatively small compared to the grain 
roughness. By contrast, in small low-gradient streams, 
bed form and vegetation roughness are often high relative 
to grain roughness because bed particle sizes are small 
compared to flow depth. Most of the flow resistance is 
therefore attributed to bed forms or vegetation. In large 
rivers, both grain roughness and vegetation roughness are 
typically low, and flow resistance is largely attributable  
to bed form roughness, channel meandering, or large 
accumulations of wood. A primary consequence of these 
patterns of roughness in river networks is that flow  
velocities at flood discharges tend to increase in the 
downstream direction (e.g. Leopold et al. 1964). In-channel 
roughness also contributes to habitat and biological 
diversity in both small and large channels, as local variation 
in depth and velocity contributes to nutrient retention, 
spawning and rearing habitat availability for fishes,  
and algal and invertebrate colonization and establishment. 
Sediment particle sorting also creates diverse habitats  
for benthic organisms (Gooderham et al. 2007).

2.5.2  Fluvial processes: Stream flow and 
flood storage

Stream flow and hydrologic regime exert strong influ-
ences on potential life history strategies and community 
structure of riparian and aquatic species and ecosystems 
(Figure 2.12) (Schlosser 1985; Allan 1995; Doyle et al. 
2005). At the reach scale, the five key attributes of stream 
flow (magnitude, frequency, duration, timing, and rate of 
change) influence a variety of physical and ecological 
functions in rivers and floodplains (Karr 1991; Bertoldi 
et al. 2009). For example, low- and high-flow magnitudes 
each influence a wide range of ecological processes 
including riparian vegetation establishment and mainte-
nance, development of floodplain habitats, formation of 
in-channel habitats, and structure of ecological commu-
nities (Poff et al. 1997; Richter et al. 2003; Beechie et al. 
2006b). Each of the five key flow attributes is controlled 
not only by the watershed-scale hydrologic processes 
described earlier, but also by two key processes affecting 
routing of flow through channels at the reach scale: flow 
resistance due to channel roughness and flood storage on 
floodplains.

Stream flow routing in channels is a function of channel 
size and channel ‘roughness’ which represents the degree 
to which flows are slowed due to grain roughness  
(bed particle size relative to flow depth), bed form  

Figure 2.12 Conceptual diagram illustrating flow attributes that characterize key environmental flow components, which in turn 
influence ecological functions of streams and rivers (based in part on Poff et al. 1997).
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rate or relative sediment supply) determines whether any 
individual reach is accumulating sediment, exporting 
sediment, or relatively stable. This supply-to-transport 
ratio is classically conceptualized by Lane’s balance  
which illustrates that sediment supply exceeding transport 
capacity results in bed aggradation, whereas sediment 
supply less than transport capacity results in bed  
degradation (Figure 2.13). Shifts in relative transport 
capacity can result from changes in sediment supply or 
stream flow. Increases in sediment supply (e.g. from 
increased landsliding) shift reaches to the oversupplied or 
aggrading state, whereas decreased sediment supply shifts 
reaches to the undersupplied or degrading state. By contrast, 
increases in stream flow can result in relative sediment 
supply shifting to the undersupplied state, while decreases 
in stream flow can result in oversupply. Such shifts in 
sediment supply or stream flow are usually short-term 
effects under natural conditions; longer-term changes  
in sediment supply or stream flow usually result from 
land uses or installation of dams, and are discussed in 
Section 2.6.1.

At a low relative sediment supply (i.e. when sediment 
supply is low or sediment transport capacity is high), the 
bed surface will be relatively coarse and the fine sediment 
content of stream bed gravels will be low (Dietrich et al. 
1989). As the ratio of sediment supply to transport capacity 
increases (i.e. the reach is increasingly oversupplied), 

Routing and storage in floodplain rivers differs from 
that of non-floodplain channels in that flood storage on 
the floodplain significantly attenuates many flood peaks. 
That is, over-bank flooding occupies areas of very high 
vegetation roughness, which slows flood waters and 
reduces flood flows in the main channel. The main effects 
of contiguous, intact floodplains on river flows is to 
reduce the downstream increase in flood discharge by 
‘storing’ water in floodplain ponds, lakes, and backwaters, 
as well as in shallow, slow floodplain flows. Ecologically, 
this floodplain storage creates a variety of lentic habitats, 
providing spawning and rearing areas, localized nutrient 
cycling, and opportunities for feeding on specific organisms 
(Junk et al. 1989). Each of these functions varies by flow 
regime, climate, and the degree of river floodplain  
interaction. For example, in tropical rivers with long 
flood pulses, fishes adapt to feeding in food-rich floodplain 
areas during floods that may last for several months  
each year. By contrast, rivers with short and unpredictable 
flood pulses allow little opportunity for adaptation, and 
fishes may use floodplain habitats as short-term refuge 
areas during floods.

2.5.3  Fluvial processes: Sediment 
transport and storage

The rate of sediment transport relative to the rate of  
sediment supply to a reach (termed the relative transport 

Figure 2.13 (A) The traditional sediment balance considers relative influences of sediment inputs and outputs. However, biological 
processes exert strong influences on the sediment balance in most natural river ecosystems, including (B) beaver dams that trap 
sediment and aggrade channels (Bridge Creek, western desert ecoregion, USA; photo Tim Beechie), and (C) wood debris in 
forested ecosystems that traps coarse gravels and creates alluvial reaches (Pacific Coastal Ecoregion, USA, based on Montgomery  
et al. 1996a).
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most years, semi-active sediment is stored for years to 
decades, and inactive sediment is stored from decades to 
centuries or millennia (Madej 1987). Sediment stored in 
the bed and bars is activated by bedload transport during 
moderate to large floods, whereas floodplain sediment is 
activated by bank erosion during floods. Rates of transfer 
between these storage components varies as a function  
of channel size, as well as channel pattern and lateral 
migration rate (Beechie et al. 2006a). Smaller channels 
have much less capacity to erode their banks, and therefore 
have very low bank erosion rates (at most a few centimeters 
per year) and low rates of exchange between the channel 
and floodplain. By contrast, large channels have greater 
capacity to erode their banks (migrating as much as tens 
of meters per year), and rates of floodplain turnover vary 
as a function of channel pattern. Floodplain turnover 
rates (the amount of time it would take to erode the 
entire floodplain once) can be less than a century  
for mountain rivers with high bedload supply, high 
migration rates, and narrower floodplains (Beechie et al. 
2006a). By contrast, turnover rates may be several  
centuries in large rivers dominated by fine sediment 
loads, in which lateral migration rates are low relative  
to the floodplain width and natural levees tend to form 
at the channel margins (Hughes 1997).

2.5.4  Channel and floodplain dynamics
Dynamic processes and continuous change are character-
istics of intact natural river ecosystems (Jungwirth et al. 
2002), and these dynamics create what has come to be 
known as the shifting habitat mosaic (Ward et al. 2002). 
In this shifting mosaic, some habitats are destroyed and 
others created each year, but the pattern and distribution 
of habitat types remains more or less constant through 
time (Ward et al. 2002; Beechie et al. 2006a). The most 
important processes that control these channel–
floodplain dynamics include lateral channel migration 
(which includes bank erosion and bar deposition), avul-
sion, channel switching, floodplain building, variations 
in river discharge, and biological influences such as wood 
accumulation and beaver dam building.

Lateral-channel migration encompasses bank erosion 
at the outer bank of meander bends and bar and flood-
plain deposition on the inner bank. The rate of lateral 
migration (i.e. the average amount of bank retreat per 
year) controls the patch turnover rate, which has been 
quantified either as the floodplain turnover rate or the 
erosion return interval (the average number of years a 
floodplain patch persists before being eroded again by the 
river) (Hughes 1997; Beechie et al. 2006a). In addition to 

increased fine sediment can be accommodated through 
fining of the bed surface, pool filling, channel aggrada-
tion, and finally channel widening (Lisle 1982; Madej 
1982; Dietrich et al. 1989; Madej & Ozaki 1996). Chan-
nels may also become laterally unstable (Bergstrom 1982; 
Church 1983), which hinders revegetation of unvegetated 
bars and floodplains. When sediment supply is reduced, 
channels tend to incise and narrow to pre-aggradation 
widths, the bed surface becomes armored as fine sedi-
ments are winnowed away, and pool depths recover 
within a few years (e.g. Lisle 1982; Pitlick & Thorne 1987; 
Beechie et al. 2005b).

An important – but often overlooked – control on 
sediment transport and storage is the role of biota in 
regulating sediment transport and bank erosion. For 
example, in low-gradient channels dominated by fine 
sediment carried in suspension, suspended sediment may 
be trapped by vegetation on floodplains or in the channel 
(e.g. shrubs, herbs and grasses, wetland vegetation,  
and aquatic macrophytes) or beaver dams (Pollock et al. 
2007; Beechie et al. 2008b; Gurnell et al. 2010). Both 
mechanisms reduce sediment transport capacity relative 
to sediment supply, and effectively shift the sediment 
balance to an oversupply state resulting in bed and  
floodplain aggradation (Figure 2.13). Similarly, dead wood 
in forest channels can reduce the transport of bedload 
sediment and shift channels to an oversupplied state, 
resulting in conversion of bedrock channels to alluvial 
channels or decreased grain size of the bed material 
(Montgomery et al. 1996a; Buffington & Montgomery 
1999a, 1999b). Finally, fishes, crayfish, and aquatic  
macro-invertebrates can all increase sediment mobility  
or stability through various mechanisms. For example, 
salmon winnow away fine sediment during spawning 
which increases the grain size and reduces sediment 
transport capacity (Montgomery et al. 1996b), and crayfish 
activity increases the export of sand and finer sediments 
(Statzner et al. 2000). By contrast, some macro-invertebrate 
species such as net-spinning caddisflies (e.g. the families 
Hydropsychidae and Stenopsychidae) increase the velocity 
required to initialize sediment movement when their 
larvae construct filtration nets in pore spaces of stream 
beds (Cardinale et al. 2004; Takao et al. 2006).

Exchange of sediment between the floodplain and 
channel is also an important process regulating sediment 
transfer through reaches. Madej (1987) identified three 
zones of sediment storage in gravel bed channels: (1) 
active storage, or the channel bed; (2) semi-active storage, 
or bars; and (3) inactive storage, or the floodplain. Active 
sediment storage refers to sediment that is transported in 
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these river–floodplain systems sustain a very high diver-
sity of riparian forests and aquatic habitat types (Ward  
et al. 2002; Naiman et al. 2010).

2.5.5  Organic matter transport and 
storage

The dynamics of organic matter transport and storage are 
influenced by channel structure and floodplain interac-
tions in much the same way as inorganic sediments. 
Particulate organic matter is a key basal resource in 
stream ecosystems, and its storage within a reach affects 
local ecosystem productivity. Larger particles can be 
trapped by large and small wood or between and under 
cobbles (Richardson et al. 2009), whereas smaller parti-
cles such as viable seeds settle in backwaters or are 
trapped by stands of aquatic and riparian vegetation 
(Gurnell et al. 2007, 2008). Generally, larger particles such 
as deciduous leaves and conifer needles are more easily 
trapped (Hoover et al. 2010). Increasing channel com-
plexity decreases the rate of transport of organic matter, 
allowing it to be processed and consumed within the 
reach (Negishi & Richardson 2003). Finally, fine organic 
particulates are trapped by filter-feeding organisms and 
processed through the food web.

2.5.6  Instream biological processes
A wide range of instream biological processes influences 
the structure and function of stream ecosystems, including 
habitat selection, feeding, competition, and predation. 
These processes are not completely independent of each 
other as access to food and avoidance of predators are 
often key influences on habitat selection, and habitat 
selection by one species may influence habitat selection 
by other species. While these processes influence the 
behavior of individuals, when viewed at larger scales  
(e.g. a stream reach) the collective behaviors of many 
species and individuals interact to structure biological 
communities, including the spatial arrangement of 
species and configuration of food webs. These biological 
processes are particularly important for aquatic insects, 
crustaceans, and fishes, which are motile species that 
control their movement and choice of habitats. Because 
migration and habitat selection allow species to move  
to suitable habitats, areas of high habitat diversity (e.g. 
boulder headwater streams, island-braided reaches, or 
tributary confluences) tend to have high species diversity 
when there are species available to occupy the available 
range of habitat types (Jackson et al. 2001; Kiffney et al. 
2006; Rice et al. 2006; Gooderham et al. 2007). The 
ability of organisms to freely exploit shifting habitats is 

lateral migration, other physical processes such as channel 
avulsion or channel switching create new mainstem 
channels and leave abandoned mainstem channels that 
gradually evolve into smaller side channels. Floodplain 
building is the gradual aggradation of floodplain surfaces 
by overbank deposition of fine sediments, which operates 
more slowly but also contributes to diversity of floodplain 
forests and aquatic habitats (see also Section 2.5.1).  
Biological processes of wood recruitment and accumulation 
in jams create hard points that initiate island formation, 
or protect portions of floodplains from erosion. Animals 
such as beaver (Caster spp.) are also important ecosystem 
engineers that modify floodplain morphology and habitats, 
creating important slow-water habitats used by a wide 
range of aquatic species across North America, Europe 
and Asia.

These geomorphic dynamics play out over decadal 
timescales and longer, creating a complex suite of habitats 
ranging from lentic to lotic, from pool- to riffle-
dominated, and from groundwater- to surface-water-fed. 
This habitat variability then drives variation in thermal 
and chemical habitat quality within floodplain reaches, 
which in turn contributes to high biological diversity 
(Poole et al. 2008). Set within this physically dynamic 
template is a hydrologic dynamic that operates on a 
timescale of days to months. The spatial extent, locations, 
and types of aquatic habitat vary as a function of river 
discharge, with the greatest spatial extent during floods 
and lowest spatial extent at low flows. Diversity and types 
of habitats vary substantially across the flow range, with 
flow depths and velocities generally increasing as dis-
charge increases, and the diversity of habitats usually 
increasing to a mid-range flow and then decreasing as 
discharge approaches flood stage (Tockner et al. 2001; 
Stanford et al. 2005).

In the absence of human alterations, floodplain rivers 
are resilient to natural fluctuations in driving processes 
(stream flow, sediment supply, and riparian functions) 
because their form and function are an outgrowth of 
long-term variation in those processes. Moreover, flood-
plain rivers buffer effects of short-term variation because 
extreme events in headwater tributaries are muted in 
larger rivers (e.g. Naiman et al. 1992; Gomi et al. 2002). 
For example, large sediment inputs from landslides are 
attenuated in large rivers where timing of tributary sedi-
ment pulses are out of phase and sediment inputs are 
often small relative to transport capacity. Hence, river 
floodplain ecosystems that are unmodified by human 
land uses tend to maintain relatively constant form and 
condition from year to year (Beechie et al. 2006a), yet 
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nated by shredders and collectors that feed on detritus. 
By contrast, invertebrate communities in streams with 
low leaf litter inputs and high light conditions may be 
dominated by grazers or scrapers that are adapted to 
feeding on benthic algae. In either of these environments, 
changes in amounts of litter or light reaching the stream 
have significant effects on instream processes. For example, 
we know through experiments that reductions in leaf 
litter inputs can restrict the productivity of stream food 
webs (Richardson 1991; Wallace et al. 1999), or reduced 
shading from riparian vegetation can increase the pro-
duction of algae in streams (Kiffney et al. 2003; Fanta 
et al. 2010). However, a substantial reduction of shade 
can lead to very high light conditions that divert nutrients 
to species that are less edible, such as blue-green algae. 
Finally, wood also provides a food resource to a number 
of invertebrates (Bondar et al. 2005; Coe et al. 2009) and 
reduction in wood amounts might reduce productivity 
of stream reaches.

Seasonal flow conditions and habitat heterogeneity 
also influence biological processes that affect population 
dynamics of stream organisms. Flow disturbance such as 
flooding causes changes in habitats, reductions in basal 
resources, and direct mortality of organisms, providing 
habitat opportunities for organisms with rapid life cycles 
and good colonizing ability (e.g. Wootton et al. 1996). 
Low-flow periods can also result in mortality of species 
incapable of responding on the appropriate timescales 
and succumbing to desiccation (McAuliffe 1984).  
Similarly, increases in fine sediment supply can shift 
invertebrate taxa toward burrowing species, which reduces 
food supply and growth rates for juvenile salmonids 
(Suttle et al. 2004).

Interactions between instream processes and riparian, 
sediment, and hydrologic influences can be quite complex, 
and in some cases may result in unexpected changes to 
stream ecosystems. For example, one important conse-
quence of complex interactions among instream processes 
is the trophic cascade, in which changes in productivity 
within one trophic level can influence trophic levels at 
least two steps away. For instance, in streams of coastal 
California, some winter floods can reduce or even elimi-
nate top predators – in this case, steelhead (Oncorhynchus 
mykiss) – with the effect that the small fish they feed on 
increase in numbers and reduce their invertebrate prey, 
leading to increases in algae. When steelhead are present 
in sufficient numbers they can reduce the numbers of 
small fish through predation, which releases the inverte-
brates who then consume most of the algae (Power 1990). 
In this example, changes at the top level (steelhead) can 

therefore essential to the full expression of potential 
species distributions and diversity in river ecosystems 
(McGarvey & Hughes 2008).

Fishes, crustaceans, and invertebrates select habitats 
for a variety of needs including access to food resources, 
refuge from strong currents or predators, or reproduction. 
Stream fishes feeding on drifting invertebrates usually 
occupy an area that provides cover from predators and 
relief from current (e.g. behind and under large wood or 
boulders), while at the same time offering a good view  
of food moving towards them in the water (e.g. Hughes 
1998). Similarly, many invertebrates require particular flow 
conditions to optimize food delivery in the water column, 
and rivers with high habitat diversity offer the largest 
range of functional flow conditions for invertebrates (e.g. 
Wetmore et al. 1990; Hart & Finelli 1999). In addition to 
habitat selection for resting and feeding requirements, 
many aquatic organisms also adjust their habitat selection 
to avoid predation. For instance, some aquatic insects 
such as black fly larvae (family Simuliidae) find a refuge 
from predation by flatworms (phylum Platyhelminthes) 
and other predators by selecting fast currents where their 
predators are unable to pursue them (Hart & Merz 1998). 
Fishes (especially small ones) often use complex hiding 
cover such as roots, wood jams, or aquatic macrophytes 
to avoid predators. By contrast, species such as crayfish 
move to shallow water as juveniles to avoid predation by 
fishes but, as they grow larger (and are too large for fish 
to eat them), these crayfish move to deeper water to avoid 
predation by birds and mammals (Englund & Krupa 
2000). Even the egg-laying behavior of many aquatic 
insects depends on having appropriate flow conditions 
and bed morphology with rocks protruding from the 
surface to allow adults to crawl under them (e.g. Lancaster 
et al. 2010). These same types of habitat requirements 
influence the distribution and the abundance of many 
stream organisms that require particular arrangements of 
physical habitats to secure food and find refuge from 
predators.

These instream biological processes vary with riparian 
conditions, stream flow, and habitat diversity, each of 
which can alter the availability of habitats and food 
resources and thereby alter food webs and community 
structure. For example, food webs in streams are based 
on two key basal resources: materials that enter from the 
riparian area (e.g. leaf litter, terrestrial invertebrates, and 
seeds) and primary production within streams (e.g. algae, 
mosses, rooted aquatic plants) (Richardson et al. 2010). 
In streams with high inputs of leaf litter, invertebrate 
communities at the base of the food web may be domi-
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Soil compaction by grazing and impervious surfaces in 
developed areas both decreases infiltration into soils and 
creates more rapid runoff to streams (Trimble & Mendel 
1995; Booth & Jackson 1997). Alterations to runoff  
processes that reduce stream flow are less common, but 
include afforestation (usually in areas that were previ-
ously deforested), creating terraces or berms to capture 
water on slopes and reduce runoff, and decreasing stream 
flows by dams and withdrawals (e.g. Richter et al. 1996; 
Donato 1998; Spinazola 1998).

Changes to sediment supply are caused by a variety  
of land uses including changes in mass wasting due to 
logging and road building (e.g. Sidle et al. 1985), or 
increased surface erosion after vegetation clearing, tilling 
and soil exposure in agricultural fields (e.g. Megahan  
et al. 1995; Trimble & Mendel 1995), increased surface 
erosion from unpaved road surfaces, and surface erosion 
and gullying after grazing (Trimble & Mendel 1995; 
Figure 2.15). Mass-wasting processes can be increased by 
three main mechanisms: (1) over-steepening of slopes  
by construction practices (e.g. forest roads, urban or  
residential development); (2) forest clearing and loss of 
root strength and soil cohesion; or (3) concentration  
of water through road ditches or impervious surfaces  
and subsequent increases in pore-water pressure in soils 
on steep slopes. Each of these mechanisms influences  
the three main hillslope attributes that influence landslide 
occurrence: steepness of the slope; soil cohesion;  
and amount of water in the soil. While each of these 
influences occurs at individual sites, measurable increases 
in sediment supply at the watershed scale result from  
the cumulative increase in number or size of slides in a 
watershed.

Surface erosion is increased primarily by clearing  
of vegetation or grazing practices. Many land uses  
contribute to vegetation clearing, including tilling of 
fields for agriculture, construction of unpaved roads  
for logging, and clearing of construction sites for urban 
or residential development (Megahan et al. 1995; Trimble 
& Mendel 1995). As with mass wasting each land use 
affects a small area within a watershed, but the cumulative 
effect of multiple actions at multiple sites results in 
increased fine sediment loading within a watershed. For 
example, a small area of logging roads within a watershed 
may not have a detectable effect on sediment supply at 
the watershed scale, but construction of many roads 
creates a large enough increase in sediment supply to 
have detectable effects on riverine habitats and biota  
(e.g. Reid et al. 1981). Similarly, tilling of large areas of 
agricultural land creates substantial increases in sediment 

influence food webs down to the algae and biofilm level, 
several trophic steps away through cascading effects.

2.6  Common alterations to watershed 
processes and functions

Humans alter riverine ecosystems through a wide range 
of direct and indirect pathways (Karr 2006). Direct  
pathways include activities such as modification of channels 
and habitats, removal of riparian and aquatic vegetation, 
changes to flow regimes, or introduction of non-native 
species. Indirect pathways include changes in land  
use that alter peak flows or sediment supply, generate 
pollutants, or introduce fertilizers that alter nutrient 
loading to streams. Both types of pathways influence  
biological endpoints via changes in habitat structure, 
stream flow, water quality, energy sources, or biological 
interactions (Karr 2006). We provide a brief summary  
of human alterations to watershed- and reach-scale  
processes to form a foundation for later chapters on 
analysis of watershed processes and identification and 
prioritization of necessary restoration actions (Table 2.2). 
We do not intend an exhaustive review of human influences 
on riverine ecosystems. Rather, we summarize common 
alterations that lead to riverine ecosystem degradation 
and are frequently addressed through watershed or river 
restoration actions.

2.6.1  Alteration of watershed-scale 
processes

Most alterations to watershed-scale processes (runoff, 
erosion, or nutrient delivery) fall into the category of 
indirect influences on riverine ecosystems because they are 
changed by land uses that are either far from the stream 
or widely distributed in a watershed. Runoff processes  
are altered through four common effects: (1) vegetation 
change or removal; (2) interception of subsurface flow 
and routing to streams (usually in road ditches); (3) soil 
compaction and decreased infiltration; and (4) creation of 
impervious surfaces (e.g. pavement, roof tops). Vegetation 
removal is particularly relevant in forested areas, where tree 
removal (logging or land conversion) reduces interception 
and evapotranspiration, which increases annual water 
yields and flood magnitudes in areas with transient snow 
packs (Harr 1986; Beschta et al. 2000; Figure 2.14). Roads 
cut into hillslopes intercept subsurface flow in the soil 
layer, routing it into ditches and rapidly to streams (Jones 
& Grant 1996). This rapid runoff increases flood flow 
responses to storm events, particularly in small watersheds. 



Table 2.2 Common alterations to watershed and river ecosystem processes.

Ecosystem  
feature

Process Common impacts

Watershed-scale processes
Sediment Surface erosion Increased surface erosion by tilling (cultivation), grazing, construction 

and use of unpaved roads, land development
Mass wasting Increased landslide rates by logging (reduced root strength) or road 

construction (failure of sidecast or crossing fills), impervious areas 
increase runoff and erosion rates

Soil creep Not commonly impacted by human activity
Water Interception Removal of vegetation (especially trees) reduces interception and 

increases amount of precipitation reaching the ground
Snow accumulation and melt Removal of conifer trees increases snow accumulation on the ground 

and increases melt rate through higher wind velocities
Surface runoff Soil compaction and creation of impervious surfaces (e.g. roofs, 

pavement) reduces infiltration, and increases runoff
Subsurface flow Excavation for roads or other construction intercepts water

Nutrients/
pollutants

Nutrient production Application of fertilizers to crops or lawns increases nutrient supply 
to rivers

Nutrient/pollutant delivery Vegetation removal increases nutrient delivery via surface runoff  
or subsurface flow

Trace metal production and 
delivery

Urbanization increases production of trace metals and other 
pollutants, and paved areas increase delivery to streams

Pesticide delivery Application of pesticides in urban, agriculture, and forested areas 
introduces alien substances to streams

Reach-scale processes
Sediment Transport and storage in channel Gravel mining or dredging, construction of dams, removal of beaver 

dams
Floodplain building Elimination of floodplain sediment deposition by dikes or levees

Water Routing and stream flow Alteration of flow regime by dams, abstraction for human uses
Flood storage Increased flood storage by dam construction, decreased flood storage 

by dike or levee construction
Riparian 

vegetation
Shading Removal of canopy trees
Root reinforcement of banks Mechanical removal of bank vegetation, grazing or trampling of bank 

vegetation by livestock
Wood supply Removal of large trees within the recruitment zone (equivalent to tree 

height)
Sediment retention Livestock grazing or trampling of vegetation that traps suspended 

sediment
Litter fall Removal of trees that provide leaf litter, needles and branches to 

streams
Channel and 

floodplain 
dynamics

Channel movement, floodplain 
turnover, floodplain channel 
formation

Bank armoring or levees prevent bank erosion and channel migration, 
dredging or channel incision may reduce connectivity between the 
channel and floodplain habitats

Pool formation by wood Wood removal from channels reduces frequency and depths of pools, 
dam construction can reduce supply of wood from upstream and 
reduce pool formation

Habitat formation by beaver dams Removal of beaver or beaver dams reduces area of pond habitats
Instream 

biological 
processes

Migration Dams and other blockages to fish migration alter species ranges and 
local community composition

Primary and secondary production Pesticides can reduce algae or invertebrate production

Direct manipulation of ecosystem features
Habitat 

diversity
Hydraulics and sediment transport Dredging and wood removal from river channels alters hydraulics and 

habitat formation, resulting in simplified habitats and communities
Species 

composition
Species interactions Addition or removal of species alters food webs and community 

composition
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Figure 2.14 Runoff processes are altered by (A) vegetation removal, (B) increased impervious surfaces areas in urban watersheds 
(modified from Booth et al. 2002), and (C) interception of subsurface flows and ditch routing to streams.

Figure 2.15 Erosion processes are altered by (A) tilling practices that remove vegetation and leave bare soils, (B) logging that 
reduces root strength and increases landslide rates, (C) channel incision and increased bank erosion, and (D) increased surface 
erosion from unpaved roads (photos Tim Beechie).
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effects (e.g. Clements et al. 2010). Many individual pol-
lutants are also bio-magnified up the food chain to 
higher-level predators, leading to high concentrations of 
pollutants in some stream fishes.

2.6.2  Alteration of reach-scale processes
Routing and storage of sediment and water through 
reaches are closely related, and are often affected by the 
same human actions. The most common and severe 
alteration is construction of dams, which interrupts 
downstream water, sediment, and organic matter transport, 
and alters the timing and magnitude of delivery of these 
resources to downstream reaches. In most cases, dams 
trap all but the finest of sediments (usually only clay-
sized particles remain in suspension through a reservoir) 
and, if sediment-transporting flows are not significantly 
reduced by the dam, downstream bed materials coarsen 
as mobile gravels are transported away and the channel 
may incise (Kondolf 1997). Decreases in sediment-
transporting flows can also result in reduced channel  
size and the floodplain may become heavily vegetated 
(Shafroth et al. 2002; Negishi et al. 2008). Reduction of 
low flows or intermediate flows alters seasonal habitat 
conditions, establishment or maintenance of riparian 
vegetation, habitat availability for aquatic biota, and  
survival of biota that migrate through heavily modified 
river systems (Kareiva et al. 2000; Poff et al. 2007; Richter & 
Thomas 2007). Stream flows are also altered by small-
scale diversions for irrigation or other consumptive uses, 
and have many of the same effects on habitats, riparian 
vegetation, and instream biota as large dams. For example, 
water abstraction directly impacts aquatic systems by 
reducing the amount of available habitat through reduced 
stream flow or degraded water quality, or indirectly by 
reducing the ability of a system to transport or route 
sediment. Finally, gravel extraction directly alters habitat 
conditions in river and reduces downstream gravel  
transport, thereby affecting aquatic biota and ecosystem 
processes (Kondolf 1997).

Bank armoring and levee construction are common 
channel engineering practices that limit channel migration 
and formation of floodplain channels, which reduces 
habitat and biological diversity in the main channel, side 
channels, and riparian ecosystems (Fischenich 2003). 
Levees dramatically alter floodplain habitats by eliminating 
flood flows, bank erosion, and access to habitats for 
aquatic biota. Effects of these changes include reduced 
habitat capacity for commercially important species 
(Beechie et al. 1994, 2001), and reduced diversity of 
floodplain-dependent species. Bank armoring primarily 

supply, whereas small land clearings may only have local-
ized effects if they are near a stream.

Nutrients (even limiting nutrients such as nitrogen 
and phosphorous) can effectively become pollutants at 
high concentrations. Agricultural runoff, waste process-
ing plants, urbanization, industrial waste, and other 
sources can result in elevated concentrations of nutrients, 
which in turn often lead to nuisance blooms of algae or 
rooted, aquatic plants (e.g. Hudon & Carignan 2008). 
Supply of nutrients to streams can also be altered by 
forest harvesting, which reduces the uptake of nutrients 
in the short term and leads to higher fluxes to streams via 
groundwater and surface water (Likens et al. 1970; Feller 
2005; Nitschke 2005). In agricultural or urban lands 
nutrients from fertilizers are transported to streams, 
especially during the non-growing season (Lowrance  
et al. 1985). Nutrients can be delivered to streams via 
surface runoff, subsurface flow, groundwater flow, and 
litter and soil inputs from certain nitrogen-fixing species, 
but use of vegetated buffer strips can reduce nutrient 
delivery to streams (Lowrance et al. 1984; Osborne & 
Kovacic 1993; Volk et al. 2003).

Most pollutants are simply alien to riverine environ-
ments, including pesticides, metals and other materials 
that are often increased by human activity. Pollutant 
sources can be either point source (e.g. urban wastewater 
treatment plants) or non-point sources (e.g. ditches, 
street runoff, groundwater). Moreover, pollutants can 
arrive from within a catchment (e.g. Kolpin et al. 2002; 
Kidd et al. 2007), travel long distances as airborne chemi-
cals such as pesticides, mercury, and particulates from 
combustion (e.g. Temme et al. 2007), or by a combination 
of transport mechanisms. For example, mercury may be 
aerially transported to forests from distant sources  
of combustion, and forest fire can lead to subsequent 
mobilization of mercury from forest soils and delivery  
to streams as a non-point-source pollutant (Kelly et al. 
2006). By contrast, point-source discharges of treated 
sewage or storm runoff can include a vast array of personal 
care and pharmaceutical compounds, from antibiotics 
and pesticides to livestock growth hormones, prescription 
drugs and even human birth control chemicals (Kolpin 
et al. 2002; Kidd et al. 2007). The addition of human-
derived caffeine to surface water as an effluent from 
wastewater treatment plants has even been used as a 
tracer for following other organic contaminants entering 
fresh water (Standley et al. 2000). Mining impacts 
can greatly increase the rates of acidification of water 
through oxidation of sulfur-dense rock, and elevate  
concentrations of heavy metals with many known health 
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et al. 2010). This habitat simplification eliminates or 
changes spawning and rearing habitats for fishes, as well 
as important wood or gravel substrates for primary and 
secondary production (e.g. algae and aquatic insect  
production) (Coe et al. 2009). Removal of beaver and 
beaver dams also simplifies channel structure, reduces 
sediment and organic matter retention, and may reduce 
floodplain habitat diversity for both riparian and aquatic 
species (Pollock et al. 2003). Finally, filling of wetlands 
and side-channels, usually during conversion of lands to 
agriculture or development, eliminates important habitats 
from the landscape and decreases habitat and biological 
capacity in river ecosystems (e.g. Beechie et al. 1994; 
Hohensinner et al. 2003).

The second common manipulation of river ecosystems 
is altering the spatial distribution of aquatic species by 
blocking fish migration or transplanting fishes, thereby 
altering species composition in watersheds or reaches 
(e.g. Pess et al. 2003). Removal of species from parts of 
the landscape through fishing, hatchery practices, or 
habitat modification (range reduction) can shift the 
abundance of species available in riverine ecosystems and 
the potential for dispersal to upstream and downstream 
reaches. Shifts in species abundances in turn can alter 
food webs and productivity of river ecosystems. For 
example, dams that block upriver migration of Pacific 
salmon reduce inputs of important nutrients and energy 
for aquatic and terrestrial food webs (e.g. Schindler et al. 
2003). Other intentional alterations include transport of 
species to areas outside their natural range to create sport 
fisheries, inadvertent transport of organisms such as 
zebra mussels (Dreissena polymorpha), and expansion of 
species ranges through habitat manipulation (range 
expansion or invasion) (e.g. Carlton 1992; Sanderson  
et al. 2009).

2.7  Process-based restoration

The concept of process-based river restoration has gained 
momentum in recent years, with many authors pressing 
for more holistic restoration efforts that better address 
root causes of ecosystem degradation and more cost-
effectively restore river ecosystems (Beechie & Bolton 
1999; Brierley et al. 2002; Wohl et al. 2005; Palmer & Allan 
2006; Kondolf et al. 2006). The aim of process-based 
restoration is to ‘re-establish normative rates and magni-
tudes of physical, chemical, and biological processes that 
create and sustain river and floodplain ecosystems’ 
(Beechie et al. 2010). Underlying this aim are two primary 

affects bank erosion and formation of floodplain habitats. 
While bank armoring has relatively little effect on flood 
flows, it reduces bank erosion, channel migration, and 
connectivity between the main channel and floodplain 
habitats. Bank armoring also alters habitat quantity  
and quality in main river channels, which may also  
have significant effects on mainstem biota (Fischenich 
2003).

Removal of riparian forests has a variety of effects on 
streams, including dramatically altering the amounts and 
sizes of wood in streams (e.g. Bilby & Ward 1991; Dahl-
ström & Nilsson 2004). Decreases in wood loading have 
profound effects on habitat structure, including reduc-
tion in number and sizes of pools, decreased sediment 
retention and increased gravel size, and altered organic 
matter transport and storage (Bilby 1981; Montgomery 
et al. 1995; Beechie & Sibley 1997; Buffington & Mont-
gomery 1999b). Grazing, vegetation management, and 
agricultural practices can lead to changes in channel 
width and form, as reductions in root strength can lead 
to increased bank erosion, channel widening, and conver-
sion of single-thread channels to braided channels (e.g. 
Sweeney et al. 2004; Zanoni et al. 2008). Removing ripar-
ian vegetation, especially to the bank, can also result in 
higher inflows of nutrients and pollutants to stream 
reaches (e.g. Correll 2005), or in changes to the amount 
and composition of leaf litter delivered to streams 
(Kiffney & Richardson 2010). Both of these effects can 
ultimately lead to changes in food web dynamics in 
streams.

2.6.3  Direct manipulation of ecosystem 
features

Most direct manipulations of river ecosystems are either 
physical manipulations of channels and floodplains  
or alterations of biota. The most common physical 
manipulation of river ecosystem features includes  
channel dredging and clearing of wood from channels, 
usually combined with construction of levees or bank 
revetments that eliminate river–floodplain interactions 
(e.g. Collins et al. 2002; Hohensinner et al. 2003). This 
direct manipulation of habitat features shifts the relative 
proportions of specific habitat types and reduces habitat 
diversity through simplification of the channel cross-section, 
removal of channel roughness, and removal of complex 
hiding cover for fishes and other biota. Where habitat 
heterogeneity from boulders contributes to the trapping 
and retention of organic matter (Negishi & Richardson 
2003), channel simplification and channelization can  
significantly diminish organic matter storage (Rosenfeld 
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sustained and built structures are not overwhelmed by 
unrepaired processes (Beechie & Bolton 1999). Because 
channel and riparian conditions in each reach of a river 
network are expressions of processes operating at multi-
ple scales, restoration actions will not lead to long-term 
improvements unless they are designed to correct the 
ultimate and proximate causes of degradation (i.e. the 
disrupted driving processes) and to redirect channel and 
habitat conditions toward the local physical and biologi-
cal potential (Brierley et al. 2002). Analyses that help 
identify disruptions to driving processes will therefore 
help restoration planners identify appropriate restoration 
actions, and also help describe expected physical or bio-
logical conditions in a restored system (Chapter 3).

The second principle guides restoration designs and 
techniques to be consistent with local physical and bio-
logical potential, which is controlled by the landscape 
template as well as watershed processes (Kern 1992). Here 
we stress that ‘local potential’ does not necessarily mean 
‘natural potential’. Where aiming to return segments of 
rivers to natural or near-natural conditions is possible, 
adopting those conditions as targets will likely lead to the 
most effective restoration actions. However, where certain 
human constraints will not be removed (e.g. a large dam 
or a city on the floodplain), the definition of local poten-
tial must acknowledge those constraints. For example, 
floodplain restoration actions should consider sediment 
supply and lateral migration rates, which are functions of 
both watershed-scale and reach-scale processes. If flood-
plain restoration actions are designed for a river with 
relatively high sediment supply and high lateral migra-
tion rates, projects should be designed to accommodate 
channel movement and annual restructuring of some 
parts of the floodplain. By contrast, if a floodplain resto-
ration action is downstream of a dam that is unlikely to 
be removed in the near future, then the local potential is 
one of very low sediment supply and low lateral migra-
tion rate. In this case, the restoration action should be 
designed with a stable channel in mind (the local poten-
tial for the foreseeable future), even though the natural 
potential might have been one of high sediment supply 
and a mobile channel.

The third principle (matching the scale of restoration 
to the scale of environmental problems) is intended to 
foster recognition of the scales of physical and biological 
processes that must be addressed (Brierley et al. 2002; 
Hughes et al. 2005). The conventional focus of watershed 
and river restoration has been on small actions in small 
streams (Bernhardt et al. 2005), but restoration efforts in 
the past decade have progressively increased in both scale 

needs: (1) to ensure that restoration plans and actions 
address root causes of degradation rather than symp-
toms; and (2) to support sustainable restoration that does 
not require repeated maintenance or intervention to 
achieve restoration objectives. While complete restora-
tion of processes is not always possible, it is important to 
recognize this as a goal during restoration planning and 
implementation. A focus on restoring processes to the 
fullest extent possible will guide restoration actions 
toward those that are most likely to succeed, and ulti-
mately reduce restoration costs over the long term. 
However, where socio-economic constraints limit resto-
ration actions to habitat improvement or construction, 
incorporating a process understanding into the design of 
individual restoration plans is also critical to improving 
the effectiveness of river restoration efforts. That is, 
design of effective restoration requires a clear under-
standing processes such as sediment transport, channel 
migration, or riparian functions, even where those pro-
cesses have been altered by human activities. We argue 
that process-based restoration will improve our ability to 
effectively restore important physical and ecological 
functions of rivers, and maintain or restore the important 
ecosystem services which they provide. In this section we 
summarize a set of process-based principles to guide res-
toration efforts, and briefly illustrate the application of 
the approach with an example.

2.7.1  Process-based principles for 
restoration

Process-based restoration is guided by four basic princi-
ples (Beechie et al. 2010):
1. target root causes of habitat and ecosystem change;
2. tailor restoration actions to local potential;
3. match the scale of restoration to the scale of physical 
and biological processes; and
4. clearly define expected outcomes, including recovery 
time.
The purposes of these principles are to ensure that  
restoration actions are effective over the long term, and 
to allow river ecosystems to respond to future climate 
change or other stochastic processes without continual 
human intervention. Such actions also accommodate 
natural spatial variation in habitat and ecosystem 
attributes and functions, as well as annual variation in 
storms and floods that are important to the creation and 
maintenance of habitat structure in river ecosystems.

Each of the four principles has a specific purpose in 
guiding effective restoration. The core principle is to 
address root causes of degradation so that restoration is 



Watershed Processes, Human Impacts, and Process-based Restoration    37

functions as formation and erosion of floodplain features 
(large floods), wood recruitment and habitat formation 
(channel-forming floods), and maintenance of aquatic 
organisms (low flows) (Poff et al. 2007), while still retain-
ing water for irrigation or power generation. Ultimately 
such restoration approaches aim to restore dynamic and 
self-sustaining river ecosystems, thereby reducing resto-
ration costs over the long term.

2.7.2  Applying the principles to 
restoration

Complete restoration of watershed and riverine processes 
is rarely possible, so river restoration employs a suite of 
strategies ranging from fully restoring processes to habitat 
creation efforts that artificially construct or modify 
habitat features as a substitute for natural functions.  
As discussed in Chapter 1, most restoration actions  
fall into one of three classes: (1) full restoration of pro-
cesses (restoration); (2) partial restoration of processes 
(rehabilitation); and (3) habitat creation or improvement 
(enhancement) (Beechie et al. 2010). Full restoration 
actions restore habitat-forming processes, partial restora-
tion actions restore selected ecosystem processes and 
functions, and habitat creation or improvement actions 
are focused on building habitat rather than addressing 
the root causes of degradation (Cairns 1988). Each of 
these types of actions has different benefits and longevity, 
yet in each case the process-based principles can be 
applied to help identify actions with highest likelihoods 
of success and sustainability given the surrounding con-
straints. Full and partial process restoration actions can 
use all four of the process-based principles to guide 
actions toward success and sustainability. By contrast, 
habitat creation, such as excavating a side channel,  
does not address the causal mechanism of degradation 
(Principle 1). Nevertheless, the remaining principles can 
be applied to ensure that actions are suited to the site 
potential (Principle 2), at an appropriate scale (Principle 
3), and have clearly stated expected outcomes including 
recovery time and longevity (Principle 4).

To illustrate application of the principles to the  
three types of restoration actions, we describe a suite of 
restoration options to restore a 15-km lowland reach of the 
Kiso River, Central Japan (catchment area of 5275 km2). 
In this reach, past gravel extraction and reduction of  
sediment supply by dam construction have caused an 
average incision of 3 m (up to 20 m at maximum). As a 
result, this historically braided and meandering part of 
the Kiso River has narrowed, floodplain surfaces are less 
frequently inundated and have become heavily vegetated, 

and scope. Moreover, many years of emphasis on water-
shed analyses in river management planning have shown 
that watershed-scale problems require watershed-scale 
solutions, whereas reach-scale problems can be addressed 
locally. Hence, the third principle guides restoration plan-
ners to explicitly identify the correct scale for restoration, 
and to press for restoration actions that are of sufficient 
magnitude to successfully restore or rehabilitate river 
ecosystems.

The fourth principle guides restoration planners to set 
realistic expectations for both the restoration outcome 
and the time required to achieve that outcome (Beechie 
et al. 2000; Brierley et al. 2002; Pollock et al. 2007). In part 
this principle has the aim of forcing recognition that 
many restoration actions have limited benefit or long 
recovery time, whereas other projects have large benefits 
or short recovery time. Acknowledging realistic predicted 
outcomes for restoration actions serves the purpose of 
maintaining appropriate expectations for the magnitude 
and pace of ecosystem recovery. These predictions help 
avoid giving policy makers, funders, and managers a false 
expectation of dramatic and rapid ecosystem recovery in 
cases where that is unlikely. An important feature of these 
expected outcomes is that they are typically described  
as ranges of potential outcomes rather than fixed 
attributes (e.g. Beechie et al. 2008b). Quantifying the 
range of expected outcomes and the recovery time frame 
for restoration actions is critical for estimating how much 
restoration is needed for ecosystem recovery, for under-
standing lag times between action implementation and 
ecosystem recovery, and for designing monitoring pro-
grams that evaluate the effectiveness of actions relative to 
stated targets.

Together these four principles aim to restore the 
dynamics of rivers, guide the design of restoration actions 
to restore process regimes rather than states, and produce 
variability in conditions rather than uniformity (Brierley 
et al. 2002; Beechie et al. 2010). For example, most actions 
intended to restore processes will remove human  
influences on those processes (e.g. levee removal to allow 
channel migration, or removal of dams to restore  
movement of water, sediment, and biota), allowing 
natural variation in processes to drive habitat formation 
and ecosystem function. By contrast, actions that partially 
restore processes do not fully remove human influences, 
but attempt to restore key attributes of natural processes. 
For example, restoration of environmental flows in a 
regulated river aims to restore a range of flood flows  
to low flows that mimic components of the natural 
hydrologic regime. These diverse flow targets restore such 
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floodplain ponds is key to the successful restoration of 
target floodplain-dependent species (Negishi et al. 2012).

Restoration actions that achieve this objective may fall 
into any of the three restoration categories (Figure 2.17). 
The simplest and quickest option is a habitat creation 
strategy that relies on the removal of riparian vegetation 
and dredging organic matter from ponds to prevent 
organic matter accumulation and hypoxia from occur-
ring. This action does not address the loss of sediment 
supply but addresses the local mechanisms causing 

and floodplain pond habitat for endangered fauna 
including freshwater unionoid mussels has been degraded 
(Negishi et al. 2008, 2010; Figure 2.16). Extensive growth 
of riparian vegetation provides large inputs of organic 
matter into floodplain ponds, and the decreased inundation 
frequency reduces organic matter flushing (Negishi  
et al. 2012). Consequently, the major habitat impairment 
is the frequent occurrence of hypoxia, especially during 
summer periods. It is now recognized that restoring  
processes that will reduce the occurrence of hypoxia in 

Figure 2.16 Ground-based photographs of (A) the incised reach of the Kiso River, Japan prior to incision in 1983 (photo Chubu 
Regional Bureau), and (B) after incision in 2007 (photo Junjiro Negishi). (C) Oblique aerial photograph showing the same area in 
2008 with floodplain water bodies that experience frequent hypoxia due to increased organic matter inputs and reduced flushing 
(photo Chubu Regional Bureau). Note that what was once an extensive sand bar has become densely vegetated over the 25-year 
period.
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In many cases a combination of approaches may be 
used in restoration, especially in cases where short-term 
manipulations (habitat improvement) can be combined 
with long-term process restoration (full or partial process 
restoration). For example, in streams where wood abun-
dance and habitat structure have been degraded by loss 
of riparian forests, wood placement can help achieve 
short-term improvements in habitat while riparian res-
toration aims to correct the root cause of the problem 
and eventually restore the source of wood to the system. 
The habitat improvement effort by itself cannot address 
the root cause of the problem, and the process restoration 
will take several decades to realize any change in wood 
recruitment (although root strength and shade functions 
are often achieved in a very short period of time). In 
other cases, process restoration achieves an immediate 
and long-lasting benefit (e.g. the removal of a migration 
blockage for anadromous fish or restoring stream flows 
during summer), and in those cases habitat improvement 
efforts will not help address either the symptom or the 
root cause of degradation. Therefore, a focus on restoring 

hypoxia, is at an appropriate scale, and recognizes that 
the expected benefits are temporary and will require con-
tinued intervention (following Principles 2–4). The 
second strategy would lower the floodplain elevation by 
excavation, thereby increasing inundation frequency to 
impede vegetation growth, reduce organic matter inputs, 
and increase flushing flows. While this option is akin to 
habitat creation in some respects (excavating the flood-
plain), the action restores floodplain connectivity and 
flooding processes, which should produce a more sus-
tained reduction of organic matter inputs and increased 
flushing flows. Finally, the third strategy of restoring the 
sediment supply (the primary impaired process) should 
result in aggradation of the channel over the long-term, 
and ultimately restore floodplain connectivity and a more 
natural floodplain inundation frequency. This alternative 
follows all four principles by addressing the root cause of 
the problem, addressing the problem at an appropriate 
scale, matching the project to local potential, and recog-
nizing that the response will be delayed but sustained 
over the longest time frame.

Figure 2.17 Illustration of three restoration alternatives for the lower Kiso River, Japan, showing shifts in expected benefits, 
sustainability, response time, and socio-economic constraints among the alternatives.
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processes, including routing of sediment and water, 
river–floodplain interactions, riparian processes, and 
instream biological processes control ecosystem condi-
tions at the reach level. Human impacts to these processes 
include both indirect and direct effects on habitats and 
ecological systems. Indirect effects are those that affect 
processes away from the stream, such as land-use effects 
on erosion or runoff processes that ultimately affect 
stream flow or sediment supply, or riparian vegetation 
impacts that affect stream temperature or wood and 
nutrient supply. Direct manipulations of river channels 
and biota include impacts such as dredging or channel 
control structures, or directs effects on biota such as 
fishing, hatchery practices, and stocking of non-native 
species.

Successful river ecosystem restoration is rooted in a 
clear understanding of linkages between causes of habitat 
change and the resultant effects of habitat change on 
biota and ecosystem processes. These cause-effect link-
ages are the foundation of process-based restoration, 
which aims to restore watershed and river processes that 
drive ecosystem functions and features. Process-based 
restoration is guided by four fundamental principles, 
including targeting root causes of habitat and ecosystem 
change, tailoring restoration actions to local potential, 
matching the scale of restoration to the scale of physical 
and biological processes, and explicitly stating expected 
outcomes. The purpose of these principles is to guide 
river restoration toward actions that require minimal 
maintenance and create a resilient river system that 
adapts to future perturbations such as climate change. 
These principles also help define the needs of watershed 
assessments (Chapter 3), inform how restoration actions 
should be identified and prioritized (Chapters 3, 5 and 
6), support development and design of restoration 
projects (Chapter 7), and guide the development of mon-
itoring plans that track success or failure of projects 
(Chapter 8).

2.9  References

Abbe, T.B. & Montgomery, D.R. (2003) Patterns and pro-
cesses of wood debris accumulation in the Queets 
River basin, Washington. Geomorphology 51, 81–107.

Agee, J.K. (1988) Successional dynamics in forest riparian 
zones. In: Raedeke, K.J. (ed.) Streamside Management: 
Riparian Wildlife and Forestry Interactions. College of 
Forest Resources, University of Washington, Seattle, 
Washington, pp. 31–43.

the key degraded process is usually necessary to achieve 
both short- and long-term benefits.

Where land-use constraints limit restoration opportu-
nities, restoration actions are often limited in scope  
by infrastructure or altered processes that will not be 
corrected in the foreseeable future. Nevertheless, such 
actions can be designed in the context of the process-
based principles to improve restoration effectiveness and 
longevity. While the first principle may not apply (i.e.  
it may not be possible to address the root cause of  
degradation), the remaining principles guide restoration 
or habitat creation actions to be: (1) consistent with local 
physical and biological potential (which is altered by 
human constraints); (2) at an appropriate and correct 
scale for the location and problem; and (3) reasonably 
limited in expectations for the restoration outcome 
(Beechie et al. 2010). For example, in the Trinity River in 
California, USA, the Lewiston dam has dramatically 
reduced sediment supply, stream flow, and river dynamics 
and restoration actions are planned and designed to 
match this constrained potential (US Fish and Wildlife 
Service & Hoopa Valley Tribe 1999; McBain & Trush,  
Inc. 2007). That is, the dam is treated as a constraint on 
restoration potential, and restoration designs are based 
on the recognition that the future Trinity River below the 
dam will be smaller and less mobile than the historical 
channel (e.g. Trush et al. 2000). Moreover, floodplain 
channels that might have existed prior to the dam are 
unlikely to form with reduced sediment supply and 
stream flow. The restoration plan therefore includes a 
combination of actions that build floodplain habitats 
(habitat creation) and partially restore sediment supply 
and stream flow (partial process restoration actions) (US 
Fish and Wildlife Service & Hoopa Valley Tribe 1999).

2.8  Summary

Processes that control river ecosystems are hierarchically 
nested, both spatially and temporally. Long-term geo-
logic, tectonic, and climatic processes create the landscape 
template that controls the structure of river networks and 
valley forms, which are generally immutable over human 
time frames. The landscape template sets limits on the 
types of habitats and process rates that are expressed in 
river reaches, but watershed- and reach-scale processes 
control conditions at any point in time. Runoff and 
erosion processes control stream flow and sediment 
supply, while nutrient supply processes control primary 
productivity at the base of the food web. Reach-scale  



Watershed Processes, Human Impacts, and Process-based Restoration    41

Beechie, T.J., Ruckelshaus M., Buhle E., Fullerton A. & 
Holsinger, L. (2006b) Hydrologic regime and the con-
servation of salmon life history diversity. Biological 
Conservation 130, 560–572.

Beechie, T.J., Moir, H. & Pess, G. (2008a) Hierarchical 
physical controls on salmonid spawning location and 
timing. In: Sear, D. & De Vries, P. (eds) Salmonid 
Spawning Habitat in Rivers: Physical Controls, Biologi-
cal Responses, and Approaches to Remediation. American 
Fisheries Society, Symposium 65, Bethesda, Maryland, 
pp. 83–102.

Beechie, T.J., Pollock, M.M. & Baker, S. (2008b) Channel 
incision, evolution and potential recovery in the Walla 
Walla and Tucannon River basins, northwestern USA. 
Earth Surface Processes and Landforms 33, 784–800.

Beechie, T.J., Pess, G.R., Pollock, M.M., Ruckelshaus, 
M.H. & Roni, P. (2009) Chapter 33: Restoring rivers in 
the 21st century: science challenges in a management 
context. In: Beamish, R.J. & Rothschild, B.J. (eds) The 
Future of Fisheries Science in North America, Springer, 
Heidelberg, pp. 695–716.

Beechie, T.J., Sear, D., Olden, J., Pess, G.R., Buffington, J., 
Moir, H., Roni, P. & Pollock, M.M. (2010) Process-
based principles for restoring river ecosystems.  
BioScience 60, 209–222.

Bekker, M.F. (2005) Positive feedback between tree estab-
lishment and patterns of subalpine forest advancement, 
Glacier National Park, Montana, USA. Arctic, Antarctic, 
and Alpine Research 37, 97–107.

Benda, L. & Dunne, T. (1997a) Stochastic forcing of sedi-
ment supply to channel networks from landsliding and 
debris flow. Water Resources Research 33, 2865–2880.

Benda, L. & Dunne, T. (1997b) Stochastic forcing of sedi-
ment routing and storage in channel networks. Water 
Resources Research 33(12), 2849–2863.

Benda, L., Beechie, T.J., Wissmar, R.C. & Johnson, A. 
(1992) Morphology and evolution of salmonid habi-
tats in a recently deglaciated river basin, Washington 
State, USA. Canadian Journal of Fisheries and Aquatic 
Sciences 49, 1246–1256.

Benda, L., Poff, L., Miller, D. et al. (2004) The network 
dynamics hypothesis: how channel networks structure 
riverine habitats. BioScience 54, 413–427.

Bennett, K.D. (1986) The rate of spread and population 
increase of forest trees during the postglacial. Philo-
sophical Transactions of the Royal Society B 314, 523–531.

Bennett, S.J., Wu, W., Alonso, C.V. & Wang, S.S.Y. (2008) 
Modeling fluvial response to in-stream woody vegeta-
tion: implications for stream corridor restoration. 
Earth Surface Processes and Landforms 33, 890–909.

Allan, J.D. (1995) Stream Ecology: Structure and Function 
of Running Waters. Chapman & Hall, New York, New 
York.

Allan, J.D. (2004) Landscapes and riverscapes: the influ-
ence of land use on stream ecosystems. Annual Review 
of Ecology, Evolution and Systematics 35, 257–284.

Asaeda, T., Rajapakse, L. & Kanoh, M. (2010) Fine sedi-
ment retention as affected by annual shoot collapse: 
Sparganium erectum as an ecosystem engineer in a 
lowland stream. River Research and Applications 26, 
1153–1169.

Beechie, T.J. & Sibley, T.H. (1997) Relationships between 
channel characteristics, woody debris, and fish habitat 
in northwestern Washington streams. Transactions of 
the American Fisheries Society 126, 217–229.

Beechie, T. & Bolton, S. (1999) An approach to restoring 
salmonid habitat-forming processes in Pacific North-
west watersheds. Fisheries 24, 6–15.

Beechie, T., Beamer, E. & Wasserman, L. (1994) Estimat-
ing coho salmon rearing habitat and smolt production 
losses in a large river basin, and implications for habitat 
restoration. North American Journal of Fisheries Man-
agement 14, 797–811.

Beechie, T.J., Pess, G., Kennard, P., Bilby, R.E. & Bolton, 
S. (2000) Modeling recovery rates and pathways for 
woody debris recruitment in northwestern Washing-
ton streams. North American Journal of Fisheries 
Management 20, 436–452.

Beechie, T.J., Collins B.D. & Pess, G.R. (2001) Holocene 
and recent geomorphic processes, land use and salmo-
nid habitat in two north Puget Sound river basins. In: 
Dorava, J.B., Montgomery, D.R., Fitzpatrick, F. & 
Palcsak, B. (eds) Geomorphic Processes and Riverine 
Habitat. Water Science and Application Volume 4, 
American Geophysical Union, Washington DC, pp. 
37–54.

Beechie, T.J., Liermann, M., Beamer, E.M. & Henderson, 
R. (2005a) A classification of habitat types in a large 
river and their use by juvenile salmonids. Transactions 
of the American Fisheries Society 134, 717–729.

Beechie, T.J., Veldhuisen, C.N., Schuett-Hames, D.E., 
DeVries, P., Conrad, R.H. & Beamer, E.M. (2005b) 
Monitoring treatments to reduce sediment and hydro-
logic effects from roads. In: Roni, P. (ed.) Methods for 
Monitoring Stream and Watershed Restoration. Ameri-
can Fisheries Society, Bethesda, Maryland, pp. 35–65.

Beechie, T.J., Liermann, M., Pollock, M.M., Baker, S. & 
Davies, J. (2006a) Channel pattern and river-floodplain 
dynamics in forested mountain river systems. Geomor-
phology 78(1–2), 124–141.



42    Stream and Watershed Restoration

detention, and the limits of mitigation. Water Resources 
Bulletin 33, 1077–1090.

Booth, D.B., Hartley, D. & Jackson, C.R. (2002) Forest 
cover, impervious-surface area, and the mitigation of 
stormwater impacts. Journal of the American Water 
Resources Association 38, 835–845.

Bradford, J.M. & Huang, C. (1994) Inter-rill erosion as 
affected by tillage and residue cover. Soil and Tillage 
Research 31, 353–361.

Brierley, G.J. & Fryirs, K.A. (2005) Geomorphology and 
River Management: Application of the River Styles Frame-
work. Blackwell Publishing, Oxford, United Kingdom.

Brierley, G.J., Fryirs, K., Outhet, D. & Massey, C. (2002) 
Application of the River Styles framework as a basis for 
river management in New South Wales, Australia. 
Journal of Applied Geography 22, 91–122.

Brown, A.G., Cooper, L., Salisbury, C.R. & Smith, D.N. 
(2001) Late Holocene channel changes of the Middle 
Trent: channel response to a thousand-year flood 
record. Geomorphology 39(1–2), 69–82.

Buffington, J.M. & Montgomery, D.R. (1999a) Effects of 
sediment supply on surface textures of gravel-bed 
rivers. Water Resources Research 35, 3523–3530.

Buffington, J.M. & Montgomery, D.R. (1999b) Effects of 
hydraulic roughness on surface textures of gravel-bed 
rivers. Water Resources Research 35, 3507–3521.

Cairns, J., Jr. (1988) Restoration and the alternative: a 
research strategy. Restoration and Management Notes 6, 
65–67.

Cardinale, B.J., Gelmann, E.R. & Palmer, M.A. (2004) Net 
spinning caddisflies as stream ecosystem engineers: the 
influence of Hydropsyche on benthic substrate stability. 
Functional Ecology 18, 381–387.

Carlton, J.T. (1992) Introduced marine and estuarine 
mollusks of North America: an end-of-the-20th- 
century perspective. Journal of Shellfish Research, 11, 
489–505.

Church, M. (1983) Pattern of instability in a wandering 
gravel bed channel. Special Publications of the Interna-
tional Association of Sedimentologists 6, 169–180.

Church, M. (2002) Geomorphic thresholds in riverine 
landscapes. Freshwater Biology 47, 541–557.

Clarke, S.J. (2002) Vegetation growth in rivers: influences 
upon sediment and nutrient dynamics. Progress in 
Physical Geography 26, 159–172.

Clements, W.H., Vieira, N.K.M. & Church, S.E. (2010) 
Quantifying restoration success and recovery in a 
metal-polluted stream: a 17-year assessment of physi-
cochemical and biological responses. Journal of Applied 
Ecology 47, 899–910.

Bergstrom, F.W. (1982) Episodic behavior in badlands: its 
effects on channel morphology and sediment yields. 
In: Swanson, F.J., Janda, E.J., Dunne, T. & Swanson, 
D.N. (eds) Sediment Budgets and Routing in Forested 
Drainage Basins. General Technical Report PNW-141. 
United States Department of Agriculture Forest 
Service, Portland, Oregon, pp. 59–66.

Bernhardt, E.S., Palmer, M.A., Allan, J.D. et al. (2005) 
Synthesizing U.S. river restoration efforts. Science 308, 
636–637.

Bertoldi, W., Gurnell, A.M., Surian, N. et al. (2009) 
Understanding reference processes: linkages between 
river flows, sediment dynamics and vegetated land-
forms along the Tagliamento River, Italy. River Research 
and Applications 25, 501–516.

Bertoldi, W., Drake, N.A. & Gurnell, A.M. (2011a) Inter-
actions between river flows and colonizing vegetation 
on a braided river: exploring spatial and temporal 
dynamics in vegetation cover using satellite data. Earth 
Surface Processes and Landforms 36, 1474–1486.

Bertoldi, W., Gurnell, A.M. & Drake, N.A. (2011b) The 
topographic signature of vegetation development 
along a braided river: results of a combined analysis of 
airborne LiDAR, colour air photographs and ground 
measurements. Water Resources Research 47, W06525, 
doi:10.1029/2010WR010319.

Beschta, R.L., Pyles, M.R., Skaugset, A.E. & Surfleet, C.G. 
(2000) Peakflow response to forest practices in the 
western Cascades of Oregon, U.S.A. Journal of Hydrol-
ogy 233, 102–120.

Bilby, R.E. (1981) Role of organic debris dams in regulat-
ing the export of dissolved and particulate matter from 
a forested watershed. Ecology 62, 1234–1243.

Bilby, R.E. & Ward, J.W. (1991). Characteristics and func-
tion of large woody debris in streams draining 
old-growth, clear-cut, and second-growth forests in 
southwestern Washington. Canadian Journal of Fisher-
ies and Aquatic Sciences 48, 2499–2508.

Bishop, P., Young, R.W. & McDougall, I. (1985) Stream 
profile change and longterm landscape evolution: early 
Miocene and modern rivers of the east Australian 
highland crest, central New South Wales, Australia. The 
Journal of Geology 93, 455–474.

Bondar, C.A., Bottriell, K., Zeron, K. & Richardson, J.S. 
(2005) Does trophic position of the omnivorous signal 
crayfish (Pacifastacus leniusculus) in a stream food web 
vary with life history stage or density? Canadian Journal 
of Fisheries and Aquatic Sciences 62, 2632–2639.

Booth, D.B. & Jackson, C.R. (1997) Urbanization of 
aquatic systems – degradation thresholds, stormwater 



Watershed Processes, Human Impacts, and Process-based Restoration    43

Fastie, C.L. (1995) Causes and ecosystem consequences 
of multiple pathways of primary succession at Glacier 
Bay, Alaska. Ecology 76, 1899–1916.

Fausch, K.D., Torgersen, C.E., Baxter, C.V. & Li, H.W. 
(2002) Landscapes to riverscapes: bridging the gap 
between research and conservation of stream fishes. 
BioScience 52, 483–498.

Feller, M.C. (2005) Forest harvesting and streamwater 
inorganic chemistry in western North America: A 
review. Journal of the American Water Resources Asso-
ciation 41, 785–811.

Fetherston, K.L., Naiman, R.J. & Bilby, R.E. (1995) Large 
woody debris, physical process, and riparian forest 
development in montane river networks of the Pacific 
Northwest. Geomorphology 13, 133–144.

Fischenich, J.C. (2003) Effects of Riprap on Riverine and 
Riparian Ecosystems. Report number ERDC/EL TR-03-
4. United States Army Corps of Engineers, Washington, 
DC.

Francis, R.A., Tibaldeschi, P. & McDougall, L. (2008) 
Fluvially-deposited large wood and riparian plant diver-
sity. Wetlands Ecology and Management 16, 371–382.

Frissell, C.A., Liss, W.J., Warren, C.E. & Hurley, M.D. 
(1986) A hierarchical framework for stream habitat 
classification: viewing streams in a watershed context. 
Environmental Management 10, 199–214.

Gomi, T., Sidle, R.C. & Richardson, J.S. (2002) Headwater 
and channel network -understanding processes and 
downstream linkages of headwater systems. BioScience 
52, 905–916.

Gooderham, J.P.R., Barmuta, L.A. & Davies, P.E. (2007) 
Upstream heterogeneous zones: small stream systems 
structured by a lack of competence? Journal of the 
North American Benthological Society 26, 365–374.

Gregory, S.V., Swanson, F.J., McKee, W.A. and Cummins, 
K.W. (1991) An ecosystem perspective of riparian 
zones. BioScience 41, 540–551.

Gurnell, A. & Petts, G. (2006) Trees as riparian engineers: 
the Tagliamento River, Italy. Earth Surface Processes and 
Landforms 31, 1558–1574.

Gurnell, A.M., Petts, G.E., Hannah, D.M. et al. (2001) 
Riparian vegetation and island formation along the 
gravel-bed Fiume Tagliamento, Italy. Earth Surface Pro-
cesses and Landforms 26, 31–62.

Gurnell, A., Tockner, K., Edwards, P.J. & Petts, G.E. (2005) 
Effects of deposited wood on biocomplexity of river 
corridors. Frontiers in Ecology and Environment 3(7), 
377–382.

Gurnell, A.M., Boitsidis, A.J., Thompson, K. & Clifford, 
N.J. (2006a) Seed bank, seed dispersal and vegetation 

Coe, H.J., Kiffney, P.M., Pess, G.R., Kloehn, K.K. & 
McHenry, M.L. (2009) Periphyton and invertebrate 
response to wood placement in large pacific coastal 
rivers. River Research and Applications 25, 1025–
1035.

Collins, B.D., Montgomery, D.R. & Haas, A.D. (2002) 
Historical changes in the distribution and functions of 
large wood in Puget Lowland rivers. Canadian Journal 
of Fisheries and Aquatic Sciences 59, 66–76.

Compton, J.E., Church, M.R., Larned, S.T. & Hogsett, 
W.E. (2003) Nitrogen export from forested watersheds 
in the Oregon Coast Range: the role of nitrogen fixing 
Red Alder. Ecosystems 6, 773–785.

Corenblit, D., Tabacchi, E., Steiger, J. & Gurnell, A.M. (2007) 
Reciprocal interactions and adjustments between fluvial 
landforms and vegetation dynamics in river corridors:  
A review of complementary approaches. Earth-Science 
Reviews 84, 56–86.

Correll, D.L. (2005) Principles of planning and establish-
ment of buffer zones. Ecological Engineering 24, 
433–439.

Dahlström, N. & Nilsson, C. (2004) Influence of woody 
debris on channel structure in old growth and managed 
forest streams in Central Sweden. Environmental Man-
agement 33(3), 376–384.

Death, R.G. & Collier, K.J. (2010) Measuring stream mac-
roinvertebrate responses to gradients of vegetation 
cover: when is enough enough? Freshwater Biology 55, 
1447–1464.

Dietrich, W.E., Kirchner, J.W., Ikeda, H. & Iseya, F. (1989) 
Sediment supply and the development of the coarse 
surface layer in gravel-bedded rivers. Nature 340, 
215–217.

Donato, M.M. (1998) Surface-water/ground-water rela-
tions in the Lemhi River basin, east-central Idaho. United 
States Geological Survey Water-resources Investiga-
tions Report 98-4185. United States Geological Survey, 
Washington, DC.

Doyle, M.W., Stanley, E.H., Strayer, D.L., Jacobson, R.B. 
& Schmidt, J.C. (2005) Effective discharge analysis of 
ecological processes in streams. Water Resources 
Research 41, W11411.

Dunne, T. & Leopold, L.B. (1978) Water in Environmental 
Planning. Freeman, San Francisco.

Englund, G. & Krupa, J.J. (2000) Habitat use by crayfish 
in stream pools: influence of predators, depth and 
body size. Freshwater Biology 43, 75–83.

Fanta, S.E., Hill, W.R., Smith, T.B. & Roberts, B.J. (2010) 
Applying the light: nutrient hypothesis to stream peri-
phyton. Freshwater Biology 55, 931–940.



44    Stream and Watershed Restoration

Hoover, T.M., Marczak, L.B., Richardson, J.S. & Yone-
mitsu, N. (2010) Transport and settlement of organic 
matter in small streams. Freshwater Biology 55, 436–449.

Hovius, N., Stark, C.P. & Allen, P.A. (1997) Sediment flux 
from a mountain belt derived by landslide mapping. 
Geology 25, 231–234.

Hudon, C. & Carignan, R. (2008) Cumulative impacts of 
hydrology and human activities on water quality in  
the St. Lawrence River (Lake Saint-Pierre, Quebec, 
Canada). Canadian Journal of Fisheries and Aquatic 
Sciences 65, 1165–1180.

Huet, M. (1959) Profiles and biology of western Euro-
pean streams as related to fisheries management. 
Transactions of the American Fisheries Society 88, 
155–163.

Hughes, F.M.R. (1997) Floodplain biogeomorphology. 
Progress in Physical Geography 21, 510–529.

Hughes, F.M.R., Colston, A. & Mountford, J.O. (2005) 
Restoring riparian ecosystems: the challenge of accom-
modating variability and designing restoration 
trajectories. Ecology and Society 10(1), article 12. Avail-
able at: http://www.ecologyandsociety.org/vol10/iss1/
art12/.

Hughes, N.F. (1998) A model of habitat selection by drift-
feeding stream salmonids at different scales. Ecology 
79, 281–294.

Ibarra, A.A., Park, Y-S., Bosse, S., Reyjol, Y., Lim, P. & Lek, 
S. (2005) Nested patterns of spatial diversity revealed 
for fish assemblages in a west European river. Ecology 
of Freshwater Fish 14, 233–242.

Imaizumi, F., Sidle, R.C. & Kamei, R. (2008) Effects of 
forest harvesting on the occurrence of landslides and 
debris flows in steep terrain of central Japan. Earth 
Surface Processes and Landforms 33, 827–840.

Jackson, D.A., Peres-Neto, P.R. & Olden, J.D. (2001) What 
controls who is where in freshwater fish communities – 
the roles of biotic, abiotic, and spatial factors. Canadian 
Journal of Fisheries and Aquatic Sciences 58, 157–170.

Jones, J.A. & Grant, G.E. (1996) Peakflow responses to 
clear-cutting and roads in small and large basins, 
western Cascades, Oregon. Water Resources Research 
32, 959–974.

Jungwirth, M., Muhar, S. & Schumtz, S. (2002) Re-
establishing and assessing ecological integrity in 
riverine landscapes. Freshwater Biology 47, 867–887.

Junk, W.J., Bayley, P.B. & Sparks, R.E. (1989) The flood 
pulse concept in river-floodplain systems. In: Dodge, 
D.P. (ed.) Proceedings of the International Large River 
Symposium. Canadian Special Publications Fisheries 
and Aquatic Sciences 106, pp. 110–127.

cover: Colonization along a newly-created river 
channel. Journal of Vegetation Science 17, 665–674.

Gurnell, A.M., Morrissey, I.P., Boitsidis, A.J. et al. (2006b) 
Initial adjustments within a new river channel: interac-
tions between fluvial processes, colonizing vegetation 
and bank profile development. Environmental Man-
agement 38, 580–596.

Gurnell, A.M., van Oosterhout, M.P., de Vlieger, B. & 
Goodson, J.M. (2006c). Reach-scale interactions 
between aquatic plants and physical habitat: River 
Frome, Dorset. River Research and Applications 22, 
667–680.

Gurnell, A.M., Goodson, J., Thompson, K., Clifford, N. & 
Armitage, P.D. (2007) The river bed: a dynamic store 
for viable plant propagules? Earth Surface Processes and 
Landforms 32, 1257–1272.

Gurnell, A.M., Thompson, K., Goodson, J., Moggridge, H. 
(2008) Propagule deposition along river margins: 
linking hydrology and ecology. Journal of Ecology 96, 
553–565.

Gurnell, A.M., Surian, N. & Zanoni, L. (2009) Multi-
thread river channels: a perspective on changing  
European alpine river systems. Aquatic Sciences 71, 
253–265.

Gurnell, A.M., O’Hare, J.M., O’Hare, M.T., Dunbar, M.J. 
& Scarlett, P.M. (2010) An exploration of associations 
between assemblages of aquatic plant morphotypes 
and channel geomorphological properties within 
British rivers. Geomorphology 116, 135–144.

Harr, R.D. (1986) Effects of clearcutting on rain-on-snow 
runoff in western Oregon: A new look at old studies. 
Water Resources Research 22, 1095–1100.

Hart, D.D. & Merz, R.A. (1998) Predator prey interactions 
in a benthic stream community: a field test of flow-
mediated refuges. Oecologia 114, 263–273.

Hart, D.D. & Finelli, C.M. (1999) Physical-biological cou-
pling in streams: The pervasive effects of flow on 
benthic organisms. Annual Review of Ecology and Sys-
tematics 30, 363–395.

Haslam, S.M. (2006) River Plants. Forrest Text, Tresaith, 
Ceredigion, UK.

Hill, W.R., Mulholland, P.J. & Marzolf, E.R. (2001) Stream 
ecosystem responses to forest leaf emergence in spring. 
Ecology 82, 2306–2319.

Hohensinner S., Habersack, H., Jungwirth, M. & Zauner, G. 
(2003) Reconstruction of the characteristics of a 
natural alluvial river-floodplain system and hydromor-
phological changes following human modifications: 
the Danube River (1812–1991). River Research and 
Applications 20, 25–41.

http://www.ecologyandsociety.org/vol10/iss1/art12/
http://www.ecologyandsociety.org/vol10/iss1/art12/


Watershed Processes, Human Impacts, and Process-based Restoration    45

water contaminants in US streams, 1999–2000: A 
national reconnaissance. Environmental Science & 
Technology 36, 1202–1211.

Kondolf, G.M. (1997) Hungry water: Effects of dams and 
gravel mining on river channels. Environmental Man-
agement 21, 533–551.

Kondolf, G.M., Boulton, A.J., O’Daniel, S. et al. (2006) 
Process-based ecological river restoration: visualizing 
three-dimensional connectivity and dynamic vectors 
to recover lost linkages. Ecology and Society 11(2), 
Article 5. Available at: http://www.ecologyandsociety. 
org/vol11/iss2/art5/

Lancaster, J., Downes, B.J. & Arnold, A. (2010) Oviposi-
tion site selectivity of some stream-dwelling caddisflies. 
Hydrobiologia 652, 165–178.

Leopold, L.B., Wolman, M.G. & Miller, J.P. (1964) Fluvial 
processes in geomorphology. Freeman and Co., San 
Francisco.

Liffen, T., Gurnell, A.M., O’Hare, M.T., Pollen-Bankhead, 
N. & Simon, A. (2011) Biomechanical properties of the 
emergent aquatic macrophyte Sparganium erectum: 
implications for landform development in low energy 
rivers. Ecological Engineering 37, 1925–1931.

Likens, G.E., Bormann, F.H., Johnson, M., Fisher, S.W. & 
Pierce, R.S. (1970) Effects of forest cutting and herbi-
cide treatment on nutrient budgets in the Hubbard 
Brook Watershed ecosystem. Ecological Monographs 40, 
23–47.

Lisle, T.E. (1982) Effects of aggradation and degradation 
on riffle-pool morphology in natural gravel channels, 
northwestern California. Water Resources Research 18, 
1643–1651.

Lowrance, R., Todd, R., Fail, Jr., J., Hendrickson, Jr., O., 
Leonard, R. & Asmussen, L. (1984) Riparian forests as 
nutrient filters in agricultural watersheds. BioScience 
34, 374–377.

Lowrance, R.R., Leonard, R.A., Asmussen, L.E. & Todd. 
R.L. (1985) Nutrient budgets for agricultural water-
sheds in the southeastern coastal plain. Ecology 66, 
287–29.

Madej, M.A. (1982) Sediment transport and channel 
changes in an aggrading stream in the Puget Lowland, 
Washington. In: Swanson, F.J., Janda, E.J., Dunne, T. & 
Swanson, D.N. (eds) Sediment Budgets and Routing in 
Forested Drainage Basins. United States Forest Service 
General Technical Report PNW-141, Portland, Oregon, 
pp. 97–108.

Madej, M.A. (1987) Residence times of channel-stored 
sediment in Redwood Creek, northwestern California. 
In: Beschta, R.L., Blinn, T., Grant, G.E., Ice, G.G. & 

Kareiva, P., Marvier M. & McClure, M. (2000) Recovery 
and management options for spring/summer Chinook 
salmon in the Columbia River basin. Science 290, 
977–979

Karr, J.R. (1991) Biological integrity: A long-neglected 
aspect of water resource management. Ecological Appli-
cations 1(1), 66–84.

Karr, J.R. (2006) Seven foundations of biological moni-
toring and assessment. Biologia Ambientale 20(2), 
7–18.

Karrenberg, S., Edwards, P.J. & Kollmann, J. (2002). The 
life history of Salicaceae living in the active zone of 
floodplains. Freshwater Biology 47, 733–748.

Kawaguchi, Y. & Nakano, S. (2001) Contribution of ter-
restrial invertebrates to the annual resource budget for 
salmonids in forest and grassland reaches of a headwa-
ter stream. Freshwater Biology 46, 303–316.

Kelly, E.N., Schindler, D.W., St. Louis, V.L., Donald, D.B. 
& Vladicka, K.E. (2006) Forest fire increases mercury 
accumulation by fishes via food web restructuring and 
increased mercury inputs. Proceedings of the National 
Academy of Sciences 103, 19380–19385.

Kern, K. (1992) Rehabilitation of streams in South-West 
Germany. In: Boon, P.J., Calow P. & Petts, G.E. (eds), 
River Conservation and Management, John Wiley & 
Sons Ltd, Chichester, UK, pp. 321–336.

Kidd, K.A., Blanchfield, P.J., Mills, K.H. et al. (2007) Col-
lapse of a fish population after exposure to a synthetic 
estrogen. Proceedings of the National Academy of Sci-
ences 104, 8897–8901.

Kiffney, P.M. & Richardson, J.S. (2010) Organic matter 
inputs into headwater streams of southwestern British 
Columbia as a function of riparian reserves and time 
since harvesting. Forest Ecology and Management 260, 
1931–1942.

Kiffney, P.M., Richardson, J.S. & Bull, J.P. (2003) Responses 
of periphyton and insects to experimental manipula-
tion of riparian buffer width along forest streams. 
Journal of Applied Ecology 40, 1060–1076.

Kiffney, P.M., Greene, C.M., Hall, J.E. & Davies, J.R. 
(2006) Tributary streams create spatial discontinuities 
in habitat, biological productivity, and diversity in 
mainstem rivers. Canadian Journal of Fisheries and 
Aquatic Sciences 63, 2518–2530.

Kollmann, J., Vieli, M., Edwards, P.J., Tockner, K. & Ward, 
J.V. (1999) Interactions between vegetation develop-
ment and island formation in the Alpine river 
Tagliamento. Applied Vegetation Science 2, 25–36.

Kolpin, D.W., Furlong, E.T., Meyer, M.T. et al. (2002) 
Pharmaceuticals, hormones, and other organic waste-

http://www.ecologyandsociety.org/vol11/iss2/art5/
http://www.ecologyandsociety.org/vol11/iss2/art5/


46    Stream and Watershed Restoration

Montgomery, D.R. & Abbe, T.B. (2006) Influence of 
logjam-formed hard points on the formation of valley-
bottom landforms in an old-growth forest valley, 
Queets River, Washington, USA. Quaternary Research 
65, 147–155.

Montgomery, D.R., Buffington, J.M., Smith, R.D., Schmidt, 
K.M. & Pess, G. (1995) Pool spacing in forest channels. 
Water Resources Research 31(4), 1097–1105.

Montgomery, D.R., Abbe, T.A., Buffington, J.M., Peter-
son, N.P., Schmidt, K.M. & Stock, J.D. (1996a) 
Distribution of bedrock and alluvial channels in forested 
mountain drainage basins. Nature 381, 588–589.

Montgomery, D.R., Buffington, J.M., Peterson, P., Scheutt-
Hames, D. & Quinn T.P. (1996b) Streambed scour,  
egg burial depths and the influence of salmonid spawn-
ing on bed surface mobility and embryo survival.  
Canadian Journal of Fisheries and Aquatic Sciences 53, 
1061–1070.

Moore, R.D., Spittlehouse, D.L. & Story, A. (2005) Ripar-
ian microclimate and stream temperature response to 
forest harvesting: a review. Journal of the American 
Water Resources Association 41(4), 813–834.

Mount, J.F. (1995) California Rivers and Streams – The 
Conflict Between Fluvial Process and Land Use. Univer-
sity of California Press, Berkeley, California.

Naiman, R.J., Melillo, J.M., Lock, M.A., Ford, T.E. & Reice, 
S.E. (1987) Longitudinal patterns of ecosystem pro-
cesses and community structure in a subarctic river 
continuum. Ecology 68, 1139–1156.

Naiman, R.J., Lonzarich, D.G., Beechie, T.J. & Ralph, S.C. 
(1992) General principles of classification and the 
assessment of conservation potential in rivers. In: 
Boon, P.J., Calow, P. & Petts, G.E. (eds) River Conserva-
tion and Management. John Wiley and Sons, New York, 
pp. 93–124.

Naiman, R.J., Decamps, H. & McClain, M.E. (2005) 
Riparia: Ecology, Conservation, and Management of 
Streamside Communities. Elsevier, New York.

Naiman, R.J., Bechtold, J.S., Beechie, T., Latterell, J.J. & 
Van Pelt, R. (2010) A process-based view of floodplain 
forest dynamics in coastal river valleys of the Pacific 
Northwest. Ecosystems 13, 1–31.

Negishi, J.N. & Richardson, J.S. (2003) Responses of 
organic matter and macroinvertebrates to placements 
of boulder clusters in a small stream of southwestern 
British Columbia, Canada. Canadian Journal of Fisher-
ies and Aquatic Sciences 60, 247–258.

Negishi, J.N., Kayaba, Y. & Sagawa, S. (2008) Environ-
mental degradation of floodplains and endangered 

Swanson, F.J. (eds) Erosion and Sedimentation in the 
Pacific Rim. IAHS Publication 165, Wallingford, United 
Kingdom, pp 429–438.

Madej, M.A. & Ozaki, V. (1996) Channel response to 
sediment wave propagation and movement, Redwood 
Creek, California, USA. Earth Surface Processes and 
Landforms 21, 911–927.

Mahoney, J.M. & Rood, S.B. (1998) Streamflow require-
ments for cottonwood seedling recruitment: an 
integrative model. Wetlands 18: 634–645.

McAuliffe, J.R. (1984) Competition for space, distur-
bance, and the structure of a benthic stream community. 
Ecology 65, 894–908.

McBain & Trush, Inc. (2007) Coarse Sediment Manage-
ment Plan: Lewiston Dam to Douglas City, Trinity River, 
California. Trinity River Restoration Program, Weaver-
ville, CA.

McGarvey, D.J. & Hughes, R.M. (2008) Longitudinal 
zonation of Pacific Northwest (USA) fish assemblages 
and the species-discharge relationship. Copeia 2008, 
311–321.

Megahan, W.F., King, J.G. & Seyedbagheri, K.A. (1995) 
Hydrologic and erosional responses of a granitic 
watershed to helicopter logging and broadcast burning. 
Forest Science 41, 777–795.

Micheli, E.R. & Kirchner, J.W. (2002) Effects of wet 
meadow riparian vegetation on stream bank erosion: 
Remote sensing measurements of streambank migra-
tion and erodibility. Earth Surface Processes and 
Landforms 27, 627–639.

Millar, R.G. (2000) Effect of bank vegetation on alluvial 
channel patterns. Water Resources Research 36, 1109–1118.

Minshall, G.W., Cummins, K.W., Petersen, R.C. et al. 
(1985) Developments in stream ecosystem theory. 
Cana dian Journal of Fisheries and Aquatic Sciences 42, 
1045–1055.

Montgomery, D.R. (1999) Process domains and the river 
continuum. Journal of the American Water Resources 
Association 35, 397–410.

Montgomery, D.R. (2002) Valley formation by fluvial and 
glacial erosion. Geology 30, 1047–1050.

Montgomery, D.R. & Buffington, J.M. (1997) Channel-
reach morphology in mountain drainage basins. 
Geological Society of America Bulletin 109, 596–611.

Montgomery, D.R. & Bolton, S.M. (2003) Hydrogeomor-
phic variability and river restoration. In Montgomery, 
D., Bolton, S., Booth, D., & Wall, L. (eds) Restoring 
Puget Sound Rivers. University of Washington Press, 
Seattle, pp. 39–80.



Watershed Processes, Human Impacts, and Process-based Restoration    47

margins of low-energy rivers. Ecological Engineering 
37, 1779–1788.

Pollock, M.M., Naiman, R.J., & Hanley, T.A. (1998) Plant 
species richness in riparian wetlands – a test of biodi-
versity theory. Ecology 79, 94–10.

Pollock, M.M., Heim, M. & Werner, D. (2003) Hydrologic 
and geomorphic effects of beaver dams and their influ-
ence on fishes. American Fisheries Society Symposium 
37, 213–233.

Pollock, M.M., Beechie, T.J. & Jordan, C.E. (2007) Geo-
morphic changes upstream of beaver dams in Bridge 
Creek, in incised stream channel in the interior Colum-
bia River basin, eastern Oregon. Earth Surface Processes 
and Landforms 32, 1174–1185.

Pollock, M.M., Beechie, T.J. & Liermann, M. (2009) 
Stream temperature relationships to forest harvest in 
western Washington. Journal of the American Water 
Resources Association 45, 141–156.

Poole, G.C. (2002) Fluvial landscape ecology: addressing 
uniqueness within the river discontinuum. Freshwater 
Biology 47, 641–660.

Poole, G.C., O’Daniel, S.J., Jones, K.L. et al. (2008) Hydro-
logic spiraling: the role of multiple interactive flow 
paths in stream ecosystems. River Research and Appli-
cations 24, 1018–1031.

Power, M.E. (1990) Effects of fish in river food webs. 
Science 250, 811–814.

Prosser, I.P. & Williams, L. (1998) The effect of wildfire 
on runoff and erosion in native Eucalyptus forest. 
Hydrological Processes 12, 251–265.

Reid, L.M., Dunne, T. & Cederholm, C.J. (1981) Applica-
tion of sediment budget studies to the evaluation  
of logging road impact. Journal of Hydrology (New 
Zealand) 20, 49–62.

Rice, R.A. (1982) Sedimentation in the chaparral: how do 
you handle unusual events? In F. J. Swanson, E., Janda, 
J., Dunne, T. & Swanson, D.N. (eds) Sediment Budgets 
and Routing in Forested Drainage Basins, US Forest 
Service General Technical Report PNW-141, Portland, 
Oregon, pp. 39–49.

Rice, S.P., Ferguson, R.I. & Hoey, T.B. (2006) Tributary 
control of physical heterogeneity and biological diver-
sity at river confluences. Canadian Journal of Fisheries 
and Aquatic Sciences 63, 2553–2566.

Richardson, J.S. (1991) Seasonal food limitation of detri-
tivores in a montane stream: an experimental test. 
Ecology 72, 873–887.

Richardson, J.S., Hoover, T.M. & Lecerf, A. (2009) Coarse 
particulate organic matter dynamics in small streams: 

freshwater mussels. Civil Engineering Journal, 50, 44–
45. (In Japanese)

Negishi, J.N., Sagawa, S., Kayaba, Y. et al. (2010) Using 
airborne scanning laser altimetry (LiDAR) to estimate 
surface connectivity of floodplain water bodies. River 
Research and Applications 28, 258–267.

Negishi, J.N., Sagawa, S., Kayaba, Y., Sanada, S., Kume, M. & 
Miyashita, T. (2012). Mussel responses to flood pulse 
frequency: the importance of local habitat. Freshwater 
Biology 57, 1500–1511.

Nitschke, C.R. (2005) Does forest harvesting emulate fire 
disturbance? A comparison of effects on selected 
attributes in coniferous-dominated headwater systems. 
Forest Ecology and Management 214, 305–319.

Osborne, L.L. & Kovacic, D.A. (1993) Riparian vegetated 
buffer strips in water-quality restoration and stream 
management. Freshwater Biology 29, 243–258.

Osterkamp, W.R. & Hupp, C.R. (2010) Fluvial processes 
and vegetation: Glimpses of the past, the present, and 
perhaps the future. Geomorphology 116, 274–285.

Palmer, M.A. & Allan, J.D. (2006) Restoring rivers. Issues 
in Science and Technology, Winter, 40–48.

Perucca, E., Camporeale, C. & Ridolfi, L. (2007) Signifi-
cance of the riparian vegetation dynamics on 
meandering river morphodynamics. Water Resources 
Research 43, W03430.

Pess, G.R., Montgomery, D.R., Beechie, T.J. & Holsinger, L. 
(2003) Anthropogenic alterations to the biogeography 
of salmon in Puget Sound. In: Montgomery, D.R., 
Bolton, S., Booth, D.B. & Wall, L. (eds) Restoration of 
Puget Sound Rivers. University of Washington Press, 
Seattle, Washington, pp. 129–154.

Pitlick, J.C. & Thorne, C.R. (1987) Sediment supply, 
movement, and storage in an unstable gravel-bed river. 
In: Thorne, C.R., Bathurst, J.C. & Hey, R.D. (eds) Sedi-
ment Transport in Gravel-Bed Rivers. John Wiley and 
Sons, London, pp. 121–150.

Poff, N.L., Allan, J.D., Bain, M.B. et al. (1997) The natural 
flow regime: a paradigm for river conservation and 
restoration. BioScience 47, 769–784.

Poff, N.L., Olden, J.D., Merritt, M.D. & Pepin, D.M. 
(2007) Homogenization of regional river dynamics  
by dams and global biodiversity implications. Pro-
ceedings of the National Academy of Sciences 104(14), 
5732–5737.

Pollen-Bankhead, N., Thomas, R.E., Gurnell, A.M.,  
Liffen, T., Simon, A. & O’Hare, M.T. (2011) Quantify-
ing the potential for flow to remove the emergent 
aquatic macrophyte Sparganium erectum from the 



48    Stream and Watershed Restoration

Shafroth, P.B., Stromberg, J.C., & Patten, D.T. (2002). 
Riparian vegetation response to altered disturbance 
and stress regimes. Ecological Applications 12(1), 
107–123.

Sheldon, A.L. (1968) Species diversity and longitudinal 
succession in stream fishes. Ecology 49, 193–198.

Sidle, R.C., Pierce, A.J. & O’Loughlin, C.L. (1985) Hills-
lope Stability and Land Use. Water Resources 
monograph Series Volume 11. American Geophysical 
Union, Washington, D.C.

Skidmore, P.B., Thorne , C.R., Cluer, B., Pess, G.R., Castro, 
J., Beechie, T.J. & Shea, C.C. (2011) Science Base and 
Tools for Evaluating Stream Engineering, Management 
and Restoration Proposals. US Dept. Commerce, NOAA 
Tech. Memo. NMFS-NWFSC-112.

Smith, J.D. (2004) The role of riparian shrubs in prevent-
ing floodplain unraveling along the Clark Fork of the 
Columbia River in the Deer lodge Valley, Montana. In: 
Bennett, S.J. & Simon, A. (eds) Riparian Vegetation and 
Fluvial Geomorphology. American Geophysical Union, 
Washington, DC, pp. 71–85.

Spinazola, J. (1998) A spreadsheet notebook method to cal-
culate rate and volume of stream depletion by wells in 
the Lemhi River Valley upstream from Lemhi, Idaho. 
United States Bureau of Reclamation, Boise, Idaho.

Standley, L.J., Kaplan, L.A. & Smith, D. (2000) Molecular 
tracers of organic matter sources to surface water 
resources. Environmental Science and Technology 34, 
3124–3130.

Stanford, J.A., Lorang, M.S. & Hauer, F.R. (2005) The 
shifting habitat mosaic of river ecosystems. Verhand-
lungen des Internationalen Verein Limnologie 29(1), 
123–136.

Statzner, B., Fievet, E., Champagne, J., Morel, R. & 
Herouin, E. (2000) Crayfish as geomorphic agents and 
ecosystem engineers: biological behavior affects sand 
and gravel erosion in experimental streams. Limnology 
and Oceanography 45, 1030–1040.

Stromberg, J.C. (2001) Restoration of riparian vegetation 
in the southwestern United States: importance of flow 
regimes and fluvial dynamism. Journal of Arid Environ-
ments 49, 17–34.

Suttle, K.B., Power, M.E., Levine, J.M. & McNeely, C. 
(2004) How fine sediment in riverbeds impairs growth 
and survival of juvenile salmonids. Ecological Applica-
tions 14, 969–974.

Sweeney, B.W., Bott, T.L., Jackson, J.K. et al. (2004) Ripar-
ian deforestation, stream narrowing, and loss of stream 
ecosystem services. Proceedings of the National Academy 
of Sciences 101, 14132–14137.

towards linking function to physical structure. Fresh-
water Biology 54, 2116–2126.

Richardson, J.S., Zhang, Y. & Marczak, L.B. (2010) 
Resource subsidies across the land-freshwater interface 
and responses in recipient communities. River Research 
and Applications 26, 55–66.

Richter, B.D. & Thomas, G.A. (2007) Restoring environ-
mental flows by modifying dam operations. Ecology 
and Society 12(1), 12.

Richter, B.D., Baumgartner, J.V., Powell, J. & Braun, D.P. 
(1996) A method for assessing hydrologic alteration 
within ecosystems. Conservation Biology 10, 1163–1174.

Richter, B.D., Mathews, R., Harrison, D.L. & Wigington, 
R. (2003) Ecologically sustainable water management: 
managing river flows for ecological integrity. Ecological 
Applications 13, 206–224.

Rood, S.B., Samuelson, G.M., Braatne, J.H., Gourley, 
C.R., Hughes, F.M.R. & Mahoney, J.M. (2005). Manag-
ing river flows to restore floodplain forests. Frontiers in 
Ecology and the Environment 3: 193–201.

Rosenfeld, J., Hogan, D., Palm, D., Lundqvist, H., Nilsson, 
C. & Beechie, T.J. (2010) Contrasting landscape influ-
ences on sediment supply and stream restoration  
priorities in northern Fennoscandia (Sweden and 
Norway) and coastal British Columbia. Environmental 
Management 47(1), 28–39.

Rust, B.R. (1981) Sedimentation in an arid-zone anasto-
mosing fluvial system: Cooper Creek, central Australia. 
Journal of Sedimentary Petrology 51, 745–755.

Sand-Jensen, K. (1998) Influence of submerged macro-
phytes on sediment composition and near-bed flow in 
lowland streams. Freshwater Biology 39, 663–679.

Sanderson, B.L., Barnas, K.A. & Rub, A.M.W. (2009) 
Nonindigenous species of the Pacific Northwest: an 
overlooked risk to endangered salmon? BioScience 59, 
245–256.

Schindler, D.E., Scheuerell, M.D., Moore, J.W., Gende, 
S.M., Francis, T.B., & Palen, W.J. (2003) Pacific salmon 
and ecology of coastal ecosystems. Frontiers in Ecology 
and the Environment 1, 31–37.

Schlosser, I.J. (1985) Flow regime, juvenile abundance, 
and the assemblage structure of stream fishes. Ecology 
66, 1484–1490.

Schumm, S.A. (1985) Patterns of alluvial rivers. Annual 
review of Earth and Planetary Sciences 13, 5–27.

Sear, D.A. (1994) River restoration and geomorphology. 
Aquatic Conservation 4, 169–177.

Sear, D.A., Armitage, P.D. & Dawson, F.H. (1999) Ground-
water dominated rivers. Hydrological Processes 13, 
255–276.



Watershed Processes, Human Impacts, and Process-based Restoration    49

concept. Canadian Journal of Fisheries and Aquatic Sci-
ences 37, 130–37.

Volk, C.J., Kiffney, P.M. & Edmonds, R.L. (2003) Role of 
riparian red alder in the nutrient dynamics of the 
Olympic peninsula, Washington, USA. In: Stockner, 
J.G. (ed.) Nutrients in Salmonid Ecosystems: Sustaining 
Production and Biodiversity. American Fisheries Society, 
Symposium 34, Bethesda, Maryland, pp. 213–228.

Wallace, J.B., Eggert, S.L., Meyer, J.L. & Webster, J.R. 
(1999) Effects of resource limitation on a detrital-
based ecosystem. Ecological Monographs 69, 409–442.

Waples, R.S., Teel, D.J., Myers, J.M. & Marshall, A.R. 
(2004) Life-history divergence in Chinook salmon: 
Historic contingency and parallel evolution. Evolution 
58, 386–403.

Waples, R.S., Pess, G.R. & Beechie, T. (2008) Evolutionary 
history of Pacific salmon in dynamic environments. 
Evolutionary Applications 1, 189–206.

Ward, J.V., Tockner, K., Arscott, D.B. & Claret, C. (2002) 
Riverine landscape diversity. Freshwater Biology 47, 
517–539.

Wetmore, S.H., Mackay, R.J. & Newbury, R.W. (1990) 
Characterization of the hydraulic habitat of Brachyc-
entrus occidentalis, a filter-feeding caddisfly. Journal of 
the North American Benthological Society 9, 157–169.

Wohl, E. (2000) Mountain Rivers. Water Resources Mono-
graph 14. American Geophysical Union, Washington 
DC.

Wohl, E., Angermeier, P.L., Bledsoe, B. et al. (2005) River 
restoration. Water Resources Research 41, W10301.

Wondzell, S.M. & King, J.G. (2003) Postfire erosional pro-
cesses in the Pacific Northwest and Rocky Mountain 
regions. Forest Ecology and Management 178, 75–87.

Wootton, J.T., Parker, M.S. & Power, M.E. (1996) Effects 
of disturbance on river food webs. Science 273, 
1558–1561.

Zanoni, L., Gurnell, A.M., Drake, N. & Surian, N. (2008) 
Island dynamics in a braided river from an analysis of 
historical maps and air photographs. River Research 
and Applications 24, 1141–1159.

Taberlet, P., Fumagalli, L., Wust-Saucy, A.G. & Cosson, J.F. 
(1998) Comparative phylogeography and postglacial 
colonization routes in Europe. Molecular Ecology 7, 
453–464.

Tague, C. & Grant, G.E. (2004) A geological framework 
for interpreting the low-flow regimes of Cascade 
streams, Willamette River Basin, Oregon, Water 
Recourses Research 40, W04303.

Tague, C., Grant, G.E., Farrell, M., Choate, J. & Jefferson, 
A. (2008) Deep groundwater mediates streamflow 
response to climate change. Climatic Change 86, 
189–210.

Takao, A., Negishi, J.N. Nunokawa, M., Gomi, T. & Naka-
hara, O. (2006) Potential influences of a net-spinning 
caddisfly (Trichoptera: Stenopsyche marmorata) on 
stream substratum stability in heterogeneous field 
environments. Journal of the North American Bentho-
logical Society 25, 545–555.

Temme, C., Blanchard, P., Steffen, A. et al. (2007) Trend, 
seasonal and multivariate analysis study of total 
gaseous mercury data from the Canadian atmospheric 
mercury measurement network (CAMNet). Atmos-
pheric Environment 41, 5423–5441.

Tockner, K., Scheimer, F., Baumgartner, C. et al. (2001) 
The Danube restoration project: species diversity pat-
terns across connectivity gradients in the floodplain 
system. Regulated Rivers: Research and Management 15, 
245–258.

Trimble, S.W. & Mendel, A.C. (1995) The cow as a geo-
morphic agent – a critical review. Geomorphology 13, 
233–253.

Trush, W.J., McBain, S.M. & Leopold, L.B. (2000) 
Attributes of an alluvial river and their relation to 
water policy and management. Proceedings of the 
National Academy of Sciences 97(22), 11858–11863.

US Fish and Wildlife Service & Hoopa Valley Tribe (1999) 
Trinity River Flow Evaluation. US Department of the 
Interior, Washington, DC.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, 
J.R., & Cushing, C.E. (1980) The river continuum 



Watershed Assessments 
and Identification of 
Restoration Needs
Tim Beechie1, George Pess1, Sarah Morley1, Lucy Butler2, Peter 
Downs3, Alistair Maltby4, Peter Skidmore5, Steve Clayton6, Clint 
Muhlfeld7 & Karrie Hanson1

1Northwest Fisheries Science Center, National Oceanic and Atmospheric Administration, USA
2Eden Rivers Trust, Penrith, UK
3University of Plymouth, UK
4The Rivers Trust, Stoke Climsland, UK
5Skidmore Restoration Consulting, Montana, USA
6CH2M HILL, Idaho, USA
7United States Geological Survey, Montana, USA

3

3.1  Introduction

The term ‘watershed assessment’ refers to a general  
methodology for evaluating both the condition of riverine 
ecosystems and the landscape and land-use factors  
that influence those conditions (Beechie et al. 2003a). The 
primary purposes of watershed assessments are to identify 
causes of habitat degradation, list necessary restoration 
actions, and determine which of those actions are  
most likely to help achieve restoration goals. From these 
assessments a restoration strategy can be developed, 
which helps focus limited restoration dollars on actions 
and locations that will most improve the status of biota. 
To accomplish these aims, watershed assessments proceed 
through five key steps: clearly stating the restoration goal; 
determining which watershed assessment components 
are needed to identify necessary restoration actions;  
conducting the assessments; interpreting and summariz-
ing the assessments; and identifying the restoration  
needs (Figure 3.1). Once restoration needs are identified, 
the most appropriate restoration techniques can be 
selected (Chapter 5), restoration actions can be pri-

oritized (Chapter 6), and individual projects designed 
(Chapter 7).

In this chapter we first describe the role of restoration 
goals in guiding watershed assessments, focusing on how 
the goal drives the selection of specific methods (Steps 1 
and 2). We describe key assessment methods, grouping 
them into assessments of: (1) causes of habitat and bio-
logical degradation; (2) habitat alteration; and (3) changes 
in biota. Assessments of causes of changes to watershed 
processes are further organized by scale as in Chapter 2 
(landscape, watershed, and reach). For each component 
and scale, we review a range of common assessment 
methods, suggest general criteria for choosing between 
them, and identify key products that an assessment should 
produce to help identify restoration actions (Step 3). We 
then describe basic approaches to summarizing and inter-
preting the results, as well as key principles that guide the 
identification of restoration opportunities based on the 
integrated results from assessments of watershed pro-
cesses, habitat alteration, and biological changes (Steps 4 
and 5). Finally, we present two case studies to illustrate 
alternative presentations of watershed assessment results 
and development of restoration strategies and actions.
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© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.

50



Watershed Assessments and Identification of Restoration Needs    51

3.2  The role of restoration goals in 
guiding watershed assessments

Restoration goals are statements of broad aims to be 
achieved, whereas restoration objectives are specific and 
measureable steps that must be completed to attain the 
goal (Barber & Taylor 1990; Tear et al. 2005; Ryder et al. 
2008). Restoration goals for conservation organizations 
often focus on single species (e.g. Trout Unlimited, Atlan-
tic Salmon Trust), or on broader ecosystem restoration 
efforts (e.g. The Nature Conservancy). However, restoration 
goals are perhaps most commonly driven by legislation 
that spurs restoration activity and funding, including 
laws or acts that focus on conservation or recovery  
of individual species, restoration or improvement of  
ecosystems or landscapes, or restoration of ecosystem 
services such as recreation or clean drinking water (Parker 
1997; Beechie & Bolton 1999; Ehrenfeld 2000; Nakamura 
& Tockner 2004) (Table 3.1). Because these legislative 
mandates have divergent aims and restoration goals,  
criteria that determine restoration ‘success’ will vary 
depending on the legislation that drives river restoration 

Figure 3.1 Illustration of five key steps in developing and 
implementing a watershed assessment to identify restoration 
actions.

Table 3.1 Examples of legislation supporting river restoration.

Legislation Purpose

Species focused
United 

States
Endangered Species Act (1973) Provide a means whereby the ecosystems upon which endangered 

species and threatened species depend may be conserved
European 

Union
Habitats Directive (1992) Contribute towards ensuring biodiversity through the 

conservation of natural habitats and of wild fauna and flora
Japan Act on Conservation of Endangered 

Species of Wild Fauna and Flora 
(1992)

Contribute to a healthy and culturally rich life for current and 
future Japanese citizens by preserving endangered species of 
wild fauna and flora as well as the natural environment those 
species depend upon

Australia Endangered Species Protection Act 
(1992)

Promote the recovery of species and ecological communities that 
are endangered or vulnerable

Ecosystem focused
United 

States
Clean Water Act (1972) Restore and maintain the chemical, physical, and biological 

integrity of the nation’s waters
European 

Union
Water Framework Directive (2000) Prevent further deterioration and protect and enhance the status 

of aquatic ecosystems
Japan River Law (1964, amended 1997) Contribute to land conservation, the development of the country 

and thereby maintain public security and promote public 
welfare, by administering rivers comprehensively . . . , and 
maintain the normal functions of the river water by 
maintaining and conserving the fluvial environment

Australia Environment Protection and 
Biodiversity Conservation Act (1999)

To provide for the protection of the environment . . . and 
promote the conservation of biodiversity
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are driven by species-focused legislation or non-profit 
organizations often have very narrowly stated outcomes 
for the species, but they usually acknowledge that restora-
tion of ecosystems is the appropriate means to achieving 
that goal. By contrast, broader restoration goals might 
target recovery of biological integrity or diversity, and 
also include ecosystem restoration as a means of achiev-
ing the goal. Such goals guide restoration practitioners in 
choosing how to identify necessary restoration actions, 
how to prioritize restoration efforts, and help to inhibit 
drift in management objectives through time (Barber & 
Taylor 1990).

It is worth noting that the terms goals and objectives 
are often used interchangeably, but they do in fact  
have distinct definitions (Box 3.1). For the purposes of 
restoration planning, we define goals as broadly stated 
aims or desired outcomes of a restoration effort, including 
the main biological outcome to be achieved. Objectives, 
by contrast, are specific and measureable achievements 
that are necessary to reach a restoration goal. In this 

efforts. Subsequently, the types of assessments selected 
for identifying causes of degradation and necessary restora-
tion actions should be tailored to match the restoration 
goals, maintaining a clear linkage between legislative 
mandates, restoration goals, and watershed assessments. 
This ensures that the restoration actions identified through 
the watershed assessments are the key actions needed to 
achieve restoration goals.

3.2.1  Stating restoration goals
Restoration goal statements should include at least three 
main components: (1) clearly identified ecological aims; 
(2) a focus on addressing underlying causes of degrada-
tion; and (3) acknowledgement of social and economic 
constraints on restoration (Slocombe 1998; Beechie et al. 
2008a). These elements of a restoration goal reflect not 
only legislative or organizational drivers for restoration 
(the ecological or biological aims), but also stakeholder 
values and the need to address root causes of degradation 
rather than symptoms (Table 3.2). Restoration goals that 

Table 3.2 Examples of ecological restoration goals, indicating a variety of desired endpoints such as improved salmonid 

populations, increased biological diversity, and ameliorating impacts to watershed processes.

Location and legal drivers Goal statement

Lower Columbia River, USA; for 
salmonids listed under the 
Endangered Species Act

Salmon, steelhead and bull trout are recovered to healthy, harvestable levels that 
will sustain productive sport, commercial, and tribal fisheries through the 
restoration and protection of the ecosystems upon which they depend and the 
implementation of supportive hatchery and harvest practices (Lower 
Columbia Fish Recovery Board 2010)

Tyne River, UK; for restoration of 
numerous species and habitat types, 
including species listed under the EU 
Habitats Directive

To conserve, protect, rehabilitate, and improve the rivers, streams, watercourses, 
and water impoundments of the River Tyne catchment including its estuary 
and adjacent coastal area (Tyne Rivers Trust, http://www.tyneriverstrust.org/
home/about-the-trust/our-vision)

Northern Ireland, National Atlantic 
Salmon Management Strategy

To conserve, enhance, restore, and rationally manage salmon stocks in 
catchments throughout Northern Ireland through two Salmon Management 
Plans (Milner et al. 2008)

Kissimmee River, Florida, USA; to 
restore portions of the Everglades 
ecosystem

Reestablish an ecosystem that is capable of supporting and maintaining a 
balanced, integrated, and adaptive community of organisms having a species 
composition, diversity, and functional organization comparable to the natural 
habitat of the region (Kissimmee River, Florida, USA; Toth 1995)

Anacostia River, Maryland, USA; to 
restore ecological integrity of the 
Anacostia River

Protect and restore the ecological integrity of the Anacostia River and its streams 
to enhance aquatic diversity, increase recreational use, and provide for a 
quality urban fishery (Anacostia Watershed, Maryland, USA; Anacostia 
Watershed Restoration Partnership, http://www.anacostia.net/restoration.html)

Upper Truckee River, Nevada, USA; to 
reduce sediment inputs to Lake Tahoe 
and improve habitats for fishes

‘Reduce erosion, fine sediment and nutrient loads…, restore natural river flows, 
floodplains and meadows . . . , expand the habitat corridor to strengthen the 
natural ecosystem . . . , and maintain recreational and economic benefits.’ 
(Upper Truckee River Restoration, http:// www.restoreuppertruckee.net/)

http://www.tyneriverstrust.org/home/about-the-trust/our-vision
http://www.tyneriverstrust.org/home/about-the-trust/our-vision
http://www.anacostia.net/restoration.html
http://www.restoreuppertruckee.net/
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mountains might focus on forestry effects on landslides. 
Similarly, runoff processes and stream flows are a part of 
most assessments, but areas with extensive irrigation 
needs might focus assessments on the effects of water 
withdrawals on low flows, whereas urban watersheds 
might focus analyses on the effects of impervious surfaces 
on flood flows. Hence, both the focus and methodology 
for each process assessment should be tailored to the local 
geography.

While legal and organizational drivers of restoration 
efforts have relatively little influence on the suite of 
watershed-scale and reach-scale processes included in 
assessments, the drivers strongly influence habitat and 
biological evaluations. Where restoration efforts are 
driven by species-focused goals, assessments commonly 
focus on changes in habitats that are important to the 
species, as well as on status of the species and key restora-
tion actions that are needed to improve its status (e.g. 
Harwell et al. 1999; McElhany et al. 2000; Tear et al. 2005). 
By contrast, restoration efforts that focus more broadly 
on ecological status or ecosystem health might include 
assessments that target key water quality attributes, as 
well as on multimetric indicators of ecological health 
(Karr 1991; Wright et al. 2000). Beyond legislative or 
organizational needs, assessment methods for habitats 
and biota are also partly driven by geographic setting, as 
species and habitats vary considerably even over short 
distances. Hence, the focus and methods for assessing 
habitats and biota should be tailored to both restoration 
goals and local geography.

In constructing the watershed assessment, it is impor-
tant that each component is focused on one or more 
cause–effect linkages between watershed processes, habitat 
conditions, and biota in riverine ecosystems (Karr 2006; 
Beechie et al. 2008a). We organize these cause–effect 
linkages by the two main questions that a watershed 
assessment is intended to answer (Figure 3.2). The first 
question is focused on identifying causes of habitat 
change (the altered processes that have led to changes in 
habitat) (Beechie et al. 2003a, b), and the second question 
addresses how habitat changes have affected biota. 
Answering the second question includes assessing habitat 
loss or degradation and estimating the effect of those 
changes on one or more species. Answering these two 
basic questions through watershed assessment is key to 
identifying which kinds of restoration actions are most 
needed in a watershed, and to understanding the poten-
tial biological benefits of various restoration options 
(Beechie et al. 2008a). Finally, a third question focuses 
on identifying constraints on restoration options, as 

context, objectives are specific restoration targets that 
must be attained in order to achieve the broadly stated 
restoration goal. For example, a simplified restoration 
goal might be: ‘Restore local fish populations by restoring 
watershed processes and habitats that sustain them.’ 
Objectives needed to achieve this goal are identified by 
the analyses of watershed processes, habitats, and biota, 
and might include:
1. increase fish rearing habitat capacity by reconnecting 
x% of historical floodplain habitats;
2. reduce stream temperatures in x km of key rearing 
habitats by restoring riparian vegetation; and
3. reduce erosion and sediment delivery from agricul-
tural lands by x%.
The watershed assessment also identifies specific restora-
tion actions (or at least potential restoration actions) that 
are necessary to achieve the objectives, and therefore to 
achieve the restoration goal.

3.2.2  Designing the watershed 
assessment to reflect restoration 
goals and local geography

Once the restoration goal is stated, the assessment process 
can be constructed to identify specific objectives (i.e.  
restoration actions) necessary to achieve that goal. While 
legislative mandates vary in environmental purposes, most 
are based on concepts such as ecosystem conservation,  
biodiversity, or physical, chemical, and biological integrity. 
Moreover, the same watershed processes drive riverine 
ecosystems regardless of geographic setting. A common 
set of watershed-scale and reach-scale processes should 
therefore be assessed regardless of whether the goal  
is species-focused, water-quality-focused or ecosystem-
focused (Table 3.3). However, specific assessment methods 
for each process vary depending on the geographic setting 
of the watershed (i.e. physiography and common land 
uses). For example, erosion processes are included in 
most watershed assessments, but assessments to identify 
land-use effects on sediment supply in low-relief agricul-
tural areas might focus on agriculture effects on surface 
erosion processes, whereas assessments in steep forested 

Box 3.1

Goal – broadly stated aims or desired outcomes of a 
restoration effort, including the main biological outcome to 
be achieved.

Objectives – specific and measureable achievements that are 
necessary to reach a restoration goal.
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USA (Skagit River) and one from the UK (River Eden). 
The geography of the Skagit River basin of Washington 
State, USA (drainage area of 8270 km2) is dominated by 
steep forested mountains with wide mainstem river 
valleys and a large delta in the lower reaches of the basin. 
Upland erosion is dominated by landsliding, and forestry 
activities are the primary influence on landsliding. A sedi-
ment budget approach was therefore used to analyze 
changes in landslide rates and estimate increases in sedi-
ment supply (Table 3.4). By contrast, the lower river 
floodplains and delta are dominated by agriculture, and 
the primary land-use impact has been loss of floodplain 
and delta habitats due to levees and conversion to agri-
culture or urban land uses. Hence, reach-scale process 
assessments were focused on losses of floodplain habitats 

many restoration efforts are located in heavily managed 
watersheds or parts of watersheds (such as urban or  
agricultural zones) and it may not be possible to restore 
stream or watershed functions to their natural potential 
(Geist & Galatowitsch 1999). Together, the answers  
to these questions guide identification of the kinds of 
restoration actions that are needed to achieve a restoration 
goal, as well as constraints that limit the degree to which 
watershed processes and habitats can be restored (Poff & 
Ward 1990; Ebersole & Liss 1997; Frissell et al. 1997; Pess 
et al. 2003a).

To illustrate how geography, legislation and key ques-
tions guide the design of watershed assessments, we 
briefly summarize the development of assessment 
methods for two contrasting watersheds: one from the 

Table 3.3 Common assessment components for identifying restoration actions.

Process group Description

Watershed-scale processes
Runoff and stream flow Assess effects of changing land cover on runoff and stream flow, such as effects of increased 

impervious surface area or forest removal on flood flows
Erosion and sediment supply Assess effects of land uses on erosion processes, such as logging effects on landslides or 

tilling and grazing effects on surface erosion
Nutrient delivery Assess sources of increased or decreased nutrient supply to streams, such as fertilizer 

applications in agricultural lands or reduction of salmon populations and loss of 
marine-derived nutrients

Reach-scale processes
Riparian processes Assess riparian vegetation conditions and effects on stream shading, wood supply to streams, 

sediment retention, root reinforcement of banks and detritus inputs to riverine ecosystems
Stream flow and flood storage Assess direct alteration of stream flow by dams or water diversions
Sediment transport and 

storage
Assess direct alteration of sediment transport and storage by dams, dredging, mining, or 

other in-channel activities
Channel, floodplain, and 

habitat dynamics
Assess loss of floodplain habitats by levees, dikes, and revetments (bank armoring)

Habitat alteration
Habitat type and quantity Evaluate condition of habitat features relative to expected natural conditions, or relative to 

best attainable reference condition if full restoration is not possible; map blockages to fish 
migration

Water quality Evaluate human impacts to important water-quality attributes such as temperature, 
pollutants, and nutrients

Changes to biota
Single species Evaluate status of important populations or species, especially for restoration efforts driven 

by species-focused legislation
Multiple species Evaluate condition of communities or assemblages, especially for restoration efforts driven 

by ecosystem-focused legislation
Non-native species Evaluate presence, abundance and potential impacts of non-native species
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livestock), and that identifying sustainable solutions to 
these root causes required a range of innovative assess-
ments based upon remote sensing, aerial photography, 
Geographical Information Systems (GIS), environmental 
modeling, and ecological surveying. The erosion and 
nutrient assessments focus on identifying erosion-prone 
fields and pastures that are hydrologically connected to 
streams (i.e. eroded sediment was likely delivered to  
the stream) (Table 3.4), as agricultural runoff is consid-
ered a likely cause of siltation, nutrient enrichment, and 
fish mortality events across the watershed. Riparian  
assessments are focused on impacts of grazing livestock 
on bank erosion, as well as on identifying areas where  
riparian restoration might reduce delivery of sediment or 
nutrients to streams. The European Union Habitats 
Directive protects the habitats of numerous species in  
the River Eden, and the Trust chose to focus on age 0+ 
Atlantic salmon (Salmo salar) and brown trout (S. Trutta) 
as the best indicators of local habitat conditions and 
water quality for the broad range of species present. 
Hence, the habitat and biological assessments were 
focused mainly on sediment characteristics that influence 
Atlantic salmon and brown trout spawning and survival 
of eggs, as well as on the effects of water quality on  
survival of young juveniles. Finally, statistical relationships 

and changes in riparian condition. Because there are 
several salmon species of economic interest in the  
basin, the Skagit Watershed Council recognized that a 
restoration goal of ‘restoring and maintaining landscape 
processes that formed and sustained the habitats to  
which salmonid stocks are adapted’ would help guide 
restoration actions toward those that support habitats  
for all species (Beechie & Bolton 1999). Habitat assess-
ments were therefore designed to quantify changes in 
habitats used by all of the local salmonid species. However, 
Chinook salmon (Oncorhynchus tshawytscha) and steelhead 
(O. mykiss) are currently listed under the United States 
Endangered Species Act (Federal Register 1999, 2007), 
and most restoration funding is currently for restoring 
Chinook salmon. Therefore, the biological analysis focused 
on identifying restoration actions that will most benefit 
Chinook salmon.

By contrast, the 2300 km2 Eden River basin in the UK 
is predominantly low rolling hills, and more than 90% of 
the landscape is used for mixed livestock and arable 
farming, dairy farming, or upland sheep farming. The 
Eden Rivers Trust recognized that root causes of environ-
mental degradation included both distributed watershed 
processes (e.g. diffuse pollution from agriculture) and 
reach-scale riparian processes (e.g. impacts of grazing 

Figure 3.2 Conceptual diagram of process linkages between landscape processes, stream habitats, and biota, and the key questions 
to be answered by restoration assessments. Modified from Beechie et al. 2003, 2008.
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basins, and all processes that are relevant to the local 
geography and species are evaluated in the watershed 
assessment. Later in this chapter we revisit these two river 
basins to illustrate assessment methods for erosion pro-
cesses and riparian conditions in more detail (Section 
3.3), and how to summarize assessments and use those 
results to develop restoration strategies (Section 3.8).

3.3  Assessing causes of habitat and 
biological degradation

We summarize assessment methods for each of the key 
watershed processes, focusing on those processes that: (1) 

between land uses, reach-scale conditions, and species 
abundances were used to identify restoration areas and 
actions that were most important to the focal species.

The contrasting assessment methods for watershed- 
and reach-scale processes between these two basins are 
primarily a function of how local geography determines 
the dominant processes active in a watershed (e.g. surface 
erosion versus landsliding), and also how varying land-
use patterns influence those underlying processes. 
However, contrasting assessment methods for habitats 
and biota are primarily a function of key species in the 
watershed and legislative mandates for protection or res-
toration of those species and their habitats. Nevertheless, 
the same suite of processes is considered for both river 

Table 3.4 Examples of selecting appropriate assessment components and methods for the Skagit River basin, USA and River 

Eden, UK.

Skagit River basin, USA River Eden, UK

Watershed-scale processes
Runoff and stream 

flow
Assess effects of increased impervious surface 

area or forest removal on flood flows
Assess connectivity of potential sources of fine 

sediment to pinpoint key areas for restoration
Erosion and 

sediment supply
Assess effects of logging and road 

construction on landslides
Assess effects of land use on surface erosion and 

sediment supply
Nutrient delivery Not assessed; streams are largely oligotrophic Assess risk of increased nutrient supply to streams 

via connectivity analysis

Reach-scale processes
Riparian processes Assess effects of logging and land conversion 

on riparian forest structure using satellite 
data and aerial photography

Assess effects of grazing on riparian vegetation 
conditions using high-resolution (20 cm) 
photography

Channel, floodplain, 
and habitat 
dynamics

Assess loss of floodplain habitats by levee 
construction using historical maps and 
field data

Not assessed; focus was on salmonid spawning areas 
(i.e. headwaters and sub-basins where channel is 
mostly confined with few floodplains)

Habitat alteration
Habitat type and 

quantity
Assess changes in habitat types relevant to 

key salmon species (e.g. changes in 
tributary pools, beaver pond areas, 
mainstem habitat areas)

Assess channel width and substrate characteristics 
in relation to grazing and bank erosion from 
high-resolution aerial photography; assess 
channel gradient and associated physical biotope 
from 5 m DTM

Water quality Not addressed at the basin scale; water 
quality issues are relatively localized in the 
lower basin.

Not directly assessed; cumulative risk of high 
nutrient load was estimated by reach from the 
connectivity analysis above

Changes to biota
Single species Use life-cycle models and a variety of habitat 

specific studies to identify habitat changes 
most important to Chinook salmon

Use rapid electrofishing method to evaluate status 
of age 0+ Atlantic salmon and brown trout by 
reach, as an index of local habitat quality
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or valley form (Montgomery 1999), or based on a  
combination of physical and ecological attributes (e.g. 
Omernik 1986). These landscape units are commonly 
used to identify portions of landscapes in which channel 
characteristics and processes are generally similar  
(Montgomery & Bolton 2003). Nested within landscape 
units are valley types, which are primarily a function of 
formative processes (e.g. glacial or fluvial), floodplain 
width, and valley slope (Cupp 1989; Naiman et al. 1992). 
Valley types set fundamental limits on channel patterns 
and habitats that can form within valley segments.  
Each of these classification systems defines an aspect  
of restoration potential that is independent of human 
impacts (or natural disturbances), and helps to describe 
potential geomorphic, aquatic habitat or biological  
conditions that may exist within each reach.

Reach-scale classification systems are generally more 
sensitive to natural and human disturbances, and there-
fore the classification of a reach can change through time 
if there are major changes in stream flow, sediment 
supply, or riparian vegetation. Common classification 
schemes range from simple (a few process-based classes) 
to complex (more than 20 reach types). Simple systems 
include the Montgomery & Buffington (1997) system for 
small streams and the large river channel types proposed 
by Leopold & Wolman (1957) (see Figure 2.5 in Chapter 
2), while complex systems include those such as the 
Rosgen (1994) system and the river styles framework in 
Australia (Brierley et al. 2002; Table 3.5). Most classifica-
tion systems for small streams distinguish channel types 
according to sinuosity, bed material, slope, width or 
depth, and bedform or planform (e.g. Naiman et al. 1992; 
Rosgen 1994; Montgomery & Buffington 1997). These 
systems commonly identify reach types that are identified 
in the field – such as pool-riffle, cascade or plane-bed 
channels – that reflect not only channel slope and size, 
but also sediment and wood supply to the reach (Mont-
gomery & Buffington 1997). Classification of large rivers 
is usually based on channel pattern, which reflects varia-
tions in slope, discharge, sediment supply, and floodplain 
vegetation (Nanson & Hickin 1986; Millar 2000; Church 
2002; Eaton et al. 2004). The simplest classification system 
for floodplain rivers identified three channel patterns: 
straight, meandering and braided (Leopold & Wolman 
1957). Since then researchers have developed a wide 
variety of classification systems for alluvial channel pat-
terns (e.g. Kellerhals et al. 1976; Schumm 1985; Knighton 
& Nanson 1993; Ward et al. 2001), resulting in overlap-
ping and conflicting terminology (Beechie et al. 2006). 
Nevertheless, the underlying drivers of channel pattern 

drive riverine ecosystems; (2) are commonly influenced 
by land and water uses; and (3) are targets of restoration 
activity (Table 3.3). For each process we briefly review 
common assessment methods, discuss general criteria for 
choosing appropriate methods depending on the geo-
graphic setting and restoration goals, and describe the 
products each assessment should produce to help identify 
necessary restoration actions. More detailed descriptions 
of assessment procedures are described in other texts and 
references, which we identify within each section (e.g. 
Hendry & Cragg-Hine 1996; Kondolf & Piegay 2003; 
Hauer & Lamberti 2006).

We note here that we address longitudinal, lateral and 
vertical connectivity under each process assessment as 
appropriate. For example, longitudinal connectivity can 
refer to continuity of upstream movements of fishes or 
downstream fluxes of sediment and water, and each of 
these functions is addressed under sections on assess-
ments of habitats, sediment routing, and stream flow. 
Lateral connectivity is addressed primarily under assess-
ment of floodplain processes, and vertical connectivity is 
addressed under fluvial process assessments.

3.3.1  Use of landscape and river 
classification to understand the 
watershed template

A watershed’s geology, topography and climate (the 
watershed template) control the limits of restoration 
potential, whereas watershed- and reach-scale processes 
control current habitat and biological conditions within 
those limits (Chapter 2). Large-scale features such as 
topography, network structure and valley types tend to 
be relatively stable over human time frames, and these 
features define the range of potential conditions that may 
be expressed within reaches (Naiman et al. 1992; Newson 
et al. 1998; Cullum et al. 2008; Figure 3.3). By contrast, 
small-scale features such as reach types or habitat unit 
types can change as a result of either natural or human 
disturbances, and they reflect the current state of habitat 
in a particular location (Frissell et al. 1986). Hierarchical 
landscape and river classification systems are often used 
to describe these limits and map current conditions,  
and these classification systems are particularly well 
suited to identifying: (1) landscape or valley features that 
define the range of possible conditions; and (2) reach-scale 
features that describe the current condition within that 
range (Naiman et al. 1992; Brierley et al. 2008).

Classification of large-scale features defines suites  
of potential channel forms based on geology, topography, 
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Figure 3.3 Hierarchical classification includes higher-level classes that are unchanged by human impacts (e.g. litho-topographic 
units or valley forms) whereas lower-level classes respond to human impacts (e.g. reach types or habitat units).
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are well supported (Nanson & Hickin 1986; Millar 2000; 
Church 2002), and a simple classification of channel  
patterns is a useful tool for understanding the range of 
habitat types that each reach can support as well as for 
predicting responses to changes in discharge, sediment 
supply, and riparian vegetation.

Choosing a classification system that is useful for a 
particular watershed assessment can be guided by five key 
principles (Brierley & Fryirs 2005; Cullum et al. 2008; 
Table 3.6). First, the selected system should be firmly 
grounded in hierarchy theory, recognizing that higher-
level controls influence lower levels (see also Chapter 2). 
Second, it should reflect an understanding that processes 
outside a reach strongly influence conditions within that 
reach (Montgomery & Buffington 1997; Montgomery 
1999). Third, the system should be tailored to local res-
toration goals and suited to the geomorphic, ecological, 
and historical context of the region (Cullum et al. 2008; 
Walter & Merritts 2008). Fourth, it should be ecologically 
relevant and stratify important environmental and bio-
logical variables. Finally, a classification system should 
explicitly recognize uncertainties associated with both  
the classification system and predictions of ecosystem 
responses to changes in driving processes (Kondolf et al. 

Table 3.5 Examples of common classification systems for varying spatial scales of assessment.

Scale Classification system Description

Landscape Litho-topographic units Based on geology, topography and valley form. Identifies areas of common 
physiography (Montgomery 1999)

Ecoregions Based on a combination of physical and ecological attributes. Identifies areas 
with common physical and ecological attributes (Omernik 1986)

Valley segment Valley types Based on valley slope, shape (e.g. U-shaped or V-shaped) and confinement 
(floodplain width relative to channel width) (Cupp 1989; Naiman et al. 
1992)

Floodplain River channel pattern Based on arrangement of channels on the floodplain (e.g. braided, 
meandering, straight), and includes a wide range of terminologies and  
levels of detail (Leopold & Wolman 1957; Schumm 1985; Knighton & 
Nanson 1993;Ward et al. 2001; Beechie et al. 2006)

Stream reach Stream type Based on channel slope, sinuosity, entrenchment, width-depth ratio, bed 
material size, and number of channels (Rosgen 1994)

Channel type Based on bed forms (cascade, step-pool, pools, riffles, dunes), and wood 
forcing of pools (Montgomery & Buffington 1997)

Hierarchical Hierarchical Classifies streams and habitats at five scales: watershed, segment, reach,  
habitat unit, and microhabitat unit (Frissell et al. 1986)

River styles Based on valley setting (ranging from confined to alluvial), number and form 
of channels, and geomorphic units within a valley segment (Brierley et al. 
2002)

Table 3.6 Guiding criteria for selecting or designing an 

effective classification system for analyzing geological and 

topographic controls on stream and river habitats (adapted 

from Kondolf et al. 2003).

Criterion Description

Hierarchical Recognizes that lower-level 
conditions are controlled by 
higher-level processes

Process-based Based on, and predictive of, 
responses to changes in 
watershed or reach-level 
processes

Locally tailored Suited to the local geomorphic, 
ecological, and human 
historical context

Ecologically 
relevant

Relevant to local ecological or 
environmental restoration 
goals and objectives

Recognizes 
uncertainty

Explicitly recognizes uncertainties 
in both classification of sites 
and predicted responses to 
process changes
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river network (Brierley et al. 2002). To do this, a stream 
classification system should normally have at least two 
scales of classification: a landscape scale and a valley 
segment scale. The landscape scale of classification  
identifies areas of the landscape within which watershed 
processes operate relatively similarly, and the valley scale 
more specifically defines the range of potential channel 
and habitat types that each reach can support based on 
valley form, slope, and floodplain width. Note that the 

2003). These principles will help ensure that the chosen 
classification system fits the restoration assessment needs, 
recognizes regionally specific physical and biological pro-
cesses, and understands that human history imparts 
legacy effects that may confound our perception of refer-
ence conditions.

Ultimately, the selected stream classification system 
should help restoration planners understand and describe 
the underlying restoration potential of each reach in a 

Figure 3.4 Example of (A) landscape- and (B) valley-scale classification in the Bega catchment, Australia. Based on Brierley et al. 
(2002).

Bega catchment landscape units

Bega catchment river styles
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∆S I O= –

where ΔS is change in storage, I is input and O is output 
(Reid & Dunne 1995). In general, S is the stream 
condition for any parameter (e.g. the amount of sedi-
ment, nutrients, or a pollutant in a stream reach), and 
quantifying changes in inputs or outputs indicates how 
land uses have altered the stream ecosystem. Because the 
watershed-scale assessments are most often concerned 
with identifying changes in inputs (I), the budget often 
focuses only on quantifying how inputs have been altered 
by land uses, which is called a partial sediment budget. 
Methods and terminology for calculating changes in inputs 
vary depending on which processes are being evaluated. 
Notably, the term ‘budget’ is not always explicitly stated, 
especially with runoff or erosion models that simulate  
basic processes contributing to stream flow volumes or 
sediment loads. Nevertheless, the budgeting concept 
underlies most of these models. The following three  
sections describe assessment methods for sediment 
supply, stream flow and nutrients or pollutants.

3.3.2.1 Sediment supply: Erosion and delivery to 
streams

The partial sediment budget aims to quantify changes in 
sediment supply due to land use, and commonly focuses 
on two main processes: surface erosion and landsliding. 
The analysis is conducted by: (1) quantifying erosion 
rates from aerial photography or maps (mainly used for 
landsliding); and (2) extrapolation of limited empirical 
data or modeling (mainly used for surface erosion) (Reid 
& Dunne 1995; Beechie et al. 2003a). Both approaches 
focus on identifying where sediment supplies to streams 
have been significantly altered, and can help focus resto-
ration efforts on areas that contribute large amounts of 
sediment. The primary output of these analyses should 
be a map of changes in sediment supply due to land use, 
where map polygons express a percent increase in sedi-
ment supply over a background rate or an absolute 
increase over background rate (e.g. tons of sediment 
delivered) (Reid & Dunne 1995). Estimating change from 
background rate is an important part of the calculation, 
as background rates of sediment supply vary with land-
form, slope, soil type, vegetation cover, and other factors 
(Reid 1998).

In mountainous areas, a partial sediment budget is 
often constructed by conducting landslide inventories 
from historical aerial photographs and estimating contri-
butions of fine sediments from road surface erosion (e.g. 
Reid & Dunne 1995; Paulson 1997). In these inventories, 

classification system need not describe the current  
condition of the channel or habitats in detail, as the fluvial 
geomorphology and habitat assessments will address 
these later (see Sections 3.3.3 and 3.4). With the landscape 
scale of classification, areas are identified to have broadly 
similar rates and types of watershed-scale processes, 
whereas the valley scale of classification should at a 
minimum help to illustrate the restoration potential of 
each reach.

For example, landscape classification of the Skagit 
River basin identified four lithologic and topographic 
regions with differing erosion processes and background 
(i.e. natural) rates of sediment delivery. Each region is 
prone to different modes and rates of landsliding, has its 
own background erosion rate, and requires unique suites 
of restoration actions to ameliorate land-use effects on 
sediment supply. Similarly, landscape-scale classification 
in the Bega Catchment, Australia shows key landscape 
features related to erosion rates and areas of floodplain 
formation (Figure 3.4). For valley-scale classification, Bri-
erley et al. (2002) used the River Styles framework to 
classify stream reaches into specific geomorphic settings 
that indicate potential responses of each reach, so that 
restoration planners can begin to develop and clearly 
articulate a restoration vision for each part of a river 
basin (Figure 3.4).

3.3.2  Assessing watershed-scale  
(non-point) processes

Assessing watershed processes or functions that cause 
habitat or ecosystem degradation focuses on understand-
ing how those processes have been altered from their 
background rates to identify where and what kinds of 
restoration actions are needed to reduce land-use effects 
(Beechie et al. 2008a). Watershed-scale processes include 
erosion and sediment supply, runoff and stream flow, and 
inputs of nutrients or pesticides. Quantifying how these 
processes have been altered and identifying restoration 
actions that are required for their recovery requires two 
different kinds of assessments. First, process assessments 
commonly use remotely sensed data to identify the degree 
to which a process has been altered by land use, and 
where in the watershed these changes have occurred. 
Second, field inventories locate specific restoration 
actions that are needed for recovery, focusing on key 
causes of disrupted processes identified in the process 
assessment.

Changes to watershed processes are typically assessed 
using a budgeting approach, which can be stated in equa-
tion form as



62    Stream and Watershed Restoration

surface erosion) can be summarized by sub-basins to 
identify areas where sediment supplies have been most 
altered and where modified timber harvest practices or 
road modifications can have the greatest impact on eco-
system recovery (e.g. Beechie et al. 2003a; Benda et al. 
2007). For example, landslide data for the Skagit River 
basin, USA indicated that natural erosion rates varied 
with lithology and logging roads had the largest influence 
on sediment supply rates for all parts of the basin (Figure 
3.5). Extrapolating these data across the basin based on 
geology, forest ages, and road locations showed that 
erosion rates were likely more than double the natural 
background rate in 13 sub-basins of the Skagit River, and 

landslides are enumerated and measured on each aerial 
photograph, and the volume of each landslide is calcu-
lated based on a relationship of photo-measured area to 
field-measured volume for a subset of the recent land-
slides (Reid & Dunne 1995). Land use is also recorded for 
each landslide (e.g. clear-cut, road, or mature forest), 
allowing estimation of the aggregate impact of land use 
on the sediment input, as well as identification of the land 
uses most responsible for changes in sediment supply 
(Figure 3.5). Estimates of surface erosion from unpaved 
roads can be based on characteristics of road surfaces, cut 
and fill slopes, and precipitation (e.g. Ketcheson et al. 
1999). The two assessment components (landslides and 

Figure 3.5 (A) A sediment budget constructed for the Skagit River basin, Washington State, USA used aerial photography to 
identify and measure landslides in 10 sub-basins with varying lithology and land use. (B) Landslide data including lithology, land 
use and year of photograph were used to calculate (C) sediment production rates from all combinations of lithology and land use. 
(D) These data were then used in GIS to map sub-basins with significant increases in sediment supply relative to the forested 
background rate. Modified from Beechie et al. 2003a.
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lution between 30 m and 90 m yields the most accurate 
erosion estimates (e.g. Rojas et al. 2008).

Other models, such as the Sensitive Catchment Inte-
grated Modeling and Analysis Platform (SCIMAP; 
www.scimap.org.uk), focus on mapping the relative like-
lihood of sediment delivery to streams based on the 
concept of hydrological connectivity (Reaney et al. 2011). 
It identifies fields and locations where land uses with high 
erosion rates have a high likelihood of being hydrologi-
cally connected to the river and therefore a high likelihood 
of sediment delivery (Figure 3.6). Each of these methods 
allows more effective targeting of mitigation measures to 
reduce fine sediment delivery by identifying areas or sub-
watersheds that have the largest increases in erosion rates. 
To identify and list specific restoration actions, these 
assessments may need follow-up field or aerial photo-
graph inventories to identify specific fields that can be 
managed with cover crops or no-till agriculture, or areas 
where intensive livestock activity can be modified or 
removed to reduce erosion and delivery of sediment to 
streams (see also Chapter 5).

3.3.2.2 Hydrology: Runoff and stream flow
At the watershed scale, hydrologic analyses focus on 
understanding how land uses have altered stream flows 
via alterations in runoff processes such as interception, 
evapotranspiration, infiltration or routing through soils, 
or how dams have altered stream flows through flow 
regulation or abstraction (also termed withdrawal). 
These analyses are distinctly different from reach-scale 
hydraulic analyses, which focus on local flow characteris-
tics such as channel roughness, velocity profiles, and  
turbulence (see Chapter 7). As with erosion rates, changes 
in runoff and stream flow due to land uses can be assessed 
using both hydrologic models and empirical methods 
(Table 3.7). Most hydrologic models are spatially explicit, 
meaning they use physical features and land covers for 
each grid cell in a watershed to estimate runoff from each 
cell and to integrate those grid-cell estimates into stream 
flow estimates. Model outputs may include maps indicat-
ing where runoff rates are highest, as well as hourly or 
daily stream flow data. Empirical relationships between 
land cover attributes and stream flow characteristics can 
also be used to estimate changes in stream flow due to 
land cover change, but with less ability to identify detailed 
flow response to land cover change or mitigation actions. 
Assessments of changes in stream flow regimes as a result 
of flow regulation or water abstraction most commonly 
focus on key flow attributes calculated from measured 

that restoration efforts should be focused on road removal 
or reconstruction in those sub-basins.

While the sediment budget for forest lands indicates 
where sediment supply has increased and where restoration 
or rehabilitation may be necessary, it does not identify 
specific restoration actions needed to reduce sediment 
supplies in impaired sub-basins. Three types of inventory 
can be used to identify specific restoration actions.  
First, mapping of landslide hazard areas identifies areas 
that are particularly prone to landsliding, and high-
hazard areas can be removed from timber harvest or 
development plans to allow recovery of sediment supply 
rates (Beechie et al. 2003a). Second, inventory of road 
landslide hazards in forested mountain areas identifies 
specific road segments that can be rehabilitated to reduce 
landslide rates. Road inventories should identify  
segments of road that are at risk of failure (e.g. Rennison 
1998), as well as specific stream crossings, cross drains,  
or fills that are likely to fail. Each potential failure site  
can be listed and prioritized based on potential impact  
to the stream ecosystem. Third, the road surface erosion 
assessment can identify segments of road that produce 
large amounts of fine sediment, as well as important  
mitigation actions such as improving road surfacing  
or redirecting runoff away from streams.

Analysis of surface erosion from croplands or grazing 
lands commonly relies on measured erosion rates from 
soils with varying vegetation cover, which are incorpo-
rated into sediment budgets or surface erosion models to 
estimate changes in sediment supply (Dunne & Leopold 
1978; Renard et al. 1991, 1997). Bare soils erode at rates 
as much as 10 times higher than soils with cover crops, 
and erosion rate varies with soil type, rainfall, slope, cover 
type and other factors (see overview of processes and 
rates in Dunne & Leopold 1978, Toy et al. 2002). Erosion 
rates are commonly estimated using one of several 
erosion models, many of which are based on the Univer-
sal Soil Loss Equation (Wischmeier & Smith 1965, 1978) 
or Revised Universal Soil Loss Equation (Renard et al. 
1991, 1997). Dunne & Leopold (1978) provides a good 
overview of the equation and its application along with 
charts and tables for estimating certain parameters in the 
equation, and the original handbooks can be consulted 
for greater detail on the methods. Examples of models 
commonly used include Water Erosion Prediction Project 
(WEPP; Nearing et al. 1989) and European Soil Erosion 
Model (EUROSEM; Morgan et al. 1998). However, the 
spatial resolution of models (i.e. the grid cell size of 
digital elevation data representing topography) varies 
considerably, and some studies have found that grid reso-

http://www.scimap.org.uk
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Table 3.7 Examples of methods for analyzing effects of land use and dams on stream flows.

Method Description and citations

Hydrologic models
Water Flow and Balance 

Simulation Model (WaSiM-
ETH), Variable Infiltration 
Capacity (VIC) Model

Process-based runoff models for analyzing effects of land-use change and flow regulation by 
dams in a river network; grid cell resolution of 1 km2 (Liang et al. 1994; Lohmann et al. 
1998; Mattheussen et al. 2000; Verbunt et al. 2005; Kraus et al. 2007)

Distributed Soil Hydrology and 
Vegetation Model (DHSVM)

Process-based runoff model for analyzing effects of land-use change in a river network; grid 
cell resolution of 30 × 30 m (Wigmosta et al. 1994; Bowling et al. 2000; Cuo et al. 2009)

Analysis of streamflow data
Comparison of individual flow 

metrics
Correlation of land-use metrics to peak flows provide a means of assessing forestry or 

urbanization effects on peak flows (Booth & Jackson 1997; Bartz et al. 2006)
Index of Hydrologic Alteration 

(IHA)
IHA software analyzes streamflow data for a wide range of flow metrics, and can compare 

effects of varying streamflow management options on these metrics (Richter et al. 1996; 
Poff et al. 2010); designed for analysis of effects of dams on flow regimes

Figure 3.6 A risk-based modeling framework, SCIMAP (Sensitive Catchment Integrated Modeling and Analysis Platform) 
(www.scimap.org.uk), was used to assess the risk of fine sediment from agricultural sources being delivered to the Eden River 
system, Cumbria, UK. Sites with trout fry present were found to have a significantly lower risk estimate than those where trout 
were absent.

http://www.scimap.org.uk
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Variable Infiltration Capacity model (VIC; Liang et al. 
1994; Lohmann et al. 1998; Mattheussen et al. 2000) and 
the Water Flow and Balance Simulation Model (WaSim-
ETH; Verbunt et al. 2005; Krause et al. 2007; Bormann & 
Elfert 2010). Each model is grid based, with runoff pro-
cesses modeled in each cell (1 km × 1 km) to estimate 
runoff and subsurface flows that are routed downslope 
and into stream channels. Because these models use large 
grid cells, they are most suitable for analyzing large water-
sheds or regions (i.e. >10,000 km2) where lack of fine 
resolution on physical features or land covers does not 
strongly influence the model result. The Distributed 
Hydrology Soils and Vegetation Model (DHSVM) is 
similar in its process-based structure, but DHSVM 
models stream flow and routing at a grid cell resolution 
of 30 m × 30 m and can be used to more accurately model 
land-use effects on stream flows in watersheds less than 
10,000 km2 in area (Wigmosta et al. 1994; Bowling et al. 
2000; Cuo et al. 2009). Other basin-scale hydrologic 
models such as HSPF (Hydrology Simulation Program 
Fortran) and HEC-1 (Hydrologic Engineering Center, US 
Army Corps of Engineers) have similar resolutions and 
capabilities to DHSVM. While these detailed models can 
be used to identify areas or sub-watersheds in which land 
uses have substantially altered stream flow, they are 
usually more complicated and costly than necessary and 
empirical methods will suffice. Nevertheless, these 
detailed models may be well suited for evaluating the 
potential effects of various restoration alternatives in 
smaller basins. For example, HSPF was used to analyze 
changes in peak flow associated with urbanization in Des 
Moines Creek, Washington State, USA as well as to evalu-
ate potential mitigation options for stormwater runoff 
(Figure 3.8).

Empirical methods may use landscape indicators that 
are known to alter peak flows as an index of peak flow 
change (e.g. Booth & Jackson 1997; Beschta et al. 2000), 
or they may use empirical relationships between those 
indicators and peak flows to project changes in peak flow 
hydrographs as a result of land cover changes (e.g. Booth 
& Jackson 1997; Bartz et al. 2006). Such methods are 
much easier to use than complex models, and provide a 
good general characterization of which sub-basins may 
have greater or lesser degrees of hydrological alteration 
by land uses. However, they are less suitable for analyzing 
detailed flow changes within sub-basins and the potential 
effects of mitigation actions. Finally, perhaps the simplest 
method of estimating stream flows is the Rational 
Method, which is recommended only for use in small 
watersheds <3 km2 (Dunne & Leopold 1978). While this 

stream flow data, and several empirical methods can  
be used to evaluate the degree of alteration. These 
methods compare stream flow data under the current 
management regime to historical or reference stream 
flow data, and indicate the degree to which water  
management has affected stream flows and ecological 
functions of those flows.

Hydrologic models simulate basic hydrologic processes 
including infiltration, interception, snow accumulation 
and melt, and routing through soils, and can therefore 
simulate how changes in forest cover, impervious sur-
faces, road densities, or climate change might affect 
stream flows. Models are typically process-based, and use 
both the water and heat energy balances to estimate 
changes in runoff and stream flow as a function of land-
use change (Figure 3.7). The heat–energy balance is 
important for determining when and where precipitation 
falls as snow, and when snowmelt becomes stream runoff. 
Two coarse-resolution hydrologic models that are suita-
ble for analyzing land-use effects on stream flows are the 

Figure 3.7 Conceptual diagram of key components in many 
hydrologic models, including the water and energy balances 
required to predict storage and routing of water to streams 
and rivers. The energy balance is especially important for 
accurate prediction of the form of precipitation (rain or 
snow), and storage and melting of snow that contribute to 
runoff and stream flow.
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Figure 3.8 Example of use of a hydrologic model to evaluate effects of impervious surface areas on storm flows in Des Moines 
Creek near Seattle, Washington State, USA. (A) The watershed is largely urbanized, and (B) impervious surface areas associated 
with urban development dramatically increase storm flow responses to rainfall. (Based on Booth et al. 2002. Background image in 
(A) copyright Google, source USGS.)

A B

method characterizes some of the same landscape fea-
tures as process-based models (i.e. soil type and land use), 
it does not simulate runoff or routing explicitly. Its use is 
therefore generally limited to small watersheds with rela-
tively simple landforms and uniform soil characteristics, 
and it is not suitable for most watershed analyses designed 
to estimate land-use effects on stream flows over large 
areas.

For alteration of flows by water storage and diversions, 
flow data availability varies between large dams and small 
private irrigation or water supply diversions, and analysis 
methods are tailored to the types of data available (Spence 
et al. 1996; Quigley & Arbelbide 1997). For large dams, 
analyses are usually empirical assessments of flow changes 
based on stream gage data, and indicators of hydrologic 
alteration (IHA) can be used to assess the degree of 
hydrologic change at one or more dams within a watershed 
(Richter et al. 1996; Stanford et al. 1996; Poff et al. 2010). 
This method uses an array of stream flow parameters  
that are both biologically relevant and sensitive indicators 
of flow change (Richter et al. 1996). Early analyses using 
this basic approach used relatively few flow parameters  
to evaluate the severity of stream flow alteration by  
dams (Figure 3.9; Richter et al. 1998), but more recent 
analyses use a larger range of flow metrics to evaluate 
stream flow alteration (Table 3.8). Software for analyzing 
33 flow metrics and flow duration curves using IHA  
is available at http://conserveonline.org/workspaces/iha. 

Where total reduction in stream flow is of interest, cumu-
lative withdrawals from large dams can also be calculated 
based on stream flow data (e.g. Quigley & Arbelbide 
1997). Data for smaller diversions and their effect on 
stream flows are usually less readily available (Spence  
et al. 1996), and new inventories of abstraction points 
and volumes may be needed to systematically identify 
stream reaches with impaired low flows. Assessments of 
changes to low flows typically include inventories of total 
abstraction and calculation of the proportion of stream 
flow removed (e.g. Donato 1998), as well as indirect esti-
mates based on power consumption at pumping stations 
(e.g. Maupin 1999).

Alternatively, measured stream flows may be compared 
to modeled natural stream flows to estimate the effect of 
water abstraction (Benejam et al. 2010). Where measured 
or estimated daily stream flows are available, the IHA 
metrics can also be used to describe how stream flows 
have been altered by abstraction or flow regulation 
(Richter et al. 1996). Moreover, stream flows can be com-
bined with reach-scale hydrodynamic models and fish 
life-history information to estimate how flow changes 
alter habitat suitability for fishes. For example, recent 
investigations downstream of Hungry Horse (South Fork 
Flathead River) and Libby (Kootenai River) reservoirs  
in the headwater reaches of the Columbia River in 
Montana, USA have assessed the effects of flow alterations 
on threatened bull trout (Salvelinus confluentus) popula-

http://conserveonline.org/workspaces/iha
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showed that habitat availability under the natural flow 
regime (pre-dam, 1929–1952) was more suitable for bull 
trout than five post-dam flow management strategies 
(1953–2008), and that the current strategy best resembles 
natural flow conditions of all post-dam periods and helps 
restore channel margin habitats (Figure 3.10).

tions. Flow data were combined with two-dimensional 
hydrodynamic habitat models to assess discharge effects 
on useable habitats, and telemetry data revealed that bull 
trout move to shallow, low-velocity, shoreline areas at 
night, which are most sensitive to flow fluctuations 
(Muhlfeld et al. 2003, 2011). These two datasets combined 

Figure 3.9 Evaluation of streamflow alteration in the upper Colorado River basin, illustrating percent change in six key flow 
parameters (lower panel) and overall change in hydrographs in eight reaches of the Colorado and Green Rivers, USA (upper 
panel). Based on Richter et al. (1998).



68    Stream and Watershed Restoration

Table 3.8 Summary of indicators of hydrological alteration (based on Richter et al. 1996).

IHA statistics group Flow parameters

Magnitude of monthly flows Mean or median flow for each month (12 parameters)
Magnitude and duration of extreme flows Annual minimum (1-day mean)

Annual minimum (3-day mean)
Annual minimum (7-day mean)
Annual minimum (30-day mean)
Annual minimum (90-day mean)
Annual maximum (1-day mean)
Annual maximum (3-day mean)
Annual maximum (7-day mean)
Annual maximum (30-day mean)
Annual maximum (90-day mean)
Number of zero flow days
Base flow index (7-day minimum/mean annual flow)

Timing of extreme flows Julian date of 1-day annual minimum flow
Julian date of 1-day annual maximum flow

Frequency and duration of high/low pulses Number of low pulses per year
Mean or median duration of low pulses (days)
Number of high pulses per year
Mean or median duration of high pulses (days)

Rate and frequency of flow change Means of all positive differences between daily means
Means of all negative differences between daily means
Number of reversals (or number of rises and number of falls)

3.3.2.3 Nutrients and pollutants
As with erosion and runoff assessments, both budgets and 
models that account for sources and routing are com-
monly used for nutrient-loading assessments (Arheimer 
& Olsson 2003). Budgets have been used to evaluate 
sources and fate of nutrients as a function of land-use 
practices including logging, agricultural practices, and 
urbanization (Likens et al. 1970; Feller & Kimmins 1984; 
Lowrance et al. 1985; Groffman et al. 2004). However, in a 
restoration planning context, such budgets are generally 
not used unless water quality or biological assessments 
indicate that nutrient loads are higher than expected. 
Once a biological or water quality assessment has identi-
fied a pollution or nutrient problem, a budget can be used 
to identify sources of the problem and potential restora-
tion actions. The budget should focus on quantifying 
sources of nutrients or pollutants entering the river 
network from various land uses, which allows restoration 
planners to identify important sources that might need 
remediation or changes to management practices (e.g. 
Grimm et al. 2008). For example, a phosphorous budget 
for the Lake Mendota watershed in Wisconsin, USA 
showed that most phosphorous inputs were from fertiliz-

ers and feed supplements (Figure 3.11), and that net 
export of phosphorous to the lake – while large enough to 
cause eutrophication – was relatively small compared to 
that accumulating in soils and exported in agricultural 
products (Bennett et al. 1999). Therefore, management 
options to reduce phosphorous inputs to the lake must 
account for future release of phosphorous stored in soils 
as well as reducing short-term net export to Lake Mendota.

A variety of models can also be used to aid in watershed-
scale assessments of nutrient and pollutant sources. For 
example, the Integrated Catchment Model (INCA) can 
be used to assess sources and metals discharged from 
mines and evaluate potential restoration strategies (White-
head et al. 2009). Similarly, the Système Hydrologique 
Europeén Transport model (SHETRAN) is a physically 
based model for flow, solute and sediment transport  
in river basins (Ewen et al. 2000), although it is more 
limited in that it can model no more than 36 × 36 grid 
cells of any scale. A more versatile model for large catch-
ments is Hydrologiska Byråns Vattenbalansavdelning 
– Nitrogen/Phosphorous (HBV-NP; Arheimer & Brandt 
1998), which models nitrogen and phosphorous using a 
mass-balance framework. As with sediment supply or 
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Figure 3.10 Alteration of rearing habitat suitability for bull trout (Salvelinus confluentus) by flow regulation during four flow 
seasons in Montana, USA. Time periods represent the pre-dam period (1929–1952), an early post-dam period (1969–1984), and a 
recent flow management period attempting to restore rearing habitat areas (2001–2008). Weighted usable area is the area of habitat 
that is considered suitable rearing habitat based on depth and velocity criteria (based on Muhlfeld et al. 2011).
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Figure 3.11 Phosphorous budget for the Lake Mendota watershed in Wisconsin, USA illustrating calculation of phosphorous 
inputs, outputs and accumulation in soils (Bennett et al. 1999). Budget analyses such as these provide a clear picture of sources and 
fate of nutrients or pollutants and suggest where remediation actions might be needed.
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are important to stream ecosystems (Sedell & Froggatt 
1984; Peterson & Reid 1984; Collins et al. 2002; Ward 
et al. 2002), and human occupation of floodplains, levee 
construction, and channel incision have been among the 
greatest impacts to river ecosystems (Sedell & Froggatt 
1984; Collins et al. 2002; Hohensinner et al. 2003). Finally, 
alteration of sediment transport and stream flows by 
dams and water diversions impacts channel morphology 
and habitat availability and diversity (Poff et al. 2010). 
Assessments for each of these groups of processes  
focus on identifying how and where land and water  
uses have altered them, and on identifying specific  
restoration actions needed to restore those processes and 
functions.

3.3.3.1 Riparian processes
The purpose of riparian assessments is to identify where 
and to what degree riparian areas have been degraded 
within a watershed, and to identify areas where restora-
tion may be needed. As with watershed-level processes, 
remote sensing data can be used to identify where ripar-
ian processes and functions have been disrupted, but  

hydrologic assessments, selection of the appropriate 
method for any nutrient or pollution assessment depends 
on the geographic setting, local nutrient and pollutant 
issues, and biological endpoints stated in the restoration 
goal. Most importantly, the assessment method should 
identify causes of degradation (sources and delivery path-
ways) and clearly identify sites and types of restoration 
actions that can ameliorate the problem.

3.3.3  Assessing reach-scale processes
Reach-level processes are those processes that directly 
affect the adjacent reach, including riparian processes, 
floodplain–channel interactions, and local fluvial pro-
cesses. Riparian functions include supply of wood and 
leaf litter to streams, stream shading, root reinforcement 
of stream banks, sediment retention, and filtration of 
nutrients or pesticides (Beschta 1987; Elmore 1992; 
Naiman et al. 2005). Dominant functions vary by climate 
and riparian species composition (Platts 1991), and 
human alteration of riparian zones has led to significant 
riverine ecosystem changes worldwide. Channel and 
floodplain interactions form a wide array of habitats that 

Table 3.9 Examples of common methods of assessing riparian condition.

Type Description Citations

Satellite imagery
Landsat TM Multi-spectral imagery with resolution of 25–30 m; suitable for 

coarse-resolution land cover/vegetation classification
Lunetta et al. 1997; Fullerton 

et al. 2006; Brooks et al. 2008
Quickbird II Multi-spectral imagery with resolution of c. 4 m; suitable for 

classification of riparian forest types
Gergel et al. 2007

IKONOS Photograph imagery with resolution of 1 m; suitable for moderate 
resolution cover type classification

Goetz et al. 2003

Aerial imagery
Aerial photography May be black and white or color; range from low-resolution to 

moderate-resolution; suitable for coarse-resolution land-cover 
classification

Hyatt et al. 2004; Fullerton 
et al. 2006

Hyperspectral 
imagery

Usually moderate- to high-resolution; improved ability to 
distinguish species composition within cover classes

Hamada et al. 2007

Field assessment
Rapid assessment Visual classification of riparian condition; commonly includes 

vegetation community type and size class; may include 
disturbance classifications (e.g. bank condition, livestock access)

Munné et al. 2003; Dixon et al. 
2006

Low-elevation 
photography

Acquired using tethered balloons or remote-controlled aircraft; 
high-resolution; suitable for describing vegetation cover types 
and species

Booth et al. 2007

Vegetation sampling Detailed data on species and size or age using plots or transects Brooks et al. 2008
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Figure 3.12 Generalized illustration of riparian survey methods and results showing (A) aerial photograph with riparian features 
identified (background image copyright Google, source USGS); (B) excerpt from a riparian inventory database; (C) summarized 
data by sub-watershed; and (D) final map of riparian conditions by sub-watershed (map based on unpublished data, Skagit 
Watershed Council, Mount Vernon, Washington State, USA).

field inventories of riparian sites must be used to design 
specific restoration or conservation actions (Clary & 
Leninger 2000; Beechie et al. 2003a). In general, riparian 
vegetation condition is evaluated with respect to a natural 
reference condition, which is usually based on historical 
information or reference sites (e.g. Harris 1999; Collins 
& Montgomery 2001; Hyatt et al. 2004). Where historical 
data or reference sites are not available, riparian conditions 
may be evaluated relative to a local desired condition or 
by assessing instream biota across a gradient of riparian 
conditions to hindcast reference conditions (Kilgour & 
Stanfield 2006). The products of a riparian assessment 
(maps and data tables of riparian conditions) indicate 
where riparian functions deviate from expected natural 
conditions (e.g. Lunetta et al. 1997; Hyatt et al. 2004; 

Brooks et al. 2008), how land-use practices differ in their 
impacts on riparian functions (Amy & Robertson 2001), 
and where restoration efforts are most needed.

Remote sensing data for riparian classification include 
satellite data, aerial photography and hyperspectral 
imagery (Goetz et al. 2003; Hyatt et al. 2004; Brooks et al. 
2008) (Table 3.9). Satellite data is generally the coarsest-
resolution remote sensing data for classification of  
riparian forests, and its accuracy should be assessed with 
higher-resolution imagery or field sampling of riparian 
vegetation (Goetz et al. 2003; Brooks et al. 2008). Aerial 
photography is higher resolution than most satellite 
imagery, and riparian conditions can be classified by 
buffer width, stand type or vegetation type, and age or 
size of vegetation (Figure 3.12). Hyperspectral imagery 
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Figure 3.13 High-resolution (20 cm) aerial photography was used for rapid assessment of riparian conditions within the Eden 
River basin, Cumbria, UK. The mapping identified reaches where severe bank erosion due to livestock grazing and trampling was 
damaging riparian habitats, and which tributaries were in greatest need of riparian restoration.

provides the highest-resolution information, and can 
often be used to identify species composition in addition 
to buffer width and age or size of vegetation. Choosing 
between these data sources depends on cost of the 
imagery and the restoration planning needs. For example, 
satellite imagery is commonly used for assessment of 
large watersheds because it is relatively inexpensive and 
data storage requirements are low, but it can also be com-
bined with higher-resolution data to better understand 
specific riparian conditions within each riparian condi-
tion class (e.g. Beechie et al. 2003a; Brooks et al. 2008). 
By contrast, high-resolution hyperspectral imagery typi-
cally has very large data-storage requirements, and is 
better suited to assessing smaller areas in great detail.

Low-elevation aerial photography or rapid field surveys 
may also be used to assess riparian conditions (Raven  
et al. 1998; Booth et al. 2007). While such methods are 

generally more costly than other remote sensing methods, 
some types of impacts such as bank erosion or grazing of 
non-woody vegetation are generally not discernible from 
coarser-resolution remotely sensed data. For example, 
where the primary disturbance is livestock grazing,  
field measures of riparian conditions such as stubble 
height or length of banks trampled by livestock can be 
used to measure disturbance (Clary & Leninger 2000; 
Turner & Clary 2001). Alternatively, high-resolution 
aerial photography (e.g. taken using a tethered balloon or 
remote controlled aircraft) can be used to assess riparian 
condition (Booth et al. 2007; Figure 3.13). Each of these 
methods is usually too costly to use for mapping riparian 
conditions in all reaches of a watershed, but coupling 
these methods with complete mapping of riparian classes 
can be used to stratify the riparian landscape (remote 
sensing data) and interpret detailed conditions within 
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et al. 1994) or mapping of historical and current habitats 
or vegetation (Collins et al. 2002; Hohensinner et al. 
2003). The least time-consuming and versatile of these 
approaches is measurement or estimation of habitat areas 
that are no longer connected to a main river channel 
(Beechie et al. 1994). These estimates can be made by 
measuring channels on historical maps, and provide a 
comprehensive estimate of total floodplain habitat losses 
in a river basin. Detailed mapping of historical and current 
channels in GIS provides more specific quantification  
of habitat losses, and also supports more quantitative  
estimates of restoration benefits based on flow regimes, 
surface elevations, or other criteria (Hohensinner et al. 
2003; Figure 3.14). Products of the floodplain process 
assessments may include maps of changes in channel 
migration rates, changes in forest age structure that indi-
cate increasing or decreasing channel migration rates, or 
maps of changes to floodplain habitat area (e.g. Hohensin-
ner et al. 2003; Kloehn et al 2008; Draut et al. 2010). Each 
of these products can help identify where restoration 
actions might improve diversity and abundance of flood-
plain habitats.

3.3.3.3 Fluvial processes and conditions
Fluvial processes include water and sediment transport, 
as well as processes such as lateral migration or pool and 
riffle formation (Chapter 2). Evaluating how fluvial pro-
cesses have been altered may involve direct assessment of 
processes (e.g. sediment transport or channel migration), 
but more commonly focuses on assessment of channel 
conditions that are indicators of altered processes (e.g. 
sediment size or pool depths). Assessment of channel 
conditions indicates where river morphology deviates 
significantly from expected morphology, and therefore 
points to changes in watershed processes, riparian func-
tions or direct manipulations of the river. By contrast, 
directly diagnosing changes to fluvial processes is focused 
on understanding how rates of reach-scale fluvial pro-
cesses have been altered by local actions such as gravel 
mining or impacts of dams. Assessments of both pro-
cesses and conditions can be used in conjunction with 
assessments of other watershed-scale and reach-scale 
processes (e.g. erosion and sediment supply or riparian 
processes) to understand causes of channel change and 
to identify restoration actions that might resolve or  
mitigate those impacts on channel conditions. We note 
here that direct assessments or modeling of reach-scale 
processes such as sediment transport, bank erosion or 
meander migration are most often conducted during  
the design of individual restoration projects or plans,  

each class (field or low-elevation photography data) (Beechie 
et al. 2003a; Harris & Olson 1997; Brooks et al. 2008).

3.3.3.2 Floodplain processes
Floodplain processes can be disrupted by a variety of  
land and water uses, including altered flow regimes  
or sediment and wood supplies downstream of dams, 
installation of dikes and riprap to control flooding or 
channel movement, and channel incision that isolates a 
channel from its floodplain (Beechie et al. 1994, 2008b; 
Hohensinner et al. 2003). However, assessment methods 
for identifying altered floodplain conditions (e.g. forest 
age structure and abundance of various habitat types) or 
processes (e.g. channel migration rates) are often the 
same regardless of the cause of change. For example, 
aerial photograph inventories of channel and vegetation 
changes are commonly used to assess changes in channel 
pattern and riparian conditions, and airborne laser 
mapping (using LiDAR, or Light Detection and Ranging) 
can be used to identify changes in connectivity of flood-
plain habitats (Shafroth 1999; Kloehn et al. 2008; Negishi 
et al. 2010). These assessments focus on mapping vegeta-
tion types through time, or may use grid-based sampling 
designs to estimate the proportion of floodplains occu-
pied by various age classes or species of riparian vegetation 
(e.g. Collins et al. 2002; Kloehn et al. 2008).

Detailed assessments of floodplain vegetation and 
habitats based on historical surveys provide the most 
comprehensive picture of floodplain changes and perhaps 
provide the best guidance on restoration potential 
(Collins et al. 2002; Hohensinner et al. 2005). These 
assessments can be used regardless of causes of altered 
river–floodplain dynamics and, in cases where causes of 
floodplain alteration are obvious (e.g. floodplain land 
uses or levees), these assessments can also identify the 
cause of alteration. In cases where the cause of altered 
river–floodplain dynamics is indirect or less visible (e.g. 
a change in flow or sediment, or bank armoring), causes 
of change will be identified in other assessments. For 
example, flow and sediment regimes downstream of 
dams are assessed in either the hydrology or sediment 
supply assessments, bank armoring may be assessed in 
habitat surveys, and channel incision is analyzed in the 
fluvial process assessment. Each of these types of assess-
ments produce maps of impacts to floodplain processes 
and riparian or habitat conditions.

Where floodplains have been isolated from rivers by 
levees, changes to river and floodplain habitats can be 
identified through measurement of channels no longer 
connected to the river (Sedell & Froggatt 1984; Beechie 
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and we discuss these assessment procedures in detail in 
Chapter 7.

In general, it is far easier to detect changes in channel 
conditions than to evaluate fluvial processes, so changes 
to fluvial processes are often first diagnosed based on 
assessment of altered channel conditions. Diagnostics of 
channel condition include channel pattern, width-depth 
ratio, pool depths and frequency, bar size and height, 
grain size and degree of incision or bank erosion (Mont-
gomery & MacDonald 2002; Table 3.10). For the majority 
of channel condition assessments, channel alteration can 
be measured either as deviations from natural conditions 
(where restoration can conceivably achieve near-natural 
endpoints), or as deviations from conditions expected 
under contemporary process regimes (e.g. where dams 
preclude restoration to near-natural conditions). While 
all of these can be measured in the field, some diagnostics 
can also be measured from aerial photography or LiDAR. 
Field reconnaissance surveys must be rapid and efficient 

Figure 3.14 Example of historical analysis of river channel form, extent of floodplain connectivity and floodplain channel 
formation in the River Danube. Panels (A) and (B) show mapped channels in 1812 and 1991, which were used to estimate (C) loss 
of habitat area in the main channel and floodplain habitats. Modeling of floodplain inundation at various discharges was used to 
indicate (D) change in habitat availability with changes in discharge and under historical and potential restored configurations. 
Adapted from Hohensinner et al. (2003).

to be useful for a watershed assessment, because they 
must examine a large number of reaches to portray fluvial 
conditions across a watershed (e.g. Downs & Thorne 
1996; Thorne 1998). Aerial photography or LiDAR also 
provide a rapid means of measuring certain conditions, 
with the added advantage of allowing a historical per-
spective that field measures typically do not (unless there 
have been past field measurements). We discuss each of 
these approaches in more detail below.

Each diagnostic parameter used in a river channel 
assessment should be an indicator of changes in water-
shed or fluvial processes. For example, the diagnostics 
summarized in Table 3.10 can indicate reductions in 
flood magnitude or coarse sediment supply following 
flow regulation by large dams, increases in intermediate 
flood frequency, increases in sediment supply due to land 
uses, or changes in wood supply. They can also indicate 
changes in local fluvial processes, such as reductions in 
bank strength and increases in water temperature that 
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Table 3.10 Common diagnostic measures of channel conditions (based on Dietrich et al. 1989; Kondolf 1997; Montgomery & 

MacDonald 2002).

Attribute Description

Channel pattern Changes in channel pattern can be diagnostic of changes in sediment supply, flood flows or 
reinforcement of stream banks. For example, increased braiding can indicate increases in sediment 
supply or reduced bank strength, whereas conversion to a single straight channel can indicate 
decreased sediment supply

Width:depth 
ratio

Increased width:depth ratio often indicates increased sediment supply, but may also be a short-term 
response to a recent large flood

Pool depths and 
frequency

Few and shallow pools can indicate loss of large wood, increased sediment supply, or direct channel 
modification such as dredging

Bar size and 
height

Large, high bars indicate high sediment supply, whereas few or no bars indicates low sediment supply 
relative to transport capacity

Channel incision Channel incision may indicate downstream channel modifications that initiated head-cutting, loss of 
sediment retention mechanisms such as wood jams, floodplain, or aquatic vegetation (e.g. grasses or 
macrophytes in small streams), or decreased sediment supply due to upstream dams

Bank erosion Unusually severe bank erosion commonly indicates loss of root strength in banks, increased sediment 
supply, or recent large floods

Grain size Fining of the bed surface indicates high sediment supply relative to transport capacity, whereas a 
heavily armored bed (coarse surface layer over finer material) indicates relatively low sediment supply

reinforcing the need for other watershed process assess-
ments to identify restoration needs with greater certainty.

A number of field protocols have been developed for 
evaluating channel condition, including simple classifica-
tion methods as well as procedures for evaluating a 
number of diagnostic features (Table 3.11). One popular 
approach is to classify or characterize a suite of channel 
conditions as part of a regional survey and to identify 
reaches that are out-of-character in some way. Classifica-
tion procedures (see Section 3.3.1) typically use a top-down 

follow riparian vegetation clearing, knick points generated 
through instream gravel mining (or following capture  
of floodplain pits) and, most directly, deliberate channel 
modifications by channelization or bank armoring. 
Importantly, changes in channel conditions are frequently 
initiated from downstream, so it is also necessary  
to examine evidence of management actions such as 
channel straightening that might have initiated upstream-
migrating knick points. Note that each diagnostic can 
indicate several different potential causes of change,  

Table 3.11 Examples of common methods of assessing channel conditions or modifications to rivers such as levees or bank 

armoring.

Approach Description Citations

Channel classification Comparison of current conditions to a priori expected 
conditions based on channel classification

Montgomery & 
Buffington (1997)

Statistical methods Uses statistical ordination of physical measurements (e.g. 
Principal Components Analysis) to identify reaches that 
deviate from ‘reference’ conditions

Raven et al. (1998)

Interpretation of 
reconnaissance surveys

Regional reconnaissance survey data are interpreted by 
experts to identify reaches impacted by land uses

Brierley & Fryirs (2005, 
2008); Sear et al. (2009)

Regional reference equations Regional equations define expected conditions, which can be 
compared to current conditions to identify deviations and 
possible altered fluvial processes

Thorne et al. (1996)
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incision. In the absence of legacy effects, field mapping 
and measurement of incised channel locations and 
volumes provides data needed to illustrate where restora-
tion is needed and the magnitude of the problem at 
various locations (Beechie et al. 2008b; Figure 3.15). Key 
diagnostic measures include bankfull channel dimen-
sions, inset floodplain dimensions and dimensions of the 
incised channel. Identifying restoration options may  
also require analysis of sediment transport and storage 
mechanisms that may lead to channel recovery, and  
estimating the length of time required to meet a specified 
restoration objective may involve assessments of sedi-
ment supply and typical aggradation rates under varying 
restoration scenarios (Pollock et al. 2007; Beechie et al. 
2008b). Finally, the potential impacts of an upstream 
migrating knick point can be predicted using the channel 
evolution model (Simon 1989), which requires com-
bining basic morphological parameters (e.g. width, 
depth) with an interpretation of the condition of incised 
channel banks. An advantage of this approach is that 
incised channel conditions are evaluated in a spatio-
temporal context that allows the model to be used to 
predict future incision, channel widening, or inset flood-
plain development.

In many cases, a few river reaches within a watershed 
have experienced obvious changes to fluvial processes 
(e.g. reaches downstream of dams) and merit closer 
examination to diagnose changes to processes and to 
identify suitable habitat restoration actions. For example, 
in the Trinity River in California, USA the Lewiston dam 
has dramatically reduced sediment supply, stream flow, 
and river dynamics, and fluvial process analyses have 
focused on understanding impacts of the altered flow and 
sediment regimes on channel and riparian conditions 
(US Fish and Wildlife Service & Hoopa Valley Tribe 1999; 
McBain & Trush Inc. 2007). Such detailed evaluations  
of fluvial processes or channel conditions might also 
examine time series of maps or field data to measure 
changes in process rates (e.g. channel migration). For 
example, overlays of historical topographical maps and 
aerial photographs have long been used to indicate the 
timing and impact of past management schemes and the 
dynamics of river meander processes (Gurnell et al. 
1994). More recently, these techniques have been used 
within a GIS to determine the time-integrated probability 
of channel planform change (e.g. Graf 2000; Tiegs & Pohl 
2005). Repeat surveys of channel cross-sections and bed 
elevation perhaps provide the clearest indication of 
channel response to prevailing fluvial processes, but 
unfortunately such data are rare. Nevertheless, where 

structuring of channel classes to identify expected condi-
tions and altered fluvial processes (e.g. Rosgen 1994). 
Through the multi-parameter structure of such a classi-
fication scheme it is possible to identify which parameter 
is ‘odd’ and thus start to look for the causes of fluvial 
process alteration. A second approach is channel charac-
terization schemes such as the River Habitat Survey in 
Europe (Raven et al. 1998), which relies on measuring a 
suite of variables and using statistical ordination tech-
niques to identify ‘altered’ conditions. With this approach, 
deviations in channel conditions can be identified 
without the need for a priori expectation of conditions, 
thus avoiding the sometimes circular reasoning that 
accompanies classification approaches. A third approach 
is to use expert interpretation of reconnaissance surveys 
as the basis for classifying river typology (Downs & 
Thorne 1996; Thorne 1998; Montgomery & MacDonald 
2002). For example, the River Styles technique (Brierley 
& Fryirs 2005, 2008; see Figure 3.4) is – on the surface 
– highly qualitative and requires significant training,  
but has the advantage of delivering a process-reasoned 
summary of conditions in their spatial and temporal 
context. This provides a solid foundation for planning 
process-based restoration. Similarly, the Fluvial Audit 
technique used in the UK (Sear et al. 2009) provides an 
integrated summary of conditions linked to potentially 
destabilizing phenomena at the watershed scale. Finally, 
regional equations describing hydraulic geometry rela-
tionships can be used to identify expected conditions for 
width, depth, meander wavelength, and other parame-
ters, which can then be compared to current conditions 
to identify reaches that deviate from those expected 
values (Thorne et al. 1996). For example, in urbanized 
watersheds channels are often ‘over-sized’ relative to 
expected dimensions estimated from regional regime 
equations, indicating significant increases in runoff and 
flood magnitudes compared to a more natural river for 
that region.

Widespread channel incision is often considered a 
special case for geomorphological assessment, as its 
causes and remedies are often difficult to ascertain and 
describe. In many cases, channel incision partly reflects a 
historical legacy of severe erosion and aggradation associ-
ated with past river damming, channelization, and other 
forms of upriver sediment trapping (Fitzpatrick et al. 
2009; Walter & Merritts 2008). Such legacy effects are not 
always readily apparent with common channel measure-
ments, and detailed field studies are often required to 
determine historical aggradation and degradation 
sequences and to identify causes of apparent channel 
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watershed. For example, as part of a long-term remediation 
plan to clean up impacts from a century of mining for 
silver, lead, and other metals in northern Idaho, USA the 
US Environmental Protection Agency (EPA) developed 
water, sediment, and lead budgets for the lower basin of 
the Coeur d’Alene River (CH2M HILL 2010). Discharge 
and suspended sediment measurements at the upper and 
lower boundaries of a 37-mile reach were used to quan-
tify the volumes of water and sediment delivered to  
the lower basin. Over a 20-year period (1989–2008), the 
annual average volume of water and sediment leaving  
the lower basin was slightly more than the volume enter-
ing, a difference attributed primarily to tributaries in the 
lower basin (Figure 3.16). In contrast, the annual average 
mass of lead leaving the lower basin (estimated from 
relationships between suspended sediment and lead con-
centrations) was almost an order of magnitude greater 
than the mass entering. Based on these calculations, the 

they exist, the combination of bed elevation surveys and 
planform surveys can be used to develop a three-
dimensional understanding of channel morphology and 
dynamics, including as trends in channel incision and 
active bed width (Downs et al. 2006). Yearly surveys of 
bed sediment size can also be assembled without great 
expense using the ‘pebble count’ technique (Wolman 
1954) and can help determine whether the channel bed 
is coarsening or fining over time. Repeat bulk sediment 
samples can indicate whether the channel surface is 
armoring or whether fine sediments are infilling the 
interstices of coarse grains. Fine sediment accumulation 
in pools (e.g. the V* method, Lisle & Hilton 1992) can 
indicate the relative fine sediment load of the channel 
over time if the surveys are repeated.

Finally, the budgeting approach introduced earlier 
(Section 3.3.2) can help restoration planners to under-
stand localized – but critical – restoration needs in a 

Figure 3.15 Mapping and analysis of 
channel incision in the Walla Walla and 
Tucannon River basins, Washington 
State, USA. Mapping specifies where 
incision has occurred and altered habitat 
conditions. The sediment budget 
(summarized in the table) indicates how 
much sediment has been lost during 
incision, how much sediment is moved 
through the system annually, and how 
long it may take for incised reaches to 
fully aggrade to the historical floodplain 
(box and whiskers plot in lower right 
corner of the map). Adapted from 
Beechie et al. 2008b.
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Figure 3.16 Water, sediment, and lead budgets for the lower Coeur d’Alene River, Idaho, USA. Budgets suggest that most lead 
entering Coeur d’Alene Lake originates from lead-laden sediments in the lower Coeur d’Alene River. Remediation actions to 
remove lead from the river system must therefore consider stored lead in river bed sediments in addition to lead sources in the 
upper watershed. Adapted from CH2M HILL 2010.

Important products of fluvial assessments include 
maps and tables of (1) reaches in which fluvial processes 
or channel conditions are impaired and in need of resto-
ration or (2) reaches that are key response reaches for 
restoration of watershed-scale processes. An understand-
ing of reach-scale deviations of fluvial processes and 
changes in processes provides an indication of the likely 
impairment of fluvial morphology and dynamics, which 
helps identify which restoration actions might most 
benefit river ecosystems. When set in a watershed context, 
this information focuses restoration efforts on likely 

large net export of lead from the study reach suggests that 
most lead leaving the basin originates from lead-laden 
sediments stored in the river channel (rather than from 
the upper basin where mining once took place). These 
conclusions are consistent with earlier field measure-
ments collected by the USGS (Clark & Woods 2001; 
Berenbrock & Tranmer 2008), and together these findings 
indicate that remediation of mining impacts will need to 
address lead originating from previously stored sediment 
in the lower river, not just the mine-related sources in the 
upper basin.
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quality, as well as relevant biological metrics. Diagnosis 
of habitat degradation includes assessments of habitat 
structure and quality (i.e. habitat surveys and water 
quality sampling), and a wide variety of parameters can 
indicate deviations from expected habitat conditions or 
regulatory thresholds (e.g. characteristics of stream sub-
strate, pool area or frequency, abundance or size of wood 
debris, and concentrations of nutrients or pollutants). In 
this section we first describe assessments of habitat type 
and quantity, and then assessments of water quality. In 
Section 3.5 we describe approaches to understanding the 
biological importance of habitat changes, including 
models that indicate where habitat restoration will most 
benefit species, and empirical sampling of suites of biota 
that can be correlated with landscape or habitat changes.

3.4.1  Habitat type and quantity
Habitat survey methods generally fall into two main cat-
egories: continuous habitat surveys and transect surveys 
(Figure 3.17). Continuous habitat surveys measure or 
tally a variety of habitat features continuously along the 
channel length (e.g. Bisson et al. 2006), whereas transect 
methods record habitat attributes at specified points 

causal mechanisms that should be addressed by restora-
tion actions.

3.4  Assessing habitat alteration

The purpose of evaluating habitat change is to identify 
where habitats have been degraded or lost, and to broadly 
indicate where and what types of habitat restoration 
efforts are possible. The selection of habitat assessment 
methodologies for restoration planning depends largely 
on the legislation or goals driving river restoration, as 
those goals define the desired outcomes of restoration 
and the types of habitat information required for restora-
tion planning. For example, restoration planning to 
address endangered species often requires information 
on habitat characteristics and status of a species, whereas 
restoration planning focused on water quality may 
require suites of water quality and biological metrics to 
evaluate restoration needs. Restoration planning to 
address broadly defined ‘ecological status’ or ‘health’ of 
rivers will likely include the broadest array of habitat 
assessments, including measures of habitat quantity and 

Figure 3.17 Habitat survey designs include (A) continuous surveys of physical habitat features or (B) transect methods that 
measure attributes at points across equally spaced cross-sections.
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along cross-channel transects (e.g. Fitzpatrick et al. 
1998). Continuous habitat surveys are usually based on 
measurement of habitat units (e.g. pools and riffles), with 
length and widths of all units estimated or measured  
and other attributes such as substrate size and wood 
abundance recorded within each unit (Bisson et al. 2006; 
Harding et al. 2009). Transect methods are usually based 
on a systematic sampling design, with transects placed  
at equal distances along the stream length (Fitzpatrick  
et al. 1998; Raven et al. 1998; Environment Agency 2003). 
Transect methods typically record a wider range of 
habitat attributes within a reach, and some transect-
based methods also include continuous data collection of 
certain attributes between transects (Kaufmann et al. 
1999). Continuous survey methods produce simple  
data describing areas of habitat unit types and sums or 
averages of other features (e.g. total areas of pools and 
riffles, or total wood in a reach or wood/meter). Transect 
surveys produce point data that can be summarized as 
proportions (e.g. percent pool or riffle), but habitat areas 
are not measured directly.

The choice of basic survey design depends largely on 
the kinds of analyses that are needed for restoration plan-
ning. For example, where survey data are intended to 
estimate habitat losses and changes in habitat capacity 
(e.g. for specific species such as Pacific or Atlantic 
salmon), continuous habitat surveys more directly 
produce habitat areas needed to estimate habitat losses 
and changes in productive capacity (e.g. Reeves et al. 
1989; Beechie et al. 1994). Moreover, continuous rapid 
surveys give a more accurate portrayal of basin-wide 
habitat abundance and distribution despite reduced pre-
cision at the site scale, primarily because between-reach 
variation in habitat abundance is high and sampling 
more reaches with less detail produces a more accurate 
estimate of total habitat availability than sampling fewer 
reaches with more detail (Hankin 1984; Hankin & Reeves 
1988). By contrast, transect methods are more precise at 
individual sites, and are more appropriate where the 
primary intent is to detect change in habitat attributes 
through time or to have precise measures of habitat 
within a reach for rating habitat quality (Fitzpatrick et al. 
1998; Kaufmann et al. 1999).

Most habitat survey methods are designed for small, 
wadeable streams, and relatively few are available for 
larger rivers. Small-stream survey methods typically 
quantify some combination of habitat type, substrate 
size, cover characteristics, wood abundance and size, or 
aquatic vegetation type and density (Table 3.12). Physical 
habitat attributes measured in a survey should be useful 

Table 3.12 Common habitat survey metrics.

Attribute Purpose Metrics

Habitat 
structure

Identify habitat 
changes relative 
to natural or 
reference 
condition

Channel units, 
depth/velocity 
distributions, 
hiding cover, 
wood counts, 
aquatic vegetation 
coverage

Sediment 
condition

Identify spawning 
areas for 
important 
species, indicator 
of increased fine 
sediment supply

Gravel size, percent 
fines, 
embeddedness

Bank 
condition

Identify areas with 
greater than 
natural bank 
erosion, or areas 
with artificially 
stabilized banks

Length of eroding 
bank, length of 
armoring

in interpreting where and what kinds of restoration are 
needed to achieve a restoration goal, and should also be 
practical and statistically reliable. General criteria for 
inclusion of habitat parameters include: (1) relevance to 
restoration goals; (2) relevance to common causes of 
habitat degradation in the region; (3) repeatability of the 
measure; and (4) practicality (level of detail required, 
amount of area to cover, resources and skills available) 
(Beechie et al. 2003a). For example, habitat types that 
meet the first criterion (i.e. relevance to restoration goals) 
should not only be useful predictors of abundance for 
species of interest or useful indicators of ‘healthy’ stream 
structure, but also sensitive to land use and restoration 
actions (i.e. they should change as a result of degradation 
or restoration). Most of the commonly used habitat types 
meet these criteria, and there is a broad similarity among 
typing systems regardless of environment and species of 
interest (Figure 3.18). Differences among habitat typing 
systems are usually in level of detail and the number of 
habitat types included.

Habitat attributes included in a survey should also 
reflect relevant indicators of local causes of habitat deg-
radation (the second criterion). For example, tallies of 
wood debris are commonly included in forest streams 
where instream wood is an important habitat feature for 
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and funding relative to the assessment needs. In essence, 
this criterion focuses on how many and which parame-
ters to include in a survey, which should consider the 
important tradeoff between knowing more about indi-
vidual sites versus knowing more about the watershed. 
Restoration planning at the watershed scale generally 
benefits from simpler surveys with few parameters 
because the survey can then cover a sufficient area for the 
assessment. More detailed surveys with a large number 
of parameters may be better for assessment of reach-scale 
conditions in the project design phase (Chapter 7), or for 
monitoring situations (Chapter 8).

Habitat assessment methods for large rivers differ from 
those of small streams in that surveys must be conducted 
from a boat or from aerial photography because rivers are 
too deep to wade (e.g. Wilcox 1993; Beechie et al. 2005). 
However, as with small-stream methods, the choice of 
sampling method (continuous survey versus transect) and 

many species, and wood abundance is sensitive to land-
use change or restoration actions. Wood abundance is 
therefore both a sensitive indicator of environmental 
change and a relevant predictor of effects of those changes 
on biota. By contrast, lowland or grassland streams may 
naturally contain very little wood debris, and habitat 
surveys might instead include aquatic macrophytes as a 
key habitat attribute that is also a sensitive indicator of 
changes in land use. The third criterion considers repeat-
ability of a measure, which is focused on selecting 
attributes that can be consistently identified by multiple 
observers and has relatively low measurement error. In 
general, attributes that are measureable are more repeat-
able than qualitative attributes (e.g. distances or grain 
sizes rather than ‘good’, ‘fair’, or ‘poor’ ratings of habitat 
condition), providing more reliable data for assessing 
habitat change (Kaufmann et al. 1999). Finally, the fourth 
criterion (practicality of a survey method) considers time 

Figure 3.18 Habitat typing systems in small streams commonly use depth, velocity, and turbulence to identify habitat types, 
whereas large river systems commonly also incorporate location on the floodplain to identify habitat types. Adapted from Wilcox 
(1993), Beechie et al. (2005), and Bisson et al. (2006).
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habitat attributes to measure depends on the restoration 
goals, the needs of the assessment and practical consid-
erations. In general, large-river assessments are more 
likely to be continuous surveys rather than transect 
surveys simply because rivers cannot be crossed on foot. 
Habitat typing systems for large rivers are conceptually 
similar to those for small streams, but they often include 
both mainstem habitat types and floodplain habitat 
types. Habitat types for mainstem channels are generally 
relatively simple, focusing on a few mid-channel and edge 
habitat types, while floodplain habitats commonly 
include both lotic and lentic habitat types (Figure 3.18). 
Some of these units can be mapped from remote sensing 
data, but edge habitat units and floodplain units are often 
only discernible in the field due to vegetation cover.

Most habitat assessments cannot survey all – or even 
most – reaches in a watershed. Therefore, streams are 
often stratified by reach type and land-use factors using 
remotely sensed coarse-resolution data, and a sample of 
reaches within each stratum are field surveyed to charac-
terize habitat conditions at the watershed scale. The reach 
type classification stratifies the potential range of habitat 
conditions, and the land-use component facilitates analy-
sis of where and how much degradation has occurred 
within each reach type. Reach classification systems may 
be selected from the many systems available (e.g. see 
Section 3.1), or a simpler system may be developed based 
on relatively few landscape and land-use factors (e.g. 
channel slope and land use adjacent to the reach). Land-
use or land-cover classes derived from satellite data are 
often publically available, and a relatively simple set of 
classes are usually sufficient for land-use classification 
(e.g. developed, agriculture, forest, grassland, and wetland). 
Regardless of the classification system chosen, a relatively 
small number of strata is desirable to reduce the number 
of reaches that need to be sampled across the watershed, 
as well as to simplify the presentation of results. Once the 
classification has been completed, reaches are sampled 
either randomly or systematically from each stratum,  
and habitat conditions are surveyed as described above 
to generate estimates of habitat abundance or condition 
at the watershed scale.

An additional and often important habitat assessment 
procedure is evaluation of fish migration blockages, often 
described by the term ‘longitudinal connectivity’. Por-
tions of tributaries that are blocked from fish access can 
be mapped using estimates or inventories of habitat 
upstream of migration barriers (Beechie et al. 2003a; Pess 
et al. 2003b; Sheer & Steel 2006). Natural barriers to 
migration must first be identified to delineate the assess-

ment area, and then all structures crossing streams within 
the assessment area (culverts, bridges, small dams) should 
be inventoried to determine if they meet passage criteria. 
Finally, habitat areas upstream of each man-made barrier 
must be surveyed to determine how much habitat is inac-
cessible (i.e. the length or area upstream of the identified 
barrier and downstream of the natural barrier to fish 
migration; Figure 3.19). Use of a standardized method for 
determining blockages will streamline identification and 
prioritization of isolated habitats and provide a standard 
set of criteria for monitoring progress toward reopening 
these habitats.

For most watershed assessments, quantifying a historical 
or reference condition provides a useful baseline for 
assessing degradation of habitat, and for determining 
where certain types of habitat restoration might be 
needed to achieve the biological aims of a restoration 
program. Even where some areas cannot be fully restored, 
the baseline condition helps to understand what kinds  
of habitats were historically present and what kinds of 
created habitats are compatible with local driving  
processes (Kondolf 2006). Methods for estimating  
historical or reference habitat conditions include historical 
analysis, reference site data or model predictions (Table 
3.13), and the choice of methods depends on habitat type 
and availability of information (Buijse et al. 2002; Sear & 
Arnell 2006). Historical analyses of large river habitats 
commonly rely on pre-1900s maps of river channels and 
vegetation patterns to estimate historical areas of main 
river channels, floodplain channels, and lakes (e.g. 
Beechie et al. 1994; Collins & Montgomery 2001; 
Hohensinner et al. 2005; see also Figure 3.14). For smaller 
features in tributaries, such as channel units or beaver 
ponds, reference site data and model predictions are 
usually more appropriate because historical data and 
maps are not detailed enough to estimate habitat  
conditions (Beechie et al. 1994; Pollock et al. 2004). 
Where present-day reference sites can be surveyed to  
represent historical habitat types and areas, field survey 
methods should be the same as those described above  
for current conditions. When neither historical data nor 
reference site data are available, models may be used to 
estimate the historical abundance of certain habitats. For 
example, historical beaver pond areas can be estimated 
based on number and area of beaver ponds in a few  
relatively undisturbed areas combined with literature 
values (e.g. Pollock et al. 2004). In most cases, some 
combination of these methods is required to compile  
a comprehensive picture of salmon habitat changes in a 
watershed. An example of combining these methods of 
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Figure 3.19 Inventories of fish migration barriers in the Chikusa River, Japan include barrier locations as well as surveys of 
amounts of habitat that can be opened with each barrier removal (Mitsuhashi et al., unpublished data 2011). Both locations and 
habitat areas are needed to inform restoration planning.
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Table 3.14 Examples of methods for estimating historical or reference abundances of various habitat types used in analysis of 

habitat change in the Skagit River basin, USA (modified from Beechie et al. 2003b).

Habitat type Analysis methods References

Reduced off-channel or 
wetland areas

Historical or reference habitat areas estimated from historical 
maps, notes or photos, and often field verified by evidence 
of their prior locations

Beechie et al. 1994; Collins 
& Montgomery 2001; 
Hohensinner et al. 2005

Lakes Changes to lake areas measured directly from historical and 
current maps

Beechie et al. 1994

Beaver ponds Pre-settlement or reference beaver pond areas estimated based 
on frequencies of beaver ponds in relatively pristine areas, or 
predictive methods using stream and valley characteristics

Pollock et al. 2004; Beechie 
et al. 2001

Tributary and 
mainstem blockages

Barriers to fish movement mapped using inventories of 
anthropogenic and natural barriers, as well as surveys of 
estimates of habitat upstream of migration barriers

Beechie et al. 1994; Sheer & 
Steel 2006

Altered pool abundance 
in tributaries

Based on measured pool areas in reference sites; may also use 
historical information where available

Beechie et al. 1994; 
Nickelson & Lawson 1998

Table 3.13 Summary of three general approaches to estimating reference condition.

Method Description Citations

Historical 
data

Reference condition estimated from historical maps, notes or 
photos, and often field verified by evidence of their prior 
locations

Beechie et al. 1994; Collins & 
Montgomery 2001; Hohensinner et al. 
2005

Reference 
site data

Collect data from relatively natural or undisturbed sites to estimate 
reference condition

Hughes et al. 1986; Harris 1999; Stoddard 
et al. 2006

Models Model the reference condition based on first principles or data 
from a variety of natural sites

Pollock et al. 2004; Kilgour & Stanfield 
2006

estimating reference conditions for salmon habitats in 
northwestern Washington State, USA is shown in Table 
3.14. The combined outputs of historical and current 
assessments include summaries of changes in habitat 
condition throughout the watershed, as well as general 
assessments of the degree of degradation associated with 
various causes (e.g. channel modification, beaver trapping, 
hydropower, forestry activities, etc.) (Figure 3.20).

3.4.2  Water quality
Water-quality assessments generally rely on direct meas-
urements of individual water quality parameters such as 
water temperature, nutrient concentrations, turbidity, or 
pollutant concentrations. Products of water quality 

assessments indicate reaches in a watershed that are 
impaired for one or more water quality parameters, 
including temperature, turbidity, high nutrient loads, or 
specific pollutants, based on comparison to regional ref-
erence conditions or specific legal standards. For stream 
temperature, for example, reference conditions are often 
difficult to acquire due to a lack of suitable reference sites, 
so temperatures may be compared to temperature stand-
ards that aim to avoid exceeding maximum temperature 
thresholds for aquatic biota. However, where reference 
conditions can be acquired, comparisons to reference 
data give a better indication of where and how tempera-
tures deviate from the natural regime, indicating both the 
degree of degradation and potential restored conditions. 
In addition to maximum temperature thresholds, analy-
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Figure 3.20 Illustration of stream habitat inventory and results for the Skagit River basin, USA which used a (A) continuous 
habitat survey design. (B) Survey data are recorded in simple data records, and changes in habitat capacity can be summarized by 
(C) habitat type and by (D) cause of loss. Based on data in Beechie et al. (1994, 2001).

ses can examine a broader range of temperature attributes 
to identify where temperature regimes have been altered 
by increasing or decreasing the magnitude or duration  
of key temperatures (e.g. assessing diel or monthly  
variation, or duration of exceedence of certain thresholds) 
(Steel & Lange 2007). As with other habitat assessments, 
the key products of these assessments are maps of locations 
and degree of habitat degradation. This information 
identifies reaches that have been affected by changes in 
sediment, nutrient or pollutant sources or delivery, but 
watershed-scale assessments are usually needed to identify 
appropriate restoration actions (i.e. the cause of the 
problem and likely remediation actions) (see Section 
3.3.2).

Methods for measuring stream temperature include 
both field measurements and airborne remote sensing 
methods. Field measurements commonly employ inex-
pensive temperature recorders that record stream 
temperature at specified time intervals (usually between 
15 minutes and hourly) over several months to years 
(Dunham et al. 2005). Remote sensing methods such as 
the airborne Thermal Infrared (TIR) system can also be 
used to identify temperature patterns in streams, which 
indicate areas of increased temperature or cool-water 
refugia (Torgerson et al. 2001). Choosing between these 
two methods generally depends upon the purpose of the 
assessment, and the relative costs of acquiring tempera-
ture data. Field measurements have the advantage of 
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particular pollutant that may be present in a river and 
allocation of allowable pollutant loads among sources. 
Hence, modeling of nutrient or pollutant loads in river 
systems is an increasingly common assessment tool for 
water quality (e.g. Borsuk et al. 2002).

3.5  Assessing changes in biota

Selecting assessment methods for changes in biota paral-
lels selection of habitat assessment methods in that the 
choice is largely driven by the restoration goals. The 
purpose of assessing changes in biota is to identify where 
an individual species, life stage, or species assemblage has 
been altered or lost. Such measurements are also often 
used as an indicator of habitat or water quality, and to 
indicate where restoration efforts can help aid in their 
recovery. The focus of biological assessments will likely 
be driven by the legal or policy basis for river restoration, 
such as an Endangered Species Act focusing on single-
species restoration or a more holistic act such as the 
Water Framework Directive focusing on multi-species 
restoration (Table 3.1). Once a single-species or multi-
species approach is chosen, analyses should assess changes 
in abundance or diversity of species, or ecological and 
genetic attributes of species that respond to habitat 
changes or restoration actions. Two basic approaches to 
understanding the importance of different habitat 
changes on biota are: (1) field sampling of fish, macro-
invertebrates or other biota; or (2) models to assess effects 
of habitat changes on various species (e.g. Karr 1991; 
Beechie et al. 1994; Wright et al. 2000). The purpose of 
either methodology is to identify which habitat changes 
have the most significant effects on aquatic biota.

3.5.1  Single-species assessment
Many restoration planning efforts focus on recovery of 
threatened or endangered species (Table 3.1). Field 
methods focus on presence/absence or density of fishes 
or other focal aquatic species (e.g. mussels, crayfish) or, 
in some cases, attempt to estimate survival in specific 
habitats or life stages. By contrast, models generally focus 
on identifying population ‘bottlenecks’ created by scar-
city of specific habitats or high mortality during certain 
life stages (Beechie et al. 1994; Greene & Beechie 2004). 
Choosing between these two general approaches depends 
not only on the extent of existing knowledge about the 
focal species, but also on the purpose of the assessment. 
Where spatial distributions and abundances of organisms 
are already well known (e.g. for well-studied or heavily 

characterizing temporal variation at specific sites, whereas 
TIR has the advantage of describing spatial variation in 
stream temperature at a single point in time. Where  
analyses aim to characterize certain thermal habitat  
features and their locations in a watershed (e.g. cool-
water refugia), TIR provides the most suitable data for 
identifying those areas as potential habitats to target  
for protection. By contrast, if the assessment requires a 
better understanding of when and for how long certain 
temperature conditions exist, then temperature recorders 
provide more appropriate data.

Measurement of nutrient, pollutant or turbidity  
concentrations requires laboratory analysis of water 
samples from selected sites. As with stream temperatures, 
water-quality metrics are commonly compared to regula-
tory standards to identify impaired sites, and to indicate 
whether water quality is ‘safe’ for a wide range of biota. 
However, water-quality sampling for a wide range of 
nutrients and pollutants is often cost-prohibitive, and use 
of biological sampling methods as indicators of water 
quality degradation are often used to identify areas with 
water quality impairments based on analysis of biological 
communities (see Section 3.5). Nevertheless, measure-
ment of specific water-quality attributes may be necessary 
to better understand causes of biological change and  
to identify restoration needs. Some parameters, such as 
turbidity, are monitored regularly at gauging stations, 
and data can be acquired for those few sites at a minimum. 
Other parameters may not be monitored continuously at 
gauges, and sampling water quality at key locations may 
be required to identify specific causes of biological change.

Selection of sample sites should consider stratification 
by reach type and land use, ensuring that each stratum  
is represented and there is sufficient sample density to 
adequately characterize each stratum (Madrid & Zayas 
2007). In the context of watershed assessments for  
restoration planning, sample sites will most commonly 
be located in areas of relatively heavy land use in order 
to focus sampling effort on those areas most likely in need 
of restoration (e.g. agriculture or urban areas). Water-
quality samples at each site may then be collected at a 
specified depth or by using a depth-integrated sampler to 
characterize the entire water column (Lane et al. 2003). 
Determining whether sites exceed regulatory standards or 
deviate from reference conditions requires analyses that 
account for temporal variation in concentrations, as  
concentrations of many compounds may spike briefly 
during runoff events. Moreover, some regulations (e.g. 
the total maximum daily load or TMDL rules of the US 
EPA) now require consideration of the amount of a  
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habitat limitations is a limiting factors model, which 
compares the relative capacity of habitats for each life 
stage and identifies the possible habitat factors limiting 
production (Reeves et al. 1989; Beechie et al. 1994). More 
specifically, this assessment identifies habitat bottlenecks 
within the life cycle, which are the habitats that limit  
the size of the population and therefore must be restored 
in order to increase population size. More complex  
life-stage models couple spatially and temporally explicit 
density and survival estimates for each life stage to assess 
which habitats or life stages have the greatest effect  
on population size, which is also helpful in identifying 
potential actions for population recovery (Greene & 
Beechie 2004; Lawson et al. 2005; Scheuerell et al. 2006). 
These models have the advantage of identifying not  
only where restoration of habitat capacity might lead 
to population increases, but also where improvements  
in survival within or between life stages might lead to 
population increases. In general, habitat capacity in the 
models is mainly a function of available habitat area  
and survival is mainly a function of habitat quality, 
although these two are not completely independent of  
each other.

It is important to recognize that use of habitat-based 
models for restoration planning still requires substantial 
field data to support the modeling effort. Most impor-
tantly, a good estimate of habitat area for each important 
life stage is required, as well as estimates of density and 
survival of the target organism in each habitat type and 
life stage (e.g. Reeves et al. 1989; Beechie et al. 1994). 
Habitat areas can be estimated using methods described 
in Section 3.4, and estimates of density and survival for 
various life stages and habitats can be gathered from the 
literature. If density and survival estimates are not readily 
available for the target species, modeling efforts should 
generally be set aside in favor of collecting additional field 
data on species distribution and abundance by habitat 
type and land-use impact. Where there are sufficient data 
to run these models, the important outputs of the model 
are the identification of key habitat areas or life stages that 
need restoration in order to improve the status of the 
target species. For example, the largest habitat losses in 
the Skagit River basin, USA were removal of side channels 
in the deltas and floodplains, combined with losses of 
beaver pond habitats (Table 3.15). However, individual 
salmonid species use these habitats in different ways 
depending on their life history, so the importance of 
restoring each habitat type depends on the target species 
(e.g. Beechie & Bolton 1999). If the aim is to restore coho 
salmon for example, then restoration efforts should 

managed species such as salmon or trout), models often 
provide more new information for restoration planning 
than additional field surveys. By contrast, where less is 
known about distribution and abundance of a species 
(e.g. crayfish), there may be insufficient data on life-stage 
densities and survivals to parameterize a model, and 
additional field surveys may be more important for  
identifying key habitats for protection or restoration.

Field methods to estimate density of aquatic organisms 
include a variety of enumeration methods, especially  
for fishes. Methods for counting resident or anadromous 
fish during rearing life stages include snorkel surveys, 
electro-fishing, seining, and trapping, whereas adult-
counting methods might also include spawner surveys and 
trapping at weirs. Counting methods for other less-mobile 
organisms, such as crayfish or mussels, may include  
surveying transects to estimate densities either by visual 
counts or trap counts. Estimating density of aquatic 
organisms by any of these methods requires both an e 
stimate of the number of individuals and an estimate of 
the habitat area sampled. Survival estimates are more 
difficult and costly to acquire, as they require repeat 
counts or captures to determine decreases in number  
of individuals through time. Hence, field measurements of 
survival are rarely a focus of assessments for restoration 
planning, although they are more commonly used in  
restoration effectiveness monitoring. Both density and 
survival estimates are subject to significant errors, but 
more labor-intensive sampling methods (such as use of 
mark-recapture methods) can decrease uncertainty in the 
estimates. However, increased time required at each 
sample site must be balanced against decreased number 
of sample sites (see Chapter 8 for discussion of sample size 
requirements). As with habitat surveys, more sample  
sites is usually more appropriate for describing watershed-
scale patterns of fish abundance (or abundance of other 
organisms), whereas greater accuracy at a site is more 
useful for monitoring changes in density at a site (see also 
Chapter 8).

In contrast to field measurements, models are used to 
assess the relative importance of various habitat losses  
to a species and to help identify the restoration actions 
that are most important to increasing population growth 
rates or abundance (Leslie 1945; Bolten et al. 2010). 
Understanding these factors helps managers gain a better 
understanding of what habitats are most limiting to  
the species (Kareiva 2002; Bolten et al. 2010) and of 
the restoration actions that are most important to its  
recovery, rather than a ‘shopping list’ of concerns (Lawler 
et al. 2002). The simplest model for identifying specific 
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Figure 3.21 Single-species assessments 
identify important restoration needs 
based on habitat changes and habitat 
requirements of individual species. In 
this example, evaluation of habitat 
change yields a single result, but choice 
of species for restoration focus results in 
differing restoration needs due to 
differing habitat requirements among 
species (see text for additional details). 
Adapted from Beechie et al. (2010).

Table 3.15 Estimates of coho salmon habitat capacity losses in the Skagit River basin based on a limiting factors analysis 

(adapted from Beechie et al. 1994, 2001).

Habitat type Historic smolt 
production

Current smolt 
production

Change in smolt 
production

Percent change

Sloughs
 Side channel 688,100 375,800 −312,300 −45%
 Distributary 345,000 125,100 −219,900 −64%
Tributaries
 Hydromodified 44,400 37,600 −6,800 −15%
 Non-hydromodified 72,700 55,700 −17,000 −23%
 Culverts 37,100 0 −37,100 −100%
 Dams 3,700 0 −3,700 −100%
Mainstem 379,400 351,400 −28,000 −7%
Lakes 18,300 48,000 +29,700 +162%
Ponds 783,700 177,500 −606,200 −77%
Total 2,372,400 1,171,100 −1,201,300 −51%
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2002). Similar metrics have long been in use in Europe  
as well; maps of these biological conditions within a 
watershed provide a useful illustration of where habitats 
have been degraded, and also indicate habitat improve-
ments through time (Figure 3.22). In other areas such as 
the Midwestern USA and Europe, fish have commonly 
been used for multimetric indicators of habitat condition 
(e.g. Schmutz et al. 2000). In Europe, Schmutz et al. 
(2000) identified seven fish metrics relative to reference 
conditions including: number of type-specific species; 
number of self-sustaining species; whether a shift in fish 
region occurred; number of guilds; degree of alteration in 
guild composition; change in biomass and density; and 
change in population age structure. Ecological integrity 
scores range from 1 to 5 for each of these criteria, and 
again the summed scores indicate overall conditions at  
a site or within reaches (Schmutz et al. 2000).

Multivariate models use statistical relationships between 
measures of instream biological condition and land-use/
land-cover patterns to identify specific stressors causing 
biological impairment (Allan et al. 1997; Schmutz et al. 
2000), which helps in setting realistic recovery goals given 
current land-use patterns in a river basin. Reference  
conditions are ideally based on a large number of mini-
mally disturbed sites (c. 200 sites; Reynoldson et al. 2001). 
Using multivariate statistical analyses, reference sites are 
then matched to a set of reach descriptors (e.g. stream 
order, elevation, geology, etc.) and classified into physi-
ographic groups. Finally, biological reference conditions 
can be defined for each group. The level of impairment 
at new sample sites within a watershed is then determined 
by comparing its current biological condition with that 
of the appropriate reference group. This approach has 
been most widely applied with the development of: 
RIVPACS (River Invertebrate Prediction and Classifica-
tion System) in England; AUSRIVAS (Australian River 
Assessment Scheme) in Australia; and BEAST (Benthic 
Assessment of Sediment) in Canada (Wright et al. 2000). 
Many regional or provincial approaches have also been 
developed (e.g. Canale 1999; Reynoldson et al. 2001).

The choice of taxa (i.e. fishes versus invertebrates) for 
either type of assessment depends mainly on regional 
patterns of species diversity. In some regions, such as the 
Pacific Northwest USA, fish species diversity is quite low 
and the most abundant species occupy a relatively wide 
range of habitat types and qualities, so fishes do not 
provide a good range of sensitive metrics for multi-
species assessments. By contrast, invertebrate communities 
are very diverse and specialized, making them much 
better candidate taxa. In other regions such as the eastern 

target restoring slow water habitats (e.g. beaver ponds 
and floodplain or delta habitats) that limit coho salmon 
winter rearing opportunities (Beechie et al. 2010; Figure 
3.21). By contrast, restoring Chinook salmon, which do 
not have an extensive freshwater rearing phase, should 
focus mostly on mainstem edge habitats and delta habi-
tats that are critical during their early rearing phase. 
Finally, steelhead make little use of delta and beaver pond 
habitats, so restoration of steelhead would focus on tribu-
tary and mainstem habitats important to both summer 
and winter rearing of juvenile steelhead.

3.5.2  Multi-species assessment
Ecosystem-focused restoration usually has broad multi-
species objectives, which changes the focus of biological 
analysis from limits on individual populations to  
degradation of communities or food webs. Fish, inverte-
brates, amphibians, diatoms and other stream organisms 
are integral parts of aquatic food webs, and assemblages 
of these taxa are sensitive to a variety of watershed  
disturbances expressed over multiple spatial scales (i.e. 
site, reach, or watershed). Multi-species approaches can 
therefore include a variety of indicators of degraded 
habitat quality including species richness, disturbance 
tolerance, and functional feeding groups, which can detect  
a wider range of habitat problems than can be detected 
using a single-species analysis (Davis & Simon 1995). 
Multi-species assessments can be generally classified as 
one of two types: multimetric indexes or multivariate 
models. Multimetric indexes tend to be relatively simple 
scoring systems that rank the health of stream reaches 
based on a sum of numerical values assigned to various 
metrics, whereas multivariate models use statistical tech-
niques to relate biological conditions to environmental 
variables.

Multimetric indexes have focused on a variety of indi-
cator organisms, but most commonly fishes and benthic 
invertebrates (Rosenberg & Resh 1993; Merritt & 
Cummins 1996; Schmutz et al. 2000). For example, in 
western North America a Benthic Index of Biological 
Integrity (B-IBI) using benthic macro-invertebrates was 
developed and calibrated with data from both Oregon 
and Washington (Fore et al. 1996). The B-IBI (Karr & 
Chu 2000) is composed of 10 measures of taxa richness, 
population structure, disturbance tolerance, and feeding 
ecology. When scores from these metrics are summed, 
B-IBI provides a numeric synthesis of site condition  
that ranges from poor to excellent and indicates a variety 
of resource conditions or problems (Morley & Karr 
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Midwestern USA number of Ephemeroptera, Plecoptera 
and Trichoptera (EPT) invertebrate taxa and total fish IBI 
score were both related to percent urban land cover in a 
catchment, and the IBI metrics were also related to 
increased concentrations of trace metals in the stream 
bed (Harris et al. 2005; Figure 3.23). These types of results 
help to focus the spatial extent of subsequent water-
quality assessments into areas where water quality data 
will help identify specific restoration needs. Finally, rela-
tionships between multimetric indicators and land-cover 
attributes can indicate where ecosystem restoration is 
constrained by existing land uses, suggesting that restora-
tion efforts might best be focused elsewhere until viable 
restoration actions can be identified.

USA or central Europe, fish taxa are more diverse, and 
multi-species metrics can be developed for fishes as well 
as invertebrates (Harris et al. 2005).

Outputs of either type of assessment generally include 
color-coded maps of biological condition in stream reaches, 
which can be used to identify high-quality areas for pro-
tection or degraded reaches needing restoration (Figure 
3.22). In many cases, relationships among individual 
metrics and land-use categories or habitat attributes  
can also be used to identify general landscape features 
that lead to degradation, and to help focus assessments 
of disrupted watershed- and reach-scale processes  
toward those that are the most likely causes of biological 
impairment (Beechie & Bolton 1999). For example, in 

Figure 3.22 Example of using multispecies metrics to display habitat and biological conditions within the watershed of the Fiume 
Frigido, Italy in (A) 1982 and (B) 2000. In 1982 the river was heavily impacted by sedimentation from marble quarries in the 
headwaters, as well as agriculture and development pressures in the lower watershed. Efforts to reduce sedimentation and other 
impacts have significantly improved biological and habitat status in the last two decades. (Adapted from Banchetti et al. 2004; CIRF 
2006; background image copyright 2012 Google, 2012 TeleAtlas, 2012 Digital Globe.) (See Colour Plate 2)
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Figure 3.23 Example of multi-species assessments in Midwestern USA, showing (A) distribution of sample sites and percent 
urbanization, (B) number of Ephemeroptera, Plecoptera and Trichoptera invertebrate taxa relative to percent of the watershed 
urbanized, and (C) total score for the fish Index of Biological Integrity relative to percent of the watershed urbanized. Based on 
Harris et al. (2005).

future habitat changes that might limit restoration effec-
tiveness for biota (Mantua et al. 2010; Beechie et al. 2012). 
If these analyses suggest that future restoration effective-
ness will be reduced, then one should re-evaluate planned 
restoration actions and focus on those actions that either 
ameliorate a climate change effect or increase habitat 
diversity and biological resilience (Beechie et al. 2012) 
(see Section 3.7.4). The products of climate change analy-
ses ideally include maps of projected changes in stream 
flow and temperature, as well as an assessment of how 
those changes will affect restoration efforts.

Anticipating future constraints on restoration effec-
tiveness first requires scenario modeling of climate change 
effects on habitats. However, there are considerable 
uncertainties in prediction of future emissions scenarios, 
variation in how global climate models translate  
greenhouse gas emissions into changes in air temperature 
and precipitation, and uncertainty in models that translate 
air temperature and precipitation into stream flow and 
stream temperature. Nevertheless, broad global patterns 

3.6  Assessing potential effects of 
climate change

Ultimately, climate change projections might lead  
planners to alter restoration plans or actions when there is 
evidence that future climatic conditions will not support 
current ecological targets for either habitats or biota 
(McCarty 2001). There are two important considerations 
for determining whether restoration plans or actions 
should be altered in response to climate change (Beechie 
et al. 2012):
1. What is the predicted effect of restoration plans or 
actions should be altered in response to climate change 
(usually stream flow or stream temperature)?
2. How will these effects limit habitat restoration 
effectiveness for targeted biota?
Answering these questions relies on downscaled climate 
and hydrologic models that simulate changes in future 
stream flow and temperature, as well as estimates of 
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lopes and bioenergetics analyses in that they integrate 
multiple climate change effects across life stages to assess 
likely impacts at the scale of populations. For example, a 
life-cycle model was used to evaluate the likely future 
effectiveness of Chinook salmon restoration actions with 

of climate change effects are consistent across scenarios 
and models, suggesting that northern latitudes will be 
substantially warmer and wetter and equatorial latitudes 
will only be slightly warmer and mostly drier. For river 
restoration planning, downscaling of global climate 
models increases the spatial resolution of predictions 
(e.g. Elsner et al. 2010), but additional uncertainties are 
introduced by downscaling procedures. These uncertain-
ties can only be quantified to a limited degree. First, 
models can be compared to each other to quantify differ-
ences between them, but this does not reveal anything 
about the accuracy of the predictions. Second, model 
accuracy can be partially assessed by examining how well 
the model can predict climate in the recent past, and then 
quantifying model biases relative to that past climate (e.g. 
Christensen & Lettenmaier 2007; Hayhoe et al. 2007). 
Both of these steps help understand model uncertainty 
to some degree, but ultimately it is impossible to know 
whether any one emissions scenario or climate model is 
more accurate at future predictions than another.

There are several approaches to translating scenarios 
of future climate into effects on biota, including biocli-
matic envelopes, bioenergetics, and life-cycle modeling. 
Bioclimatic envelopes define tolerance limits of species 
for specific environmental variables (e.g. stream tempera-
ture). They are developed by correlating current climate 
and physiographic variables with species ranges, and then 
modeling how the spatial distribution of those attributes 
will change in the future (Heikkinen et al. 2006). These 
shifts in attributes are then typically interpreted to mean 
that the geographic range of a species will shift in response 
to the shifting environmental variables. In the context of 
assessments for stream restoration, these bioclimatic 
envelopes can also be used to evaluate whether habitat 
conditions within the current species range will likely fall 
outside a species’ tolerance limits in the future, thereby 
constraining restoration options (McCarty 2001). Heik-
kinen et al. (2006) review a variety of statistical methods 
and models that can be used for defining bioclimatic 
envelopes.

Bioenergetics approaches focus on analyzing the 
potential effects of stream temperature and flow changes 
on metabolic rates of fishes, their food resources, or both. 
In general, areas that are already warm may see increased 
metabolic rates and reduced growth if food resources 
remain the same or decrease. By contrast, in areas that are 
near the colder end of thermal tolerances, increased 
metabolism and food production may result in increased 
growth rates. Life-cycle models are more complex, but 
they have a significant advantage over bioclimatic enve-

Figure 3.24 Estimates of (A) change in lowest monthly stream 
flow by the 2040s in Pacific Northwestern USA (data from 
University of Washington Climate Impacts Group, Seattle, 
USA, http://www.hydro.washington.edu/2860/report/), and (B) 
change in Chinook salmon population size by 2025 and 2050 
for the Snohomish River basin, Washington State, USA based 
on varying levels of restoration effort and a moderate CO2 
emissions scenario (adapted from Battin et al. 2007). (See 
Colour Plate 3)

http://www.hydro.washington.edu/2860/report/
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summary of the watershed assessment should therefore 
clearly state the results of: (1) the watershed process 
assessments (Section 3.3); (2) the habitat change assess-
ments (Section 3.4); and (3) the biological response 
assessments (Section 3.5). Moreover, key linkages between 
these assessments should be described as completely  
as possible so that it becomes clear in developing a  
restoration plan how each type of restoration action will 
lead to habitat and biological improvement, and how 
much biological improvement can be expected from  
each action type or suite of actions.

Among the most important outcomes of a watershed 
assessment are maps and summaries of impaired processes 
or functions causing degradation of habitats and biota, 
and an indication of the degree to which each process or 
function is impaired within each area of the watershed 
(Beechie et al. 2008a; Table 3.16). The summary identifies 
the root causes of river ecosystem degradation (i.e. it 
answers Question 1 in Figure 3.2), and provides the basis 
for identifying restoration actions that follow the process-
based principles outlined in Chapter 2. This table (or 
tables) should address all of the driving processes and 
functions in the assessment, and should be accompanied 
by maps illustrating key results informing a strategy for 
restoration. For example, Table 3.16 illustrates that Sub-
watershed 4 has relatively few process impairments, 
whereas Sub-watershed 1 has a broad array of process 
impairments to address through restoration. Maps of 
processes in need of restoration help restoration planners 
visualize the spatial arrangement of restoration needs, 
and communicate the status of watershed processes to the 
general public (illustrated in Section 3.8).

Once each of these assessments is summarized,  
inventories of individual restoration actions or sites should 
be compiled within each category. Because the watershed-
scale assessments are generally based on budgets or models 
that do not account for site-scale conditions or restoration 
needs, additional inventories are often needed to identify 
specific restoration actions. For example, the sediment 
budget may indicate that forest roads are a significant 
sediment source in certain sub-basins, but identifying 
specific road treatments to reduce landslide hazard or 
surface erosion requires field surveys of road segments  
to identify areas in need of rehabilitation (e.g. Beechie  
et al. 2003a). By contrast, reach-level process assessments 
are often based on site-level inventories, and the assessment 
and inventory are essentially the same (such as a migration 
barrier assessment or a riparian assessment). In either 
case, lists of specific restoration actions can be developed 
based on the inventory results.

climate change in the Snohomish River basin, USA 
(Battin et al. 2007). In that case, several scenarios of 
future restoration effort and future climate change were 
modeled to determine (1) whether climate change might 
alter future restoration effectiveness for Chinook salmon 
and (2) which kinds of restoration actions were most 
robust to climate change. Outcomes of the study indi-
cated that aggressive restoration efforts were more likely 
to improve population status despite climate change 
(Figure 3.24).

3.7  Identifying restoration opportunities

The most important (and final) step in watershed assess-
ment is translating the assessment results into a list of 
necessary restoration actions (Beechie et al. 2008a). The 
list of restoration actions should be spatially explicit, 
using the full range of assessments to identify restoration 
actions that are necessary to achieve local restoration 
goals. Moreover, the watershed assessment summary 
should clearly identify which processes or functions are 
most impaired and most responsible for biological deg-
radation, so that limited restoration dollars can be 
focused on actions and locations that will most improve 
the status of biota (see also Chapter 6). Important 
attributes of the summary are that it address each sub-
basin or reach separately, and that it ranks the level of 
impairment for each watershed process to indicate which 
impairments have the largest habitat effects in each sub-
basin or reach. The analysis summary should also identify 
constraints on restoration options, such as habitats that 
may not be restorable or that may require prohibitively 
expensive restoration efforts. Understanding these con-
straints helps to set realistic expectations for the restored 
ecosystem, as well as for the potential effectiveness of 
other restoration actions if key processes cannot be 
restored (Beechie et al. 2010). In this section we briefly 
discuss each of these summaries, and in the following 
section we present two brief case examples of watershed 
assessments to illustrate the use of watershed assessments 
in restoration planning.

3.7.1  Summarize the watershed 
assessment results and identify 
restoration actions

Watershed assessments answer two key questions that link 
disruptions in causal processes to habitat change, and 
habitat change to biological responses (Figure 3.2). The 
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3.7.2  Develop a restoration strategy
Once the watershed assessment summary is completed, 
each of the assessment elements can be integrated into a 
comprehensive plan for watershed restoration. A restoration 
plan should acknowledge the biological importance of 
habitat types or areas, and capitalize on an understanding 
of which restored habitats will achieve the greatest 
advancement toward a restoration goal. First, an under-
standing of habitat changes and the biological importance 
of those changes indicates the spatial arrangement and 
types of habitats that need to be restored to achieve some 
level of biological recovery. Second, once the important 
habitat areas have been identified, the table of process 
impairments can be translated into a list of restoration 
needs (Table 3.17). At this stage, restoration needs are 
identified as general types of restoration actions, their 
locations, and approximate levels of effort needed to 
address each of the impaired processes and ultimately  
to achieve restoration goals. This broad-scale summary 
lays out important areas for habitat or watershed protection 
(i.e. areas that are reasonably intact and should be  
maintained), high-priority areas for restoration, and 
areas with relatively low potential for improvement. Areas 
designated as a high priority for either protection or  
restoration will typically include multiple project types 
with varying biological benefits.

Within high-priority restoration areas, specific restora-
tion actions for each process or habitat type can then be 
listed (e.g. which culverts can be removed to allow fish 
migration, which riparian areas need fencing or silvicul-

While the assessment of watershed processes identifies 
specific causes of habitat degradation and the restoration 
actions needed to address them, the assessments of 
habitat change and impacts to biota evaluate the relative 
importance of the many possible restoration actions. 
Therefore, the watershed assessment should also  
summarize habitat change and its effects on biota (i.e. 
answering Question 2 in Figure 3.2). This summary 
describes the spatial arrangement of habitat and biological 
impairments, and highlights which habitat losses or 
changes have had the greatest effect on targeted biota. 
These factors are often incorporated into prioritization 
methods to identify restoration actions that will most 
improve biological status and therefore be given the 
highest priority (Chapter 6). Where biological endpoints 
are driven by single-species needs (e.g. a threatened or 
endangered species), habitat requirements of the species 
help to interpret the relative importance of each habitat 
change and therefore which habitats will have the greatest 
restoration benefit (from the biological assessment 
described in Section 3.5.1). As illustrated in Figure 3.21, 
the same suite of habitat changes can result in a variety 
of different restoration priorities depending on the 
species of interest. Where biological endpoints are more 
broadly defined (e.g. an IBI or other multi-species index), 
determining which types of restoration actions will  
result in the greatest biological improvements may be less 
clear and quantitative. Nevertheless, it should still be  
possible to make estimates of the likely effects of various 
restoration actions on biological endpoints.

Table 3.16 Simplified example summary of process impairments identified in a hypothetical watershed assessment; H: high; M: 

moderate; and L: low indicate the level of impairment for each process and sub-basin (modified from Beechie et al. 2008a).

Process/function Specific cause of problem Sub-basin

1 2 3 4

Hydrology Dams reduce channel-forming flows M M L L
Levees and tide gates reduce estuary habitat H L L L

Sediment Road surface erosion L M M H
Riparian Reduced wood delivery M M H H

Reduced shade (mainly in agricultural lands) H M L L
Channel Bank armoring constrains channel H M L L

Channel dredging has reduced rearing habitat H L L L
Floodplain Levees disconnect channel from floodplain H M M L
Connectivity Fish migration blocked by impassable culverts L L M M
Water quality Pesticide input from agriculture and urban zones M L L L



Watershed Assessments and Identification of Restoration Needs    95

Table 3.17 Simplified example summary of restoration needs to address impaired processes and functions summarized for a 

hypothetical watershed in Table 3.16. At this stage of restoration planning the action descriptions are generalized, and H (high) 

and M (moderate) indicate the likely level of effort needed to address each process in each sub-basin (modified from Beechie et 

al. 2008a).

Process/function Restoration action Sub-basin

1 2 3 4

Hydrology Restore large flood flows M M
Remove or redesign tide gates for passage H

Sediment Improve road surfacing to reduce erosion M M H
Riparian Silvicultural treatment to increase wood recruitment M M H H

Riparian planting to increase shade H M
Channel Remove bank armoring where possible H M

Limit dredging where possible H
Floodplain Remove or set back levees where possible H M M
Connectivity Replace blocking culverts with bridges that allow fish migration M M
Water quality Provide riparian buffers to filter pesticides; reduce pesticide use M

Those dams or levees are therefore not considered  
for removal or setback in a restoration plan, and their  
continued existence becomes a constraint on the kinds of 
restoration actions that are possible. As a consequence, 
potential habitat and biological improvements are also 
limited. Understanding these limits is critical for setting 
realistic expectations for the outcomes of restoration 
efforts, as constraints may in some cases preclude achieve-
ment of biological restoration objectives.

Constraints identified by watershed assessments  
may also indirectly influence the selection and design of  
restoration actions, as constraints may alter rates  
of watershed processes, local restoration potential, or 
expected attributes of a restored system. For example, a 
dam that diverts a significant portion of stream flow and 
eliminates sediment supply to downstream reaches sub-
stantially alters expectations for a restored river, and 
historical conditions do not provide a suitable target  
condition (Trush et al. 2000; Burke et al. 2009). Rather, 
the constraint imposes new sediment and hydrologic 
regimes on downstream reaches, and therefore the 
expected restored channel will be smaller and less 
dynamic than the historical (pre-dam) channel. Recog-
nizing these indirect constraints is important to selecting 
appropriate types of restoration actions (Chapter 5), and 
also in designing projects to match the local restoration 
potential (Chapter 7).

Finally, social and economic constraints often limit the 
pace and extent of restoration. Most commonly, funding 

tural treatment, or which levees might be set back to 
reconnect a river to its floodplain). There is a wide range 
of restoration techniques available to address restoration 
needs, and selecting the most appropriate technique for 
a given problem will depend on site characteristics and 
restoration goals (see also Chapters 5 and 7). For a thor-
ough watershed assessment, these project lists can include 
hundreds or even thousands of potential projects. There-
fore, a process for prioritizing these potential restoration 
actions is essential for cost-effective implementation of a 
restoration plan (discussed in Chapter 6).

3.7.3  Summarize constraints on 
restoration opportunities

Constraints include a variety of physical or socioeconomic 
factors that may limit restoration options. In most  
cases, constraints are structures or land uses that have 
economic or social benefits that outweigh ecological 
values (Baker et al. 2004). That is, where local or regional 
communities place greater value on goods and services 
provided by human infrastructure than on goods and 
services provided by a healthy river and its biota, the 
human infrastructure becomes a constraint on restora-
tion. Such constraints limit the restoration potential of a 
river ecosystem by precluding full restoration of certain 
processes or habitats. For example, dams with significant 
hydropower or irrigation benefits, or levees that protect 
high-value infrastructure, are often more highly valued 
than restoration of stream flows and floodplain habitats. 
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has been considered critical to ecosystem restoration for 
the past decade, even without considering climate change 
(Bottom et al. 2011). In a review of restoration actions 
that either ameliorate climate change effects or increase 
resilience, Beechie et al. (2012) identified a suite of actions 
that are most likely to maintain their effectiveness in a 
future climate. Most importantly, actions that increase 
floodplain connectivity, maintain access to diverse  
habitats, and restore exchange between surface water and 
ground water are most likely to improve riverine ecosystem 
resilience in a changing climate (Waples et al. 2009). By 
contrast, actions that restore watershed processes are mod-
erately likely to ameliorate climate change effects, whereas 
most instream restoration actions are not likely to sustain 
their effectiveness in a future climate.

3.8  Case studies

We describe two case studies – one from the USA and one 
from the UK – to illustrate key products of watershed 
assessments and their use in identifying restoration 
actions and developing restoration strategies. The first 
example uses process-based assessments to identify areas 
of the river basin in need of restoration actions, whereas 
the second example uses a risk-based modeling approach 
to identify restoration needs. In both cases the analyses 
address root causes of degradation, changes in habitat 
condition, and the response of biological indicators to 
guide the development of watershed-scale restoration 
strategies. Assessment methods for these watersheds were 
described in Section 3.2 (Table 3.4), and several of the 
examples of assessment methods and products shown 
earlier are from these two studies. We refer to those exam-
ples as appropriate to indicate linkages between the 
assessment design, assessment summaries and develop-
ment of restoration strategies.

3.8.1  Skagit River, Washington State, USA
The first element of assessing causes of habitat change 
was evaluation of a suite of key processes driving 
habitat formation in the Skagit River basin, including 
sediment supply, hydrology, riparian functions, floodplain 
connectivity, and blockages to salmon migration. 
Because agricultural land uses significantly overlap 
salmon habitats – primarily in the floodplains and 
delta (Beechie et al. 1994) – impaired floodplain 
connectivity, riparian functions, and salmon access to 
habitats tended to be concentrated in the lower river basin 
(Figure 3.25; Skagit Watershed Council, unpublished 

is well short of that needed to implement all (or even 
most) restoration projects identified in a watershed 
assessment, and projects are therefore implemented 
slowly over long periods of time. Moreover, large projects 
with substantial biological benefits are often the most 
expensive and require the most time to garner public 
support. Design and implementation of large high-value 
projects is therefore often a lengthy process, which further 
constrains the rate at which restoration can occur. These 
types of socioeconomic constraints do not limit potential 
biological outcomes in the same way that infrastructure 
constraints do, but they do limit the rate at which restora-
tion can occur and ultimately how many restoration 
actions will be implemented. That is, these constraints do 
not eliminate the possibility of improvement as an infra-
structure constraint does, but they limit the ability to 
achieve that potential improvement. Therefore, where 
socioeconomic constraints limit the pace and magnitude 
of restoration, a transparent process for prioritizing res-
toration actions becomes more important (Chapter 6).

3.7.4  Climate change considerations
Two key climate change considerations might influence 
selection of restoration actions: (1) does a proposed 
action reduce the likely climate change effect? and (2) 
does the restoration action increase resilience of a popu-
lation or ecosystems? (Beechie et al. 2012). Where climate 
change might shift either stream flows or temperatures to 
adversely affect biota, a restoration action that reduces 
temperature, reduces low-flow effects or decreases the 
effect of flood flows will likely benefit biota despite a 
changing climate. If restoration actions will not amelio-
rate climate change effects, then it is important to select 
actions that increase ecosystem or population resilience. 
The ecological concept of resilience refers to the ability 
of a system to ‘absorb disturbance and reorganize while 
undergoing change so as to still retain essentially the same 
function, structure, identity, and feedbacks’ (Holling 
1973). In the case of river restoration, restoring flood-
plain connectivity, restoring variable flow regimes, or 
restoring migration pathways between diverse habitats 
will increase the ability of systems to reorganize both 
physically and biologically in response to climate change 
(Waples et al. 2009).

Because there are significant uncertainties in predicting 
future habitat conditions using climate and hydrologic 
models, a precautionary approach to identifying restoration 
actions for long-term benefits is to ensure that river  
ecosystems are physically and biologically able to adjust 
to a changing environment. Building ecosystem resilience 
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Figure 3.25 Summary maps of analyses of causes of habitat change in the Skagit River basin, Washington State, USA (based on 
unpublished data from Skagit Watershed Council, Mount Vernon, Washington State, USA). Five panels illustrate altered watershed 
processes including (A) sediment supply; (B) hydrology; (C) riparian functions; (D) floodplain connectivity; and (E) amounts of 
habitat blocked to salmon migration by artificial barriers. (F) Impairment rating map illustrates the combined level of 
impairments across all five factors; each factor receives a score of 2 if impairment was rated high, a score of 1 of impairment was 
rated moderate, and a score of 0 if impairment was rated low. Score of 0 indicates no or low impairment to any of the five 
processes and a score of 10 indicates that all five processes are impaired. (See Colour Plate 4)
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data). By contrast, increased erosion and runoff were 
more widely distributed in steeper areas of the basin 
where forestry activities increased landslide rates and 
peak flows during fall and winter storms (e.g. Figure 3.5). 
When considered in combination, the delta and lower 
basin tributaries were degraded by a larger number of 
processes than were headwater areas. Notably, a significant 
proportion of headwater reaches were not rated as 
impaired for any process.

Analysis of habitat change in the Skagit River basin 
(the second assessment component) documented large 
losses of floodplain, delta, and beaver pond habitats 
(Figure 3.20; Beechie et al. 1994, 2001) which are used to 
varying degrees by the three target salmonid species. 
Beaver pond habitats were likely reduced significantly by 
beaver trapping prior to the early 1800s. By contrast, 
most floodplain and delta habitats were lost in the  
early 1900s as large areas of floodplain and delta were 
disconnected from the river by levees built to protect 
agricultural and urban lands from flooding (Figure 3.20). 
Mainstem habitat losses were relatively small; only a short 
section of upriver mainstem channel was inundated  
by hydroelectric dams, and bank armoring affects a  
relatively small percentage of river edge habitats (not 
including the floodplain habitats, assessed separately). 
Aside from losses of beaver dams, tributary habitats have 
been primarily affected by loss of in-channel wood and 
the subsequent loss of pool habitats.

Finally, when each species’ habitat requirements were 
incorporated into the analysis, the importance of habitat 
losses to restoration of salmon populations varied 
between species (Figure 3.21). Coho salmon use slow-
water habitats in winter, and a limiting factors analysis 
showed that losses of floodplain, delta, and pond habitats 
have all significantly reduced habitat capacity for the 
species (Beechie et al. 1994; 2001). The analysis on the 
whole suggests that riparian and tributary restoration 
actions may contribute little to increasing population size 
if the more significant limiting habitats are not addressed. 
Current habitat constraints on Chinook salmon were 
evaluated using a combination of analyses that showed 
that loss of delta habitats is the primary habitat constraint 
for most Chinook salmon (the ocean-rearing type), but 
also that losses of mainstem river habitats may be a  
constraint on the smaller populations of stream-rearing 
Chinook (Beamer et al. 2005a; 2005b). Thus, delta and 
mainstem habitats are critical restoration areas for 
Chinook salmon recovery. Finally, a limiting factors  
analysis for steelhead, a species that makes little use of 
slow-water habitats at any life stage, showed that the 

greatest restoration needs are in mainstem, floodplain, 
and tributary channels.

Using these analyses, the Skagit Watershed Council 
developed a strategic approach to habitat protection and 
restoration based on three guiding principles: (1) restore 
processes that form and sustain salmon habitats; (2) 
protect functioning habitats from degradation; and (3) 
focus protection and restoration actions on the most  
biologically important areas (Skagit Watershed Council 
2010). Because funding for the watershed council and its 
restoration activities is tied to recovery of the Chinook 
salmon listed under the US Endangered Species Act,  
the strategic approach considers the most important 
areas to be those that will most benefit Chinook salmon 
recovery. Moreover, restoration actions are proposed and 
carried out by a variety of restoration groups, and most 
restoration actions are to some extent reliant on finding 
opportunities with cooperative landowners. Therefore, 
the strategic approach recognizes that many important 
projects cannot be enacted in the near term, but also aims 
to encourage restoration actions in specific target areas. 
These target areas are organized into three tiers, ranked 
in order of importance to Chinook salmon recovery 
(Table 3.18; Figure 3.26). Tier 1 target areas encompass 
the estuary and delta, as well as floodplain rearing  
habitats used by multiple salmon populations; Tier 2 target 
areas include nearshore rearing areas and floodplain 
rearing habitats used by single populations; and the  
Tier 3 target area focuses on watersheds with elevated 
erosion rates or peak flows, both of which affect egg-to-
smolt survival in years with high peak flows.

Within these target areas, the Skagit Chinook Recovery 
Plan (SRSC/WDFW 2005) identifies more than 40 spe-
cific project reaches or sub-watersheds, many of which 
include numerous individual project sites and actions. In 
addition, the assessments identified more than 600 bar-
riers to salmon migration, 80 km of forest roads needing 
restoration (in addition to hundreds of kilometers to be 
treated under current forestry regulations), 98 km of 
bank armoring that could be restored or modified to 
increase rearing habitat function, and several hundred 
hectares of floodplain and delta areas targeted for levee 
removal or modification. These actions address restora-
tion in each of the target areas, and also address each of 
the key limiting factors at each life stage. If all these 
actions are implemented, they are estimated to achieve 
between 77% and 81% of stated recovery goals (i.e. the 
population size needed to remove the populations from 
the Endangered Species list) (Table 3.19). Importantly, 
the Skagit Chinook Recovery Plan recognizes that land-
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Table 3.18 Summary of target areas for the Skagit Watershed Council 2010 Strategic Approach (adapted from Skagit Watershed 

Council 2010).

Target area Importance to Chinook salmon

Tier 1 Skagit estuary Key habitat features include delta distributaries and blind tidal channels. Critical 
physiological transition zone for juvenile Chinook and highest growth rates for 
juvenile Chinook in watershed. Loss of habitat substantially reduces juvenile 
survival in Puget Sound and ocean.

Riverine tidal delta Riverine tidal marshes and wetlands. Historically expansive habitat area for delta-
rearing Chinook life history type. Rearing habitats limited due to levee system.

Large river floodplains 
(mixed population 
rearing)

Large river–floodplain areas with highly productive habitats. Historically expansive 
rearing habitat area for distinct riverine juvenile Chinook life history type; provides 
rearing habitat for all six independent Chinook populations. Major spawning areas 
for fall and summer Chinook.

Tier 2 Nearshore pocket estuaries Isolated and relatively small estuary habitats located along nearshore areas of Skagit 
Bay. Rearing habitats for fry migrant Chinook salmon emigrating from Skagit 
River in large numbers.

River floodplains (single 
population rearing)

Large tributary floodplains that provided extensive spawning and rearing habitat 
areas for Chinook salmon. Major spawning areas for single Chinook populations; 
important to spatial structure and life history diversity of Chinook populations.

Tier 3 Sediment and hydrology 
impaired watersheds

Increased risk of severe habitat degradation and reduced Chinook survival due to 
high risk of landslides, road failures, and peak flows caused by historic land 
management (i.e. logging) and forest road development.

Figure 3.26 Illustration of target restoration areas in the Skagit River basin, USA. Adapted from Skagit Watershed Council (2010). 
Descriptions of target areas are listed in Table 3.18. (See Colour Plate 5)
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important areas for livestock exclusion or riparian res-
toration (see Figure 3.13). Although focused on sediment 
delivery, the outputs of the model can be considered a 
proxy for other forms of diffuse pollution, which follow 
a similar pathway through the landscape (e.g. phospho-
rous bound to fine sediment). Habitat assessment at  
the reach scale made use of a 5 m digital terrain model 
(DTM) to calculate channel slope and extrapolate asso-
ciated physical biotopes (e.g. cascade, riffle, run, pool). 
From these data the Eden Rivers Trust was able to assess 
the likelihood of suitable age 0+ salmonid habitat through-
out the basin (e.g. riffle being present).

Finally, age 0+ Atlantic salmon (Salmo salar) and 
brown trout (S. trutta) populations were surveyed as 
indicators of freshwater habitat condition due to their 
stringent water-quality and habitat requirements. Timed, 
semi-quantitative electrofishing counts (Crozier & 
Kennedy 1994) were used because up to 10 sites a day 
could be surveyed rather than the typical four sites  
that could be surveyed using multi-pass removal or 
mark-recapture methods. Although restricted to age 0+ 
salmonids, this survey rapidly provided a good overview 
of salmonid breeding distribution in the Eden, as well as 
an indication of spawning success. As the least mobile 
life-stage, abundance of age 0+ salmonids was assumed 
to be constrained by local habitat pressures and therefore 
reflective of habitat condition and water quality.

The key output of the assessments was a spatially  
structured, hierarchical database. This integrated data 
source allowed relationships between habitat pressures 
and age 0+ salmon and trout abundance to be examined 
and prioritized using multivariate statistics at multiple 
scales (Figure 3.27). At the watershed scale, age 0+ Atlantic 
salmon occupied wide low-gradient streams with more 
spawning gravel, fewer migration barriers, and less  
siltation, whereas age 0+ brown trout occupied narrower, 
steeper streams with overhead cover from riparian trees. 
The most significant variable explaining age 0+ salmon 

use constraints will prevent or delay at least some of these 
actions, and that over the long term societal values may 
either decrease or increase the importance of salmon res-
toration relative to land use or economic considerations. 
Hence, the plan predicts Chinook salmon response to 
restoration under the optimistic assumption that all 
planned actions can eventually be completed.

3.8.2  River Eden, England, UK
In the Eden River basin, a risk-based modeling frame-
work focusing on estimating the risk of fine sediment 
delivery from distributed agricultural sources (SCIMAP 
or Sensitive Catchment Integrated Modeling Analysis 
Platform; www.scimap.org.uk) was developed by Durham 
and Lancaster Universities to assess watershed-scale pro-
cesses (Reaney et al. 2011). Using land-use data (from 
satellite imagery), rainfall data and 5 m digital elevation 
data, SCIMAP identified erosion-prone fields that were 
likely hydrologically connected to the river by overland 
flow pathways and therefore likely sediment sources. 
Instream risk at a point in the channel was then calcu-
lated by integrating the risk from all upstream sources 
contributing to that point (Figure 3.6). Based on these 
analyses the trust was able to identify likely sediment 
sources (agricultural fields) in need of restoration, as well 
as reaches that were likely to be most impacted by those 
land-use effects.

At the reach scale, data on riparian conditions and 
channel morphology were assessed with high-resolution 
aerial photography, which could be collected rapidly, was 
unhindered by land ownership issues, and could be 
stored and analyzed cost-effectively. Aerial photography 
for 650 km of main river and tributaries was captured at 
20 cm resolution, and then analyzed to identify bank 
erosion associated with livestock grazing, riparian trees, 
overhead channel cover, channel width, and substrate. 
From these data the Eden Rivers Trust was able to identify 

Table 3.19 Predicted response of Chinook salmon to planned restoration actions in the Skagit River basin during periods of 

low or high marine survival (low regime and high regime, respectively). Marine survival rates are 0.01–0.25% for low ocean 

survival regime and 0.18–3.5% for high ocean survival regime (adapted from SRSC/WDFW 2005).

Marine survival Recovery goal 
(adults per year)

Before plan actions 
(adults per year)

After plan actions 
(adults per year)

Percent of goal 
achieved

Low regime 52,430 28,611 40,267 77%
High regime 145,100 83,962 118,168 81%

http://www.scimap.org.uk
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Figure 3.27 Schematic diagram of the multivariate statistical analysis used to evaluate habitat condition and landscape influences 
on brown trout in the Eden River basin, England, UK.

abundance was fine sediment delivery risk, although the 
relationship was non-linear in that both extreme low- 
and high-risk correlated with reduced abundance. Age 0+ 
brown trout abundance was also related to fine sediment 
delivery risk and population fragmentation due to 
instream barriers, and overall there were fewer high-
abundance trout sites than salmon sites (i.e. Atlantic 
salmon seem to be performing better overall than brown 
trout). At the sub-basin scale, bank erosion and gravel 
presence became important predictors of age 0+ salmon 
and trout abundance, although the importance of each 
process varied by sub-basin.

Integrating these assessments in a multivariate statisti-
cal analysis showed the overall significance of fine 

sediment delivery risk for both salmonid species. Further 
analysis of this relationship found that arable land cover 
types were relatively unimportant as drivers of age 0+ 
salmonid abundance, whereas improved pasture was very 
important. Improved pasture is associated with a number 
of stressors including nutrient applications, fecal mate-
rial, and fine sediment (Reaney et al. 2011). Addressing 
these diffuse large-scale pressures had previously been 
considered infeasible because high-risk land covers 
occupy the vast majority of the landscape and it was 
believed that the required changes in land management 
would be too economically burdensome. However, the 
watershed analysis considered both land-cover impacts 
and hydrological connectivity, which allows development 
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Figure 3.28 Mapped results of the Eden River watershed assessment showing (A) fine sediment risk; (B) riparian overhead cover; 
(C) bank erosion due to livestock grazing; and (D) the three sub-catchments targeted for restoration efforts. See also Table 20 for 
description of targeted sub-basins shown in (D). (See Colour Plate 6)

A B

C D
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of more targeted remedies so that large-scale changes to 
land management may not be required (Lane et al. 2006). 
For example, restoration strategies such as buffer zones 
to reduce hydrological connectivity or small-scale land-
cover changes at highly sensitive locations can be used to 
reduce diffuse pollution without affecting the majority of 
agricultural lands in the basin (Burt 2001).

An advantage of the approach was that habitat data 
could be extrapolated across the basin and converted into 
management strategies targeting locations where they 
were likely to be most beneficial (Table 3.20, Figure 3.28). 
Moreover, habitat data could be readily visualized in map 
and photographic form, creating a powerful tool for  
illustrating and justifying restoration strategies to the 
public, as well as for engaging local communities,  
landowners, and funders in restoration efforts. Based on 
these data, the Eden Rivers Trust developed a suite of five 
management plans focused around three key strategies:
1. a species-specific plan targeting juvenile brown 
trout habitat restoration in small streams concentrated 
on increasing cover, reducing sediment delivery, and 
reconnecting fragmented populations;
2. three sub-basin restoration plans targeting highly 
degraded areas of the basin where hydrological connectivity, 
livestock grazing, and associated fine sediment delivery 
were significantly impaired for both salmonid species at 
a range of scales; and
3. a plan aimed at protecting a particularly productive 
sub-basin for juvenile salmonids in response to a specific 
funding opportunity.

Each of these plans helped the Eden Rivers Trust  
identify and target the most important restoration  
needs within each sub-basin, which led the Trust to 
develop capabilities for providing soil and nutrient  
management advice and reducing diffuse pollution from 
farms. While the assessment techniques adopted for the 
River Eden did not quantify the status of salmonid stocks 
and habitat quality across the basin, they illustrated  
relationships between habitat and salmonid abundance 
at a range of scales, which indicated where and at what 
scale restoration actions were needed.

3.9  Summary

Assessments needed to identify restoration actions and 
develop a restoration strategy must answer two key ques-
tions: (1) how have habitats changed and altered biota? 
and (2) what are the causes of those habitat changes? 
Setting restoration goals is a critical first step in develop-
ing an effective restoration strategy, as restoration goals 
guide the selection of methods for assessing watershed 
conditions and identifying potential restoration actions. 
Restoration goals are usually linked to specific legislative 
mandates, which tend to fall into two broad categories: 
legislation to protect individual species, or legislation to 
improve riverine ecosystems. When restoration goals 
target protection or recovery of endangered species, assess-
ments of habitat conditions (the effects of degradation) 

Table 3.20 Rationale for selection of restoration focus areas in the Eden River basin, England, UK.

Sub-basin Area (km2) Rationale for selection

River 
Petteril

163 – Predicted to have a high to very high risk of fine sediment delivery from agricultural sources
– High levels of riparian damage due to intensive livestock grazing; 19.5 km of surveyed river 

bank was eroding due to livestock and 12.8 km of surveyed channel had less than 25% cover 
from overhanging trees and riparian vegetation

– Poor age 0+ Atlantic salmon and brown trout populations
Hoff Beck 

and Helm 
Beck

70 – Highest concentration of riparian damage within the Eden watershed due to intensive 
livestock grazing; 30–40% of the surveyed riparian habitat was classified as severely degraded 
and 15 km of channel had less than 25% cover

– Predicted to have a moderate to high risk of fine sediment delivery from agricultural sources
– Poor age 0+ Atlantic salmon and brown trout populations

River Leith 
and River 
Lyvennet

129 – Predicted to have a high risk of fine sediment delivery
– High levels of riparian damage due to intensive livestock grazing; 17 km of the surveyed river 

bank was eroding due to livestock and 12 km of surveyed channel had less than 25% cover
– Highly variable age 0+ Atlantic salmon and brown trout populations
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4.1  Introduction

Even with the best plans and assessments, knowledge and 
work to restore streams is of little value if you cannot get 
people to implement projects. This chapter will bring  
in the human element in order to broaden our perspec-
tive beyond just the physical and biological aspects  
of planning and implementing stream restoration. The 
importance of the role that socio-political concerns play 
in such efforts was raised in Chapter 1. Humans have 
clearly played a major role in creating existing conditions 
in streams, and successfully involving a broad range of 
people into restoration efforts will likely be key to whether 
rigorous programs can be implemented and effective.

The traditional New World view is that humans are the 
source of most problems for streams and that, if human 
effects could be removed, then everything would return 
to ‘normal.’ More contemporary perspectives recognize 
that humans are, and have always been, an integral part 
of the ecosystem, and that their actions need to be con-
sidered in restoration strategies (Cronin 1996; Cowx & 
Welcomme 1998). Not only are humans a part of the 
ecosystem, but if people are properly engaged their 
support will facilitate restoration efforts often with sub-

stantial results (Higgs 2003). Alternately, if stakeholders 
are not properly engaged, failure is much more likely.

The science of human behavior and how to influence 
it is not novel, although it has not been consistently 
applied in stream restoration programs (Higgs 2003). 
This is not surprising because stream restoration is 
usually promoted by scientists and agency managers  
who have physical or biological science rather than social 
science backgrounds. The tools and techniques in this 
chapter will enable stream restoration practitioners to 
better understand the motivations of, and construct 
effective approaches for, the various types of human-
dominated systems within which their programs will 
either succeed or fail.

Stream restoration occurs at many scales, ranging from 
working with individual property owners on projects 
such as streambank protection and riparian revegetation 
at the smallest scales to whole-basin restoration involv-
ing multiple agencies, landowners, and funders over the 
course of multiple decades. There are tools and approaches 
outlined in this chapter that will be useful at any of these 
scales, but some will be more pertinent at the individual 
project level while others more useful for larger restora-
tion programs. However, individuals are involved at all 
scales; the regulatory approvals and funding generally 
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require the involvement of some sort of government 
agency for even the smallest of projects, and larger resto-
ration programs will involve significant negotiation and 
cooperation among individuals and agencies.

The models introduced in this chapter have been used 
in other contexts for over 80 years; they have been tested 
over time and space, and have demonstrated their con-
tinuing utility (but see the caution in Box 4.1). Most 
important and relevant is the agricultural extension 
model where new ideas and techniques are transferred 
from university research settings to farmers and com-
munities. The extension model, which was developed in 
Europe and the United States, has proliferated worldwide. 

Box 4.1 A caution about stereotyping

In this chapter there will be numerous cases where we will 
categorize people’s behavior with descriptions that might be 
interpreted negatively. It is important to avoid stereotyping 
individuals because it will limit your ability to work with 
them. Research also shows that people who fit one category 
in one situation may act differently in others. The 
categorizations are meant to help and not hinder insight in 
how to best approach people to increase the likelihood of 
cooperation.

Figure 4.1 Flow chart of steps for incorporating human dimensions in stream restoration planning and implementation.
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The original agriculture focus has expanded to include 
the diffusion of all types of innovations, including the 
spread of various technologies (e.g. cell phones and per-
sonal computers) as well as advances in medicine (Rogers 
1995). A second model appropriate to stream restoration 
is ‘social forestry’ that arose from the Chipko movement 
in northern India in the early 1970s (Shiva 1991) and has 
continued through today (Wiersum 1995). Many of the 
early social forestry schemes explicitly recognized that the 
community played a vital role in protecting the integrity 
of the watershed for its benefits (principally water for 
direct human use and irrigation). Fitting stream restora-
tion into a larger societal framework in the communities 
where the work will occur is essential if it is to become 
accepted and sustained over time. The value of involved 
communities is that once practices are adopted and 
become accepted by some individuals, they will be easily 
replicated and likely require reduced effort over time.

How do we incorporate the human element into 
stream restoration? Figure 4.1 provides a flowchart of one 
common approach towards doing so. The value of doing 
an assessment prior to developing restoration projects 
has been emphasized in the Chapter 3, but here we assess 
the human dimension that identifies land ownership  
patterns, stakeholders, land uses, and other socio-political 
constraints not discussed in detail previously. This infor-
mation is then used in developing a restoration action 
plan to highlight opportunities, develop strategies to 
engage needed landowners and funding partners and, 
ideally, identify a sequence of proposed actions needed to 
implement the restoration plan. Subsequent to the action 
plan are outreach activities needed to engage these part-
ners and, of course, periodic evaluation of the restoration 
results to ensure that needed corrective responses are 
made.

This chapter provides an outline of how to incorporate 
human aspects into stream restoration. We will discuss 
this in the context of the interrelationships among indi-
viduals, organizations, and geography. The following 
section covers the socio-political geography of stream 
restoration, emphasizing the important influence that 
land ownership patterns have on potential stream resto-
ration strategies. Section 4.3 introduces the idea that 
stream restoration can be characterized as an ‘innovation’ 
in land management, and that effective strategies can 
build upon existing knowledge of how people accept  
new ideas. Section 4.4 moves from ideas to organizations 
and how people perform in them. Section 4.5 presents 
the implementation of restoration programs as a series 
of negotiations, where there may be only limited coop-

eration on the part of the various parties involved. Section 
4.6 provides information about further readings that 
expand beyond what can be covered here, and the chapter 
concludes with a summary in Section 4.7.

4.2  Setting the stage: Socio-political 
geography of stream restoration

Understanding property and the rights to property and 
resources is fundamental in the design and implementa-
tion of stream restoration projects. This is especially true 
as stream restoration moves from simple single-site 
projects to more complex and area-wide projects in a 
watershed. All projects are going to take place on some 
type, or types, of property whose ownership comes with 
a variety of rights; paying attention to this as projects are 
developed is likely to increase the potential for success 
while decreasing the risk that a party with an interest (or 
a ‘stake’) in a piece of property will suddenly appear and 
object to what is being proposed.

4.2.1  Nature of the challenge
There are numerous critiques of stream restoration: 
many projects are grouped in the upper, headwater 
reaches without regard for habitat connectivity with 
downstream reaches (Lake et al. 2007); many are focused 
solely on single species or life stage rather than being 
ecosystem-process oriented (Beechie et al. 2010); and 
decisions tend to be made on an opportunistic rather 
than systematic basis (Bernhardt et al. 2005). While there 
are multiple causes leading to this situation, patterns of 
landownership often influence where projects are placed. 
There will likely be a mix of ownerships in most water-
sheds where restoration will occur. Understanding 
ownership patterns, property rights, and the objectives of 
various types of owners provides a foundation on which 
to build an effective approach to enlist cooperation, 
increase the likelihood that a stream restoration project 
can be implemented, and reduce the transactions costs 
(time, treasure, and temper) associated with project 
design and implementation.

4.2.2  Understanding property and 
property rights

Although land ownership may seem like a clear and 
simple concept at first glance, it becomes quite complex 
when dealing with the types of properties commonly 
needed to implement stream restoration projects. Because 
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to antagonize landowners and other stakeholders if they 
feel their rights or interests are at risk from your project. 
Our experience has been that, even if you have a legal 
right of entry, taking the ‘neighborly’ step of asking per-
mission usually sets the stage for a productive interaction 
as compared to an argument.

4.2.3  Landscapes of restoration
The challenges related to landownership patterns are 
analogous to those found in conservation and landscape 
ecology. It is well known that patch size, connectivity, and 
patch turnover rates influence ecosystem performance 
(cf. Bennett & Saunders 2010 for a review). The same 
situation exists when the landownership pattern is placed 
over these habitats: the size of an ownership has impor-
tant implications, as does its location in the watershed. 
Connectivity is important both within and between dif-
ferent ownerships. Turnover rates in landownership have 
an effect on the long-term prospects and success of 
stream restoration projects. Stream restoration projects 
require an understanding of ownership patterns and a 
strategy for approaching landowners that are most likely 
to be successful and stable over time.

As early as the 1870s in the United States, John Wesley 
Powell lamented that the arrangement of governmental 
subdivisions of watersheds with complex patterns made 
ecosystem-based management difficult (Stegner 1953). It 
is common throughout the world that land tends to be 
owned in larger parcels in the upper reaches of basins, 
and that this land is more likely to be in some form of 
public ownership. Historically, land was often subdivided 
until it reached the smallest economically viable size and 
so land on steeper slopes is more likely to be in larger 
parcels compared to gentler-sloped lands. Lowland areas 
(including valley floors) are often privately owned, of 
smaller parcel size, and have higher-intensity existing 
uses such as residential or smallholder1 agriculture. Even 
if publicly owned, the ownership in lowland areas may be 
in narrow strips along stream banks and beds that inhibit 
a number of desirable types of restoration projects (i.e. 
remeandering, dike removal, floodplain connectivity).

The costs associated with land acquisition are much 
greater where higher numbers of smaller parcels are 
needed for a project. Compulsory acquisition of land  

property rights – and their strength and enforceability – 
vary by country, making generalizations is hazardous. It 
is important to recognize that property rights need to be 
considered in designing stream restoration, and that they 
can potentially be quite complex. Depending upon the 
situation, property rights may be different for the surface 
versus any minerals located beneath the surface. There 
may be leases, easements or other tenure relationships 
that need to be considered in planning and project execu-
tion. Water flowing through a given property may have 
different rights associated with its ownership and use;  
the same situation may exist for wildlife and fish on the 
property as well. There may be legal and/or traditional 
aboriginal use rights associated with various resources 
located on a given piece of property.

Most land ownership systems are based on a sovereign 
(either king or government) asserting control over terri-
tory and subsequently divesting this property through 
grants or sales. However, there may be residual claims 
that have the potential to affect your restoration project: 
for example, the Mabo v. Queensland (No. 2) decision  
in 1992 in Australia returned lands to aboriginal groups 
and similar settlement agreements have provided lands 
to native groups in Canada and New Zealand. Security of 
tenure is even less certain in many areas of Asia, South 
America and Africa.

There may be additional legal or traditional – called 
‘usufruct’ – rights to access and use of particular properties 
or resources on them. The Boldt decision in the United 
States Pacific Northwest affirmed a claim by the Native 
American tribes to half of the fish (principally salmon) 
produced, and gave the tribes a stake in increasing this 
production through both natural and artificial means 
(Wilkinson 2000). There may be strongly held views, and 
in some cases rights, on the part of the dominant cultures 
to access public lands for recreational use, including 
vehicular access on roads and off-road vehicle use in 
streams and riparian areas. In the United States, while  
the beds and banks of navigable streams and tidelands  
up to the high tide line are publicly owned, adjacent 
landowners can control access through their properties.

We generally assume that these various rights are 
clearly defined, but this is not always the case. Being  
sensitive to the property rights in your project area is a 
foundation for sound restoration programs; it is very easy 

1 ‘Smallholders’ is a term used to represent landowners with only small parcels of land (from 0.5 ha to c. 20 ha). These are sometimes called 
‘hobby farms’ or ‘rural residential’, but they may also be subsistence farmers (Netting 1993).



The Varde River in the southwest Jutland peninsula of 
Denmark demonstrates the evolution of stream restoration to 
meet multiple, and changing, objectives over time. Societal 
desires to have more environmental and aesthetic land uses, as 
well as legal mandates from the European Union, were 
catalysts for stream restoration in Danish Rivers (Pedersen 
2009). Restoration projects in the Varde River occurred in 
three distinct phases which had different objectives but in 
aggregate resulted in restoring virtually the complete stream. 
The Varde River projects began prior to better-known Danish 
efforts such as the Skjern River project (Pedersen et al. 2007), 
but continued afterwards and were affected by experiences 
there and in other areas of Denmark (Pedersen 2009, 2010).

Background. The Varde River has a catchment area of 
1092 km2 with a mean annual flow 16 m3/s. It is one of nine 
streams in Denmark with historic Atlantic salmon (Salmo 
salar) populations and contains one of seven relict houting 
(Corgonus oxyrhunchus) populations in the Wadden Sea, which 
are protected under the EU Habitat Directive (Jensen et al. 
2003). The Varde is one of the last streams in Denmark where 
freshwater pearl mussels (Margaritifera margaritifera) reside 
(Kann 2006). These mussels require adequate numbers of 
salmonids for one of their life stages (Skinner et al. 2003). 
Wetlands and fields in the lower Varde River where it enters 
the Ho Bugt estuary provide valuable habitat for the corncrake 
(Crex crex), an avian species that was listed in the EU Birds 
Directive, Annex I (Jensen undated). The significance of the 
tidal wetlands has resulted in their inclusion as a Ramsar site 
of international significance as well as being a EU Bird 
Protection Area and an EU Habitat Site (Frikke 1999).

Pre-restoration conditions in the Varde were similar to 
those seen throughout much of Europe and North America. 
Floodplains had been cleared, wetlands ditched and drained, 
and the river channelized so that agriculture could be 
practiced (Frikke 1999). In 1921 The Karlsgårde hydropower 
plant was constructed on a tributary to the Varde (Manøe 
2011), and in 1929 thirteen meanders in the Varde below the 

power plant were cut off to increase the head for the turbines 
with the spoils used as embankments (Kann 2006). Over 90% 
of Varde flows were diverted into the Ansager Canal built in 
1945 to feed the hydropower facility. Another 38 meanders 
above Karlsgarde Lake were straightened in the late 1940s and 
1950s to increase farmland. Aquaculture ponds were built in 
the floodplain to take advantage of the return water 
downstream from the power plant. These practices resulted in 
environmental effects such as land subsidence, water quality 
degradation, the loss of both aquatic and terrestrial habitat, 
barriers and impediments to fish passage, and entrainment of 
juvenile fish in the canal and fish farm.

Restoration. Restoration projects in the Varde River Valley 
occurred in three distinct periods (see Figure 4.2). The first, 
begun in 1995 and completed by 2002, focused on restoring tidal 
wetlands and floodplain fields in the lower Varde River for the 
corncrake (Frikke 1999; Jensen undated). Activities began in 
1995 with cooperation among the Varde Farmer’s Union, Ribe 
County, the Danish Agriculture Ministry, and the Environment 
and Energy Ministry to raise groundwater levels and practice 
‘environmentally friendly’ farming in 2700 ha of saltmarshes 
and meadows governed by the Danish Nature Protection Act 
(Frikke 1999). The project ultimately resulted in over 250 
landowners enrolling over 92% of the land in the project area 
(Jensen undated). Redistributing farm lands to aggregate 
cooperating landowners into better habitat lands and entering 
into 20 year agreements to subsidize farming practices 
consistent with the corncrake’s needs were key project features 
(Frikke 1999).

A second 2-year restoration phase started in 1999 to create 
freshwater pearl mussels and Atlantic salmon spawning habitat 
in 1.4 km of channelized stream just above the town of Varde, 
but below the power plant. Four meanders were recreated 
based on historic scar patterns, doubling the length of stream 
to 2.8 km, and 1500 m3 of gravel were placed to improve 
spawning substrate (Kann 2006). Half the funding for the 
project (c. ç270,000) was provided from a conservation group, 

Box 4.2 The Varde River restoration

Figure 4.2 Map of the Varde River, Denmark and three phases of restoration.
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with the remainder principally from the local county and 
municipality. Ribe County provided the designs, and Varde 
Municipality worked with landowners (Kann 2006).

The third phase in the Varde River restoration, began in 
2005 and completed in 2010, was the most extensive of the 
three because it focused on restoring passage for houting to 
spawn in the upper river while also improving juvenile nursery 
habitat (Houting Project 2011). This project was identified and 
prioritized in the National Management Plan for the Houting 
(Jensen et al. 2003) and funded primarily by the EU LIFE 
program (ç4.5 million for the Varde projects) (Strategic 
Restoration and Management or STREAM 2009). Four years 
of negotiations with landowners were concluded in 2009 (only 
two landowners out of 80 declined to participate). The project 
included remeandering 13 km of stream into 18 km of length, 
decommissioning of the Ansager Canal and the Karlsgårde 
power station to restore full stream flows to the Varde for the 
first time since 1945, and installing screening devices to 
prevent fish from entering the aquaculture ponds. As a result 
of this third phase, access to 75% of potential spawning areas 
was restored, stream flows were restored over 18 km of stream, 
and the channel embankments that previously limited nursery 
use of the floodplain were removed.

Lessons learned
1. Phase 1 in the lower, tidal reaches was conceived with the 

Varde Farmers’ Union and explicitly recognized their 
interests in its third project objective, ‘to ensure 

compensation of the owners or users of the land for any 
loss of income and to give them a high level of influence’ 
(Frikke 1999). This set the stage for further cooperation.

2. Joint benefits between farmers and restoration practitioners 
were incorporated in Phase 1 by classifying lands most suitable 
for farming versus better restored to wetlands, identifying 
those farmers who were willing to adjust their practices to meet 
conservation goals, and exchanging lands outside the project 
area or buying out those who didn’t want to participate. It 
still took almost four years to acquire lands for Phase 3, but 
in the end the two significant landowners who declined to 
participate (including the aquaculture farm) did not stop the 
project. This is in contrast to the Skjern River restoration where 
land expropriation was ultimately required (Pedersen 2009). 
The willingness to provide lands for exchange was identified 
as a key factor in the project success (Elbourne 2009).

3. There was a strong local presence during all three phases of 
the projects. The initial cooperation of the Varde Farmers’ 
Union and on-the-ground personnel slowly, but steadily, 
enrolled landowners over six years. Local meetings, 
newsletters, and other outreach efforts provided assistance 
(Frikke 1999). Phase 2 brought together a Steering 
Committee that ixncluded the local municipality, the County, 
and the Society for Nature Conservation, each of which 
utilized their comparative strengths to implement the project. 
Ultimately, the trust between the farmers and local 
restoration practitioners, who had a good track record, helped 
achieve the larger Phase 3 project objectives (STREAM 2009).

Figure 4.3 Pattern of land 
ownership in the Coos 
Watershed in southcentral 
coastal Oregon, USA showing 
blocked parcels in the upper 
basin with smaller parcels 
along streams and the estuary. 
As the parcel sizes become 
quite small, especially along 
the estuary and in the cities of 
Coos Bay and North Bend, 
the area becomes completely 
black.
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ownership types presents advantages and disadvantages 
when creating a stream restoration program or project.

In many cases governments have the capacity, time, 
knowledge, and resources to implement the projects 
although they may have difficulty building a consensus 
within their own organization on the most effective res-
toration approach on lands they own or control. They are 
also likely to own much of the infrastructure (roads and 
water control) affected by a project. In many cases, gov-
ernments also play a regulatory role both in projects on 
their lands as well as other ownerships, and there may be 
multiple layers of government that have the potential to 
affect a stream restoration project.

Depending on the country and tribe, aboriginal own-
erships may be managed by an outside federal agency or 
one within the tribal organization. In either case, most 
decisions are made by a council whose membership and 
leadership is either elected or appointed through tradi-
tional means. If more than one tribe’s property is involved, 
each one needs to be included in the partnership; do not 
expect that one tribe will speak for another. Social struc-
tures in tribal communities and governance are complex, 
and it is likely that it will take concomitantly greater  
time to get projects approved. While stream restoration 
is often consistent with tribal values, you will need to be 
very diplomatic in approach and will typically need 
approval from the traditional elders to be successful. 
However, as you will see in the Rio Puerco Case Study, 
working with tribes in their project area has been one  
of the most successful and rewarding experiences they 
have had.

The benefit of working with large corporate owner-
ships, whether in timber, agriculture, or mining, is that 
when they decide to do something they usually want it 
done quickly, safely, and with a minimum of disturbance 
to their core operations. As we will see below (and in  
the Coos case study), when your interest and theirs  
coincide it is possible to build a highly successful restora-
tion program. However, large corporate owners will 
expect a comparatively high standard of sophistication, 
expertise, and professionalism on the part of restoration 
proponents.

Relationships and trust are crucial for success in 
approaching small holders of farms, timberlands, and 
home sites. These smallholdings may have some of the 
most intensively used land in any category, and their 
owners may have limited ability and knowledge to 
manage them in ways consistent with good stream quali-
ties. Although smallholders present challenges, their  
location in a watershed often requires their participation  

for restoration projects (variously known as expropriation 
or eminent domain) is difficult, always time-consuming, 
and usually controversial. All these factors may lead to  
the development of restoration programs with larger 
landowners, which are thus likely to occur higher in 
watersheds. The comparative ease in getting projects 
started is especially apparent during the early phases of 
stream restoration.

There are significant differences in land ownership pat-
terns in all three of the case studies discussed in this 
chapter. The Coos watershed on the south-central Oregon 
coast in the United States has diversity of ownerships, 
parcel sizes (see Figure 4.3), and land uses including 
public and industrial timber management, agriculture, 
smallholder residences, and urban areas surrounding  
the estuary. That diversity and parcel size decreases lower 
in the watershed adjacent to the estuary. In this case, the 
Coos Watershed Association was able to work initially 
with two large owners in the upper basin (the Elliott State 
Forest and Weyerhaeuser Timber Company) to build 
capacity and demonstrate success that could be trans-
ferred to other areas of the watershed. Ownership in the 
Varde Rivers watershed on the Jutland Peninsula in 
Denmark (Figure 4.2) was primarily private lands in  
agricultural use (pasture, croplands, and aquaculture 
farms), although there was additional infrastructure for 
hydropower generation. It was relatively straightforward 
to value these properties and identify replacement loca-
tions or compensate the private owners whose lands were 
needed for the restoration projects (see Box 4.2 for the 
Varde River case study). Finally, the Rio Puerco watershed 
in the western part of New Mexico in the United States 
has a highly complex mix of federal, state, tribal, and 
private ownerships, often with different surface and mineral 
estates. Its large scale (over 17,000 km2), overlapping and 
sometimes competing authorities, and lack of adequate 
funding have impeded restoration efforts in this water-
shed over the last 30 years.

4.2.4  Understanding landowner/manager 
and agency objectives

In addition to understanding ownership geography, an 
awareness of some basic characteristics of each type of 
ownership will assist in developing an effective strategy 
to build support for collaborative stream restoration. 
Table 4.1 shows some of these characteristics for four of 
the major ownership groups: State/federal, aboriginal, 
large corporate, and smallholder. Note that while these 
traits are simplified, they are still valuable to consider 
when assessing potential approaches. Each of these four 
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Table 4.1 Land management characteristics among various types of ownerships.

Characteristic State/federal agency Aboriginal Large corporate: timber, 
agriculture, mining

Small holder: 
non-industrial timber/
agricultural/rural 
residential

Organizational 
culture

May be agencies 
with overlapping 
authorities or 
purposes

Strong traditional, 
cultural focus;

often tension 
between revenue-
generating 
interests and other 
uses

Attuned to corporate 
culture; relationships are 
important; limited time 
to assist with projects; 
need to be self-sufficient: 
‘no hassle-no drama’

Reputation as good 
land steward is 
important; limited 
available area means 
that meeting their 
land management 
objectives is critical

Decision-making 
process

Multiple levels of 
review and 
approval; set 
procedures and 
regulatory 
requirements

Often complex, 
lengthy and 
incomprehensible 
(at least to 
outsiders) 
decision-making 
processes

May be made at the local 
level, or may need to go 
up their hierarchy. As 
more trust is gained, the 
decision is likely to be 
made at closer to the 
local level

Trust and credibility 
necessary to start 
building 
relationship; may 
need to involve 
family members.

Timescale Long lead times Deliberate, not fast Fast to act: ‘get-it-done’ 
mentality

Generally relatively 
quick

Budgeting Needs to fit into 
their budget 
cycles

Funds will probably 
be provided by 
third party

Identified benefits – 
bottom-line driven

May have limited 
ability to cost-share.

Project 
implementation

Often eager to 
provide assistance 
– ‘multiple cooks’ 
dilemma

Desire, but not 
necessarily the 
capacity, to 
manage their own 
resources

Will want to have control, 
or at least oversight, over 
project implementation, 
whether directly or 
through their approved 
contractors

If they own equipment, 
may want to provide 
services and may 
want to be 
compensated for 
this; otherwise, will 
probably want you 
to manage

Stakeholder 
involvement

May require public 
notices and other 
stakeholders to 
be involved

There may not be a 
single, consistent 
approach among 
groups; may have 
rivalries

Want to be seen as good 
managers and neighbors; 
otherwise not likely to 
be great except if your 
project conflicts with 
other existing uses such 
as fishing or OHV use

Concerned with how 
neighbors view 
collaboration

in stream restoration activities. These landowners will 
likely need different strategies to engage them in stream 
restoration.

4.2.5  Why understanding socio-political 
geography is important

The challenge of constructing a restoration project 
increases for every additional landowner whose permis-

sion is required. Objections from landowners have stalled 
projects, reduced opportunities or stymied restoration 
programs in a number of places, including Denmark 
(Pedersen 2010) and the United States (Alexander & 
Allan 2007). If you cannot obtain voluntary access to 
needed property, you may be reduced to more coercive 
measures such as expropriation or condemnation, which 
both take more time and are politically more difficult. 
Ultimately, coercive measures may actually make the  
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5. While building a large public constituency to support 
stream restoration is important for long-term sustaina-
bility (Spink et al. 2010), our immediate interest is to 
focus on tools and techniques to work with the primary 
partners who will determine the success or failure of  
individual projects. Long-term sustainability is built on a 
record of individual successes. In the concluding section 
of this chapter we will provide suggestions for further 
reading to gain an understanding of these broader issues.

4.3  How stream restoration becomes 
accepted

Stream restoration is still in its infancy in the larger 
forum of natural resource management (Higgs 2003).  
In the United States, dust storms and loss of prairies  
at the beginning of the Depression provided the impetus 
for early upland restoration efforts (Chapter 1; Higgs 
2003). Many restoration actions are as yet unproven, 
although promising (see Chapter 5). In this respect these 
restoration techniques can be considered innovations  
or experiments. Stream restoration practitioners have  
the challenge of convincing others of both the need  
for the actions they are proposing and the efficacy of 
those actions. We are assuming in this discussion that  
the decision to adopt a stream restoration project is an 
individual action, and not a collective or authoritative 
action. These decisions will be made by individuals who 
are acting within organizations – agencies or corpora-
tions – as well as by private landowners. While these 
individuals have their own characteristic traits (but recall 
the cautions in Box 4.1), their actions will also reflect 
their organization’s culture, needs and interests, and 
decision-making processes.

Effectively targeting your investments of time and 
resources where they are likely to be most successful will 
accelerate the acceptance of stream restoration programs, 
while reducing frustration and ameliorating conflict. 
There are specific situations where you will need to inter-
act with, and try to persuade, a wide range of different 
types of individuals to cooperate2 with your plans. Under-
standing individuals’ traits should allow you to evaluate 
whether it is worthwhile to make an investment to per-
suade them to cooperate and, if so, what to expect.

proposed project – or subsequent projects – impossible, 
as we saw in the Varde River case study from Denmark.

We will go into more depth in the remainder of this 
chapter on ways to approach these different constituen-
cies for stream restoration; however, lessons to keep in 
mind include the following.
1. It is likely that the stream restoration project that you 
are considering will occur on someone else’s property; 
even if it is primarily on your property, others may have 
some sort of interest (i.e. hunting, fishing, or recreation 
access) in its outcome. It is also important to recognize 
that your project may have some effects on adjacent 
properties or in the larger region (e.g. there may be a 
‘tipping point’ where an activity such as agriculture or 
forestry collapses if insufficient landowners participate to 
maintain supplier and purchaser networks). Recognizing 
these ahead of time may allow you to adequately address 
them in your plans.
2. Because landownership patterns overlay geomorpho-
logical and biological systems, it will be difficult to focus 
solely on one side of the equation (bio-physical versus 
socio-political) to create a viable stream restoration 
program. For the highest success, strategies must be  
developed that incorporate social, biological, and physical 
considerations into stream restoration programs.
3. People are important both as participants as well as 
supporters of stream restoration. People already have 
considerable interests (property and otherwise) in 
streams and in the lands that surround them. Only by 
adequately understanding their interests can we work  
out how to reconcile our programs. Examples of such 
interests range from protecting their stream banks from 
erosion, to maintaining a ‘park’-like appearance and 
being considered a good land steward in the community. 
Interests such as these, and others, can be used to find 
common ground when establishing relationships with 
land owners.
4. Social justice and equity concerns need to be iden-
tified and addressed as stream restoration programs 
expand across the landscape (Hillman 2004, 2005). There 
may be losers as well as winners in large-scale stream 
restoration programs. Insuring that both the benefits  
and the costs of these activities are spread equitably  
has important long-term implications for the ongoing 
acceptability of stream restoration in the larger society.

2 ‘Cooperate’ means that the other party does not resist what is being proposed, and may assist in your efforts. ‘Collaborate’ goes beyond 
this to reflect jointly working together to achieve a common goal.
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We will start by examining how innovations gain  
acceptance and how to understand the likelihood that 
different individuals will be receptive, and in the next 
section focus on organizations themselves. Section 4.3 is 
based largely on the pioneering work of Everett Rogers 
(1995) as found in four editions (since 1962) of his  
Diffusion of Innovations.

4.3.1  Restoration as innovation
The process of asking someone (or some agency) to 
implement a stream restoration project is not unlike mar-
keting a new product or innovation. In this context, the 
‘product’ is a new alternative, a new means of solving 
problems, or simply a new idea (Rogers 1995). The entity 
that you are requesting to cooperate may or may not 
know about either the need for the restoration project  
or the benefits of the specific action you are proposing. 
The idea may be completely new to them. What is not 
new is the understanding of how people accept new ideas 
and products.

To be accepted, a restoration action that is considered 
innovative must be perceived to:
1. provide a relative advantage to the person or entity 
over existing techniques;
2. be compatible with existing land uses and practices;
3. not be too complex to understand or use;
4. be testable on an experimental or limited basis; and
5. be observable so that the results can be clearly 
articulated.

4.3.2  Innovation diffusion through 
networks

Knowledge about innovations is diffused through networks 
of interconnected people. New ideas are typically brought 
into a local network through connections that one 
member has with other outside networks or sources of 
information. These ideas are then exchanged among 
others within the local network through personal  
connections as well as through more formal mechanisms 
such as meetings, newsletters, and plans. A way to visualize 
these networks is that the external connections radiate 
outward (similar to a star), while the local internal  
connections form an internal web of interrelationships.

Networks provide a structure that allows communication 
of ideas to lead to decisions to adopt innovations as well 
as to validate the adoption of innovations among peers. 
Within any given network there will be various levels of 
value given to a member’s ideas. ‘Opinion leaders’ in the 
network provide a credible source of new ideas, which are 

typically adopted by their followers over time. However, 
to maintain credibility, opinion leaders must not stray 
too far: their ideas must be based on criteria already 
understood and approved by their followers and peers 
and assumptions must not be too broad or complicated, 
as complication implies risk.

4.3.3  Process of innovation adoption
As innovation becomes accepted, its adoption spreads 
throughout a community in a progression of five stages 
with sixteen steps (Box 4.3; Rogers 1995). The first stage 
revolves around an increasing awareness of the innova-
tion or technique, initially with its description followed 
by a broader understanding of its potential impacts. Once 
there is general knowledge about a technique, a potential 
adopter often needs some persuasion prior to making  
a decision. Your leverage in this second stage is that the 
potential adopter is open or receptive to consider an 
innovation’s potential. This incremental adoption of  
restoration practices can be seen in the Coos Bay case 
study described later in this chapter. By the time a deci-
sion is made about whether to adopt a practice, there are 
really only two choices: try it out, or defer until further 

Box 4.3 Innovation diffusion stages

Knowledge stage
1. Recall of information
2. Comprehension of message
3. Knowledge or skill for effective adoption of the 

innovation
Persuasion stage

4. Liking the innovation
5. Discussion with others
6. Acceptance of message
7. Formation of a positive image
8. Support for the innovation

Decision stage
9. Intention to seek additional information

10. Intention to try innovation
Implementation stage

11. Acquisition of additional information
12. Use on a regular basis
13. Continued use of innovation

Confirmation stage
14. Recognition of the benefits
15. Integration into ongoing routine
16. Promotion to others

(Based on Rogers, 1995)
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inducements (information, incentives, etc.) tip the scale. 
In truth, the initial implementation of an innovation is a 
trial on the part of the adopter, who is evaluating whether 
the technique acceptably meets their needs and objec-
tives. Ultimately, the best outcome is that the project is 
highly successful and that the participating landowner 
(or agency) gives it a ringing endorsement, expands its 
use in their own operations, and encourages others in 
their network to adopt the practice.

4.3.4  Innovation acceptance
The stages of innovation diffusion represent an idealized, 
linear pattern from first notice to final acceptance in the 
larger community. However, not all potential recipients 
of information and persuasion are equally likely to  
adopt a stream restoration practice when it is newly 
introduced. Identifying ‘opinion leaders’ is an important 
early task because they form the key target audience  
and are likely considered credible in their own networks. 
Understanding their characteristics – as well as those  
of other potential candidates to implement restoration 
projects – will enable you to be effective in targeting  
who to enlist for support when introducing innovative 
stream restoration practices.

The cumulative rate of adoption of innovative practices 
is widely recognized to take the form of an S-shaped curve 

where the initial acceptance is slow, then rises rapidly as  
the practice’s visibility and effectiveness become recognized,  
and then slows again as the majority of people who will 
adopt the practice already have (see Figure 4.4). The rate of 
adoption by numbers of individuals at any given period 
of time resembles a bell-shaped curve that represents a 
normal distribution with typical statistics such as mean 
(the amount of time by which half of the people who will 
adopt a practice have done so) and standard deviation 
(Rogers 1995). The intervals between the means and 
standard deviations in the adoption curve have been 
given names that are now in general usage: innovators, 
early adopters, early majority, late majority and laggards. 
It is important to recognize that these categories identify 
solely the intervals in the normal frequency distribution, 
and that a particular individual may switch his or her 
category depending upon the issue at hand. Nonetheless, 
the categories and descriptions of their characteristics 
provide a useful insight in targeting potential stream  
restoration partners by understanding who is – and who 
is not – a good candidate for investment of time and 
resources and who is or is not likely to adopt a practice 
and provide a successful example that will be copied by 
others.

Innovators are venturesome, willing to take risks and 
accept that failure is possible. They are often well con-
nected to the outside world (i.e. ‘cosmopolitan,’ but may 

Figure 4.4 Categories of innovation adopters (redrawn from Rogers 1995).
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lack integration into the local social system. They tend  
to have a high level of resources, and are generally able  
to understand and apply complex technical knowledge. 
Early adopters are often respected local opinion leaders 
– the ‘locals’ as opposed to the ‘cosmopolitans.’ They tend 
to be upwardly mobile, well-educated and prosperous. 
Generally, early adopters are empathetic, not dogmatic, 
and maintain strong contacts with local change agents. 
Through these contacts with change agents they bring 
new ideas into their local network. Early majority are 
‘deliberate,’ watching to see how an innovation plays out 
before making a decision, but are not considered leaders. 
Late majority can be thought of as ‘skeptical’ of new ideas 
and practices. They generally need to be pushed into 
accepting the innovation or forced into it for regulatory 
or financial reasons. Laggards are ‘traditionalists’; they are 
almost completely outside the local social networks, and 
tend to focus on the past. They tend to be suspicious of 
new practices and of the people who encourage them.

The first three categories of adopters cumulatively rep-
resent half of the people who are potentially ever going 
to adopt a stream restoration project. Of these, the early 
adopters provide the best investment of time and effort. 
This is because the innovators, while likely to accept 
something new, are not considered by the community  
to be representative, i.e. they are ‘outliers’ in local social 
networks. While the early majority will adopt a restora-
tion practice, they will wait until they see others who they 
respect do it before making a commitment themselves. 
Adding incentives to encourage participation is one way 
to accelerate their acceptance.

The final two categories represent people who tend to lag 
behind others in their willingness to adopt an innovative 
practice. These types generally give less return on time 
invested, especially in the early stages of a restoration 
program, because persuading them will take significant 
time with little likelihood of success. Recognizing these 
limitations, however, there are also situations where  
an effort is justified if their property or involvement is 
deemed critical to the restoration program. It is important 
to be aware that different strategies (such as direct  
payments, regulatory requirements, or ultimately land 
purchase) may be needed to increase the probability that 
they will cooperate.

4.3.5  Why understanding innovation 
diffusion is important

There are specific situations where it is necessary to inter-
act with, and try to persuade, individuals in each of these 

five categories to cooperate. The descriptions in the  
previous section characterize the individuals’ traits that 
should allow one to evaluate whether it is worthwhile to 
make a particular persuasive investment and, if so, what 
to expect.

While the research shows that the best investment of 
effort will be to work with early adopters, there are situ-
ations where working with innovators may be the best 
strategy. For example, if one is trying to test out different 
techniques and knows that some are likely to fail (perhaps 
even significantly), then an innovator’s willingness to  
take risks and suffer failures makes them a preferable 
project partner. One would not want to try out some-
thing risky with an early adopter because, if it failed for 
them, the technique and the project proponent will gain 
a bad reputation, souring later efforts. An early majority 
person would be unwilling to accept the practice at all 
because it had not been demonstrated as previously 
successful.

It is important to recognize that the best potential 
project sites are not necessarily going to be owned by 
those most likely to accept and adopt a restoration prac-
tice. One must strategize accordingly: if the preferred site 
is owned by an early majority landowner, then it may 
make sense to identify that person’s social network to find 
an early adopter to take on a project recognizing that, 
over time, you will get to your preferred location. If it  
is absolutely necessary to access a site that is owned by a 
landowner classified as a late majority or a laggard, then 
it is important to recognize that voluntary measures and 
persuasion are unlikely to be quickly successful. In those 
cases, more forceful approaches such as regulatory mech-
anisms or purchasing the property may be needed to 
obtain access.

4.4  Organizations and the behaviors  
and motivations of those who work 
for them

Most, if not all, stream restoration programs and projects 
occur within organizations of one type or another. Often 
multiple organizations – different levels of governmental 
agencies, non-profits with various objectives, and some-
times even professional associations – are involved. 
Understanding who you are dealing with on a personal 
basis, and especially their motivations, will lead to more 
productive (and less frustrating) interactions. Under-
standing different stages of organizations will also assist 
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in setting realistic expectations in your dealings with 
them. We will present a matrix of behavioral types and 
organizations at their different life stages, along with 
some concepts on how to evaluate their effectiveness. One 
significant value in understanding these two major  
concepts (behaviors and organizations) is that you – as a 
stream restoration practitioner – will be dealing with 
individuals with specific behavioral types but who are 
also associated with an organization at its given life stage. 
Understanding how a particular behavioral type fits  
into an organization provides insight into whether that 
person is an outlier in their organization and whether 
that person can potentially bring support to your project.

4.4.1  Organizational behaviors and 
motivations

The process of implementing stream restoration projects 
typically requires supportive interaction with a multitude 
of players who bring various strengths and limitations  
to the process. Many, if not all, of these individuals will be 
working for various institutions, some public, others private. 
While the previous section characterized individuals’ 
traits based on their acceptance of innovation, this second 
set of characterizations describes how people function 
within organizations. Understanding these types with 
whom you are going to be interacting should help deter-
mine the best process to enlist their support or avoid their 
disapproval.

Government officials’3 motivations were described 
as early as the 15th century by the Italian Niccolò  
Machiavelli (1469–1527). Modern organizational behavior 
characterizations – particularly for government officials 
– were made by Max Weber (1864–1920) in the early 20th 
century and form the basis for the study of administrative 
organizations (Weber 1962). Anthony Downs classified 
motivations of officials working for agencies in Inside 
Bureaucracy, published in 1967. It is worth noting that 
while Downs used the term ‘bureaucracy,’ he meant any 
large organization (with some caveats). While there are 
certainly alternative approaches and much subsequent 
research, Downs’ categorizations continue to be used 
because they can be so readily observed. We will draw 
liberally from his descriptions in this section.

4.4.1.1 Motivations of officials
People work for organizations for a number of reasons: 
because they believe in the work they do; for the pay and 
benefits; or even because of the situational characteristics 
of the job such as physical location, co-workers, or ease 
of work. Downs divides these motivations into two 
general classes: those people who are purely self-interested 
(Zealots or Climbers), and those who have mixed motives 
(Advocates, Conservers, or Statesmen). Those who are 
purely self-interested seek benefits only for themselves, 
while people with mixed motives have a concern for 
others (or society, or the agency) as well as for themselves. 
People have varying characteristics that need to be con-
sidered in how you interact with them, but generally fall 
within one of the five following categories.
1. Zealots seek power so that they can affect their own 
view of the world. Often their perspectives of what should 
be done are relatively narrow, and many times they do 
not see how what they want fits into the larger picture.
2. Climbers are people who are focused on how they can 
get ahead. In some cases this means that they are very 
attuned to policy and performance so that they can stand 
out. When advancement is not forthcoming, these offi-
cials may seek to aggrandize their current position to 
make themselves appear more powerful.
3. Advocates are loyal to organizations, policies, and 
causes and will protect these interests against outsiders 
who threaten them. They are strong team players.
4. Conservers are people who are primarily interested in 
protecting their security and convenience. They are gen-
erally resistant to change if it might affect their current 
situation. At worst, these are the people who have ‘retired 
in place.’
5. Statesmen seek power and authority in furtherance of 
broad governmental or society or corporate goals; they 
enjoy being recognized for the influence they wield. 
Statesmen are likely to mediate well with others of their 
type, thus sometime confusing personality with job title.

4.4.1.2 Leveraging organizational behaviors
It is important to know who you are working with and 
figure out what it is that motivates them. What are their 
goals and objectives? How can you play to that objective 

3 We will use the term ‘official’ rather than ‘bureaucrat’ for the same reason as Downs (1967): to avoid the pejorative connotation that 
bureaucrat has among the general public.
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in order to meet your needs? This approach is smart and 
relevant no matter what field you are in or whose team 
you are on.

New organizations and initiatives are frequently estab-
lished or quickly sought out by zealots. Zealots have a 
charismatic vision that enables them to enlist others, 
motivating their adherents to expend effort and resources 
to further the cause. Zealots are also useful if a single-
minded persistent focus is needed to get a program off 
the ground. However, zealots are also capable of antago-
nizing those who may be indifferent or opposed to their 
ideas.

Climbers can advance the mission of a restoration 
project if their approach is to attract attention from 
higher levels in the organization or use their success as a 
launching point. In this respect, they can be entrepre-
neurial innovators if it benefits them to create 
high-visibility programs. Climbers also commonly devote 
significant efforts to building relationships with those 
above them in organizational or professional hierarchies. 
This can be beneficial to advertising one’s restoration 
program, but do not expect climbers to defend the 
program if they meet resistance from people they want 
to impress. Climbers are unlikely to exhibit the persist-
ence and staying power needed to sustain a restoration 
program in the long term. However, they may use their 
affiliation with a successful program to bolster their  
reputation as they move up in power.

Once a restoration program is established, advocates 
are the people who are most valuable to sustain it. Advo-
cates are likely to be open to the program within their 
own work group, especially once they see its virtues. 
These are the people who will negotiate, design, and build 
your projects. Advocates will help write briefing papers, 
prepare project budgets, and sell the program internally. 
They will be strongly supportive of the program with 
external entities, and are more likely to be effective in 
collaborating with outsiders than zealots, especially when 
seeking joint benefits or compromises are necessary.

While conservers are focused on preserving their own 
status quo, they can be appealed to if a case is made that, 
to do otherwise, would result in changes to their work 
environment. In the sense, ‘do this or else . . .’ may gain 
grudging acquiescence, a subtler and gentler approach 
can also be used. For example, if their agency might be 
threatened by a lawsuit, an implicit suggestion that 
implementing a specific type of restoration project or 
program – such as road sediment reduction or fish 
passage – might be a sufficient catalyst to get them 

involved. Conservers are also valuable allies when more 
routine tasks within their job scopes are needed, such as 
procurement and financial services.

Finally, statesmen can help deal with powerful interests 
who may be needed to support a restoration program. 
They generally have the tenure, stature, and skills to inter-
act diplomatically with their peers in other agencies. 
Conflicts, if not resolved, will rise to the statesman level; 
however, intermediary levels of authority (the conservers 
and climbers particularly) may resist passing conflicts 
upwards because it might reflect badly on their perform-
ance. Be cautioned, however, that statesmen are likely to 
trade away things that you think might be valuable (e.g. 
specific regulatory requirements, enforcement actions, or 
project components) if, in their opinion, it protects the 
agency, the government, or high officials.

It is important to build relationships and be aware of 
the people with whom you are dealing. The caution in Box 
4.1 about stereotyping equally applies to identification of 
bureaucratic behaviors: people may respond differently  
in different situations, and behavioral characteristics are 
known to change over time for a number of reasons (age, 
family responsibilities, wealth, etc.).

4.4.2  Understanding your own and other 
organizations

How organizations form, sustain themselves and finally 
renew or deteriorate is important because the stage at 
which an organization is in can profoundly affect how  
it approaches projects and conducts itself. As with  
individual behavior, understanding and accommodating 
these stages will improve the success of your projects.

There is extensive literature on organization theory 
and organizational life cycles. In the interest of keeping 
our discussion to a reasonable length, we will rely on  
two perspectives. The first is from Anthony Downs and  
is included in his Inside Bureaucracy (1967) that we 
used in the previous section. The second perspective  
is from Quinn & Cameron (1983) in their synthesis of 
nine different life-cycle models (including Downs’) with 
a particular eye towards organizational effectiveness.

Common among most theories is that any organization 
goes through a cycle of creation, performance and renewal 
or demise. Quinn & Cameron (1983) put this cycle into 
four different phases (depicted in Figure 4.5) called  
entrepreneurial, collectivity, formalization and control, 
and elaboration of structure. At the end of the cycle there 
are two alternatives: the organization can renew itself 
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Figure 4.5 Organizational life stages and the various types of behavior of officials typically associated with them.
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(possibly spinning off to a new organization), or it can 
face its demise. Because there is a direct correlation 
between behaviors of officials in organizations and 
organizational life stages, the dominant types at any one 
given stage of an organization are identified in Figure 4.5. 
At any given stage of an organization, different officials’ 
behaviors are likely to be rewarded while others may be 
in conflict, thus giving rise to tensions, ineffectual work 
habits, and difficulty on your part figuring out how to get 
things done. Understanding these patterns will make 
your efforts more effective and satisfying.

The entrepreneurial phase, also called ‘creation’ by 
other authors, begins when an organization is created or 
breaks off from a parent entity, needing to quickly find 
or create a ‘niche’ for itself. Generally, the organization 
has more ideas than resources at this stage, so gaining 
needed resources and organizational autonomy are prime 
activities. Zealots tend to be attracted to organizations in 
this phase.

Organizations that survive their first stage move into a 
phase called ‘collectivity’ which refers to their rapid 
growth with a related high level of staff commitment. 
Innovation and expansion are the focus, with the expec-
tation that products (in our case restoration projects)  
will be emphasized. The organization has an informal 
structure, with long hours being willingly expended by 

staff that place high value in the mission and sense of 
camaraderie among themselves. Zealots tend to withdraw 
at this stage, being replaced by climbers and advocates.

As an organization grows during the collectivity phase, 
it becomes necessary to increase structure and functions. 
During the formalization and control phase an organiza-
tion emphasizes efficiency and stability. Coordination 
and communication becomes more difficult as the organ-
ization grows larger, thus necessitating formal rules and 
procedures. Planning and performance measures rise in 
importance, with more work being done by specialists. 
Personnel policies – such as regular evaluations and per-
formance rewards – become standardized as it becomes 
increasingly difficult for everyone to know each other and 
their relative contributions. Advocates still have impor-
tant roles, but conservers provide a significant proportion 
of the workforce.

The formalization and control phase can last a long 
time, although organizational effectiveness tends to decline 
as personnel and policies become more entrenched and 
less responsive to changing conditions. At some point an 
organization will proceed into the elaboration of structure 
phase, which can be thought of as renewal. This stage 
emphasizes adaptability to changed (and changing) cir-
cumstances, a search for new markets or products and  
a reflection on the organization’s purpose. The outcome 
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a ‘loose cannon’ by the employer. While you may  
enjoy that perspective on a particular aspect of stream 
res toration, the zealot may have antagonized some other 
people in their organization from whom you need support. 
This ‘mismatch’ between employee motivations and 
organizational life stages is not uncommon, particularly 
in governmental organizations where jobs are more secure.

Your organization will be dealing with other organiza-
tions in order to get stream restoration implemented;  
the capabilities and effectiveness of all participating 
organizations will be tested during this process. For  
example, if your organization is in the entrepreneurial or 
collectivity stage, and your funder organization is similarly 
situated, it is quite possible that neither organization will | 
be able to effectively manage the financial responsibilities 
required for large projects. Your organization may not be 
able to keep the financial records required by the grantor  
for reimbursement, and the grantor organization may be 
unable to process payment requests in a timely manner 
because its systems (human and machine) are not sufficiently 
sophisticated. Being aware of this in advance could help 
avoid potential problems. The Rio Puerco Management 
Committee case study (Box 4.4 and 4.5) provides an  
illustration of organ izational cycles in a very complex  
restoration environment.

of these actions may result in decentralization or spinoff 
of organizational units (thus creating new organizations) 
and possibly, but rarely, a decision to terminate the 
organization. Statesmen tend to lead organizations at  
this stage of their life cycle because they are less tied to 
the minutia of its day-to-day affairs and are more likely 
to take a broader perspective on how the organization 
best fits into overall societal needs. However, having  
inadequate leadership at this stage may lead to the timely 
(or untimely) demise of the organization.

4.4.3  Why understanding organizational 
patterns is important

The success of restoration practitioners is often deter-
mined by how well they navigate interactions with 
individuals and organizations over both time and space. 
Understanding how a particular behavioral type fits  
into an organization at its life stage provides insight into 
whether that person is an outlier in their organization,  
or is likely to bring the organization’s support to a  
restoration project or program. For example, if you are 
con sidering partnering up with a zealot who is employed 
by an agency at the formalization and control life stage, 
you should be aware that this person may be viewed as  

Federal agencies
Army Corps of Engineers
Bureau of Indian Affairs
Bureau of Land Management
Bureau of Reclamation
Environmental Protection Agency
Fish and Wildlife Service
Forest Service
Geological Survey
Natural Resources Conservation Service

Tribal
Jicarrilla Apache Tribe
Pueblo of Acoma
Pueblo of Isleta
Pueblo of Jemez
Pueblo of Laguna
Navajo Nation

State of New Mexico
Bureau of Mines
Department of Game and Fish

Department of Transportation
Environment Department
Mid-region Council of Governments
NMSU Cooperative Extension Service
State Engineer
State Land Office
Cuba Soil & Water Conservation District
Ciudad Soil & Water Conservation District
Lava Soil & Water Conservation District
Valencia Soil & Water Conservation District

NGOs and private
Albuquerque Wildlife Federation
Cabezon Water Pipeline Association
Quivira Coalition
Sierra Club, Rio Grande Chapter
Rio Puerco Alliance
Rio Puerco Watershed Committee
WildEarth Guardians
Private Landowners
Public-at-Large

Box 4.4 Rio puerco management committee members
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This case study illustrates the challenges faced both by scale and 
complex land ownership patterns in restoring a severely 
degraded, semi-arid watershed. Such a scale and ownership 
pattern mean that large numbers of parties need to be involved 
in restoration efforts and, given the slow pace of recovery in 
arid environments, it is very challenging to sustain a restoration 
program over time, space, and culture. The Rio Puerco 
Management Committee’s 15 year history aptly illustrates  
the effects of organization life cycles and the people they 
attract.

Background. The Rio Puerco was once called the ‘breadbasket 
of New Mexico,’ lined with villages and agricultural fields fed 
by acequias (traditional community-operated irrigation 
systems) (Scurlock 1998). The watershed has a long history of 
land-use and property disputes dating to original Spanish 

colonization in the early 1600s. Land-use practices – 
principally grazing and road building – have reduced 
vegetative cover, altered drainage, and reduced riparian 
vegetation. Climate changes may have originally triggered 
channel incisions, but land uses have exacerbated these effects 
leading to significant gullying and high sediment yields. The 
Rio Puerco is estimated to produce about 6.5 m3/ha of 
sediment annually, and its highest recorded suspended solid 
concentration of greater than 600,000 parts per million places 
it in the top four sediment producers worldwide and the 
highest in the United States (Gellis et al. 2004).

The 19,000 km2 Rio Puerco watershed, located in the 
Southeastern Colorado Plateau Province of the American 
Southwest Region, has 359 km of streams in four basins and 
nine sub-basins (Figure 4.6). Wholly within the state of New 
Mexico, the Rio Puerco drains portions of seven counties, 

Figure 4.6 Map of the Rio Puerco basin in New Mexico (USA) demonstrating diverse ownership.
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Box 4.5 Restoring the Rio Puerco: Challenges of coordinating across broad scales and complex ownerships
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contains parts (or all) of six Indian Reservations, federal and 
state lands managed by four different agencies, and has at least 
five regional economic development and soil and water 
conservation districts operating within its boundaries (RPMC 
2001; NMED 2010). The RPMC includes these entities, along 
with many other organizations (see Box 4.4).

The extensive history of restoration planning (see Box 4.6) 
has been characterized as disjointed, disorganized, largely 
non-collaborative, and not holistic (RPMC 2001). To overcome 
this, the original Rio Puerco Committee headquartered in 
Cuba, New Mexico convinced the United States Congress to 
pass the Rio Puerco Watershed Act (Act) in 1996 which 
designated the US Bureau of Land Management (BLM) as the 
lead agency. The Act also: (1) created the inter-agency and 
stakeholder Rio Puerco Management Committee (RPMC) to 
develop and implement a watershed management program;  
(2) established a clearinghouse for research and an inventory  
of best management practices and monitoring efforts; and  
(3) required plans to be based on best management practices. 
The Act authorized $7.5 million over 10 years (although this 
amount was never entirely appropriated), and was reauthorized 
for another 10 years in 2007.

Restoration. The Rio Puerco Management Committee has had 
numerous successes over its past 15 years, of which four are 
significant. First, the RPMC has brought parties in conflict 
over livestock grazing in the Rio Puerco to the same table, and 
their continuing relationships have consistently been identified 
as the most important outcome. Honest disagreement among 
the parties was acceptable, but not personal attacks. Meetings 
were held in the evening and on Saturdays in local 
communities throughout the watershed to make it easier for 
non-government people to attend, and the facilitator was the 
only person who was paid to be there.

Second, restoration projects were an early priority for the 
RPMC. Early projects were small: riparian fencing and 
reseeding. The RPMC’s top priority was to remeander a 3.5 km 
stretch of the Rio Puerco that had been channelized in the 
mid-1960s to avoid having to build two bridges on State 
Highway 44 (now US 550). The 1.75 km channelized section 
doubled the stream gradient, resulting in headcutting  
and lateral channel widening that is estimated to have 
contributed almost 850,000 metric tons of sediment since its 
creation. This US$4.5 million project was completed as a 
partnership between the RPMC and the New Mexico State 
Highway Department, with approximately $1 million in 
funding provided by the USEPA for the channel 
reconstruction.

Third, the bourgeoning involvement of Native American 
(aboriginal) tribes in watershed restoration is significant  
due to both their cultural reticence and the extent and 
ownership in the Rio Puerco watershed. The RPMC worked 
with tribal members to reduce the number of horses and 
burros on overgrazed lands, helped the Navajo community of 
Torreon to create a Youth Conservation Crew to work on 
watershed projects, and cooperated with a number of tribes  

on planning and implementing restoration projects. One 
RPMC member remarked, ‘tribes were here before any of  
us, and will be the ones who keep this effort going in the  
long term.’

Finally, the RPMC successfully accessed scientific capacity 
for assistance in its strategic planning and to evaluate 
restoration effectiveness. The United State Geological Survey 
(USGS) conducts studies in the watershed (Gellis et al. 2004), 
hosts a website devoted to Rio Puerco data, and provides 
monitoring design and analysis for the Torreon restoration.  
The RPMC supported a graduate student who evaluated Rio 
Puerco sediment sources that identified road-related 
sedimentation as the greatest single problem (Pippen &  
Wohl 2003).

Lessons learned. In Section 4.2 we introduced the idea that 
organizations (including government agencies) have life cycles 
that go through various stages and identified various types of 
personal behavioral characteristics who seem attracted to these 
different stages. The RPMC illustrates this pattern, and the Act 
recognized that restoration efforts required at least 10 years. 
The founder of the RPMC, a BLM District Manager from 1993 
to 1998, supported the organization in its entrepreneurial/
creation stage. While not entirely a zealot – and with some of 
the characteristics of a climber – it was his vision and drive that 
brought the parties together originally in 1993, and his political 
acumen that moved the original Rio Puerco Committee to seek 
the legislation that created the RPMC. During the RPMC’s 
‘collectivity’ stage (c. 1998–2001), he recruited additional BLM 
staff members and the RPMC developed its Action Strategy 
(RPMC 2001), received its first Congressionally designated 
funding ($300,000), and was recognized for its collaboration 
with two national awards (RPMC 2001).

The ‘formalization and control’ stage occurred during 
2002–2005 when the RPMC received significant funding from 
the USEPA, and a partnership with the New Mexico 
Department of Transportation allowed it to accomplish is 
highest priority restoration project. All major participants 
during this period could be characterized as advocates and 
many are still involved in either the RPMC or the Rio Puerco 
Alliance (RPA).

The RPMC attained the ‘elaboration of structure’ life stage 
when, in 2006, it founded the RPA in order to receive funds 
from sources that would not fund government agencies. The 
RPA provided continuity through its board, which was previously 
lacking as agency representatives on the RPMC cycled through 
or retired. The RPMC is presently at the fork in the organizational 
life cycle where it can either renew itself or is likely to cease its 
operations. The spinoff of the RPA is a sign of renewal, as is the 
re-convening of the partners that occurred in 2011.

Based on the RPMC experiences, it is possible to overcome 
both geographic challenges (size and ownership pattern) and 
cultural barriers to stream restoration. It is however apparent 
that it takes time, dedication, funding, and the 
acknowledgment that organizations need to be resilient and 
entrepreneurial to be successful.
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information and communication or environmental  
education tools that can be used to engage landowners 
and project partners. We will also discuss more deeply  
the concept of reciprocity and the lessons that can be 
learned from theoretical outcomes to build a successful 
stream restoration program.

4.5.1  Institutions to support stream 
restoration

The importance of involving the public and stakeholders 
in decisions, environmental policy, and resources  
management gained stature after the Second World War 
(Parkins & Mitchell 2005). In the United States, the 
requirement for public participation began with passage 
of the Federal Administrative Procedures Act in 1947, 
which evolved into the framework for stakeholder  
‘standing’ in legal review of agency actions that was  
subsequently incorporated in the National Environmen-

4.5  Approaches to elicit cooperation

Eliciting and building cooperation among landowners 
and other restoration project partners is the key to success 
in the long term. Cooperation can take many forms: 
grudging acceptance of a proposal; agreeing to help  
with, but failing to take action; eagerly encouraging  
and participating in projects; or even to funding stream 
restoration projects. In many cases, cooperation will  
ultimately transcend into collaboration, where your  
partners are actively working to support your goals. While 
the importance of individual relationships has been 
emphasized, it is also useful to understand that there are 
organizational and institutional structures that can aid in 
the acceptance of stream restoration. In this section  
we will first begin by highlighting the rise of these  
institutions, then afterwards evaluate a number outreach, 

Box 4.6 Timeline of actions in the Rio Puerco

1250 Chaco (Anasasi) culture dies out from overuse of resources and climate change
1599 Spanish Conquistadores arrive in Rio Puerco
1680 Pueblo Revolt drives Hispano settlers out of NM until 1692 reconquest
1693 Hispano settlement begins in the Rio Puerco
1740 Cattle and sheep grazing begins
1760s Rio Puerco channel incision begins
1846 First Anglo-Americans arrive in New Mexico
1850 New Mexico becomes a US territory
1880s Rio Puerco channel incision accelerates
1898 Irrigated fields cover 7236 ha and are served by 62 ditches
1912 New Mexico becomes a state
1927 USGS report identifies the Rio Puerco as having significant sediment problems
1978–1984 US Army Corps of Engineers studies watershed treatment as a ‘non-structural’ alternative to flood and sediment 

control dams on the Rio Puerco
1985 US Forest Service completes Cibola and Santa Fe National Forest Plans
1986 Bureau of Land Management completes Resource Management Plan for its lands in the Rio Puerco basin
1993 US Bureau of Reclamation begins review and study of Rio Puerco sedimentation impacts on Rio Grande and 

Elephant Butte Reservoir
1993 Rio Puerco Watershed Committee (RPWC) formed by local stakeholders as a sub-committee of the Cuba (NM) 

Region Economic Development Board
1996 Rio Puerco Watershed Act of 1996 (PL 104-333) passed; requires management committee and provides $7,500,000 

over 10 years to establish restoration program
1997 Rio Puerco Management Committee (RPMC) formed pursuant to PL 104-333.
1998 Rio Puerco identified as a Category 1 ‘In need of restoration’ in New Mexico Unified Watershed Assessment prepared 

under the federal Clean Water Act (CWA)
1999 Sub-basin prioritization initiated by RPMC
1999 Decision to construct two bridges on US 550 to remeander the Rio Puerco at La Ventana
2001 Watershed Restoration Action Strategy (WRAS) completed and submitted to USEPA to qualify for CWA §319(h) 

project funding
2006 Rio Puerco Watershed Alliance (RPA) formed
2007 NM Environment Department completes TMDL for Rio Puerco
2007 Rio Puerco Management Committee reauthorized under PL 111-11 §2501 for another 10 years
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tal Policy Act (NEPA) of 1970 and the Clean Water Act 
of 1973 (Fairfax 1978). The involvement of the public in 
government decisions in Europe goes back further in 
certain countries, and for specific issues such as water 
management and drainage (Enserink et al. 2007). Broad 
policies requiring public involvement within the Euro-
pean Community took force through the Economic 
Commission for Europe Aarhus Convention on Access to 
Information, Public Participation in Decision-making 
and Access to Justice in Environmental Matters (http://
www.unece.org/env/pp/documents/cep43e.pdf) (Enserink 
et al. 2007). The Water Framework Directive incorporates 
this by requiring public participation in its mandatory 
integrated river basin management plans (European 
Commission 2000, 2003).

As stakeholders and the general public began to receive 
legal rights to participate in governmental environmental 
policies, there became an interest in determining institu-
tional mechanisms that would best achieve these goals. 
Beginning in the 1980s and accelerating through the 1990s 
and early 2000s, collaborative groups involving stakeholders, 
landowners, and agencies developed as a way to bring 
together interested parties to both meet regulatory require-
ments to improve watershed conditions, and to build 
longer-term relationships among the partners (Leach & 
Pelkey 2001). In the United States, these collaborative groups 
are commonly called ‘watershed councils’ (Leach & Pelkey 
2001); in Australia they are ‘catchment management com-
mittees’ (Hillman et al. 2003); in England and Scotland they 
may be ‘river trusts’ (www.associationofriverstrusts.org.uk); 
‘Wupperverband’ in Germany (Moellenkamp et al. 2010), 
and in South Africa ‘catchment management forums’ 
(Pollard & du Toit 2011).

While structures and authorities vary widely, almost all 
groups consist of a broad range of stakeholders (including 
government agencies) who meet periodically to discuss 
and negotiate specific watershed conditions, practice 
consensus-based decision making and, in many cases, may 
actually implement restoration projects (Leach & Pelkey 
2001). There are process outcomes that result from the 
exchange of views and ability to be heard and influence 
discussions, and there are content outcomes where 
improved decisions are achieved through joint problem 
solving, additional information and making decisions on 
priorities and projects (European Commission 2003). 
One important long-term outcome from this process is 
social learning whereby stakeholders, through sharing 
perspectives and identifying interdependencies among  
them, improve their ability to identify mutually beneficial 
outcomes (Bouwen and Taillieu 2004; Pahl-Wostl et al. 2008).

4.5.2  Techniques to engage landowners
Given the long and world-wide deployment of the  
pre viously discussed agricultural extension model, it  
is not surprising that numerous techniques to engage  
lan downers in adopting new techniques have been devel-
oped and evaluated over the last 50 years. Examples of 
commonly used techniques, often generally known as 
‘outreach,’ are:
1. demonstration projects;
2. field days and tours;
3. newsletters;
4. displays in public places and at events;
5. talks to community groups;
6. newspaper, radio and television stories;
7. web sites, social media and e-mail contacts; and
8. work with schools and youth groups.

All these techniques can be effective in broadening 
knowledge about your plans, ideas, and potential restora-
tion projects. There are a number of excellent guides for 
adapting and applying outreach techniques that can be 
found on the internet. Because many of these techniques 
need to be adapted for a specific country, culture, and 
objective, it makes sense to first look for local practices 
and experiences to identify preferable methods.

A potential project partner becoming aware of the 
technique that is being proposed is a pre-condition for 
them considering its adoption. The general outreach 
techniques listed above can work within local networks 
to increase the visibility of a project, while more targeted 
techniques such as demonstration projects and tours  
are particularly useful to enlist specific potential project 
partners. Rosenberg & Margerum (2008), who evaluated 
how landowners made decisions about whether to imple-
ment stream restoration projects, found that family, 
friends, and neighbors were the most trusted sources of 
information (particularly for the less well-educated) but 
that there were also high levels of trust in the agricultural 
extension network and local watershed groups. Newsletters 
were considered to be the best communication tool 
(Rosenberg & Margerum 2008).

Even more targeted outreach can be employed by  
more direct engagement through individual meetings  
in a person’s home or small gatherings of neighbors, 
sometimes called ‘kitchen table’ meetings and ‘coffee 
klatches’, respectively. Directly visiting, or being hosted by 
a local in the area where you want to work, allows for 
more personal interactions with a targeted audience, 
allows back-and-forth discussions, and gives your project 
partners a chance to get to know you as a person rather 
than just someone trying to get a stream restoration 

http://www.unece.org/env/pp/documents/cep43e.pdf
http://www.unece.org/env/pp/documents/cep43e.pdf
http://www.associationofriverstrusts.org.uk
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Weyerhaeuser Timber Company (WeyCo) provides an example 
of a ‘push-pull’ dynamic that resulted in considerable stream 
restoration on their 85,000 ha Millicoma Tree Farm in  
southwestern Oregon, USA the ‘push’ being their legal 
compliance requirements and the ‘pull’ their self-image  
as a progressive land steward with high standards for its 
self-directed forest management operations. This push-pull 
dynamic ultimately provided support for the formation of the 
Coos Watershed Association (CoosWA) and a joint 
partnership that has resulted in over US$3,000,000 in stream 
restoration projects.

Background. The regulatory push on Weyerhaeuser began in 
the early 1970s as the first significant forest practices laws 
came into being. Tensions and rancor accelerated during the 
1980s as these rules were strengthened and federal Endangered 
Species Act (ESA) requirements further constrained 
operations. The pull emerged in the 1990s with their 
preparation of watershed analyses, creation of the first 
industrial timberland habitat conservation plan (HCP) to 
protect the northern spotted owl (Strix occidentalis caurina) 
and marbled murrelet (Brachyramphus marmoratus), and 
ISO14001 environmental management certification. Also 
reflecting the push-pull dynamic was the 1994 formation of 
CoosWA in an attempt to avoid coho salmon (Oncorhynchus 
kisutch) becoming listed under the Endangered Species Act. 
The push-pull tension continues into the 21st century with 
ever-greater demands for financial and environmental 
performance in the management of the Millicoma Tree Farm.

CoosWA began putting their plans in place, with a growing 
appreciation that implementing restoration projects brought a 
wide range of stakeholders together. The culture that 
developed in CoosWA reflected its origins: the desire to work 
cooperatively with landowners and managers to create 

‘win-win’ situations, avoid increased regulatory burdens 
through its assessments and monitoring, and being very 
cognizant and respectful of private property owners.

Restoration program. During the formative period for 
CoosWA, Weyerhaeuser began exploring the potential to place 
stream restoration projects on the Millicoma Tree Farm. Early 
efforts reflected common practices at the time: channel-
spanning boulder weirs to capture gravel and create spawning 
habitat; placement of individual or small groups of logs over 
short stream reaches; and construction of jump weirs to help 
fish pass perched culverts. Early projects were focused solely 
on benefits to salmon (see Figure 4.7). Severe floods in 1996 
highlighted the need to improve culverts to prevent their 
failing from being undersized. This recognition of joint 
benefits to Weyerhaeuser’s facilities and fish habitat led to a 
change in the types of projects, increased the amount of 
overall expenditures on restoration projects, and altered the 
cost-sharing proportions to better reflect the comparative 
benefits to each party (Figure 4.8).

In 2003 another ‘push’ occurred when Weyerhaeuser was 
issued a civil citation for inadequate road maintenance and log 
hauling during wet weather that caused sediment to flow into 
an adjacent stream. Weyerhaeuser agreed to institute best 
management practices (BMPs) to prevent sediment from 
entering streams, which led to a significant expansion in 
cooperative restoration projects and a change to upgrading 
whole road systems rather than spot treatments (see Figure 
4.7). The Dellwood mainline upgrade, 97 km of riparian-
adjacent heavy-use hauling route was the first of these 
whole-road projects. When Weyerhaeuser began planning in 
2006 to move their harvesting operations into the Bottom 
Creek sub-basin (4622 ha with 23.2 km of fish-bearing 
streams), CooWA proposed that the project be used as a 

Box 4.7 Working with Weyerhaeuser

Figure 4.7 Changes in stream restoration project types on the Millicoma Tree Farm, 1994–2010.
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demonstration of ‘whole watershed restoration.’ Projects 
constructed during 2008–2010 included 47 logjams totaling 
462 trees placed over 12 km of streams, decommissioning 
1.5 km of unneeded logging roads, five fish passage barriers 
removed that opened up 5.3 km of streams to anadromous 
fish, and installing 141 cross drains and 30 culverts on 19.3 km 
of roads to reduce road-related sediment.

Lessons learned. Weyerhaeuser’s strong corporate standards 
pushed their staff to improve watershed conditions, while 
CoosWA brought technical assistance (surveys and designs), 
funding, and a non-regulatory approach. Through this 
cooperation we have learned a number of lessons about why 
this partnership is so successful.
1. Share goals. Early projects that focused solely on CoosWA 

objectives were limited in scope and extent. Once 
Weyerhaeuser’s needs in terms of road upgrades were 
included, cooperative projects expanded rapidly and 
Weyerhaeuser increased their funding.

2. Share work. Coordinating work – in this case logging, road 
construction, and large wood placement – is highly efficient 
and leverages each partner’s involvement. Trees that are 
being placed into streams now come from new road and 
landing construction.

3. Keep your needs clear. There may be times in the 
relationship when one party feels taken advantage of. We 
learned to better identify the relative fish benefits compared 
to timber harvest benefits and use that ratio to determine 
financial contributions.

4. Not everything will be transparent. When working with 
private businesses as partners you have to realize that their 
internal communications and policies will not necessarily 
be shared with you.

5. Look out for each other. There have been incidents where 
the strength of the collaborative relationship was 
demonstrated. For example, during a recent review of a 
large consolidated restoration grant, the funders initially 
removed part of the grant that would have built a bridge in 
order to reduce the cost of the project. However, WeyCo 
was providing a matching funds for other parts that were 
not a priority for them. CoosWA successfully appealed the 
decision since the project was designed as a package.

6. Keep a clean house. From the Weyerhaeuser perspective, the 
relationship has worked well because the watershed council 
has been very organized in its planning. This allows 
Weyerhaeuser the lead time that it needs to budget and 
allocate staff time.

7. Work to nurture future collaboration. The collaborative 
relationships between CoosWA and Weyerhaeuser staff have 
evolved, strengthened over time, and become part of our 
mutual working culture, strengthening our stream 
restoration program as new staff are brought on by both 
CoosWA and WeyCo.
This case study demonstrates that it is possible to work 

with a large, multi-national corporation on stream restoration 
projects when each party’s needs and objectives are met. The 
key to meeting those needs and objectives is to understand  
the conditions under which your partner operates, and what 
its expectations for you are. As trust is built through 
expe riences working with each other, there should be a point 
when both parties are working to support each other’s interest 
without the need for constant reciprocation. Ultimately the 
working arrangement becomes part of each partners’ 
organizational culture and is transferred through generations 
of employees as they rotate through jobs related to the 
restoration projects.

Figure 4.8 Relative contributions of Weyerhaeuser (WeyCo) and Coos Watershed Association (CoosWA) to stream restoration 
projects on the Millicoma Tree Farm.
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Box 4.8 Restoration is not a game!

Understandably, the use of the term ‘game’ to describe 
strategies to restore streams may seem sacrilegious to those 
who are devoting their lives and careers to this cause. We can 
assure you that you are not alone in this. However, we have 
found the rules and guidelines discussed here to be very 
useful during the years of implementing restoration projects.

project implemented. This approach allows you to  
intersect with local networks, providing an avenue for 
local participants in these networks to become acquainted 
with stream restoration.

4.5.3  Achieving agreement with project 
partners

There will come a point in a proposed stream restoration 
project where you will need to obtain the agreement from 
project partners, particularly landowners, for project 
implementation. This section will stress the importance 
of reciprocity, that is, making sure that the objectives and 
needs of project partners are understood to ensure they 
are met as the stream restoration program is developed. 
In many cases, cooperation can be achieved even if a 
partner does not necessarily wholeheartedly believe in  
the cause, as long as that partner stands to gain benefit 
by working with you. While formal negotiations can 
achieve this outcome, often on a case-by-case basis, it is 
also possible to build a cooperative relationship over time 
by choosing a set of behaviors on your part that will  
lead to a mutually successful collaboration. The Coos 
Watershed Associations experiences in the ‘Working with 
Weyerhaeuser’ case study (Box 4.7) describes this process 
with a large multi-national timber company in the Pacific 
northwest of the United States.

The practice of implementing stream restoration 
projects is in many ways similar to diplomacy: you want 
the other party to cooperate so that you gain something 
you want (or avoid something you do not want). Game 
theory – which was developed during World War II and 
used widely during the Cold War – is designed to examine 
potential decision-making strategies when the actions of 
the other party cannot be controlled or known in advance 
(von Neumann & Morgenstern 1947). In application to 
stream restoration, the results from 60 years of game 
theory simulations provide insight into how best to work 
with potential project partners, whether they be agency 
collaborators or landowners on whose property you  
want to install a project. This approach may seem  
inapplicable for stream restoration (see Box 4.8), but we 
have found it a useful way to evaluate potential choices 
and strategies.

4.5.3.1 The Prisoner’s Dilemma
The principal game theory tool, called the Prisoner’s 
Dilemma, was developed in the early 1950s to illustrate 
the difficulties in overcoming rational self-interest to 
obtain cooperation for mutually beneficial outcomes. It 

is premised on police interrogating two suspects about a 
crime, each of whom is focused in their own self-interest 
to receive the least sentence. If the suspects cooperate 
with each other they can be convicted only of a minor 
crime due to limited evidence. However, if one or the 
other confesses and implicates the other one, the confessor 
receives the little or no penalty while the other serves a 
long sentence. If both confess, however, they are each 
convicted and both receive long sentences (Poundstone 
1992). In the context of restoration, we frequently work 
with landowners who usually have their own gains in 
mind when they cooperate on a project, while at the  
same time we also have our own goals to achieve. Table 
4.2 shows a matrix for the Prisoner’s Dilemma in this 
situation where the ‘payoffs’ are in net gains (i.e. absent 
any benefits given to the other party in the project).

Axelrod (1984) described which strategies in the  
Prisoner’s Dilemma are likely to induce stable cooperation. 
The Prisoner’s Dilemma game rules can be largely  
transferred to the situation facing stream restoration  
proponents, or at least to those who are working solely 
on a voluntary basis with landowners and managers: (1) 
there is no mechanism to make enforceable threats or 
commitments; (2) there is no way to know what the other 
player will do on a given move; (3) there is no way to 
eliminate the other player or leave the interaction; and 
(4) there is no way to change the other player’s payoffs 
(Axelrod 1984). While these rules can in fact be overcome 
by various mechanisms (such as legal contracts and  
easements), other commonly used strategies such as 
incentive payments are internal and considered in the 
payoffs shown in Table 4.2.

4.5.3.2 Guidelines to build and maintain 
cooperation

From his simulations, Axelrod (1984) derived four rules 
that he found consistently lead to desired outcomes:
1. Don’t be envious. Success is when both partners gain 
from cooperating. As long as you are getting what you 
need, the fact that a partner may be gaining even more 
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ness misinterpreted as being a ‘pushover’ or being willing 
to do anything to establish or maintain the relationship. 
Remember, the object here is to build cooperation, not 
create a condition where your potential project partner 
takes advantage of you or refuses to work with you. If  
the relationship is on a formal contractual basis it may be 
possible to enforce compliance. This strategy will prob-
ably be more successful with larger organizations and 
agencies than with individual landowners with whom the 
personal relationship is more important. In this latter 
situation, a more passive reciprocation of defection may 
bring your partner back to the partnership. Examples of 
such reciprocity would be to decline to participate in 
future projects with them, allow your partner to be 
exposed to regulatory burdens (although it is not a good 
strategy to report them to authorities!), or explicitly and 
visibly work with others on the same type of projects that 
the partner desires. The goal in all this is to avoid burning 
bridges so that you can keep future options for coopera-
tion open.

Your relationship with a new partner may begin by 
being put into a ‘good cop, bad cop’ situation, where your 
partner cooperates with you (the good cop) because you 
are preferable to the alternative (regulatory enforcement 
actions). The leverage that you gain in this situation is 
offset against an implicit reciprocity that you will help 
protect your partner’s interests. Also, be aware that if you 
are stereotyped with organizations similar to your own, 
it is in your best interest to make sure that these parties 
play nice with your partner. All too frequently, a partner 
will withdraw from cooperation due to the actions of a 
third party that you have little control over. Part of the 
‘reciprocation of cooperation’ is your willingness to assist 

from the relationship does not necessarily mean that you 
are being taken advantage of. A partner’s success is what 
allows the cooperative relationship to continue and build 
over time. The proper standard for comparison is what is 
achievable in the absence of this cooperation.
2. Be nice! Do not be the first to withdraw (defect) from 
cooperating. In the initial phases of the relationship it is 
likely that a partner will be looking for indications that 
you will not fulfill commitments. In this respect, reputa-
tion is important, as is the likelihood that you specifically 
– and your organization generally – will stay involved 
over the long term. If the other party does not think that 
they will see you in the future, or if you might be replaced 
by someone else in your organization who might not be 
agreeable to the existing arrangement, then obtaining 
cooperation will be more difficult if not impossible. Most 
landowners desire an ongoing relationship so that if 
something does not go as planned they are confident that 
you will be around and willing to fix whatever is wrong.
3. Reciprocate both cooperation and defection. If someone 
cooperates with you it is clearly in your best interest to 
reciprocate. In the initial stages of a relationship there is 
an implied quid pro quo: ‘I help you, you help me.’ Over 
time, as trust is built, there may be less need for a strict 
accounting of each party’s contribution, though some 
documentation may be helpful in the future. The rela-
tionship between the Coos Watershed Association and 
the Weyerhaeuser Timber Company in the case study 
provides a good example of how reciprocating coopera-
tion builds over time.

Knowing how to reciprocate if a partner reneges on an 
agreement or quits the partnership (Table 4.2) is more 
difficult. The challenge here is to avoid having your nice-

Table 4.2 Net gains between parties in the Prisoner’s Dilemma of stream restoration.

Landowner (L)

Cooperate Defect

Restoration 
practitioner (R)

Cooperate

L = 2; R = 2
Each party gets the majority of what 

they want, but not everything.

L = 3, R = 0
Landowner solely benefits but restoration 

ineffective because landowner commitments 
not fulfilled.

Defect

L = 0; R = 3
Restoration implemented, but 

landowner feels taken advantage of 
and restoration gets bad reputation.

L = 1; R = 1;
Status quo where nobody gains but there is a 

minimal potential for loss. In some cases, 
this could even be zero or negative for both 
parties.
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comes, i.e. the classic win-win situation for both parties 
(Fisher et al. 1991).

Trust and credibility take time to build, and can easily 
be lost by unwise actions on your or others’ part. However, 
both parties do not necessarily have to agree on all points 
for the response to be mutually beneficial. The limited 
options available to us mean that trust and goodwill  
are assets worth creating and protecting. It is always a 
good strategy to ‘take the high road.’ Make sure that  
your organization has policies and training to reduce  
the potential for damage to your reputation. It may be  
advantageous to allow your partner to get the first  
benefits from cooperation. Implicit in this approach is  
the likelihood that the other party will cooperate with 
you the next time you need something out of a sense of 
obligation. Just as in the ‘be nice’ strategy, reciprocity  
may not occur in all cases but you will still receive more 
benefits over the longer term by using this approach.

The durability and frequency of interactions leads to 
the potential for cooperation. The people you are trying 
to convince to undertake a restoration project need to see 
you in the community: at the post office, church, or 
grocery store. There may be an added benefit if you grew 
up in the community (assuming you did not cause too 
much trouble in your youth!) because you and your 
family will have had long-term relationships with the 
same families with whom you are now trying to work. 
For example, at the Coos Watershed Association we had 
been trying to install monitoring equipment in a stream 
on land owned by a very skeptical dairy farmer. He would 
only agree to do something when a staff person who had 
grown up in the neighborhood asked, but would con-
tinue to allow the monitoring only at the same site with 
subsequent staff. When we wanted to change locations 
and types (i.e. replace a juvenile fish traps with PIT tag 
antennas), he refused until a new staff member who had 
gone to high school with his kids asked.

When entering into new cooperative relationships, 
break larger projects into smaller pieces while trust and 
reciprocity are built. This allows each party to observe  
the behavior of the other, to test whether commitments 
will be fulfilled and to judge if cooperating is in their  
best interest. The Weyerhaeuser case study (Box 4.7) is an 
example of how, over the last 10–15 years, restoration 
projects have become larger and more complex as the 
cooperative relationship has strengthened by building  
on a history of smaller successes. It is unlikely that a 
whole sub-basin restoration program would have been 
palatable to Weyerhaeuser if it had been the first project 
proposed.

your partner to resolve these difficulties. This approach, 
however, can frequently take regulatory agencies by sur-
prise and leave them wondering where your loyalties lie. 
It is important to remember that it is not about taking 
sides, but rather about getting a restoration program 
implemented and seeking ‘win-win’ solutions (Fisher  
et al. 1991).
4. Don’t be too clever! Other players will be watching for 
signs of whether you will reciprocate cooperation or not, 
and therefore your own behavior is likely to be mirrored 
back to you (Axelrod 1984). Simple is usually preferable 
to complex to avoid a cycle of increasingly nuanced 
demands. There are times when elaborate procedural 
mechanisms are necessary to obtain cooperation in the 
absence of mutual trust, but the effort in preparing and 
negotiating such agreements can be large and may not be 
needed. Some form of agreement and limitation of liabil-
ity is usually necessary when implementing restoration 
projects, but once a relationship of trust is achieved  
this documentation becomes secondary to the mutual 
interest in moving the project forward and can actually 
impede progress by siphoning resources and trust.

Game theory and practical experience indicate that it 
is not beneficial to ‘permanently retaliate’ when your 
partner fails to cooperate at some point. One reason that 
this is not a successful strategy is that it is likely to be 
reciprocated, i.e. you will never again be able to work with 
this person. In addition, one’s reputation will also suffer 
when your partner tells others, ‘Look what they did to 
me!’ Your interest is in maintaining a reputation for fair-
ness over the long term, which is especially important 
when other potential partners are watching. Sometimes 
silence is the best alternative.

4.5.4  Why understanding cooperation is 
important

The work of Robert Axelrod and other game theorists 
who have used the Prisoner’s Dilemma to examine 
behavior (ranging from bacteria to humans) provide 
useful lessons for restoration practitioners. First, stream 
restoration should not be thought of as a single event (or 
project), but instead a recurring set of interactions where 
partners and cooperators meet one another over signifi-
cant periods of time (usually years, if not decades). The 
actions taken today can benefit or haunt you and your 
successors in the future because they may transfer to 
other natural resource efforts, multiplying the effects of 
any single project. A recurring cooperative relationship is 
not necessarily a zero-sum outcome (one person’s win is 
another’s loss), but rather should have positive-sum out-



The Human Dimensions of Stream Restoration    139

offer the following suggestions on further reading and 
investigation.

4.6.1  Collective action
Over the last 20 years there has been a large and swift rise 
in the creation of organizations whose purpose is to 
restore streams and watersheds (catchments). A good, 
albeit fairly advanced, introduction to understanding 
organizations with a focus on natural resources is Elinor 
Ostrom’s Understanding Institutional Diversity (2005). 
Ostrom shared the 2009 Nobel Prize in Economics for 
her work on institutions to manage common property 
resources, thus there are strong correlations with organi-
zations to advance stream restoration. The International 
Journal of the Commons (http://www.thecommonsjournal.
org) is an open-access source for current theory and case 
studies.

There have been a number of studies of the effectiveness 
of watershed councils, beginning with Julia Wondolleck 
and Steve Yaffee’s Making Collaboration Work: Lessons 
From Innovation in Natural Resources Management 
(2000), which provides a good overview. They include  
a short discussion of the Prisoner’s Dilemma and cite  
Axelrod’s (1984) work, but emphasize group formation 
and group dynamics using a suite of case studies to 
bolster their points. Paul Sabatier and his colleagues 
(2005a) in Swimming Upstream: Collaborative Approaches 
to Watershed Management provide a political science-
focused evaluation focusing on the critical role that trust 
plays in successful stakeholder collaborations (recall, 
however, that we also think reciprocity plays a key role). 
Sabatier et al. (2005b) test various theories based on a 
quantitative analysis of surveys of watershed councils in 
California, Oregon and Washington in the United States.

4.6.2  Social capital and the triple  
bottom line

In its most elemental form, stream restoration builds 
‘natural capital’ by improving ecological function. Both 
Wondollek & Yaffee (2000) and Sabatier et al. (2005b) 
note the benefits of cooperative actions for stream  
restoration to build ‘social capital,’ that network of  
relationships and trust that allows groups and communities 
to achieve common goals, and whose loss was described 
by Robert Putnam in his Bowling Alone: The Collapse and 
Revival of American Community (2000). In Section 4.5.2 
we highlighted social learning as a desired outcome from 
collaborative efforts to implement stream restoration, 
and the process through which this social learning occurs 
and builds social capital. We also discussed the importance 

People will cooperate if it is in their long-term interest 
to do so, even if it is not necessarily in their short-term 
interest. The Coos Watershed Association (and the 
Oregon Plan for Salmon and Watersheds) brought 
together timber and environmental interests who would 
not normally cooperate; the timber representatives did 
not want to see additional limits on their operations if 
coho salmon were listed as threatened under the United 
States Endangered Species Act (ESA). They believed that 
by cooperating in the short-term they would have greater 
management flexibility in the long-term. By the time 
coho salmon were listed under the ESA, the timber  
industry had sufficient commitment to the Oregon  
Plan that cooperating still appeared a preferable option 
when compared to defecting and going it alone. Often 
restoration practitioners think that our project partners – 
particularly landowners – should allow stream restoration 
projects on their property because it is the right thing to 
do. Expecting such altruism is an unrealistic foundation 
for a restoration program; when it occurs it is wonderful, 
but it is unlikely to be widespread enough to meet  
the restoration needs. However, not all benefits that a 
partner may receive necessarily have to be in monetary 
terms. Examples of non-monetary values can include 
your partners’ reputation in the community (wanting to 
be seen as a good land steward by his or her peers) and 
the aesthetic benefits of vegetated riparian zones and 
stable stream banks.

It often feels easier to deal with people who are like us 
because we believe we know how they think and believe 
we understand their values. Even if this attitude does  
not stigmatize those who think or act differently, labeling – 
or stereotyping – unnecessarily limits our opportunities. 
Modeling results show that we are far more likely to 
improve our situation by cooperating with those of dif-
ferent perspectives than if we limit ourselves to those who 
believe as we do. This does not mean compromising our 
values, but rather placing ourselves in other people’s posi-
tions to understand their perspectives.

4.6  Moving forward: Further reading  
in human dimensions of stream 
restoration

This chapter has provided some fundamental tools and 
approaches to incorporate the human dimension into 
stream restoration. However, we have really just scratched 
the surface of a rich and diverse field of study and  
practice. For those interested in delving deeper, we  

http://www.thecommonsjournal.org
http://www.thecommonsjournal.org
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resilience is the idea of adaptive management. A  
very succinct and applicable introduction to adaptive  
management can be found in Walters & Holling (1990), 
two of the originators of the concept. The open-access 
journal Ecology and Society is a particularly good source 
for current research on resilience and associated topics 
such as social learning and adaptive management.

4.7  Summary

Understanding the human dimension in stream restora-
tion is necessary and, if done well, has the potential to 
accelerate the process of achieving stream restoration 
goals. It is all too easy to think that progress would be 
much faster without humans in the equation; not only  
is that unlikely, but explicitly recognizing the importance 
of understanding your partners’ motivations and objec-
tives will likely increase your potential for success in your 
restoration program.

We started this chapter by highlighting the value  
of understanding land ownership patterns and potential 
ways to approach various types of landowners. Ownership 
tends to be blocked into larger pieces in upper watershed 
areas; moving downstream generally increases the 
number of different landowners you will need to involve in 
your project, each one of which is likely to own a smaller 
piece of property. Further, upstream projects may have 
effects on downstream owners, just as projects may affect 
adjacent landowners. These potential effects need to be 
considered during project planning and design, not after 
implementation.

Stream restoration projects will be considered experi-
mental or innovative or even hazardous to many of the 
landowners you approach. Understanding how people 
react to new ideas and the process of adoption will assist 
in targeting landowners who are more probable to be 
willing to accept the project, and whose acceptance may 
lead to their neighbors also joining in the program. Who 
will be willing to work with you at any given time may 
mean that the best location for a project may not be the 
most likely landowner to cooperate, and thus you may 
have to use other sites first while building acceptance 
from the landowner at the key location.

Most stream restoration projects involve the coopera-
tion of a number of individuals and organizations. There 
will be landowners and managers, other organizations 
who provide funding and possibly technical assistance, 
and there will be governmental agencies with regulatory 
authority to assess and regulate the impacts of stream 

of reciprocity and understanding landowners’ manage-
ment objectives, one of which is commonly meeting their 
economic objectives, i.e. helping them build and main-
tain economic capital, including good infrastructure.

Restoring ecosystems, building social capital and 
working with landowners to meet their economic (and 
other) objectives lends itself to placing stream restoration 
work within the ‘triple bottom line’ that came out of the 
business world to account for environmental, economic, 
and social benefits and impacts from your restoration 
projects and programs (Elkington 1998). Aronson et al. 
(2007) provide a good introduction and case studies on 
restoring natural capital. Placing stream restoration in 
the triple bottom line framework has the added benefit 
of signaling to your project partners that you care about 
their concerns rather than being singularly focused on 
meeting your goals and objectives, which may result in 
them being more open to hearing your ideas.

4.6.3  Environmental justice
While everyone targets ‘win-win’ solutions as their ideal 
outcome, in any large program of stream restoration 
there are likely to be winners and losers. This is often  
the case when property is condemned or expropriated to 
implement projects, and is even more problematic where 
there is questionable title to the property (cf. Section 
4.2.2). Distributive outcomes about who wins and who 
loses are frequently called ‘environmental justice’; Mick 
Hillman (2004) and his colleagues in Australia and New 
Zealand have been at the forefront of explicitly consider-
ing these effects in stream restoration. Their River Futures: 
An Integrative Scientific Approach to River Repair (Brierley 
and Fryirs 2008) provides good coverage as well as case 
studies. Boyce et al. in Reclaiming Nature: Environmental 
Justice and Ecological Restoration (2007) provide a broad 
survey.

4.6.4  Resilience
Restoring ‘resilience’ or the ability of a system to  
withstand shocks is an emerging focus for all types  
of ecological restoration projects, particularly given 
expected climate changes. Ensuring that economies and 
communities are also resilient to system shocks is a desir-
able goal as part of a triple bottom line approach, however. 
An excellent and broadly encompassing introduction to 
this idea can be found in the edited volume Principles of 
Ecosystem Stewardship: Resilience-Based Natural Resource 
Management in a Changing World (Chapin et al. 2009). 
A key tenet in basing restoration objectives to build  
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restoration projects. Organizations of all types (as well  
as the individuals associated with them) have norms and 
‘cultures’ that typically emerge through their formation 
stages and direct their reactions. While individuals have 
their dominant behavioral type within organizations, 
these people influence, and are influenced by, their peers 
who they must work with daily and by the organization’s 
culture itself. Understanding cultures and behavioral 
types will again increase your effectiveness and decrease 
frustration. Along these lines, although it is critical for  
all project members to understand the human dimension  
of their efforts, it can be helpful to ensure that the  
team includes members who are particularly strong  
in these social skills and employ techniques such as  
‘coffee klatches’ and ‘kitchen table’ meetings as a strategy 
to make strong connections with potential project 
partners.

Finally, stream restoration should not be considered a 
single event, but a series of actions that take place over  
a period of time. Each interaction can be considered a 
negotiation: you want to do something and you want the 
other party to cooperate. We identified a game theory 
model within which to frame these negotiations – the 
Prisoner’s Dilemma – a strategy that has proven to have 
the best outcomes over the long term. The key concept  
is that most relationships are based on reciprocity; while 
perhaps seeming self-serving, this is in fact a stronger 
approach than expecting continual altruistic behavior 
from your project partners.

The models, approaches and tools provided in this 
chapter are widely considered to be classic. Rather than 
being outmoded or dated, these approaches have stood 
the test of time across years and various cultures. Apply-
ing these concepts and techniques will assist in effectively 
implementing stream restoration efforts by increasing  
the effectiveness of getting projects implemented while, 
at the same time, decreasing the frustration that results 
when resistance or indifference is met.
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5.1  Introduction

Selecting the appropriate restoration technique requires 
having clear restoration goals with specific objectives, an 
understanding of the disrupted processes and desired 
habitat conditions, and an understanding of which resto-
ration techniques can achieve these objectives. Selection 
of restoration techniques logically follows a watershed 
assessment including identification of problems and spe-
cific objectives for areas or reaches in need of restoration 
(Chapter 3). It can occur before or in the early stages of 
the design phase (Chapter 7), but typically precedes the 
prioritization of specific restoration actions. Determin-
ing appropriate restoration techniques is not a trivial 
matter. Simply choosing the newest technique or one that 
has worked in other regions can lead to implementation 
of techniques that: (1) do not address the underlying 
problem; (2) are inappropriate to restore, improve, or create 
the habitats or desired conditions; (3) lead to short-term 
improvements in habitat or improvements in only a  
few functions or habitats; or (4) in the most extreme 
cases, lead to no improvement or further degradation  
of habitat conditions.

This chapter provides an overview of common restora-
tion techniques to assist the reader in selecting an 
appropriate restoration technique that addresses under-
lying problems and helps to achieve restoration goals.  
We discuss the processes and habitats each major technique 
improves or creates, some common design considerations, 
effectiveness of various techniques, and other factors to 

consider when selecting a restoration technique includ-
ing response time and longevity. We aim to provide  
the reader with the knowledge necessary to determine 
which technique or techniques are most appropriate  
to meet restoration objectives before entering into the 
design phase (Chapter 7). Because hundreds of different 
techniques exist, we strive to cover only the most  
widespread techniques. Detailed design, engineering, and 
construction considerations are often region- or project-
specific and beyond the scope of this chapter and book. 
However, the reader can find details on construction and 
design in the existing regional manuals on restoration 
techniques and design for: North America (e.g. Hunter 
1991; Slaney & Zaldokas 1997; Saldi-Caromile et al. 
2004); Europe (e.g. RSPB et al. 1994; Petts & Calow 1996; 
Cowx & Welcomme 1998; O’Grady 2006); Australia 
(Rutherfurd et al. 2000); and east Asia (Parish et al. 2004). 
Similarly, while we provide overviews of the effectiveness 
of many common techniques, detailed information on 
the effectiveness of different restoration techniques can 
be found in Roni et al. (2002, 2008) and Smokorowski & 
Pratt (2007).

5.1.1  Common categories of techniques
Placing the numerous methods for restoring and improv-
ing habitat into distinct categories for purposes of discussion 
is challenging due to the sheer number of techniques  
and because some restore or improve more than one 
process or habitat. Moreover, many restoration projects 
employ more than one technique. Thus, any approach to 
classification will lead to some overlap or duplication. We 
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Table 5.1 Common categories of stream and watershed restoration based on the processes restored and their objectives, 

examples of specific techniques and selected publications that provide detailed information on design. In addition to these, 

habitat protection through land acquisition, conservation easements, or laws to protect habitat can also be important measures 

for allowing passive recovery of habitat and limit further degradation, and should be a key part of a comprehensive restoration 

plan. Bank stabilization is a management technique that can lead to some improvements in habitat, although it is often 

implemented to protect infrastructure rather than improve habitat.

Process or habitat restored and typical 
objectives

Examples of techniques Detailed Design Guide

Connectivity: Reconnect migration 
corridors, allow natural transport of 
sediment and nutrients, reconnect 
lateral habitats, allow natural 
migration of channel

• Dam removal or breaching
• Culvert replacement
• Fish passage
• Levee setback or removal
• Reconnection of sloughs and lakes

RSPB et al. 1994; Slaney & 
Zaldokas 1997; Cowx & 
Welcomme 1998; DVWK 
2002; RRC 2002; O’Grady 
2006

Sediment and hydrology: reduce or 
restore sediment supply, restore 
runoff and hydrology, improve water 
quality, provide adequate flows for 
aquatic biota and habitat, reduce 
sediment and runoff from farms

• Road removal or abandonment
• Forest road improvements (e.g. resurfacing, 

stabilization, addition or removal of culverts, 
addition of cross-drains)

• Urban road improvement (e.g. reduction of 
impervious surface, natural drainage systems)

• Change agriculture practices
• Increase instream flows and/or flood flows
• Reconnect sediment sources

Bagley 1998; Waters 1995; 
ODF 2000; Ministry of 
Environment 2001; Novotny 
et al. 2010

Riparian: restore riparian zone, 
vegetation and processes, improve 
bank stability and instream 
conditions, increase or decrease 
shade

• Planting of trees and vegetation
• Thinning or removal of understory or 

invasive species
• Fencing and grazing reduction
• Complete removal of grazing
• Riparian buffers and protection

RSPB et al. 1994; FISRWG 
1998; Izaak Walton League 
2002; RRC 2002; Massingill 
2003; O’Grady 2006

Habitat improvement and creation: 
improve instream habitat conditions 
for fish (pools, riffles, cover), improve 
spawning habitat (gravel addition), 
increase available habitat, increase 
cover and habitat complexity

• Placement of log or boulder structures
• Engineered logjams
• Placement of brush or other cover
• Placement of spawning gravel
• Remeandering a straightened stream
• Excavation of new floodplain habitats
• Reintroduce or protect beaver

Hunter 1991; Hunt 1993; 
Brookes & Shields 1996; 
Slaney & Zaldokas 1997; 
Cowx & Welcomme 1998; 
FISRWG 1998; RRC 2002; 
Saldi-Caromile et al. 2004; 
Brooks 2006; O’Grady 2006

Beaver reintroduction: increase pool 
habitat, trap sediment and aggrade 
channel, reconnect floodplain and 
restore riparian habitat

• Protect or reintroduce beaver
• Provide food or habitat to enhance beaver 

populations

FISRWG 1998; Saldi-Caromile 
et al. 2004

Increase nutrients and productivity: 
boost productivity of system to 
improve biotic production, 
compensate for reduced nutrient 
levels from lack of anadromous fishes

• Addition of organic and inorganic nutrients
• Addition of salmon carcasses

Slaney & Zaldokas 1997

Bank stabilization: stabilize banks to 
reduce erosion and improve riparian 
or instream habitat

• Revetments constructed of logs, branches, 
root wads, rock, and riparian cuttings, stakes 
and plantings

RSPB et al. 1994; Cowx & 
Welcomme 1998; Fischenich 
& Allen 2000; Izaak Walton 
League 2002; O’Grady 2006
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have chosen to categorize restoration techniques by the 
processes they restore or the habitat they seek to improve 
(Table 5.1). This allows one to select the category of  
techniques that will best address objectives identified in 
the watershed assessment process, which should outline the 
process, function, or habitats to be restored (Chapter 3).

First, we will focus on techniques that restore watershed- 
scale processes (connectivity, sediment, and hydrology) 
and those that focus on riparian conditions and reach-
scale processes. We then discuss those actions that aim to 
improve or create habitats, for example, wood placement, 
restoring sinuosity to straightened channels (remeander-
ing), or increase productivity (nutrient addition). We 
focus on active restoration techniques: those that require 
some type of on-the-ground action designed to restore 
processes or improve habitats. We discuss passive tech-

niques in less detail, not because they are not important 
but because they often require legal or regulatory frame-
works to remove a pressure and allow the system to 
recover naturally, and creating or changing policies or 
laws is not the focus of this volume. Similarly, while we 
discuss many techniques that reduce runoff, fine sedi-
ment, and improve water quality, a detailed discussion of 
all techniques for restoring water quality and pollutants 
is beyond the scope of this chapter and volume.

5.1.2  Selecting the appropriate technique: 
What process or habitat will be 
restored or improved?

Before discussing the different techniques in detail, it is 
important to have some idea of what types of habitats  
or processes they restore. The appropriate technique to 

Table 5.2 Restoration techniques and the major habitats and processes they typically restore. Processes: Con = connectivity, 

Sed = sediment, Hyd = hydrology, Rip = riparian and organic matter. Habitats: Flp = floodplain, Rif = riffle, Pl = pool, 

Spw = spawning, Cov = cover. Bank stabilization may improve sediment and riparian processes as well as cover, but is often 

implemented to protect infrastructure. Nutrient additions may lead to increased productivity, but does not directly affect 

physical processes or habitat conditions.

Technique Process Habitat

Con Sed Hyd Rip Flp Rif Pl Spw Cov

Dam removal X X X X X X
Culvert replacement X X X
Fish passage structures X
Levee removal or setback X X X X
Reconnection of floodplain habitats X X X X
Road removal X X X
Road resurfacing X
Stabilization, upgrading stream crossings X X
Reduce impervious surface X
Instream flows X
Agricultural practices X
Restore sediment sources X X X
Riparian replanting X X
Thinning or removal of understory X
Removal or control of invasives X
Fencing X X
Rest-rotation or grazing strategy X X
Log or boulder structures X X X X
Natural LWD placement X X X X
Engineered logjams X X X
Brush or other cover X
Gravel addition X X X X X
Remeandering of straightened channel X X X X X X
Creation of floodplain habitats X X
Beaver reintroduction X X X
Nutrient additions
Bank stabilization X X X
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5.2.1  Longitudinal connectivity
Restoring longitudinal connectivity often calls for the 
removal or modification of infrastructure that has 
caused the disconnection. Disruptions to upstream–
downstream connectivity include dams, weirs, pipeline 
crossings, bridges, culverts, road or stream crossings, and 
other infrastructure. These structures disrupt transport 
of sediment, wood and organic matter, nutrients, and 
timing and volume of water and are often partial or  
complete barriers to migration of fish and other biota. 
Common approaches to addressing these include dam, 
culvert, or barrier removal and replacement and modifi-
cation or installation of fish passage structures, each of 
which are described in detail below. In addition, water 
withdrawal and pollution can create barriers to move-
ment of fish and other aquatic biota. Which technique 
for restoring connectivity is most appropriate obviously 
depends on the objectives of the restoration. For example, 
dam removal will restore all processes, while installation 
of fish passage structure will only meet objectives of 
restoring migratory pathways for some biota.

5.2.1.1 Dam removal and modification
Dam removal and the restoration of the hydrologic 
regime to more natural conditions are employed prima-
rily to restore longitudinal connectivity of stream and 
floodplain habitats; improve fish access and migration; 
allow for natural transport of water, sediment, organic 
material, and nutrients; and maintain or restore natural 
riverine processes that create and maintain fish habitat 
(Pess et al. 2005b; Figure 5.1). Many dams in developed 
countries have reached the end of their useful life and are 
being considered for removal or restructuring because of 
ecological concerns, safety concerns, and the costs of  
continued operation or repair (Stanley & Doyle 2003). 
There are several alternatives to complete dam removal 
ranging from partial dam removal and restoration of 
former impoundment and stream channel to notching 
the dam to drain the reservoir but leaving most of the 
dam in place (Wunderlich et al. 1994; Shuman 1995; 
Quinn 1999). These also vary in the amount of sediment 
removal and reconstruction of the river channel in the 
former reservoir. Complete dam removal and restoration 
includes removal of all structures and the return of  
river and valley morphology and topography to a pre-
construction state. This requires not only dam removal 
but also sediment removal, channel reconstruction, 
riparian planting, etc., and may require that suitable ref-
erence or potential channel conditions be determined 
(see Chapter 7). Partial dam removal or retention typically 

address particular habitat degradation depends on the 
restoration goals for the site, which processes or habitat 
have been disrupted and are in need of restoration,  
key design considerations, project longevity, and other 
technical and socioeconomic factors discussed in previous 
chapters. At this point in the restoration process, it is 
assumed that the causes of degradation and the need  
for restoration have been identified (Chapter 3). The 
appropriate restoration action therefore should be based 
on addressing those factors identified in the assessment 
and depend on selecting techniques that adequately 
address these factors and meet the restoration goals  
and specific objectives. For example, if a particular reach 
was identified as having degraded riparian habitat, the 
overall restoration goal is to improve aquatic habitat,  
and one objective is to improve shade, then the potential 
techniques can be narrowed down to those riparian  
techniques that improve shade (Tables 5.1 & 5.2). If the 
objective is improving instream habitat complexity, then 
a suite of different instream habitat techniques may 
address those needs. The major processes or habitats 
restored for the major categories of restoration techniques 
are outlined in Table 5.2 to assist with selecting the appro-
priate technique.

5.2  Connectivity

The connectivity of watersheds and their habitats is  
critical for maintaining the flux of water, sediment, organic 
matter, nutrients, and the migration and movement of 
fish and other biota (Vannote et al. 1980; Fullerton et al. 
2010). Three main types of connectivity exist and can  
be affected by anthropogenic alteration or restoration: 
longitudinal, lateral, and vertical. Longitudinal refers  
to upstream–downstream connectivity while lateral con-
nectivity typically refers to the connection of the river to 
the floodplain and riparian area. Vertical connectivity is 
often thought of as the sole connection with the hyporheic 
zone and subsurface area, but also includes the incision 
of channels which can have a profound influence  
on lateral connections. For example, due to agricultural 
practices, urbanization, or other factors, many channels 
have become incised and isolated from their historic 
floodplains. Restoring vertical connectivity is often part 
of restoring lateral connectivity, restoring sediment 
transport, and placement of instream structures. To  
minimize overlap with other sections, we therefore focus 
our discussions on lateral and longitudinal connectivity 
and discuss vertical connectivity in Section 5.3.3.
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properties (e.g. amount, size, toxicity) and transport, 
surface- and groundwater quality and quantity, instream 
habitat, floodplain vegetation, the aquatic community 
(i.e. fish, aquatic insects, and plants), and, of course, cost 
(Shuman 1995). A sediment management strategy in rela-
tion to which dam removal or modification technique is 
implemented is perhaps the most important considera-
tion. Sediment management in dam removal projects  
can follow one of three major strategies including: (1) 
removal of all accumulated material behind a reservoir; 
(2) allowing a river to erode a new channel or channels 
through the accumulated sediment; or (3) removal of  
a specified area of the sediment deposit that is in the 
anticipated path of a river, and leaving the remaining 
sediment in place (Wunderlich et al. 1994; Quinn 1999). 

involves the limited removal or modification of structures 
and an incomplete alteration of the topography to  
the pre-existing state (Quinn 1999). Depending on the 
alterations to the dam and former river channel, it may 
lead to full or partial restoration of hydrology, sediment 
delivery, floodplain function, and other processes. In  
contrast, partial retention of the dam and making no 
modifications to the former reservoir or channel would 
restore the hydrology, but not fully restore sediment and 
floodplain functions (Quinn 1999).

Determining whether or not to remove a dam, or 
undertake some form of flow or structural alteration, 
depends on the project objectives and incorporates the 
consideration of multiple factors such as stream channel 
morphology, river hydrology and hydraulics, sediment 

Figure 5.1 Common approaches for restoring longitudinal and lateral connectivity including: (A) dam removal (Souhegan River, 
New Hampshire; from Pearson et al. 2011, reproduced by permission of American Geophysical Union, Copyright 2011 AGU); 
(B) a recently replaced culvert with a natural stream bottom (West Fork of Smith River tributary, Oregon, USA); (C) a restored 
(removal of bank protection) and (D) adjacent unrestored reaches of the River Aggar, Germany. (See Colour Plate 7)
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as it is transformed from a lentic to lotic environment 
(Hart et al. 2002; Stanley et al. 2002; Maloney et al. 2008). 
Another important aspect to consider is the potential for 
the introduction or expansion of non-native species 
upstream of potential dam and migration barrier removal 
locations (Marks et al. 2010). This should be considered 
carefully, particularly if the removal or eradication of 
non-native species is unrealistic (Jansson et al. 2007).

5.2.1.2 Culvert and stream-crossing removal, 
replacement or modification

Many barriers or disruptions to longitudinal connectivity 
result from stream crossings infrastructure such as cul-
verts and bridges that constrain the channel and disrupt 
or block movement of sediment, organic matter, fishes, 
and, in some cases, water. Common techniques to address 
this include removal of the stream crossing, replacing it 
with a larger bridge or culvert, or modifying the culvert 
or structure so that it will not be a barrier to fish migra-
tion (Table 5.3). In each case, the approach will vary 
depending on the specific objectives and cost of the mod-
ifications. For example, if the objective is to restore fish 
passage through an impassible culvert, then a suite of 
possible options are available to correct the situation. 
These range from replacing the culvert with a bridge to 
leaving the original culvert in place and modifying 
hydraulics by installing baffles within the culvert to lower 
water velocities and allow passage of target fish species. 
In some instances, if the channel below the culvert is 
incised or the gradient very steep, simply installing a 
series of weirs can lower the hydraulic head and velocities 
enough to allow fish passage though the culvert. In con-
trast, if the objectives are to restore channel migration, 
sediment, and organic transport, then complete removal 
or replacement with a bridge wider than the active 
channel or much larger culvert may be needed.

Complete elimination of the stream crossing would  
be ideal, but is often not feasible. In these cases, bridges 
are a preferred alternative because, depending on their 
width, they can allow the lateral and vertical adjustment 
of a stream to occur (Roni et al. 2008). However, a narrow 
bridge may only restore some processes and limit channel 
movement or lock the channel in place. There are numerous 
types of culverts including, but not limited to, smooth 
box or round, bottomless pipe arch, squash pipe or  
countersunk, round corrugated, baffled, and round cor-
rugated with no baffles (Table 5.3). These are sometimes  
categorized either as ‘stream simulation’ or ‘hydraulic 
design’ based on whether they allow for the creation and 
maintenance of an actual streambed within the culvert 

A staged drawdown of impoundment water level may be 
needed several years prior to dam removal to determine 
sediment stability and accumulation in the reservoir and 
reservoir delta. This is critical information for selecting  
a dam removal alternative and sediment management 
strategy (Childers et al. 2000).

Geomorphic adjustment following dam removal  
typically leads to erosion of sediments accumulated in the 
reservoir and subsequent transport and deposition and 
bed aggradation downstream of the former dam structure 
(Doyle et al. 2005). The amount of sediment mobilized 
will be a function of several factors including the amount 
of stored sediment, sediment size composition, and  
the geomorphic characteristics of the former reservoir 
section, which can drive the rate and magnitude of  
downstream sediment response (Doyle et al. 2005). For 
example, Cheng & Granata (2007) found that following 
removal of a 2 m high dam, less than 1% of the sediment 
stored in the reservoir was transported downstream, 
resulting in minor channel adjustment downstream. In 
contrast, removal of the 14 m high Marmot dam on the 
Sandy River, Oregon, resulted in 50% of the reservoir 
sediment eroding by the end of the first year and 
prompted growth of new bars and enlargement of  
existing bars in the first 2 km below the dam site (Major 
et al. 2008; Podolak & Wilcock 2009). These examples 
highlight the variability in erosion and deposition of 
sediments depending on the amount and composition  
of the sediment, the stream energy and antecedent 
channel conditions (Doyle et al. 2005).

The newly exposed soils in the former reservoir are 
typically colonized rapidly by vegetation, although the 
type and diversity is related to the time since dam removal 
as well as soil, light, climate, and other conditions (Orr & 
Stanley 2006). Whether grasses or trees and shrubs colo-
nize the surface can have a large effect on the persistence 
of erosion from the former reservoir site, with greater 
bank stability in tree-vegetated channels (Doyle et al. 
2005). Often, planting and seeding of trees, shrubs, 
grasses, and other vegetation is included to help stabilize 
the soils in the former reservoir, reduce erosion and 
provide fish and wildlife habitat (see Section 5.4 on ripar-
ian restoration).

The benefits of dam removal to fish populations have 
been well documented in North America, Europe, and 
Asia and fish typically migrate upstream and colonize 
new habitats rapidly (Burdick & Hightower 2006; Stanley 
et al. 2007; Nakamura & Komiyama 2010). Dam removal 
often results in large shifts in the periphyton and mac-
roinvertebrate community in the former reservoir area  



150    Stream and Watershed Restoration

of mountain streams prone to high sediment loads and 
debris flows, the objective is to prevent sediment or debris 
from accumulating behind and plugging the crossing 
which leads to road failure or diversion of the stream 
onto the roadbed. The ford crossing allows for greater 
movement of material, which can be readily excavated if 
it does accumulate on the crossing.

Efforts to restore longitudinal connectivity in the form 
of retrofitting or replacing culverts or other road cross-
ings have been the focus of numerous restoration actions 
over the last several decades and have resulted in the 
reconnection of large amounts of habitat (Bernhardt  
et al. 2005; Price et al. 2010). For example, over the last 
10 years in Washington State, approximately 3500 fish 
passage barrier culverts were replaced with fish-passable 
structures and an estimated 5990 km of fish habitat is 
now accessible to migratory fishes (Price et al. 2010). Studies 
evaluating effectiveness of replacement or removal of  
culverts in both Europe and North American have  
consistently shown rapid colonization by fishes with  
the increase a function of distance from the source popu-
lation (Roni et al. 2008; Zitek et al. 2008). However, 

itself or are designed to meet specific criteria to allow 
migration of a particular species and life stage. The 
benefit of natural stream bottom culverts, particularly on 
smaller stream, is that they ideally do not create any more 
of a barrier to aquatic organisms than a natural stream 
channel (Price et al. 2010). Hydraulic designs are similar 
to fish passage structures in that they are typically engi-
neered to meet the swimming performance of specific 
species and life stages; they therefore do not restore con-
nectivity for all species and are typically not designed  
to restore transport of wood and sediment (Price et al. 
2010).

In contrast to bridges or culverts which go over the 
stream, ford crossings, also known as shallow- or low-
water crossings, simply consist of hardened crossings on 
the streambed that are either consistently submersed or 
submersed during higher-flow events. Ford crossings are 
typically placed in areas where the stream is intermittent, 
but can be used in perennial mountain streams where 
shallow rapid landslides and debris flows are common,  
or in agricultural settings to direct and allow livestock to 
cross the stream and limit damage to banks. In the case 

Table 5.3 Common types of stream crossings and the processes they restore or improve. Modified from Roni et al. 2002, 2005;  

Roni 2005.

Stream crossing type Processes restored Notes

Fish 
passage

Sediment 
transport

LWD 
transport

Constrains 
channel?

Bridge Y Y Y N Assuming the bridge is as wide or wider 
than active channel

Stream simulation culverts 
(bottomless pipe arch)

Y Y Y/N N May allow for transport of LWD depending 
upon width, and height and size of LWD

Squash pipe or 
countersunk culvert

Y N N Y Designed so bottom of culvert is covered 
with gravel or substrate from stream

Hydraulic design culverts Y N N N Can be a variety of culvert types but slope, 
grade, and material are designed to 
provide passage for specific fish species 
and life stage

Round corrugated with 
baffles culvert

Y N N Y Baffles designed to provide fish passage

Smooth (box or round) 
culvert

Y/N N N N Fish passage depends upon slope and 
length

Log, rock, or other weirs 
downstream of culvert

Y N N Y Designed to create pools or steps to allow 
fish passage through culvert; no 
modification of culvert

Ford crossing or low water 
crossing

Y Y Y N Bottom of stream is paved or armored so 
that road surface is underwater and 
traffic can cross stream at low to 
moderate flows
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of passage structures or fish passes: semi-natural and 
technical solutions (DVWK 2002). Semi-natural types 
attempt to create a semi-natural streambed and include 
bottom ramps, sills and slopes, bypass channels, and fish 
ramps. These can also include placement of boulders and 
substrate directly on a low head weir or sill to create  
suitable velocities and resting places for fish to swim  
over a weir or low-head obstruction, or the creation of  
semi-natural bypass channels around the obstruction. 
Technical solutions are highly engineered structures  
and include: pool, vertical slot, Denil, and eel passes or 
ladders; fish locks; fish lifts; and trap-and-haul facilities 
(Clay 1995; DVWK 2002).

Most of the fish passage structures previously identi-
fied are designed to provide for upstream migration of 

culverts often need maintenance and the success of 
replacement of impassable culverts at providing fish 
passage and restoring other processes depends on culvert 
design including slope, width, length, and the percent the 
culvert is countersunk (Price et al. 2010).

5.2.1.3 Fish passage structures
In many cases, dam or weir removal, culvert replacement, 
or other forms of reconnecting isolated habitats or stream 
reaches are not possible. In these cases, a variety of fish 
passage structures can be used to effectively restore migra-
tion corridors and longitudinal connectivity for fishes. 
These include various types of fish ladders, fish locks, 
addition of baffles or weirs, and bypass channels (Figure 
5.2). These can generally be divided into two major types 

Figure 5.2 Common types of structures used to pass fish at weirs and dams including: (A) a fish ramp Vara River, Italy (photo 
Enrico Pini-Prato); (B) a bypass channel for both fish passage and kayaking on Gave da Pau River, France (photo Enrico Pini-Prato); 
(C) pool and weir type pass at Lower Granite Dam, Snake River, Washington State, USA; and (D) a Denil steep pass at Bennett 
Dam, North Santiam River, Oregon (photo Ed Meyer). (See Colour Plate 8)
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use that will be compromised. Theoretically, this method 
will eventually allow for full recovery of all or most  
riverine functions including: retention and natural 
exchange of water, wood, sediment, and nutrients between 
a floodplain and mainstem; fine sediment deposition; 
channel migration; the development of a greater diversity 
of riparian conditions; seed dispersal; and a greater  
diversity of habitat types (Pess et al. 2005a; Roni et al. 
2008). However, levee removal may need to be coupled 
with other restoration techniques to encourage more 
rapid recovery of channel morphology. For example,  
if the channel has been straightened, remeandering or 
restructuring the channel may be used to create a sinuous 
channel (see section 5.5 below).

Partial levee removal is often used when the extent of 
restoration actions is limited by adjacent land-use or 
other resource constraints. One technique is a ‘beaded 
approach’ to floodplains (Cowx & Welcomme 1998), 
where alternating reaches of the levee are removed,  
allowing floodplain reconnection and restoration of 
functions in some reaches and not others. In the restored 
sections of floodplain, several habitat features such as 
floodplain channels and wetlands are restored or con-
structed. This technique allows portions of the floodplain 
to be inundated and encourages scour, erosion, and  
deposition in those areas. It is particularly suitable in 
tributary junctions or other areas where habitat diversity 
is high and the levee can only be removed or set back  
in some but not all reaches.

Rather than remove all or part of a levee, a levee 
setback is used to relocate the levee further back from  
the river bank, allowing the river to access more of the 
floodplain. The new wider river channel may also increase 
mainstem habitat and flood conveyance capacity. In 
incised channels, levee setbacks can be combined with 
floodplain excavation to lower the floodplain and for a 
higher inundation frequency (Williams et al. 2009a). In 
other incised channels, two-stage or multi-stage channels 
are constructed within the levee setback to create multi-
ple floodplain terraces that are flooded at different flows 
(Cowx & Welcomme 1998; O’Grady 2006).

Another technique is intentional levee breach, which is 
simply the excavation of ‘openings’ in a levee system that 
allow for the accumulation and, if appropriately designed, 
conveyance of water during certain flow events. This 
technique can also lead to changes in floodplain deposi-
tion, erosion, and topography (Florsheim & Mount 
2002).Alternatively, the height of the levee can be reduced 
to allow more frequent inundation of the floodplain 
during large flood events. This also requires providing 

fish. In the case of fish ladders at large dams, water diver-
sion, or abstraction weirs, the downstream migration of 
fish is also severely restricted and a suite of different types 
of screens, weirs, and other highly engineered structures 
are installed upstream or within the dam to divert fish 
away from water or turbine intake structures or direct  
fish into one of the bypass channels, pipes, or structures. 
These measures can generally be categorized as behavio-
ral barriers (lights, sound, bubbles) and physical barriers 
including bar racks, fixed screens, traveling screens, fish 
diversion devices such as drum screens, screens that 
divert fish away from a structure, and fish collection 
devices such as traps and ‘gulpers’ (Clay 1995).

All fish passage structures require extensive engineer-
ing and design and several manuals and detailed text on 
design and engineering considerations exist (Clay 1995; 
DVWK 2002; see also Bulletin Français de la Pêche et de 
la Pisciculture 2002, Supplement 364). Key design param-
eters include (but are not limited to): dam, weir, or 
barrier height and width; river flow timing, magnitude, 
and velocity; bypass or ladder length, slope, substrate, 
and attraction flows; and species of interest. These factors 
also influence the effectiveness of these structures to pass 
various fish species both upstream and downstream. 
Periodic maintenance is needed on most fish passage 
structures to keep them clear of debris and ensure appro-
priate hydraulic conditions are met to maintain fish 
passage.

5.2.2  Techniques to restore lateral 
connectivity and floodplain function

Restoration of lateral connectivity typically seeks to 
restore connection of the river channel to its floodplain 
and to restore floodplain functions. The most appropri-
ate approach will depend on the factors that have led to 
isolation of the channel from its floodplain. We discuss 
common approaches below based on whether they 
require modification or removal of levees or bank revet-
ments, channel filling, or installation of passage structure 
to allow fish and other biota to access floodplain habitats 
(Figure 5.1).

5.2.2.1 Levee removal or setbacks
A levee removal or setback is the lowering, removal, or 
relocation of a levee adjacent to a mainstem river that 
allows a river to migrate or meander freely and maintain 
connection to the adjacent floodplain. Complete levee 
removal is usually used if the levee is damaged or obsolete 
and if there is little to no infrastructure or adjacent land 
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needs to be regulated (Lister & Finnegan 1997; Cowx & 
Welcomme 1998). Two common problems that occur 
with such projects are: (1) elevation differences between 
the mainstem and relict channels due to mainstem 
channel or from natural sedimentation or aggradation in 
the relict feature; and (2) degraded water quality in the 
floodplain due to land use. For example, rehabilitation 
opportunities identified in the Stillaguamish River in 
Washington State include the reconnection of two former 
meander bends that are now floodplain sloughs (Pess  
et al. 1999). However, the river channel incised 1–2 m 
between the period when the bends where cutoff in 1929 
and 1991, making reconnection of the former meanders 
difficult (Collins et al. 2003). This problem is common 
to many stream channels in Europe, North America, and 
throughout the world (Cowx & Welcomme 1998; Pess  
et al. 2005a).

One potential solution is the installation of submerged 
weirs (grade control structures) to raise the bed elevation 
of incised mainstem channels to reconnect them with 
their former channels and floodplain. In the Danube 
River in Slovakia, for example, check dams were installed 
in artificial channels and natural former side to aggrade 
the river to the point where older channels are now 
reconnected, increasing the retention time of water in  
the reach (Cowx & Welcomme 1998). In other cases, 
rather than aggrade the mainstem channel, the floodplain 
feature can be reconnected with a culvert or channel with 
a fish passage structure installed to allow for movement 
of fish in and out of reconnected habitat. These tech-
niques vary greatly in success depending on the flow, level 
of connectivity of the habitats, and the fish species of 
interest.

Another approach used to reconnect floodplain habitats 
in rivers that have been dredged, channelized, and 
straightened includes filling in the straightened channel 
and forcing it back into its original meandering channel. 
One of the most high-profile cases of this is the Kissimmee 
River, Florida. Using material from levees constructed  
when the river was straightened and channelized in  
the 1960s, the channelized mainstem has been filled  
in at specific locations, forcing the river to flow through 
its original meandering channel. This approach, of course, 
is only feasible if much of the original meandering 
channel still exists and the floodplain or some of its key 
habitats remain intact (Cowx & Welcomme 1998). Studies 
on effectiveness of various floodplain reconnection 
methods have consistently shown rapid colonization and 
use of reconnected floodplain habitats (Schmutz et al. 
1994; Grift et al. 2001; Roni et al. 2008).

channels, culverts, or drains in the lowered levee to ensure 
water does not become trapped or ponded behind the 
levee when flood flows subside.

In many cases, stream banks have been armored with 
cement, riprap, rock, or other material to prevent the 
stream from moving, limit erosion, or stabilize the bank. 
This can often lead to a loss of lateral connectivity. 
Removing revetments or bank armoring can be an effec-
tive method of restoring channel migration and other 
floodplain processes. In many cases, riprap or other bank 
protection is removed and replaced with logs, vegetation, 
fiber mats, or other ‘soft’ or ‘bioengineering’ approaches 
(see Section 5.6.2). We discuss these approaches in the 
section on habitat improvement because their objectives 
are to improve habitat and only partially restore channel 
processes.

Existing and ongoing evaluations of levee removal or 
modification indicate that these techniques lead to a 
wider active floodplain and allow for the re-establishment 
of connectivity between a river and its floodplain. They 
promote water retention in the floodplain, exchange 
between surface and subsurface flow, overbank fine sedi-
ment deposition, organic matter retention, and increased 
sinuosity, habitat diversity, and complexity (Jungwirth  
et al. 2002; Muhar et al. 2004; Konrad et al. 2008). 
Depending on residence time of water in the floodplain, 
increased primary productivity can occur in newly estab-
lished or reconnected habitat, thus providing valuable 
food resources to the main channel (Junk et al. 1989; 
Schemel et al. 2004; Ahearn et al. 2006). Fish rearing in 
floodplain habitats created or reconnected following 
levee removal or setbacks often have higher growth rates 
than those in the mainstem. Levee setbacks and modifica-
tions have also been shown to benefit not only rheophilic 
fishes, but also amphibians and aquatic insects (Cho-
vanec et al. 2002). Other studies have demonstrated 
improvements in physical habitat and restoration of 
natural erosional and channel migration processes as well 
as improvements in fish and riparian diversity and age 
structure (Jungwirth et al. 2002).

5.2.2.2 Reconnecting isolated floodplain 
wetlands, sloughs, and other habitats

Techniques similar to reconnecting longitudinal habitats 
are used when the objectives are to reconnect isolated 
floodplain water bodies or channels while maintaining 
the existing infrastructure. Culverts, notched or lowered 
levees or dikes, or controllable flow gates can be used to 
reconnect existing relict channels in areas where flow 
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centrate water and sediment from the road surface and 
hillslope that would have originally fallen on the forest 
floor or flowed downslope as groundwater, essentially 
increasing drainage density. The road and associated 
ditches and drains concentrate flow and deliver it to the 
stream at a faster rate and greater magnitude. This can 
lead to increased surface erosion rates and fine sediment 
loads, which increase stream channel sedimentation 
rates. The ideal approach to eliminating or reducing these 
impacts would be removal or decommissioning the road 
(deactivation) (Figure 5.3). This is an increasingly 
common approach on low-traffic forest roads in areas  
of the western United States and Canada where a dense 
infrastructure of unpaved roads was built in the 20th 
century for harvest and extraction of timber (Baker et al. 
1988). The goal of road removal is to slow surface runoff, 
reduce fine sediment produced from the road surface, or 
reduce landslides from unstable roads or road crossings. 
Road removal can also restore hydrology because the 
road and its drainage network no longer intercept  
water and deliver it directly to the stream. Removal or 
decommissioning is not only done for environmental 
reasons, but often for economic reasons because annual 
maintenance and repair of roads can be costly. Complete 
road removal includes removing fill, recontouring the slope, 
and replanting or seeding so the footprint of the road is 
no longer visible and the natural contours of the land are 
restored (Beechie et al. 2005). In contrast, road closure or 
decommissioning ranges from simply preventing access 
to the road to allow it to be recolonized by native vegeta-
tion to removing culverts and stream crossings, installing 
water bars, and scarring the road surface so that it is  
more readily colonized by plants (Beechie et al. 2005).

Whether complete removal, closure, or decommission-
ing of the road is appropriate depends on a number of 
factors including condition of the road, soils, steepness  
of terrain, compaction of the road surface, and other 
factors (ODF 2000; Roni et al. 2008). Closing a road 
without stabilizing stream crossings or treating the road 
surface can lead to additional erosion in some soils and 
terrain. However, both simple road closure and complete 
removal have been demonstrated to greatly reduce  
sediment delivery (Hickenbottom 2000; Madej 2001; 
Switalski et al. 2004; see Roni et al. 2008 for a review). 
The type of treatment following road removal or closure 
(e.g. recontouring of slope, scarring or ripping of road 
surface, removal of stream crossings, placement of mulch, 
seeding, and planting) can influence the sediment  
production and infiltration capacity of the former road 
bed (Cotts et al. 1991; Maynard & Hill 1992; McNabb 

5.3  Sediment and hydrology

Because so many human activities impact basic sediment 
and hydrologic processes, a suite of different approaches 
has been developed to restore more natural levels and 
timing of sediment and runoff. Many of these techniques 
are designed to address both sediment delivery and 
hydrology and to address a specific type of human infra-
structure or land use, making it difficult to categorize 
them based on the process they restore. For example, 
efforts to minimize or eliminate the impacts of roads are 
intended to reduce sediment inputs and restore natural 
hydrologic processes. Other efforts such as reduction of 
water withdrawal and restoration of instream flows focus 
more on restoring the natural hydrologic system, but also 
result in a more natural transport and routing of sedi-
ment in the system. We therefore discuss the methods for 
restoring sediment and hydrology by technique and high-
light which combination of processes they seek to restore.

5.3.1  Reducing sediment and hydrologic 
impacts of roads

Roads typically alter stream flows, increase fine and 
coarse sediment loads to stream channels, transport 
nutrients and other pollutants, and degrade water quality, 
all of which can negatively impact streams and their biota 
(Goudie 2000; Gucinski et al. 2001; Beechie et al. 2005). 
A variety of treatments have been developed to minimize 
these impacts, including road removal, decommission-
ing or closure, stabilizing or upgrading road crossings 
(culverts, bridges), increasing cross-drains, resurfacing, 
reducing traffic or tire pressure, or reducing impervious 
surface area (Beechie et al. 2005; Roni et al. 2008). These 
techniques can be categorized by whether their objective is 
to eliminate the impact of roads by partially or completely 
removing or abandoning the road or to minimize road 
impacts by improving the road or road maintenance. 
Most of these techniques have been developed on and 
applied to unpaved roads to minimize the impacts of 
forestry operations (timber removal, road construction), 
but they can also be applied in rural areas with similar 
unpaved road surfaces and drainage issues. Paved roads 
and impervious surfaces in urban and residential areas 
are discussed in Section 5.3.1.3.

5.3.1.1 Forest and unpaved road removal  
and restoration

Forest and other unpaved roads and associated systems 
of ditches and cross-drains capture, intercept, and con-
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niques are used during road removal or abandonment to 
ensure that the former road will not continue to lead to 
erosion or hydrologic impacts.

5.3.1.2.1  Reducing road-related mass wasting
Poorly designed roads or roads designed on unstable 
slopes can greatly increase mass wasting (e.g. avalanches, 
landslides, soil creep, debris flows) and delivery of coarse 
and fine sediment to stream channels (Gucinski et al. 
2001). The objective of reducing or eliminating mass 
wasting caused by road construction and existence is pri-
marily to prevent coarse and fine sediment delivery to the 
stream channel. This objective is achieved by removing, 
stabilizing, or reinforcing the unstable road and slope 
material and often by routing water away from unstable 

1994; Luce 1997; Elseroad et al. 2003). In general, these 
studies have found that recontouring slope and site  
preparation (ripping and mulching of former road bed) 
are most effective at inducing plant growth and reducing 
fine sediment production, although the position of the 
road on the slope and time since treatment also play a 
role in the effectiveness of these methods.

5.3.1.2 Road improvements
In many cases road removal, decommissioning or closure 
are not feasible and restoration efforts must focus on 
minimizing the impacts of roads on sediment, hydrology, 
and water quality by stabilizing the road and roadside 
ditch network, minimizing exposed soil, disconnecting 
road drainage from the stream, and improving stream 
crossings to minimize erosion. Many of these same tech-

Figure 5.3 Complete removal of a forest road in Salmon Creek, Humboldt County, California: (A) before; (B) during; 
(C) immediately after; and (D) 3 years after removal of stream crossing and road fill. Note that the stream side-slopes were laid 
back to a stable grade that mimics natural hillslope topography and all bare slopes were mulched with rice straw. The excavated 
stream crossing has also been sloped to a stable angle and mulched to control surface erosion. Photos courtesy of California 
Department of Fish and Game Fisheries, Bureau of Land Management, Pacific Coast Fish, Wildlife & Wetlands Restoration 
Association, and Pacific Watershed Associates. (See Colour Plate 9)
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5.3.1.2.2  Reducing fine sediment from the  
road surface

Techniques designed to reduce surface erosion and fine 
sediment production include resurfacing the road, reduc-
ing traffic or blocking vehicle entry, installing dips (low 
spots in the road), and reducing tire pressure of trucks 
traveling the road (Table 5.4). These approaches focus on 
reducing the amount of fine sediment produced from  
the road surface that enters the stream channel either 
through erosion during periods of precipitation or as 
dust from traffic. Increasing the thickness of gravel on the 

material or slopes. Common techniques include removal 
of sidecast material, stabilizing the toe of the slope through 
retaining walls or other geotechnical approaches, install-
ing geotextiles or planting of vegetation, drainage 
sys tems to route water away from unstable area, or some 
combination of these approaches (Roni et al. 2002; 
Beechie et al. 2005; Miller et al. in press; Table 5.4). These 
techniques are generally effective at reducing landslides, 
but may require periodic maintenance (i.e. cleaning  
culverts and ditches) to maintain benefits (ODF 2000; 
Daniels et al. 2004).

Table 5.4 Summary of common methods for reducing impacts of forest and unpaved roads and improving or restoring natural 

sediment levels and hydrology (modified from Beechie et al. 2005). Note that complete road removal would address all of these 

objectives and utilize a number of the specific techniques including sidecast removal, removing fill, removing culverts and 

cross-drains, as well as recontouring, ripping, and replanting road surface.

General objective Site-specific objective Techniques

Reduce mass wasting Remove unstable road material • Sidecast removal
Reinforce unstable material • Buttress toe slope

• Retaining walls or other geotechnical approaches
Route water away from 

unstable material
• Enhance road drainage control
• Subsurface drain pipes or other drainage modifications

Reduce surface erosion Reduce traffic effects • Block vehicle entry with gate
• Block vehicle entry with barrier (boulders/tank traps)

Armor running surface • Surface road with gravel or crushed rock
• Pave road

Vegetate exposed soil surfaces • Seeding and planting
• ‘Rip’ (i.e. decompact) tread to improve growth of 

vegetation
Armor exposed soil surfaces • Cover with rock or other resistant material

• Cover with matting
Disconnect road drainage 

from streams (reduce 
hydrologic impacts 
and surface erosion)

Disconnect road runoff from 
stream

• Add more cross-drains (e.g. culverts, water bars) 
between streams

• Outslope tread
Filter sediment from road 

runoff prior to stream entry
• Install settling ponds
• Install slash filter windrows

Reduce erosion at stream 
crossings

Reduce potential for plugging 
or diversion

• Replace undersized culverts with adequate structure
• Remove culvert or crossing structure
• Construct drainage dip or hump over structure

Reduce fill erosion at stream 
crossings

• Remove fill at crossing
• Replace soil fill with rock or concrete
• Armor fill surface with rip-rap
• Plant woody species on fill

Improve drainage between 
crossings

• Reshape tread (e.g. inslope, crown)
• Repair or upsize cross-drains
• Clear or enlarge ditches

Improve cross-drainage to 
minimize diversion

• Replace culverts with water bars or dips
• Construct dips or backup water bars over culverts
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drainage dip, or ford-type crossing or a larger culvert, 
reducing or stabilizing fill at the stream crossing to  
minimize erosion or potential for failure during high 
flows, reshaping road tread, repairing or upgrading  
cross-drains, and consistent maintenance to clear ditches 
and blockages. Undersized culverts can also prevent the 
transport of wood and sediment; when possible, bridges 
or other crossings that will allow for the natural transport 
of wood and sediment should be used (Roni et al. 2002). 
Stabilization of the stream crossing may only be a short-
term solution if the culvert or crossing is undersized. As 
discussed in Section 5.2.1, culverts are often barriers to 
fish migration and this should be considered when 
upgrading a stream crossing to reduce erosion.

5.3.1.3 Reducing or eliminating impacts of 
paved roads and impervious surfaces

The previous road treatments focused primarily on dirt 
and forest roads. Paved roads and impervious areas in 
urban and suburban areas can cause even more severe 
impacts to aquatic ecosystems through dramatic increases 
in frequency and magnitude of peak flows, channel inci-
sion, simplification of instream habitat, reduced water 
quality and biotic diversity, and lower biotic production 
(Walsh et al. 2005). Several studies have shown that when 
roads and impervious surfaces approach 10% of the total 
watershed area, significant negative impacts on aquatic 
habitat and biota occur (Paul & Meyer 2001). There is 
considerable debate as to whether reductions in biotic 
diversity are the result of alterations in hydrology, sedi-
ment supply or the pollutants contained within the water 
or sediment (water quality). It is generally believed to  
be a combination of these factors and that the driving 
factor varies from one watershed to another (Paul & 
Meyer 2001). Most restoration efforts that focus on 
runoff from paved roads and urbanization aim to improve 
or restore natural hydrology, balance sediment supply, 
and lower pollutant levels by reducing, controlling, and 
treating stormwater runoff.

The continued growth of urban areas and increased 
understanding of resulting negative impacts on streams 
has led to a number of engineering techniques to address 
these impacts through storing stormwater or delaying its 
arrival into the stream, reducing the amount of impervi-
ous surface and increasing infiltration rates, or filtering 
or otherwise treating stormwater to improve water 
quality. Approaches can be divided into two categories: 
(1) those that attempt to remove sediment and pollut-
ants and (2) those that are designed to affect the timing 
and volume of runoff, though many attempt to do both.  

road surface or paving an unpaved road can significantly 
reduce fine sediment (Reid & Dunne 1984; Kochenderfer 
& Helvey 1987; Burroughs & King 1989). Similarly, on 
roads with heavy traffic from logging operations, reduc-
ing the tire pressure and/or the traffic levels can reduce 
fine sediment production (Reid & Dunne 1984; Bilby  
et al. 1989). The effectiveness of these approaches depends 
partly on the geology, the type of material used for the 
road surface, and the level and type of traffic. Geology is 
particularly important in determining natural sediment 
delivery; the sediment delivery from roads, side slopes, 
and drainage ditches; and the overall success of sediment 
reduction efforts (Bloom 1998).

5.3.1.2.3  Disconnecting road drainage  
from the stream

Interception of water by ditches and the road itself can 
lead to erosion of the road, upslope, and downslope areas, 
and to hydrologic changes by channeling water directly 
to the stream channel that would have fallen onto and 
infiltrated into the forest floor or continued downslope 
as groundwater. In addition, erosion of the road ditch can 
increase fine sediment, increase erosion of the road, and 
destabilize the slope above the road cut. Methods to dis-
connect the road drainage from the stream channel 
include water bars, dips, cross-drain culverts, and depres-
sions designed to transport water off the road (Beechie 
et al. 2005; Table 5.4). These approaches are designed to 
prevent the concentration of flow on the road surface or 
in roadside ditches by directing and dispersing the water 
onto the forest floor, allowing it to infiltrate into the soil. 
Installation of slash filters (woody material) and settling 
ponds are also used to limit erosion and control runoff 
(Table 5.4). Similar to approaches to reduce road-related 
landslides, these techniques also depend on occasional 
maintenance to ensure that they continue to route water 
away from the road onto the forest floor.

5.3.1.2.4  Reducing erosion at stream crossings
Undersized stream crossings or crossings on steep slopes 
with considerable fill can become plugged with debris or 
overtopped at high flows, leading to erosion of fill mate-
rial or diversion of the stream onto the road or into the 
roadside ditch (Furniss et al. 1991, 1997). The latter can 
result in the stream abandoning the former stream 
channel and flowing down the road. All can lead to large 
amounts of fine and coarse sediment being delivered to 
the stream channel and increase the likelihood of road 
failures (Furniss et al. 1991, 1997). Techniques to mini-
mize this include replacing the culvert with a bridge, 
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natural hydrologic processes or preventing further  
degradation of streams and riparian areas (Horner & 
May 1999; Novotny et al. 2010). Additional information 
on these techniques can be found in texts on stormwater 
management and urban design (e.g. Davis & McCuen 
2005).

5.3.2  Reducing sediment and pollutants 
from agricultural lands

Land cultivation can lead to a large increase in the amount 
of fine sediment from erosion by wind or water (Waters 
1995; Ministry of Environment 2001). In addition, the 
conversion of forest or grassland to agricultural land can 
affect hydrology, the impacts of which can vary by crop 
and season (Goudie 2000). This increase in sediment and 
runoff is not only damaging to aquatic systems, but costly 

Traditional approaches to stormwater management such 
as dry stormwater retention ponds, which store water 
only during storm events, were designed to handle 2-year 
flood events. These have often proven too small to appre-
ciably reduce peak flows or to deal with the pollutants 
and sediment produced from roads, parking lots, and 
other impervious surface areas. Many new detention 
ponds are wet retention ponds that include a design 
feature called extended detention, designed to retain 
water for longer periods and thus delay runoff and allow 
sediments and pollutants to settle out (Fischenich & 
Allen 2000). The success of both dry and wet detention 
ponds at reducing runoff depends largely on their size, 
design, and level of impervious surface area and mainte-
nance. Because of limited retention time, dry ponds are 
typically not effective at removing pollutants.

A detailed discussion of methods to reduce pollutants 
is beyond the scope of this chapter and book, but it is 
important to note that a number of devices have been 
designed to remove pollutants. These include infiltration 
basins, trenches and dry wells, and bioretention ponds or 
swales, which can be constructed adjacent to or in some 
cases under parking lots and roads (Fischenich & Allen 
2000; Novotny et al. 2010). Many of these are effective at 
removing pollutants and often coupled with stormwater 
detention ponds to address both pollutants and runoff 
(Davis & McCuen 2005). As with stormwater retention 
ponds, considerable maintenance is required.

In recent years, several new techniques have been 
employed to reduce runoff and increase infiltration of 
both new and existing infrastructure. These include a 
variety of detention, retention, settling, or seepage basins 
or ponds; overflow wetlands; rainwater cisterns; high-
flow bypass channels; alternative drainage systems or 
low-impact development (LID) techniques; narrower 
roads; replacing impervious surfaces with porous paving 
or pervious pavers; removing hard surfaces; and planting 
vegetation (Figure 5.4) (Sieker & Klein 1998; Riley 1998). 
A variety of ‘green’ alternatives such as bioswales, rain 
gardens, and green roofs have been implemented and 
some have resulted in dramatic reductions in stormwater 
runoff (USEPA 2010). Evaluations of retrofitting existing 
housing developments in large cities with rain gardens, 
reducing street widths or addition of vegetated swales 
(bioswales) have also seen storm flows reduced by 90% 
in some cases (Nassauer 1999). In rapidly urbanizing 
areas, the emphasis has been on utilizing these and other 
LID techniques in new construction to minimize impacts; 
in existing urban centers, the emphasis has been on ret-
rofitting existing infrastructure in hopes of restoring 

Figure 5.4 Example of (A) before and (B) after narrowing a 
paved residential street to reduce impervious surface area and 
creation of bioswales for water retention. Runoff was reduced 
by more than 90% following reduction of impervious surface 
and addition of bioswales and vegetation (photos courtesy of 
City of Seattle Public Utilities).

B

A
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from overland flow particularly when soils are bare. 
Buffers with mixed natural vegetation appear to be the 
most effective at reducing erosion and filtering nutrients 
and pollutants from agricultural runoff or subsurface 
flow (Sather & May 2008). The appropriate width of 
buffers to stabilize banks, minimize bank erosion, provide 
shade, and intercept and filter sediment and pollutants 
depends on the objectives and can range from tens to 
hundreds of meters. In general, buffers of 15 m or more 
are recommended as a minimum to meet water quality 
and fish habitat objectives (Fischer & Fischenich 2000). 
The path of surface and subsurface water flow, buffer 
width, vegetation type, depth of rooted zone, and runoff 
are all factors that influence the effectiveness of riparian 
buffers. Other approaches, such as settling ponds or ter-
races, grade reduction structures, control of head-cut 
erosion, lining the channel, or protecting stream banks, 

in terms of loss and degradation of soil and land  
for agricultural production. Considerable agricultural 
research has focused on how to cultivate crops in a 
manner that greatly reduces the loss of topsoil and trans-
port of fine sediment and nutrients to streams.

Common strategies to reduce water-related erosion 
include crop selection and crop rotation, contour plant-
ing, terracing, conservation tillage (tilling that leaves a 
portion of last year’s crop on the surface to reduce 
erosion), leaving crop residue, or the addition of organic 
matter to reduce erosion potential of soil (Waters 1995; 
Toy et al. 2002; Table 5.5). These are often coupled with 
supportive practices such as contouring or orientating 
ridges or crop rows perpendicular to the runoff and wind 
direction to reduce erosion (Toy et al. 2002). Silt fences, 
vegetative strips or riparian buffers, straw bales, and other 
barriers attempt to minimize or filter sediment delivered 

Table 5.5 Common agricultural practices for reduction of erosion from cultivated lands (modified from Waters 1995).

Practice Method Purpose Remarks

Contour 
planting

Tilling and seeding in rows 
that follow contours

Reduce rill erosion, promote 
infiltration of water

Oldest method of erosion control

Terracing Grading to create areas of 
level or reverse slope

Promote infiltration Steep, grassed backslopes; most 
useful on steep slopes

Terrace outlets Grassed ditches or 
underground culverts

Provide for removal of excess 
water from terrace

Size or width based on discharge 
from 10-year storm

Strip cropping Alternating strips of row 
crops and forage

Reduction of field erosion, 
promote infiltration

Runoff velocity reduced greatly 
on grass strip

Crop rotation Annual alternation of row 
crops and forage

Long-term reduction of erosion Allows time for improvement of 
soil structure

Spring plowing Substitution for fall plowing Avoid bare soil in winter Reduces wind erosion and waters 
erosion in spring snowmelt

Reduced row 
crop spacing

Planting rows closer Reduce erosion of bare soils 
between rows

Added benefit in increased crop 
yield

Crop residues Leaving stubble and other 
crop material instead of 
plowing under

Reduce exposure of disturbed 
soil, filters sediment in surface 
runoff

A major element of conservation 
tillage

Conservation 
tillage

Avoidance of deep plowing; 
minimal or no tillage; 
one-operation tilling and 
planting

Almost total avoidance of 
exposed, disturbed soil, 
increased infiltration

Many variations in shallow 
plowing; chisel and point 
plowing; combined with crop 
residues and reduced irrigation, 
fertilization, and pesticide use

Buffer strips Leaving grass or riparian 
vegetation along stream or 
ditches on farmlands

Prevents erosion and filters 
sediment and pollutants in 
runoff

These range from very narrow 
(<1 m) to tens of meters. 
Effectiveness at improving 
water quality depends upon 
width, vegetation, and amount 
of sediment and pollutants
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structures that limit channel mobility or erosion (see 
Section 5.2.2 on lateral connectivity); removal of dams, 
weirs, and torrent con trol structures that trap sediment; 
or cessation of gravel mining from the active channel or 
adjacent floodplain (Cowx & Welcomme 1998; CIRF 2010). 
These are the same approaches often used to restore 
lateral connec tivity or floodplain habitats. The addition  
of gravels, discussed in the habitat improvement section,  
is also used as a mitigation measure to aggrade channels 
or restore sediment supply that has been interrupted by 
dams or weirs.

5.3.4  Increasing instream flows and  
flood pulses

The diversion and abstraction of flow from rivers and 
water bodies is a prime cause of loss and degradation  
of aquatic habitats throughout the world (Goudie 2000; 
see also Chapter 1). Adequate instream or base flows  
(also environmental or limiting flows), flood pulses,  
or flushing flows are needed to maintain aquatic and  
riparian habitat and production of aquatic ecosystems 
and biota (Stanford et al. 1996; Annear et al. 2002; 
Arthington & Pusey 2003). Increasing instream flows is 
largely a legal or regulatory issue that is most often 
addressed through enforcing new regulations, reaching 
new agreements with water users, or, if possible, purchasing 
or leasing water rights. In the United States and many 
other countries, instream flows have often been set to 
ensure adequate flows for downstream agriculture, 
industrial and urban users, transportation, or, in some 
cases, fish migration. Increasing or augmenting flows  
can be considered a form of passive rather than active 
restoration, as the assumption is that once the flows are 
increased the channel and biota will recover to function 
more naturally. Increasing instream flows on rivers with 
water diversions or ‘rewatering’ stream reaches where 
most or all water has been abstracted are methods known 
to reduce water temperatures, improve water quality, 
increase aquatic habitat diversity, and generally benefit 
biota (Weisberg & Burton 1993; Ban et al. 2011).

Flood pulses, flushing flows, and a varied hydrograph 
are important for maintaining healthy aquatic and riparian 
ecosystems (Poff et al. 1997). In stark contrast to the 
need to eliminate unnatural peak flows in many urban 
streams, the restoration of flood flows or flood pulses is 
an increasingly common strategy on highly regulated 
rivers. When dam removal is not feasible, restoring a 
more natural flood regime by controlled dam releases can 
improve a wide array of processes such as connectivity  
of the floodplain, sediment transport, and restoration of 

attempt to reduce erosion in channels draining agricul-
ture lands.

Methods for reducing wind erosion of sediments 
include many of the techniques used for water erosion 
control above, with a focus on trying to provide vegeta-
tive, canopy, and ground cover to reduce fetch and 
dissipate wind energy. Windbreaks, hedgerows, forest, 
and other vegetative buffers are also commonly used and 
effective methods to reduce erosion from wind as well  
as runoff. Which techniques are most appropriate for 
reducing wind- or water-related sediment supply to 
streams from agricultural lands is highly dependent on 
the soils, topography, climate, and crop (Waters 1995; 
Ministry of Environment 2001). The best approaches  
for a particular area can be found by consulting with  
local soil conservation or agricultural support services.

5.3.3  Increasing sediment supply, 
retention and aggrading incised 
channels

While considerable emphasis is placed on reducing  
sediment supply that has increased due to human  
activities, some streams have become sediment starved 
due to human activities that reduce sediment supply and 
natural rates of bed or bank erosion (e.g. dams, bank 
armoring, gravel mining, torrent control) (Surian & 
Rinaldi 2003; Rosenfeld et al. 2010). This has led to loss 
of vertical and lateral connectivity and often results in 
channel incision. Channel incision can also result from 
changes in hydrology due to land use, channelization and 
changes in channel slope and hydraulics, reduction in 
sediment supply, or a combination of these factors. A 
detailed basin-scale analysis of sediment supply, erosion, 
hydrology, and hydrologic modifications is needed to 
determine whether the lack of sediment supply or incision 
is a basin-scale or local reach-scale problem, what is 
causing the problem, and which type of intervention 
might be most appropriate (CIRF 2010).

Approaches for dealing with channel incision caused 
by hydrologic impacts include stormwater management, 
reduction of impervious surfaces, and changes in agricul-
tural and land-use practices discussed in the previous 
sections. Change in channel slope, shape and hydraulics 
to reduce sediment transport may include restoring 
meanders to straightened channels, widening the channel, 
reintroducing beaver, or adding weirs or other instream 
structures to reduce velocities, trap sediment, and prevent 
further incision. Common approaches for increasing 
sediment supply or restoring access to sediment sources 
include: removal of levees; bank armoring and other 
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paired with protection from further harvest or vegetation 
removal. Grazing management techniques are typically 
more passive and involve the removal or reduction of 
grazing pressure on riparian areas to allow vegetation  
to recover naturally, although they may be coupled  
with planting. Riparian buffer strips or zones include 
protecting a narrow buffer along streams to filter out 
sediment, pollutants, and runoff from agricultural, 
urban, or other land uses. They may be actively restored 
through replanting or passively left to regenerate naturally. 
Approaches for restoring floodplain areas and habitat 
connectivity, such as increasing instream flows, restoring 
seasonal floods, installing riparian large woody debris 
(LWD), or reintroducing beaver can also help restore 
riparian functions, but their primary objectives focus on 
restoring other processes. They are therefore treated in 
more detail in sections 5.2, 5.5 and 5.6. Nonetheless, they 
can be an important component of riparian restoration  
and are often implemented in conjunction with the  
riparian restoration techniques we discuss below.

5.4.1  Silviculture techniques
A variety of silvicultural strategies are used to actively 
restore riparian forests and improve riparian conditions. 
These include seeding, planting, and removal of trees, 
competing understory, or invasive plants (Pollock et al. 
2005). These techniques can be divided based on whether 
the objective is to establish vegetation (planting, seeding, 
coppicing, staking, and layering) or remove or kill vegetation 
(thinning/harvest, girdling, competitive release, pruning, 
removal of invasive species with mechanical or herbicide 
application) (Table 5.6). Regardless of technique, riparian 
restoration involves initial site preparation, planting, and 
establishment – all of which need to be considered during 
project design.

5.4.1.1 Planting
The most widely used method for improving riparian 
habitats is to plant live trees, shrubs (potted or bare-root), 
live stakes or cuttings, forbes, grasses, or seeds obtained 
from a nursery or wild stock (Figure 5.5). Successful 
riparian planting and other silviculture treatments 
depend on a number of factors, many of which are  
specific to the geographic area and specific site being 
treated. Moreover, live plants, cuttings, or seeds of differ-
ent species may require very different soils, water table 
levels, sun, shade, soil fungi, or rainfall patterns to germi-
nate and thrive, and these must be considered regardless 
of what type of plantings are used. Information derived 
from a watershed assessment such as the current and 

riparian vegetation and associated processes (Rood & 
Mahoney 2000; Ellis et al. 2001; Stevens et al. 2001). 
Restoration of more natural flows, whether they are  
base flows or flood pulses, is critical for the success of 
many other restoration measures including riparian 
restoration and habitat improvement. Determining appro-
priate instream flows and flood pulses on regulated rivers 
is a complex process that includes not only detailed 
hydrologic analysis, but also economic and political  
discussions. It is important to consider the benefits and 
potential impacts to both natural resources and human 
infrastructure and population (Acreman 2000).

The understanding that the quantity, timing, and 
quality of flows is critical for sustaining key physical  
and ecological processes and ecosystem health has led to 
a move away from setting instream flows based on purely 
human needs or the needs of one or a few target species 
and towards setting ‘environmental flows’ needed to 
maintain and restore a variety of physical processes  
and ecological needs (Petts 2009). Determining appropri-
ate environmental flows is site or river specific and is 
typically done by using sophisticated hydrodynamic  
and ecological models.

5.4  Riparian restoration strategies

Efforts to restore riparian vegetation and processes 
usually have multifaceted objectives such as increasing 
shade and reducing stream temperatures; restoring  
riparian forests and input of organic matter (e.g. large 
wood, leaf litter); reducing erosion and stabilizing stream 
banks; or improving water quality through filtration of 
fine sediment, nutrients, or pollutants from agriculture, 
roads, or urbanized landscapes. Because of the wide 
variety of land uses, restoration objectives, and riparian 
species present in different regions, a suite of different 
riparian restoration techniques have been developed. 
Regardless of technique, many riparian restoration 
projects are implemented on private land or on actively 
grazed or managed lands. It is therefore important that a 
long-term land-use agreement or contract with the land 
owner or owners is in place to ensure that the riparian 
area will remain protected once restored.

For ease of presentation and discussion, we divide 
riparian restoration into silviculture strategies, grazing 
management or animal exclusion, and riparian buffer 
protection strategies. Silviculture strategies seek to restore 
or improve riparian areas through replanting, thinning, 
or removal of trees and other vegetation. They are often 
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Table 5.6 Common techniques used in riparian rehabilitation. Pruning and harvest are also occasionally used to improve or 

restore riparian functions (modified from Pollock et al. 2005). Dam removal and restoration of floods, which also can improve 

riparian conditions, are discussed in sections 5.2.1 and 5.3.4.

Technique Definition Objectives/comments

Vegetation removal
Thinning/

selective
harvest

Cutting of a portion of the trees in a 
stand, usually the smaller, less 
vigorous trees

The goal of thinning is to increases the growth rate 
of remaining trees. Cut trees can be left on site to 
provide organic material to forest floor. Harvest is 
typically done to remove a portion of 
commercially valuable trees and can have positive 
or negative effects on riparian conditions

Girdling Killing of trees by killing the cambial 
layer

Same as thinning, but trees are left standing to 
create snag habitat and (eventually) LWD

Competitive 
release

Killing of vegetation that is competing 
with desired species (e.g. hardwoods 
or shrubs competing with conifers)

Increases the growth rate of remaining trees. Can be 
labor intensive and needs to be repeated in 
riparian areas where growth rates are robust

Removal of 
invasive species

Using a variety of the above techniques 
or chemical or biological approaches 
to remove invasive exotic species

Prepare site for replanting or to improve growth 
and survival of desired species

Vegetation planting
Planting Placing live plants of target species into 

the ground
Standard technique for establishing plants. Cost of 

planting largely depends on size of plants. Site 
conditions, species and plant stock, protection 
from herbivores, watering, and planting depth 
can all influence success

Seeding Planting of seeds of desired species Establishes desired vegetation. Often unreliable, 
depending on species and weather

Coppicing Regeneration from vegetative sprouts 
(stumps, limbs)

Easily establishes vegetation from stumps or limbs 
(usually certain deciduous trees) and creates 
increased shrub density or cover

Staking Vertical insertion of live stems or 
branches partially into the ground to 
then take root

Used to quickly establish trees or bushes. In riparian 
settings, commonly used to establish willows and 
cottonwoods

Layering Complete or partial horizontal burial of 
live stems that then take root

Useful for bank stabilization or other projects where 
rapid root growth is need. Also used to propagate 
some conifers that grow slowly

Grazing and passive riparian restoration
Removal of 

grazing
Elimination of livestock from riparian 

area or entire watershed
To allow natural recovery of riparian area and 

stream channel, water quality and biota
Fencing Placement of fencing perpendicular or 

adjacent to stream to exclude livestock 
from part or all of riparian area

To allow natural recovery of riparian area and 
stream channel, water quality and biota while 
allowing for livestock use outside of enclosure

Grazing system Controlling the number and 
distribution of livestock, duration 
and/or season of grazing, or control 
of forage use

Minimize impacts to allow for recovery of riparian 
vegetation, stream channel, water quality, and 
biota while still allowing for livestock use

Riparian buffer 
protection

Protecting riparian areas or buffers and 
allowing natural recovery of riparian 
vegetation

Remove the human pressure to allow natural 
recovery; typically done by purchasing land or 
passing laws to protect riparian areas
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historic riparian, soil, and channel conditions as well as 
land use will be helpful to determine which riparian 
treatments and species are most appropriate.

The level of site preparation needed will depend on the 
specific goals and objectives of the project, riparian species 
to be used, and condition of the site. Site preparation is 
critical for plant survival and growth and may include 
removal of invasive species or other vegetation, grading, 
exposing soil, draining, irrigating, or adding fertilizer and 
other soil amendments. Site-specific factors such as soil 
type and condition, elevation, flood, low-flow and ground-
water levels, competing and invasive species present, 
wildlife (herbivores such as deer and beaver), and disease 
or insects will also affect the success of planting and the 
appropriate species and plant stock (Massingill 2003).

Many species grow quickest in the open although 
others prefer shade, so one must carefully assess site con-
ditions to understand which are most appropriate before 
deciding which species and types of plantings to use. 
Obtaining plants from either wild or nursery stock can 
be costly, but some species such as willows (Salix spp.), 
poplars (Populus spp.), and dogwood (Cornus spp.) are 
successfully established from cuttings. These cuttings can 
be used in staking and layering; although there are many 
methods using live stakes or layering cuttings, staking 
generally involves the vertical insertion of cuttings into 
the ground while layering generally involves layering  
or partially burying cuttings nearly horizontally on or 
near the soil surface. In cases where adequate seeds from 
native plant sources are not available to colonize a site 
naturally, seeding may be used following site preparation  
to establish desired riparian species.

With sufficient lead time (1–2 years), a local nursery 
or soil and water conservation organization can custom-
grow native plant material from the site itself or a nearby 
site, usually at little or no additional cost. Local material 
will be best adapted to local conditions, which may result 
in higher survivorship and growth rates. The use of a 
nearby healthy riparian area with similar physical char-
acteristics to the project site as a template or reference to 
help guide restoration efforts can often greatly increase 
success of riparian treatments. The use of appropriately 
sized plant stock is also a key consideration. Although it 
is often tempting to stretch a budget by planting larger 
numbers of smaller plants, survivorship of seedlings or 
small cuttings may be much lower.

The success of many riparian planting and other silvi-
culture treatments depends on periodic maintenance 
(watering, invasive removal, protection from predators) 
until vegetation becomes well established. Considerable 

Figure 5.5 Photos of (A) willow stakes to stabilize newly 
contoured bank following removal of bank armoring (Drau 
River, Austria) and (B, C) live plantings to restore riparian 
trees (Fraser River Valley, British Columbia, Canada). Note use 
of fencing to protect plantings from herbivores. Photos (B) 
and (C) M. Pearsons.

A

B
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include manual removal of species, mulching, or grub-
bing to dig up roots. Pruning can promote competitive 
release of desirable species and reduce windfall or fire in 
conifer forests that are managed for both ecological and 
commercial forestry production (Pollock et al. 2005). 
Pruning is sometimes used as a fisheries enhancement 
tool to decrease shade and increase light and production 
in small stream channels where dense hardwood shrub 
growth has led to ‘tunneling’ of streams and reduced 
primary and secondary production (O’Grady 2006).

Girdling involves removing the layer of bark and 
cambium around the circumference of the tree to induce 
mortality and result in standing dead trees (snags). It is 
used on large or small trees and more closely mimics the 
natural riparian processes of density-dependent mortal-
ity or fire or insect outbreak than thinning or selective 
harvest (Pollock et al. 2005). For example, girdling is 
often used to kill alder (Alnus spp.) in the Pacific Coast 
of the United States to encourage succession to conifer-
dominated riparian stands (Pollock et al. 2005), conifers 
being the late successional species historically found in 
the region before extensive harvest of riparian forests.

5.4.1.3 Removal of exotic and invasive species
Many restoration efforts focus on controlling exotic or 
invasive species in the hope of restoring native vegetation 
and riparian conditions. The high rate of human and 
natural disturbance in riparian areas results in patches  
of exposed soil susceptible to colonization by many inva-
sive, often exotic, plants (Pollock et al. 2005). Many of 
these exotic species pose little threat to riparian areas,  
but some are highly invasive and can form monocul-
tures or become the dominant species excluding native 
species. For example, Tamarix spp., a native of Eurasia, 
has caused degradation of riparian habitat throughout 
the American Southwest, Australia and Argentina (Sha-
froth & Biggs 2008). Other problematic riparian invasive 
species common in North American and Europe include 
Japanese knotweed (Fallopia japonica), reed canary grass 
(Phalaris arundinacea), giant reed (Arundo donax), leafy 
spurge (Euphorbia esula), Himalayan blackberry (Rubus 
armeniacus), multiflora rose (Rosa multiflora), and many 
others. Oddly enough, some exotic species which are 
invasive outside their native range are the focus of resto-
ration within their native range. For example, Spartina 
alterniflora (smooth cord grass) is the focus of restoration 
efforts in estuarine and saltmarsh habitats along the 
Atlantic coast of the United States, while S. alterniflora 
and its hybrids are considered invasive exotics in Europe 
and along the Pacific coast of the United States. Other 

maintenance in the first 5–7 years after planting is often 
needed, which may include staking, pruning and replac-
ing dead plants, irrigation, and additional invasive species 
removal (Massingill 2003). In addition, the protection of 
plantings from deer, voles, beaver, and other herbivores 
is often necessary to limit damage and mortality of plant-
ings and improve growth of trees and other plantings 
(Sweeney et al. 2002; Pollock et al. 2005).

Studies evaluating riparian silviculture treatments 
have largely focused on short-term survival and growth 
of trees, shrubs and other plants and many have shown 
positive results (Pollock et al. 2005). The long-term goal 
of many silviculture treatments such as planting trees  
or removal of understory is to reduce water temperatures 
and improve instream habitat, particularly for fish. 
Because of the long lag time between treatment and 
changes in instream conditions or delivery of large wood 
or organic matter, only a few short-term studies have 
examined the response of fish or other instream biota to 
various riparian silviculture treatments; these have pro-
duced variable results depending on the region and 
treatment (Penczak 1995; Parkyn et al. 2003). In addition, 
most riparian treatments influence reach-scale condi-
tions and processes, while in-channel conditions are 
often more affected by upstream or watershed-scale fea-
tures which, if not addressed, will limit physical and 
biological response in the project area.

5.4.1.2 Thinning to promote tree and  
vegetation growth

Thinning or selective harvest is often used to promote 
more rapid growth of desirable species through increased 
light or reduced competition among trees and also to 
improve fish or wildlife habitat. Selective harvest usually 
involves removing a portion of the trees within the ripar-
ian forest and is often done as part of commercial forestry 
management to either remove trees that are commercially 
valuable or reduce tree density and promote rapid growth 
of commercially valuable species (Pollock et al. 2005). 
While thinning and selective harvest are sometimes used 
as an approach to improve or restore riparian conditions 
(e.g. establish late successional characteristics or increase 
stand diversity), it can reduce shade, inhibit the develop-
ment of large snags, and reduce production of downed 
wood and recruitment of wood and organic matter to 
both the forest floor and stream channel.

Competitive release is similar to thinning or selective 
harvest, but often includes killing undesirable exotic or 
invasive understory species to prevent them from com-
peting with desirable native or target species. This may 
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exotic aquatic plants can choke stream channels and are 
often the subject of harvest or eradication, particularly in 
highly modified channels.

Control or removal of invasive riparian plants is fre-
quently done before planting of native riparian vegetation 
as part of initial site preparation. Common methods of 
control include mechanical removal, chemical treatment, 
and biological or ecological manipulations (e.g. ground-
water levels, increasing shade). Mechanical removal can 
include hand pulling, cutting or pulling with tools, mow-
ing, grazing, covering, and bulldozing. Removal of aquatic 
or semiaquatic invasive species in managed landscapes 
through cutting or harvesting with machinery is also 
used to open up channels that have become choked with 
vegetation. For example, reed canary grass can completely 
block or choke small low-gradient streams, restricting 
flow and increasing flooding, and is often cut back  
to allow more natural stream flows. Application of her-
bicide is often done with a truck or backpack sprayer,  
but may include applying directly onto foliage or bark  
or injecting plant stems with a syringe (ACB 2003). Appli-
cation of herbicides needs to be done accurately and with 
caution to avoid harming native flora and fauna or  
contaminate nearby streams. Both chemical and mechan-
ical treatment can be very labor intensive and require 
repeated application before eradication or an acceptable 
level of mortality is achieved. Biological methods such as 
introduction of parasites or herbivores are sometimes 
used to control invasive species. For example, weevils, 
beetles, or moths have been used to control purple loos-
trife (Lythrum salicaria) and tansy ragwort (Senecio 
jacobaeain) in North America. Ecological approaches for 
invasive species control or removal may include manipu-
lating groundwater or shade levels to create inhospitable 
conditions; for example, increasing shade either by plant-
ing or with shade cloth often controls reed canary grass.

The most appropriate techniques for invasive species 
control or removal are species and site specific and many 
local environmental agencies provide online guides, 
guidelines, and recommendations for control of different 
species (e.g. The Nature Conservancy: www.imapinvasives. 
org; Center for Invasive Plant Management: http://www. 
weedcenter.org/; UK Environment Agency: http://www. 
environment-agency.gov.uk/homeandleisure/wildlife/ 
31350.aspx).

5.4.2  Fencing and grazing reduction
Intensive livestock grazing has led to degradation of 
riparian and stream habitats throughout the world (e.g. 
Platts 1991; NRC 1992; Robertson & Rowling 2000; 

Jansen & Robertson 2001). Impacts on riparian areas and 
streams from excessive grazing include: changing com-
munity composition and reducing amounts or density of 
vegetation; destabilizing banks through denuding or hoof 
shear; increasing sediment; channel widening; and bed 
aggradation (Armour et al. 1991; Platts 1991; Belsky et al. 
1999). Extensive grazing throughout a basin can also lead 
to changes in hydrology due to soil compaction and loss 
of vegetation and result in channel incision and lowering 
of the water table (Belsky et al. 1999). Grazing often 
affects fish and aquatic habitat by reducing shade, cover, 
water quality, terrestrial food supply, pool area and depth; 
altering stream morphology; and increasing water tem-
perature (Armour et al. 1991; Platts 1991; Belsky et al. 
1999). The objectives of riparian grazing management 
and the processes and habitats they restore can vary by 
site and region, but most focus on fencing to allow passive 
recovery of streamside vegetation which increases shade 
and reduces bank erosion, channel width, and stream 
temperature. In other cases, a combination of fencing, 
planting, and other riparian techniques are used.

Techniques for recovering riparian areas and streams 
impacted by grazing include complete cessation or 
removal of grazing, excluding livestock or other wildlife 
from part of the riparian zone with fences or other struc-
tures, or implementing a grazing management system 
that enables riparian vegetation to recover (Elmore 1992; 
Medina et al. 2005; Figure 5.6; Table 5.6). Excluding 
livestock through fencing is relatively straightforward, 
although many different materials (e.g. wood, barbed 
wire) and types of fences (single wire, multiple wire,  
electric) are used depending upon the site and animals 
present. In contrast, numerous different grazing manage-
ment systems have been implemented throughout the 
world to reduce impacts to riparian areas, but all involve 
controlling the period and duration of grazing and the 
number of animals. For example, Platts (1991) described 
17 different approaches used in the American west alone. 
Rest-rotation grazing management, which includes  
alternating periods of grazing and non-grazing, often 
rotated on multiple pastures, is one of the more common 
approaches used. Other approaches for limiting livestock 
grazing in riparian areas include providing water sources 
away from the stream (i.e. nose pumps) or providing salt 
away from the stream (Platts & Nelson 1985).

Excluding livestock may be followed by an increase in 
native ungulates, which can also negatively impact efforts 
for recovery of riparian areas and the stream channel 
(Medina et al. 2005). This can be exacerbated by the 
elimination of natural predators or implementation of 

http://www.imapinvasives.org
http://www.imapinvasives.org
http://www.weedcenter.org/
http://www.weedcenter.org/
http://www.environment-agency.gov.uk/homeandleisure/wildlife/31350.aspx
http://www.environment-agency.gov.uk/homeandleisure/wildlife/31350.aspx
http://www.environment-agency.gov.uk/homeandleisure/wildlife/31350.aspx
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Figure 5.6 Cartron Stream, County Sligo, Ireland (A) before and (B) three years after fencing (photos Martin O’Grady, Inland 
Fisheries Ireland) and Vernon Creek, Wisconsin (C) before and (D) 15 years after livestock exclusion (photos Ray J. White). (See 
Colour Plate 10)
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hunting restrictions. The recent reintroduction of wolves, 
which reduce native ungulate populations, led to natural 
control of grazing and the recovery of riparian areas in 
Yellowstone National Park (William & Beschta 2003). 
Limiting excessive grazing by native herbivores may be 
important for the recovery of riparian vegetation (Opper-
man & Merenlender 2000). Regardless of the technique, 
if grazing by native ungulates or domestic livestock is 
considerably reduced or completely eliminated, existing 
research suggests that riparian vegetation will recovery 
fairly quickly (5–10 years; Roni et al. 2008). However, 
because so many site-specific conditions come into play, 
recovery of a natural riparian forest and all functions may 
take many decades depending on the level of impacts 
from grazing, the forest type, and the geographic loca-
tion. In heavily modified landscapes, exclusion of grazing 
can result in monocultures of invasive species (e.g. reed 
canary grass, Himalayan blackberry) if no active restora-
tion is implemented concurrent with grazing removal.

Improvement in riparian vegetation cover and func-
tions including increased shade, sediment storage, water 
storage, and aquifer recharge following livestock exclu-
sion or dramatic reductions in grazing intensity have 
been documented in several studies (Elmore & Beschta 
1987; Myers & Swanson 1995; Clary et al. 1996; Kauffman 
et al. 1997; Clary 1999; O’Grady et al. 2002; Carline & 
Walsh 2007). While fencing narrow buffers of 5–10 m 
wide can lead to recovery of some riparian processes, 
wider buffers are more effective at recovering the full 
suite of riparian and channel processes (Fischenich & 
Allen 2000). The success of rest-rotation grazing systems 
in inducing vegetation recovery is influenced by many 
factors including the number of days of grazing, season, 
seasonal livestock dispersal, and the level of compliance 
with the grazing system (whether livestock are moved as 
planned) (Myers 1989).

Most common riparian and livestock exclusion tech-
niques, if implemented correctly, are effective at allowing 
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effective at reducing sediment, nutrient, and pesticide 
concentrations delivered to streams and improving bank 
stability and water quality (e.g. Osborne & Kovacic 1993; 
Barling & Moore 1994; Dosskey et al. 2005; Mayer et al. 
2005; Puckett & Hughes 2005; Vought & Loucosiere 
2010).

5.5  Habitat improvement and creation 
techniques

In many cases, direct intervention in the form of improv-
ing or creating new habitats is needed to create rapid 
changes in habitat or as part of the restoration processes 
discussed above. In fact, many restoration techniques 
developed over the last 75–100 years have been designed 
to improve and even create new riverine habitats that 
have been lost or degraded from human activities. 
Common habitat improvement techniques include 
various instream habitat techniques (e.g. log weirs, boul-
ders structures, logjams), remeandering of straightened 
channels, and creation of new floodplain habitats includ-
ing the construction of new side channels, ponds, 
wetlands, or other floodplain habitats (Figures 5.7 & 5.8; 
Table 5.7). We discuss instream habitat techniques and 
creation of floodplain habitat in Sections 5.5.1 and 5.5.2, 
respectively.

Because the restoration activities discussed in this section 
directly modify habitat rather than improve an underly-
ing process (e.g. riparian, hydrology, sediment 
tran sport) and typically do not attempt to return habitats 
to some pre-disturbance state, we refer to them as habitat 
improvement or enhancement. Understanding watershed 
processes and reach characteristics are, however, critical 
to selecting and designing the correct habitat improve-
ment techniques. When designed and implemented with 
considerations of current and historical site potential and 
watershed processes, these methods often result in rela-
tively rapid improvements in habitat quality and quantity 
(physical area) and often produce increases in fish and 
other biota within a few years (Roni et al. 2002, 2008).

5.5.1  Instream habitat improvement 
techniques

The channelization of streams, removal of riparian veg-
etation and the removal of boulders and logs, most often 
carried out to facilitate navigation and transportation or 
to reduce flood risk, have greatly simplified stream channels 
and degraded instream habitat. This has been exacerbated 
by a suite of other human land-use activities in riparian  

passive riparian habitat recovery, although recovery of 
some riparian functions and instream habitat may lag far 
behind the recovery of vegetation. Response of aquatic 
biota to grazing removal or reduction appears to be less 
clear with only a few studies reporting increased fish 
abundance or macroinvertebrate diversity, although few 
studies have been long term or at a scale to measure 
population response (Rinne 1999; Roni et al. 2008). 
Factors limiting the success of grazing removal or reduc-
tion projects include the scale of the project, livestock 
densities, plant community, the width of riparian areas 
fenced, and the ability to address other management 
actions and upstream watershed processes that can effect 
sediment supply (Medina et al. 2005; Roni et al. 2008). 
Rest-rotation systems have shown promise under proper 
management and the right physical, morphological,  
and climatic conditions. The success of using fences for 
removal of grazing is dependent on periodic fence main-
tenance to ensure that livestock are excluded and the 
riparian area protected. Fencing and grazing projects are 
often implemented at a reach scale and the results are 
often localized, which can limit the physical and biologi-
cal effectiveness of the restoration measures.

5.4.3  Riparian buffers and protection
A variety of other passive restoration approaches are  
used to protect riparian areas including leasing or pur-
chasing land or rights/restrictions on its use(sometimes 
called conservation easements), or the implementation  
of regulations and laws that protect riparian areas and 
require leaving vegetated buffers along streams and other 
water bodies. In some instances, passive restoration  
(protection of riparian areas) may allow for sufficient 
recovery such that planting or other silviculture treat-
ments are not necessary (Briggs 1996). Similar to riparian 
planting and grazing strategies, the success of passive res-
toration through protected riparian buffers depends  
on the disturbance being removed and ensuring that 
invasive species do not compete with native or desired 
vegetation. Moreover, the wider and longer the riparian 
area protected or restored, the more likely it is to see 
improvements in water temperature, water quality, mac-
roinvertebrates and other biota (Roni et al. 2008). Periodic 
monitoring ensures that riparian buffers continue to 
recover from disturbance and that laws protecting these 
areas are being enforced (Lucchetti et al. 2005). While a 
detailed discussion of these regulatory or legal mecha-
nisms is beyond the scope of this chapter or book, they 
are an important part of protecting and restoring water-
sheds. These passive approaches have been shown to be 
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Figure 5.7 Common instream habitat improvement techniques including (A) placing LWD in a small stream (photo M. Pearsons); 
(B) boulder weir on an Erriff River, Ireland (photo Dan Kircheis); (C) gravel and wood placement below a Howard Hansen Dam, 
Green River, Washington State, USA (photo Scott Pozarycki); and (D) engineered logjam Elwha River, Washington (photo M. McHenry). 
(See Colour Plate 11)
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and upland areas resulting in low habitat diversity, 
reduced cover, and degraded spawning and rearing 
habitat for many lotic fishes. Most instream habitat  
restoration techniques have been designed to mitigate 
these degraded conditions by improving or recreating 
some of the structure lost from both the historic and 
current human activities described above and in Chapter 2.

5.5.1.1 Structures to create pools, riffles, and 
cover and improve complexity

The placement of wood, boulders, gravel, and other 
structures such as check dams, deflectors and logjams 
into streams to create pools and riffles to alter channel 
morphology and provide cover and habitat for fish and 
other biota are among the oldest instream restoration 
techniques, with many methods pioneered in the early 

20th century (see Section 1.5). Some of these same struc-
tures can be used to trap gravel or to encourage 
aggradation in channels that have been incised or scoured 
to bedrock, or to prevent further downcutting. Once the 
channel has aggraded, this is sometimes followed by the 
addition of logs and other natural materials to improve 
habitat complexity and cover (Roni et al. 2006). In some 
areas such as the UK, Ireland, and other parts of Europe 
rubble mats and other boulder and cobble placement  
are used to create riffle habitats, which are rare in many 
channelized or constrained channels (O’Grady 2006). 
Similarly, random or boulder clusters can be used to  
recreate the natural heterogeneity of streams where boul-
ders were removed for transport of logs, as seen in many 
streams in Northern Europe and North America (Slaney 
& Zaldokas 1997; Roni et al. 2005; Rosenfeld et al. 2010). 
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Figure 5.8 Example of (A) remeandering of a formerly channelized stream (River Duhn, Germany); (B) construction of a 
groundwater channel to create spawning and rearing habitat, Skagit River, Washington State, USA (photo Sarah Morley);  
(C) reclaimed gravel pit (Rhine River, Germany); and (D) reconnected and reconstructed side channel (River Drau, Austria).
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The placement of root wads, deflectors, brush bundles, 
and single or multiple log cover and boulder structures 
are generally designed to provide fish cover, but also 
create pools by concentrating flow (Roni et al. 2005; Table 
5.7). In addition, pools are sometimes excavated as part 
of stream channel realignment or remeandering or exca-
vated or blasted into bedrock in places where channels 
are scoured to bedrock (O’Grady 2006).

Most of these techniques are effective at improving  
or creating the desired habitat and can result in rapid 
changes in instream habitat conditions (Roni et al. 2002, 
2008) as well as increased organic matter retention, 
habitat complexity, and flow heterogeneity (Jungwirth  
et al. 1995; Pretty et al. 2003). The ability of these tech-
niques to improve physical habitat is partly determined 
by the durability or longevity and continuing interaction 

with the active channel. The longevity and durability of the 
various techniques vary widely and are dependent on  
the structure type, design and construction, stream size 
and power, sediment characteristics, and whether they are 
designed to be fixed structures. Many fixed structures 
such as log weirs and deflectors were originally designed 
for use in small (<12 m bankfull width), low-gradient 
(<2%) streams. In recent years, techniques that mimic 
natural wood or boulder accumulations such as logjams 
or boulder clusters are used in place of permanent static 
structures. These more natural techniques require little 
maintenance and are less likely to ‘fail’ as they are not 
designed to be static; rather, they are intended to adjust 
position naturally as part of a dynamic stream setting.  
In contrast, traditional static habitat improvement  
structures such as weirs, gabions, deflectors, and other 
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rowski & Pratt 2007; Whiteway et al. 2010). Which species 
of fish respond positively to habitat improvement largely 
depends on the type of habitat created and the habitat 
preferences of the species in question (Roni et al. 2008). 
Species diversity can respond positively to increased pool 
habitat or habitat complexity (e.g. Shields et al. 1993, 
1995; Jungwirth et al. 1995; Pretty et al. 2003) although, 
in many cases, factors other than habitat complexity such 
as water quality or productivity may limit species diver-
sity (Roni et al. 2008).

Instream habitat improvement techniques are designed 
primarily to create or enhance fish habitat rather than  
to change macroinvertebrate abundance or diversity, and 
several existing studies show only relatively small changes 
in macroinvertebrate diversity due to instream structures 
(Roni et al. 2008; Miller et al. 2010). However, substantial 
increases in aquatic macroinvertebrate populations have 
been noted following enhancement programs in Ireland 
to stabilize banks (reduce erosion) and following instal-
lation of rubble mats to channelize streams (Lynch & 
Murray 1992; O’Grady et al. 2002). There is also recent 
evidence that constructed logjams in large river systems 
that typically lack wood can support a unique commu-

structures often require maintenance and have high 
failure rates, especially in higher-energy streams (Roni  
et al. 2002). Many failures of instream structures are due 
to a lack of understanding of larger hydrologic, geomor-
phic and geologic (erosion and deposition) factors that 
need to be considered during the design phase (see 
Chapter 7). To limit the mobility and maximize interac-
tion with the channel and changes in habitat, the size of 
LWD and boulders should be scaled to channel size and 
stream power and the orientation (perpendicular to flow 
or angled downstream) considered in relation to natural 
wood and boulder accumulations.

Despite questions about their durability, the placement 
of instream structures has a long and popular history 
partly because a number of studies have demonstrated 
not only improvements in habitat but increases in fish 
numbers. Recent reviews and meta-analysis have consist-
ently shown that placement of instream structures can 
lead to localized increases in fish production, particularly 
for salmonid fishes (Roni et al. 2002, 2008; Whiteway 
et al. 2010). In particular, large wood placement projects 
have been shown to lead to increases in local fish density, 
particularly for salmonids (Roni & Quinn 2001; Smoko-

Table 5.7 Common types of instream habitat improvement techniques (modified from Roni 2005).

Type of instream rehabilitation Definition Typical purpose

Log structures (e.g. weirs, sills, 
deflectors, logs, wing deflectors)

Placement of logs or log 
structures into active channel

Create pools and cover for fish, trap gravel, 
confine channel, or create spawning habitat

Logjams (multiple log structures, 
engineered logjams)

Multiple logs placed in active 
channel to form a debris 
dam and trap gravel

Create pools and holding and rearing areas for 
fish, trap sediment, prevent channel migration, 
and restore floodplain and side channels

Boulders structures (weirs, 
clusters, deflectors)

Single or multiple boulders 
placed in wetted channel

Create pools and cover for fish, trap gravel, 
confine channel, or create spawning habitat

Gabions Wire mesh baskets filled with 
gravel and cobble

Trap gravel and create pools or spawning habitat

Rubble matts or boulder additions 
to create riffles

Addition of boulders and 
cobble to create riffles

Increase riffle diversity (velocity and depth), 
create shallow water habitat

Cover structures (lunker 
structures, rock, or log shelters)

Structures embedded in stream 
bank

Provide fish cover and prevent erosion

Brush bundles/root wads Placement of woody material 
in pools or slow water areas

Provide cover for juvenile and adult fish, refuge 
from high flows, substrate for 
macroinvertebrates

Gravel additions and spawning 
pads

Addition of gravels or creation 
of riffles

Provide spawning habitat for fishes

Channel remeandering Alter channel morphology by 
excavating new channel to 
restore meander patterns or 
return to historic channel

Restore meander patterns, increase habitat 
complexity and pool-riffle ratio, reduce 
channel width, reconnect floodplain
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although additional studies are needed (Merz et al. 2004). 
In addition, macroinvertebrates quickly colonize placed 
gravels and achieve density and diversity similar to  
native instream gravel deposits (Merz & Chan 2005). The 
success of gravel or structures to improve spawning 
habitat, spawning numbers and reproductive success of 
salmonids is less likely in areas with low velocities and 
high levels of fine sediment (Iversen et al. 1993; Roni 
et al. 2005). Other approaches to improving spawning 
habitat such as sediment traps and gravel cleaning have 
largely been abandoned because these areas quickly fill 
with fine sediment and thus provide little improvement 
in spawning habitat.

5.5.1.3 Recreating meanders
Restoring the sinuosity or remeandering straightened 
and narrowed channels is a common technique to restore 
channelized streams (Pess et al. 2005a; Vought & Locour-
siere 2010; Figure 5.8). Several large high-visibility 
restoration projects costing tens of millions of dollars or 
euros have been or are being implemented to remeander 
or reconnect short sections of rivers that were straight-
ened and channelized only 50 years previously (e.g. 
Kissimmee River in the United States and Skerne, Skjern, 
Brede and Cole projects in the United Kingdom and 
Denmark; Brookes & Shields 1996; Pedersen et al. 2007). 
Similarly, ‘daylighting’ (exposing and remeandering 
streams that have been piped and buried under parking 
lots, residential developments or fields) is also an increas-
ingly common technique, particularly in urban and 
agriculture areas (Nielsen 1996; Riley 1998; Vought & 
Lacoursiere 2010).

The objectives of remeandering channels are typically 
to: (1) restore the natural sinuosity and meander patterns 
to streams that have been straightened from human 
impacts; (2) create a new floodplain at a lower level; (3) 
increase stream length, habitat complexity and diversity; 
and (4) allow the river to migrate or move naturally 
across the floodplain. In contrast to techniques such as 
levee setbacks or removal of bank armoring, which 
remove constraints and largely allow the river to create 
its own meanders or side channels through natural 
hydrologic and geomorphic processes, remeandering is a 
highly engineered approach whereby a new sinuous 
channel is carefully designed and constructed. If adequate 
space is available, this may include widening and reme-
andering the straightened channel or diverting the 
straightened channel into an adjacent newly constructed 
meandering channel. In cases where the channel is deeply 
incised from the historic floodplain or where only a 
limited corridor is available to remeander the channel,  

nity of invertebrates that are often overlooked in lotic 
systems (i.e. meiofauna), but may be contributing sub-
stantially to overall biological diversity (Coe et al. 2009). 
There may be some short-term negative impacts on mac-
roinvertebrates due to disturbance associated with 
construction of instream structures and other restoration 
techniques, but recolonization is very rapid (Roni et al. 
2008). The differing response of macroinvertebrates to 
instream habitat improvement is not altogether surpris-
ing, given that the primary habitat improvement goal is 
often to enhance fish habitat rather than increase primary 
or secondary production.

A key factor to consider when designing and imple-
menting instream habitat improvements is the intensity 
of treatment (number and complexity of structures per 
kilometer); those projects that produce the largest change 
in physical habitat produce the largest increases in fish 
abundance (Kennedy & Johnston 1986; Roni & Quinn 
2001; Roni et al. 2006). The success or failure of particular 
techniques at improving habitat or increasing fish abun-
dance is largely dependent on the geomorphic context 
(i.e. slope and confinement) and whether other larger 
factors or processes such as water quality or riparian con-
ditions have been addressed.

5.5.1.2 Gravel addition and creation  
of spawning habitat

Adding gravel is most often used to temporarily improve 
or create spawning habitat for salmon, trout and other 
species that require gravel substrate for reproduction. It 
is particularly common where dams or other obstruc-
tions have cut off gravel transport and sediment supply, 
resulting in coarsening or armoring of the substrate. It  
is also sometimes used in areas where agriculture or other 
activities have led to increased fine sediment or where 
dredging or straightening of channels has removed or 
disconnected the channel from the floodplain and gravel 
deposits. Particle size is a key consideration in gravel 
placement. If stream slope (and power) is high relative to 
gravel size, placed gravel may be quickly transported 
downstream or out of the project area. Log or boulder 
retention structures are often used to trap gravel and 
reduce stream gradient and power in the study site or 
reach.

The addition of gravel or placement of structures to 
trap gravel has been shown to lead to suitable habitat  
for salmonids and other fishes and, in some cases, 
increases in number of redds (nests) or spawners (e.g. 
Merz et al. 2004; Roni et al. 2008; McManamay et al. 
2010). Studies of gravel additions below dams suggest 
that salmon successfully reproduce in placed gravels, 
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2004; Pedersen et al. 2007). The lack of response of fish 
and some other biota has largely been attributed to water 
quality and other broader or upstream problems that  
had not been addressed (Cowx & Van Zyll De Jong 2004), 
the stocking of fish or continuation of other management 
activities (Pedersen et al. 2007), or attempting to design 
a static meandering channel in a highly dynamic stream 
reach (Miller & Kochel 2009).

Designing channel remeander projects without con-
sidering the historic and current potential of the site,  
or current sediment and hydrologic regimes, can lead to 
total failure as can attempts to use standardized designs 
or channel types incorrectly or out of context (Kondolf 
2006). The methodology discussed in Chapter 7 was 
developed partly to increase the success of channel reme-
andering and floodplain restoration projects. It is also 
important to realize that because remeandering projects 
involve disturbing the soil and recreating habitats, they 
typically incorporate many other techniques discussed  
in this chapter such as riparian planting, soft revetments 
(bank protection), and placement of instream structures.

5.5.2  Creation of floodplain habitats
Creation of new floodplain habitats is often used where 
side-channel, alcove, and pond habitats have been lost 
due to a variety of human activities. The most common 
habitat creation efforts on floodplains are constructed 
side channels and a variety of backwaters, off-channel 
ponds, and wetlands (Roni et al. 2005). Side channels are 
most often either groundwater or surface-water fed and 
typically designed to create spawning and rearing habitat 
for fishes. Surface-water channels are connected at both 
the upstream and downstream ends to the main river 
channel; their flow is therefore determined by conditions 
in the main river channel. However, they can be con-
structed with an intake structure or weir at the upstream 
end to control flow and sediment entering the channel. 
In contrast groundwater channels, which are generally 
only feasible to construct in floodplain areas with a high 
groundwater table, are connected to the main river 
channel only at the downstream end and have very stable 
flow and temperature. Because of differences in flow, 
temperature, and substrate size of surface versus ground-
water channels, they typically provide habitat for different 
fish species (Pess et al. 2005a).

Creation and construction of off-channel ponds,  
wetlands, backwaters, or alcoves are designed to replace, 
recreate, or reclaim lost floodplain habitats. Construction 
methods include excavation, blasting, damming, or flow 
control structures on an existing perennial or intermit-

a multi-stage or two-stage channel may be created at the 
new base level (Rosgen 1994; Cowx & Welcomme 1998; 
O’Grady 2006). In other cases where a stream has been 
straightened but is not deeply incised, rather than actual 
excavation of a new channel, a series of alternating deflec-
tors can be used to create meanders (O’Grady 2006). 
Channel remeandering also typically includes the place-
ment of boulders, wood and other instream structures  
to create habitat complexity and cover, as well as riparian 
replanting to restore the riparian area and protect and 
stabilize soil exposed during construction.

In some cases, passive restoration such as cessation  
of bank maintenance (vegetation cutting) and channel 
dredging can lead to natural recovery of meandering, 
although studies have generally shown that active channel 
remeandering produces more rapid results than passive 
approaches (Friberg et al. 1998). The ability and length 
of time required for a channel to naturally redevelop its 
former sinuosity and geometry is largely dependent on 
stream power, sediment load, and channel and bank sta-
bility (Brookes 1992). Natural channel recovery in some 
low-gradient low-energy channelized streams with stable 
hydrology and banks with cohesive soils could take cen-
turies, while recovery in some higher-energy and 
hydrologically dynamic streams may be of the order years 
or decades (Brookes 1992).

Remeandering straightened or incised channels leads 
to dramatic increases in total stream length and habitat 
areas. For example, in a review of Danish stream rehabili-
tation, Iversen et al. (1993) reported increases in stream 
length ranging from 17% to more than 60% for five river 
meander reinstatement projects. Intensive evaluation of 
the Skjern, Brede, Cole, and other remeandering projects 
in Denmark and the UK demonstrate obvious improve-
ment in habitat complexity and channel morphology, 
flood frequency, amount of water passing onto the flood-
plain, and nutrient retention as well as an increase in 
sediment deposition, sediment-associated phosphorous, 
and a decrease in erosion (Kronvang et al. 1998; Sear 
et al. 1998; Pedersen et al. 2007). Monitoring of other 
Danish remeandered rivers has demonstrated some small 
increases in macroinvertebrates, fish fauna, and aquatic 
vegetation (Iversen et al. 1993; Hansen 1996; Friberg 
et al. 1998). Improvements in both physical habitat and 
fish species diversity have also been reported from Aus-
trian streams and in some streams in the northeastern 
United States (Jungwirth et al. 1995; Baldigo et al. 2010). 
In contrast, other studies in both North America and 
Europe have reported little fish response to remeandering 
(Moerke & Lamberti 2003; Cowx & Van Zyll De Jong 
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(Habersack & Nachtnebel 1995). These and other studies 
demonstrate that properly constructed floodplain habitats 
can provide important spawning and rearing areas for a 
variety of fishes. The effectiveness of constructed floodplain 
habitats is closely tied to their connection with the main 
channel and other floodplain habitats and their morphol-
ogy, depth and complexity with shallower and more 
complex habitats often more productive (Roni et al. 2008).

5.5.3  When are habitat improvement 
techniques appropriate?

Despite their long history and widespread use, instream 
habitat improvement projects can be controversial 
because they often do not address the underlying cause 
of degradation. In cases where rapid improvement or 
creation of habitat is needed to recover important species 
or restoration of processes may not be possible due to 
land-use constraints, these techniques may be reason-
able short-term options. Because they often produce 
rapid changes, habitat improvement techniques can be 
coupled with restoration of natural processes which may 
take longer to recover, thus providing a combination of 
short-term and long-term restoration strategies. An 
example of this is the Elwha River in the United States, 
where engineered logjams were placed below two large 
dams to improve habitat complexity and trap sediment 
that is being released during dam removal.

Clearly, the most appropriate technique or approach 
depends on the restoration objectives identified in the 
watershed analysis, the types of habitat improved or 
restored locally, the dynamics of the channel, and logisti-
cal and social constraints. Some instream habitat 
improvement techniques try to create static habitats in 
dynamic stream channels and, for this reason, require 
periodic maintenance or may only last a few decades and 
need to be repeated if underlying causes of habitat deg-
radation have not recovered or been restored during the 
life of the project. In other cases, habitat improvement 
may be implemented as an interim measure until more 
comprehensive measures can be implemented.

5.6  Miscellaneous restoration 
techniques

A few common approaches for habitat restoration or 
improvement do not fit neatly into one category of res-
toration. These include beaver restoration, soft 
engineering approaches for bank stabilization, nutrient 
addition, and vegetation management.

tent stream, pond, or wetland (Cederholm et al. 1988; 
Slaney & Zaldokas 1997; Cowx & Welcomme 1998). The 
construction of alcoves or backwaters directly connected 
and adjacent to the river is another technique that is 
popular in both North America and Europe (Slaney & 
Zaldokas 1997; Cowx & Welcomme 1998). Regardless of 
how ponds or channels are constructed, it is important 
to ensure that these constructed habitats are consistently 
connected to the river throughout the year or at least 
seasonally.

The restructuring and connection of former gravel 
pits, borrow areas, millponds, and dredged ponds with 
the river channel provides opportunities for additional 
floodplain habitats (Norman 1998). These areas can 
provide important rearing habitats for a variety of fishes 
that prefer slow-water habitats, although they sometimes 
provide refuge for predators or invasive species (Roni  
et al. 2008). The successful conversion of gravel pits, mill-
ponds, and other constructed floodplain lakes depends 
on several factors including depth, morphology, availabil-
ity of prey resources, cover, and water quality (Norman 
1998; Roni et al. 2008). Assuming water temperature and 
quality are not issues, constructing shallow ponds (<2 m 
deep) with complex morphology and shoreline provide 
the best opportunities for successful use by juvenile 
fishes; large and deep ponds will provide less prey and 
pose a higher risk of main channel avulsion into the pond 
(Peterson 1982; Norman 1998).

As with reconnected habitats, the connectivity of con-
structed habitats to the main river channel plays a large 
role in the physical and biological effectiveness of these 
habitats and is a key design consideration. Much of  
the information on effectiveness of constructed habitats 
comes from studies on constructed floodplain ponds and 
wetlands, which have been shown to be effective at both 
providing habitat for juvenile salmonids and increasing 
their survival and abundance (Sheng et al. 1990; Raastad 
et al. 1993; Lister & Bengeyfield 1998; Solazzi et al. 2000; 
Giannico & Hinch 2003; Roni et al. 2006). Excavation of 
groundwater channels is a particularly popular and  
successful technique for creating spawning and rearing 
habitats for salmonid fishes (Bonnell 1991; Cowan 1991; 
Hall et al. 2000). These techniques are effective for 
many other species of fishes including, but not limited  
to, northern pike (Esox lucius) (Cott 2004), nase (Chon-
drostoma nasus), other rheophilic fishes (Chovanec 
et al. 2002) and age 0 coarse fishes (Langler & Smith 
2001). Constructed side channels can also have higher 
diversity of habitats, substrates and macroinvertebrates 
and higher densities of fish than in mainstem river reaches 
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the removal of beaver has been used as a fisheries man-
agement tool to eliminate ponds and improve the number 
of catchable trout (Avery 2004). While beaver reintroduc-
tion has many long-term benefits, several socioeconomic 
factors need to be considered when using them as a res-
toration strategy (Collen & Gibson 2000).

5.6.2  Bank stabilization
The hardening of banks with riprap, cement, and other 
hard structures is a major cause of habitat degradation 
and eliminating these structures is the focus of many 
restoration efforts (Cowx & Welcomme 1998; Schmet-
terling et al. 2001). While these hard engineering 
approaches may stabilize banks and protect infrastruc-
ture, they do not improve habitat or restore processes. In 
contrast, many restoration practitioners use soft or bio-
engineering approaches to stabilize and create more 
natural banks, particularly to assist in recovery of ripar-
ian vegetation in newly constructed projects with 
disturbed soils. For example, remeandering a channelized 
stream typically includes excavating an entirely new 
channel and banks and often bioengineering approaches 
using a combination of wood (e.g. logs, trees, branches, 
cuttings, fascines), rock, and fiber mat to protect the bank 
until riparian vegetation grows or naturally colonizes and 
stabilizes the bank (RSPB et al. 1994; Cowx & Welcomme 
1998; O’Grady 2006). Similarly, a levee setback project 
may include pulling the levee back and recontouring the 
bank with vegetation and rock to create a sloped and 
stable bank for the new channel, or a fencing project in a 
heavily grazed meadow may include the placement of 
trees and brush along exposed banks to help stabilize the 
bank until vegetation recovers following grazing removal. 
Not all bank protection should therefore be thought of 
as detrimental to the system.

Most beneficial strategies for bank protection are bio-
engineering approaches designed to stabilize the bank 
and provide ecological benefits. Common approaches 
include placing root wads, trees or logs, live stakes, fas-
cines, brush layering, fiber mats, coir logs, turf 
reinforcement mats, or other rolled erosion control prod-
ucts (Figure 5.9). The effectiveness of these structures at 
improving habitat depends partly on how similar they are 
in material to natural stream banks and the amount of 
wood and vegetation incorporated (Sudduth & Meyer 
2006). Their effectiveness at bank stabilization varies 
greatly depending on local hydrologic, hydraulic, and 
other site conditions or other restoration measures. For 
example, Christmas tree revetments in Irish streams  
show high success rates in stabilizing banks and reducing 

5.6.1  Beaver restoration or control
Beaver were historically abundant throughout the north-
ern hemisphere, but have been eliminated from a large 
part of their range or are at lower than historic popula-
tion levels due to extensive harvest for the fur trade 
(Pollock et al. 2003). More recently their numbers have 
been controlled in some areas because of the damage 
their tree cutting and dam building causes to private 
property and infrastructure. Beavers are, however, key 
riparian species that provide many important ecological 
functions. They create pools, wetlands, ponds, and other 
floodplain features that are critical lentic habitats for  
fish, birds, amphibians, and other biota (Collen & Gibson 
2000; Pollock et al. 2004). The removal of beaver has had 
severe impacts on streams and floodplains in some areas 
and has greatly reduced the amount of fish habitat 
(Pollock et al. 2003). Reintroduction of beaver is increas-
ingly being used to restore floodplain habitats and 
riparian processes and increase fish numbers in Europe, 
Russia, Mongolia and North America. Beaver restoration 
can be active or passive: active efforts including not only 
reintroducing them but, in some cases, providing food 
sources (willow Salix spp. or cottonwood Populus spp. 
branches) or instream structures to provide the basis for 
dam construction. Passive approaches include restricting 
or banning commercial or recreational harvest and allow-
ing beaver numbers to naturally recover. Studies in both 
the USA and Europe demonstrate that beaver rapidly 
recolonize and modify habitats following reintroduction 
as long as the animals are not harvested or consumed  
by predators (Zurowski & Kasperczyk 1988; Roni et al. 
2008). Because beaver dams aggrade channels, reintro-
duction and protection of beaver is an effective strategy 
for aggrading incised stream channels and restoring 
floodplain habitat; in highly incised channels, however, 
the addition of wood and boulders may initially be 
needed to provide suitable dam sites for beaver (Michael 
Pollock, NOAA Fisheries, personal communication 
2011).

Because they actively cut down trees and modify and 
flood habitats, beaver can dramatically alter riparian 
areas and their reintroduction in urban, suburban, and 
other populated areas can create considerable damage to 
parks, gardens, and infrastructure (e.g. roads and cul-
verts). Similarly, beavers can negatively impact a riparian 
replanting project if plants are not protected. In cases 
where beaver have been introduced outside their natural 
range, such as in southern Argentina and Chile, they have 
caused considerable damage and removal or control of 
beaver is seen as a method of restoration. In other cases, 
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Figure 5.9 Examples of bioengineering approaches for bank protection using brush or logs. (A) Christmas tree revetments to help 
limit erosion while riparian zone recovers following fencing to exclude livestock on an Irish river immediately after placement and 
(B) 17 years later (photos Martin O’Grady, Inland Fisheries Ireland). (C, D) Bioengineering bank revetments using large woody 
debris (photos Herrera Inc.).

A B

C D

erosion when coupled with grazing reduction (98% 
success rate; O’Grady 2006). While bioengineering 
approaches are often an improvement over traditional 
hard armor bank protection and can be used as part of 
many restoration activities, it is important to realize that 
if they prevent the channel from moving they likely do 
little to restore natural channel processes. Additional 
information on the design of bank protection can be 
found in RSPB et al. (1994), Cowx & Welcomme (1998), 
FISRWG (1998), Fischenich & Allen (2000), O’Grady 
(2006), and other texts focusing on restoration design.

There is a gray area between bank stabilization to 
restore or improve habitat and hard armoring or bank 
protection designed to protect property and infrastruc-
ture. It is largely dependent on the project objectives,  
as both bioengineering approaches and bank protection 
may use rock or wood. If the main objective is rather to 

protect property and infrastructure, it is probably not 
restoration or habitat improvement. In contrast, if one of 
the primary objectives is to stabilize the bank to minimize 
erosion and improve aquatic and riparian habitat, it is 
more likely habitat improvement or partial restoration.

5.6.3  Nutrient additions
In some oligotrophic waters in temperate and arctic lati-
tudes, the addition of organic and inorganic nitrogen (N) 
or phosphorus (P) has been used as a method to increase 
primary and secondary productivity with the intention 
of increasing fish growth and abundance (Roni et al. 
2008; Janetski et al. 2009). This would seem contrary to 
efforts in streams in most parts of the world where efforts 
to restore water quality focus on reducing nutrient inputs 
(N and P) from agricultural runoff (both fertilizers  
and animal waste), stormwater inputs and treated and 
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nutrients including ‘fish blocks’, carcass analogs or ‘silver 
bullets’; these are blocks or pellets produced using fish 
feed or bone and flesh waste from fish processing plants 
to create time-release fertilizers specially designed for 
stream applications (Sterling et al. 2000; Wipfli et al. 
2004; Kiffney et al. 2005; Pearsons et al. 2007). Regardless 
of the application or nutrient type, these approaches all 
attempt to increase nutrient levels, boost primary and 
secondary production, and hopefully increase fish pro-
duction even without addressing other factors that may 
have led to reductions in returning anadromous fishes. 
Research has consistently demonstrated that adding 
organic or inorganic nutrients to oligotrophic streams is 
successful at increasing P, cholorophyll-a, periphyton and 
macroinvertebrate growth and numbers (Roni et al. 2008; 
Janetski et al. 2009). Studies in North America and the 
United Kingdom have reported increased growth of sal-
monid fishes (Roni et al. 2008; Williams et al. 2009b). 
This increased growth appears to lead to increased sur-
vival and abundance, but only a few studies have examined 
or reported this (Slaney et al. 2003).

Because the addition of nutrients can lead to degrada-
tion of water quality or to introduction of pathogens if 
organic nutrients are used (Compton et al. 2006), this 
technique needs to be applied with caution and only to 
oligotrophic streams whose production is limited by N  
or P. Determining whether nutrient addition is a suitable 
short-term method to enhance the productivity of a 
system is therefore critical. Criteria and specific analyses 
recommended to determine whether a stream is N or P 
limited and a candidate for nutrient addition include: 
assess status of fish stocks; determine whether physical 
habitat conditions are limiting fish production; examine 
current sources of organic or inorganic N and P; collect 
water samples to determine N and P levels; and estimate 
potential impacts of added nutrients on the water body 
including uptake rates (Slaney & Zaldokas 1997; Kiffney 
et al. 2005).

5.6.4  Vegetation management
While many restoration efforts focus on planting and 
recovering riparian vegetation, in some highly managed 
channels such as those on many agricultural lands where 
riparian forest has largely been removed, the periodic 
trimming or removal of riparian or aquatic vegetation  
is used to improve habitat for birds, fish, and wildlife,  
and sometimes to minimize potential for local flooding 
(RSPB et al. 1994; Cowx & Welcomme 1998). For example, 
cutting aquatic and riparian vegetation is used in some 

untreated sewage (Kiffney et al. 2005). Moreover, tech-
niques that focus on restoring sediment, hydrology, and 
riparian processes discussed earlier are designed to reduce 
sediment and nutrients transported from urban or rural 
areas. In many oligotrophic streams in the northern 
United States and Canada, the reduction in the number 
of returning salmon and other anadromous fishes has 
however led to a substantial reduction in the transport of 
marine-derived nutrients (N and P) to freshwater habi-
tats (Gresh et al. 2000). It is estimated that reductions in 
returning Pacific salmon has reduced marine derived N 
and P delivered to streams in western Canada and the 
United States to less than 10% of historic levels (Gresh  
et al. 2000). Carcasses of Pacific salmon have been shown 
to both directly and indirectly provide food for macroin-
vertebrates, fishes, mammals, and birds and the nutrients 
from these carcasses increase primary and secondary pro-
duction and growth of riparian vegetation (Krokhin 
1975; Cederholm et al. 1999; Kiffney et al. 2005). The 
importance of other anadromous fishes such as smelt 
(Osmeridae), shad (Alosa spp.), Atlantic salmon (Salmo 
salar), and sea trout (Salmo trutta) provide similar ben-
efits (Durbin et al. 1979; Garman & Macko 1998; Lyle & 
Elliott 1998).

In an effort to compensate for reductions in N and  
P historically transported to freshwater ecosystems by 
anadromous fishes, nutrient enrichment techniques have 
been developed to boost the productivity of streams and 
lakes. These include the addition of organic (salmon or 
other fish carcasses) and inorganic (typically N and P) 
nutrients (Ashley & Slaney 1997). It is important to 
emphasize that nutrient addition is an enhancement or 
mitigation technique designed to compensate for over-
harvest or other reductions in anadromous fishes and to 
provide a temporary boost in productivity and hopefully 
increase fish production while other efforts are under-
way to address reductions in anadromous fish numbers 
(Ashley & Slaney 1997). If these factors are not addressed, 
any increases in productivity will require continued addi-
tion of nutrients (Guthrie & Peterman 1988; Gross et al. 
1998). Moreover, additions of fish carcasses or inorganic 
nutrients often have relatively localized effects. Naturally 
reproducing anadromous fish carcasses are more effec-
tively consumed, and naturally spawning salmon are 
more efficient at transferring nutrients to an aquatic eco-
system than inorganic nutrients or even artificially placed 
salmon carcasses (Claeson et al. 2006; Kohler et al. 2008; 
Shaff & Compton 2009).

The recent popularity of nutrient enrichment in North 
America has led to some new methods for applying these 
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found in numerous texts often specific to the category of 
restoration technique (Table 5.1). It is important to 
realize that many projects such as riparian restoration or 
road improvements require periodic maintenance to 
ensure their effectiveness. Finally, since most techniques 
have not been thoroughly evaluated, implementation and 
design of rigorous monitoring and evaluation are needed 
to keep improving on existing and newly developing res-
toration techniques (Chapter 8).

While the processes and habitats are restored, response 
time and longevity are the all-important considerations 
when selecting a restoration technique; the ‘human 
dimension’ of restoration discussed in Chapter 4 also 
plays a major role in the types of restoration action that 
might be feasible. If landowners are unwilling to allow 
certain types of restoration actions on their land, this will 
not only greatly influence the selection of restoration 
actions but also design alternatives, which we discuss in 
the following chapters.

We addressed different types of actions separately, but 
it is unrealistic to think that only one type of project will 
be implemented at all locations. In reality, restoration in 
a particular reach or location usually includes multiple 
actions. For example, in reaches lacking habitat complex-
ity and LWD, riparian replanting is often coupled with 
placement of instream log structures to provide both 
short-term improvements in habitat and a long-term 
source of large wood and habitat complexity. In fact, 
riparian planting or other restoration is typically used 
simultaneously with many other restoration actions 
including road removal or abandonment, instream resto-
ration, habitat creation, restoration of lateral connectivity, 
and others. Restoration of a location may be intended to 
achieve multiple objectives and may therefore employ 
more than one technique. Coupling habitat improve-
ments with restoration of processes is recommended in 
many cases to provide both relatively rapid improve-
ments in habitat, while providing for long-term recovery 
of processes. This strategy has been used frequently when 
dealing with endangered species, where both short-term 
protection and improvement in habitat is needed to 
prevent further declines and long-term more holistic res-
toration is needed to maintain the species into the future.

A final factor to consider when selecting a restoration 
technique and prioritizing restoration actions is the 
potential influence of climate change. Most climate 
change models predict large changes in water tempera-
ture and runoff patterns (e.g. low flow, peak flows) for 
many streams (Arnell 1999). Some techniques such as 
riparian planting, reconnection of floodplain habitats 

managed channels to improve flow, create fish habitat, 
and allow for fish migration (Roni et al. 2005). Similarly, 
in some small channelized streams completely covered 
with dense riparian vegetation, removal of brush and 
riparian vegetation is used to increase light, primary  
production, and fish numbers (O’Grady 2006). Many of 
these techniques are effective at improving conditions  
for specific species or conditions. However, they do not 
attempt to address the underlying problem that has led 
to excess vegetation or shade, but rather manage for spe-
cific habitats. They may therefore be appropriate for 
creating specific conditions in channels that are managed 
for multiple human uses, but are typically not appropri-
ate for channels where the objective is to restore natural 
riparian and channel processes.

5.6.5  Other factors to consider when 
selecting restoration techniques

In addition to processes, habitat restored, or effectiveness, 
it is important to consider several other factors when 
selecting a technique. These include response time, design 
and maintenance, longevity, landowner cooperation, 
other restoration actions needed, and potential influence 
of climate change on the project. How quickly the action 
will lead to improvements in watershed processes or con-
ditions and achieving objectives can be an important 
consideration (Table 5.8). The lag time between the com-
pletion of a restoration action and the changes in habitat 
conditions or watershed processes can take many years. 
For example, reducing landslides or sediment delivery 
from forest roads may reduce fine and coarse sediment 
delivery, but it may take several years for the channel to 
recover from the excess sediment that is already in the 
channel. A riparian fencing project may lead to increases 
in bank stability and shade within the first five years of 
project implementation, but a mature forest and delivery 
of LWD to a channel may take numerous decades. These 
factors need to be considered when planning projects and 
worked into setting appropriate and achievable goals and 
objectives.

The effectiveness of many restoration techniques is 
dependent on a variety of design considerations. Many of 
these considerations are the same regardless of the tech-
nique, including addressing the root cause of degradation, 
incorporating watershed and geomorphic processes into 
the design, and accounting for socioeconomic, political, 
or other logistical constraints. Key design and planning 
considerations are discussed in detail in Chapter 7 and 
key resources for design of different project types are 
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5.7  Summary

Determining the appropriate watershed or stream resto-
ration technique requires a clear understanding of the 
goal of the restoration program, the restoration objec-
tives for a site or reach, and an understanding of which 
restoration technique or techniques can achieve those 
objectives. In this chapter we described restoration tech-
niques and the processes and habitat they restore 
including techniques that restore connectivity (i.e. barrier 
removal, levee setbacks, fish passage), sediment and 
hydrologic processes (i.e. road removal or improvement, 

and restoration of connectivity are known to reduce 
water temperatures or provide summer refuge for many 
cold water fishes (Roni et al. 2008). In contrast, methods 
such as placement of instream structures typically do  
not ameliorate impacts of climate change and, in fact, 
need to be planned and designed with consideration of 
expected changes in hydrology due to climate change. In 
stream reaches where climate impacts are expected to be 
substantial, techniques that ameliorate changes in flow 
and temperature should therefore be either given higher 
priority or implemented simultaneously with actions that 
improve habitat but do not necessarily directly influence 
temperature and hydrology.

Table 5.8 Response time, longevity and maintenance needs for common restoration techniques discussed in this chapter. 

Maintenance is rated as high (H) if it is needed annually or throughout the life of the project, medium (M) if it is needed less 

than annually or just in initial years of project, or low (L) if little or no maintenance is required. Asterisk (*) indicates that the 

longevity of the project depends on periodic maintenance or the length of the agreement with landowners, water users, or 

natural resource agency. Some techniques have variable response times because some processes recover quickly (1–5 years), but 

others may take much longer (5–20 years).

Technique Response time in years Longevity in years Maintenance

Dam removal 1–5, 5–20 >50 L
Culvert replacement 1–5 >50 M
Fish passage 1–5 >50* M
Levee removal or setback 5–20 >50 M
Reconnection of floodplain habitats 1–5 >50* M
Road removal 5–20 >50 L
Road resurfacing 5–20 10–50 M
Stabilization, upgrading stream crossings 5–20 10–50 M
Reduce impervious surface 1–5 >50 M
Instream flows 1–5 >50* L
Agricultural practices 1–5, 5–20 10–50* H
Restore sediment sources 1–5 >50 L
Riparian replanting >50 >50 M
Thinning or removal of understory 5–20 >50 L
Removal or control of invasives 1–5 <10 M
Fencing 1–5, 5–20 >50* M
Rest-rotation or grazing strategy 1–5, 5–20 >50* H
Log or boulder structures 1–5 10–50 H
Natural LWD placement 1–5 10–50 L
Engineered logjams 1–5 >50 L
Brush or other cover 1–5 10–50 L
Gravel addition 1–5 10–50 L
Remeandering of straightened channel 1–5 >50 L
Creation of floodplain habitats 1–5 >50 L
Beaver reintroduction 1–5 10–50 L
Nutrient addition 1–5 <10* H
Bank stabilization 1–5 10–50 L
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6.1  Introduction

In the context of restoration, prioritization is the process 
of ranking projects, habitats, or watersheds to deter
mine their sequencing for funding and implementation. 
It is an important component of restoration planning 
that logically follows identification of restoration actions 
and opportunities (see Chapters 3–5). The need for  
prioritizing restoration actions largely stems from the 
need to make the best use of limited resources (i.e. 
funding, people, equipment, materials, and time) and  
the need to protect or restore lands before further  
degradation occurs (Noss et al. 2009). In cases where 
only a few restoration projects are identified, the  
prioritization may be relatively simple. In most cases, 
however, dozens of restoration actions need to be  
prioritized and these actions differ in costs, benefits,  
constraints, supporters, opponents, feasibility, and other 
factors. In some instances, the sequencing of projects  
is important because the success of one project may 
depend upon another. For example, the success of  
restoration of habitat for migratory fish above a man
made fishmigration barrier is dependent upon dam 
removal or installation of fish passage facilities. In other 
situations, watersheds or habitats may first be ranked  
and then actions within those locations prioritized  
for restoration. Whether determining the best sequence 
of watersheds, habitats, or restoration actions is desired,  
a consistent, repeatable, systematic, and welldocumented 

approach for ranking projects and determining  
priorities is needed.

A suite of different approaches can be used to rank  
restoration and conservation actions, ranging from simple 
scoring procedures to complex computer models.  
Fortunately, the steps needed to prioritize both areas for 
resto ration and restoration actions are similar. These  
steps include identifying the goals and scale, determining 
who will prioritize actions, selecting the prioritization 
approach and criteria, collecting the data to be used,  
and analyzing and ranking projects or watersheds (Figure 
6.1). In this chapter we discuss each of these and describe 
the most common approaches to prioritizing watersheds  
or restoration projects at a variety of scales. Examples for 
ranking restoration projects at different scales are provided 
to demonstrate the differences in approaches and assist  
the practitioner or student in developing a sound strategy. 
Documentation of each step and the decisions made is  
critical for providing a transparent prioritization process. 
This is particularly important for modern programs that 
often cover large geographic areas that include, and may 
affect, many stakeholders and user groups.

The reader should keep in mind that the prioriti
zation process and approaches described in this chapter 
can assist restoration practitioners and managers with 
making decisions, but not take the place of it. Moreover, 
priorities should be periodically revisited as new infor
mation becomes available, projects are completed, funding 
source or level changes, or new restoration and protection 
oppor tunities are identified.
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© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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temporal scales to guide ranking of restoration actions. 
During subsequent phases of the prioritization process, 
these goals can be translated into specific objectives that 
reflect the values and methods selected by the project 
team.

Clearly defining goals and specific objectives is crucial 
to selecting an approach and specific criteria for prioritiz
ing projects. The more clearly and specifically objectives 
are defined, the easier it will be to select appropriate 
criteria for ranking projects. For example, if the specific 
objectives are to restore watershed processes, biological 
diversity, increase migratory fish numbers, and providing 
recreational opportunities, then appropriate criteria 
would likely be processes restored or type of restoration, 
expected change in biological diversity, and predicted 
increase in fish and recreational opportunities. Examples 
of how the goals of a restoration program can be  
translated into prioritization objectives and criteria are 
provided in Table 6.1. If the restoration goals have  
been well defined, the prioritization objectives may be 
almost identical to the restoration goals.

6.2  Determine overall goals and scale

Before discussing what type of prioritization approach  
to use, a clear goal for restoration and specific objectives 
for prioritization must be defined. As discussed in previ
ous chapters, the restoration goal or goals are typically  
set before assessing watershed conditions, disrupted pro
cesses, lost and degraded habitats, and identification of 
restora tion actions. The restoration goal must be defined 
prior to commencing with prioritization. A detailed dis
cussion of goal setting can be found in Chapter 3, but 
welldefined watershed restoration goals typically (1) 
identify ecological or biological objectives; (2) address 
underlying causes of ecosystem degradation; and (3) 
acknowledge social, economic and landuse constraints 
(Beechie et al. 2008). These goals can serve as a basis for 
the team to define the specific objectives and criteria used 
in the prioritization process. Restoration goals initially 
defined during the assessment phase should be revisited 
to ensure that they include adequate detail on spatial and 

Figure 6.1 Key steps in prioritization process. MCDA – multicriteria decision analysis.



Table 6.1 Examples of national, regional or watershed restoration goals and how they could be translated into specific 

prioritization objectives and criteria. In some cases prioritization objectives are identical to restoration goals, while in others 

the restoration goals are very general and need to be translated into more specific objectives to be useful in the prioritization 

process.

General restoration goal Prioritization

Goals, objective and scale Examples of criteria

To conserve, protect, rehabilitate, and 
improve the rivers, streams, watercourses, 
and water impoundments of the 
catchment including its estuary and 
adjacent coastal area

Determine highpriority projects in the 
basin for protection and 
rehabilitation based on their 
ecological value and total area 
restored

Number of species present, area 
and number of unique habitats, 
index of biological integrity, 
habitat quality, sensitivity of 
habitat or area to be restored

Reestablish a watershed and ecosystem 
that is capable of supporting and 
maintaining a balanced, integrated, 
adaptive community of organisms 
having a species composition, diversity, 
and functional organization comparable 
to the natural habitat of the region

Identify and rank projects within the 
watershed that will provide the range 
of habitats needed to maintain and 
support diverse species and provide 
the largest benefit for the resources 
available within the next five years

Number of habitats restored, area 
of habitat restored, expected 
increase in species diversity, 
number of years to complete 
project

Protect and restore the ecological integrity 
of the river and its streams to enhance 
aquatic diversity, increase recreational 
use, and provide for a quality urban 
fishery

Rank projects within the watershed 
based on their ability to restore 
ecological integrity and aquatic 
diversity, provide recreation, and 
increase catch for recreational anglers

Estimated improvements in IBI 
or other metrics of integrity, 
species diversity, angler effort 
and catch rates

Reduce erosion, fine sediment, and 
nutrients; restore natural river flows, 
floodplains, and meadow; expand habitat 
corridor to strengthen natural ecosystem; 
maintain recreational and economic 
benefits in the watershed

Same as watershed goal Erosion, flow, water quality (fine 
sediment or nutrients), area of 
meadow or floodplain restored, 
habitat corridor length, impact 
on recreation, costbenefit or 
costeffectiveness

Restore and protect watersheds to assist in 
recovery of threatened and endangered 
anadromous fishes

Determine highpriority watersheds 
within the region for protection, 
restoration and reintroduction of 
endangered fishes based on habitat 
quality, historical use by endangered 
species, land use, and susceptibility to 
climate change

Percent of watershed occupied by 
species, population density, 
genetic integrity, watershed 
condition and connectivity, 
water quality and flow, 
introduced species, 
susceptibility to climate change

Maximize jobs created or maintained 
through implementation of shovelready 
coastal and marine habitat restoration 
projects, and improve the short and 
longterm economic condition of an area 
(e.g. increased fisheries benefits, 
increased tourism and recreation) based 
on the significance of the anticipated 
outcomes of the project

Prioritize restoration projects 
nationwide based on their ability to 
maximize benefits to coastal and 
marine habitats, fisheries resources, 
and economic benefits including 
tourism, recreation, and direct and 
indirect employment (jobs)

Area restored, jobs created, 
indirect economic benefits, 
recreation opportunities 
created, regional importance of 
project, increase in number or 
density of fish

Inspire and sustain local communities to 
restore coastal and riverine habitats

Determine highpriority watersheds in 
the region to fund restoration that 
will provide the most efficient use of 
resources to protect and recovery 
anadromous fishes

Number of anadromous species 
present, number of endangered 
species present, watershed 
condition, current and 
projected level of urbanization

Restoration of fish migration routes 
throughout the Danube Basin (see Box 
6.2 for additional detail)

The objective is to provide a stepwise 
and ecologically efficient approach 
for implementation of barrier 
removal projects at a basinwide scale

Number of species that are 
migratory, location of barrier 
(river kilometer), length of 
habitat opened, protected 
status of river segment
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We discuss and present the goals and selection of a  
prioritization team sequentially (Figure 6.1); however,  
determining who will prioritize the projects and the goals  
and objectives of the process are intertwined, and selecting 
a team may occur before determining goals. In some cases, 
the broad restoration goals may be predetermined by an 
agency or watershed plan and then these goals translated 
into more specific objectives by the prioritization team. 
Regardless of the order in which they occur, it is important 
to define the objectives, the scale, and who will do the pri
oritizing before launching into detailed discussions of  
what approach or criteria should be used to prioritize 
projects or watersheds. The setting of goals and objectives 
can be an iterative process where the specific objectives  
are further refined by the prioritization team after the 
method and criteria have been decided upon.

6.2.1  Legal frameworks, funding,  
and goals

Legal frameworks such as the Clean Water Act and 
Endangered Species Act in the United States; the Envi
ronmental Protection Act, Species at Risk Act, Fisheries 
Act, and Fish Habitat Policy in Canada; the Environment 
Protection and Diversity Act in Australia; or the Euro
pean Union’s (EU) Water Framework Directive (WFD) 
and similar legislation in these and other countries and 
states have been the drivers for many river and watershed 
restoration efforts (see also Chapter 3). For example, the 
WFD requires that member states establish a program of 
basic and supplementary restoration measures in each 
river basin district (based on watersheds), with the aim 
of moving progressively towards achieving the environ
mental objective of protecting and restoring habitats. 
Each country’s river basin management plans in the EU 
therefore provide a legal framework for stepwise imple
mentation of restoration measures that follow individual 
prioritization schemes. In the Austrian National River 
Basin Management Plan, for example, priority areas and 
their respective water bodies have been designated for 
restoration using the following criteria:
• rivers and mouths of major tributaries (catchment area 
>500 km2) with mediumdistance migrating fish species;
• Natura 2000 areas (sites by EU Birds and Habitats 
directives);
• rivers or reaches with urgent management issues (e.g. 
rivers completely dewatered due to abstraction).

The funding source, which is often tied to legislative 
goals, will also influence restoration priorities. For 
example, river restoration projects funded in the United 
States under the 2009 American Recovery and Reinvest

ment Act (commonly called the Stimulus Package) had 
two main goals: (1) create environmental jobs and (2) 
stimulate the economy. These served as both goals and 
criteria for the project selection and prioritization. This 
also demonstrates how funding goals may conflict with 
ecological goals, as some projects with high ecological 
value were not funded because they provided limited  
economic benefits (i.e. jobs). It is therefore important to 
understand the legal and funding framework under 
which restoration is occurring when determining the 
goals as well as the scale at which restoration will be 
prioritized.

6.2.2  Spatial and temporal scale
The goal should also clearly state the spatial scale at  
which the restoration and prioritization will occur and 
whether the objective is to rank or select watersheds, 
reaches, projects within or across watersheds, or some 
combination of these. Restoration actions can be ranked 
at national, state, regional, provincial, watershed, sub
watershed or streamreach scales (Roni et al. 2003; 
Williams et al. 2007; Beechie et al. 2008; Noss et al. 2009; 
Figure 6.2). The ranking of areas for restoration (water
sheds, reaches, or habitat types) rather than individual 
projects is often done before or as part of the project 
prioritization process. For large regional programs,  
a multilevel approach may be necessary where first  
watersheds or reaches within watersheds are ranked and 
selected for restoration, then individual projects or 
actions within these watersheds are prioritized (Figure 
6.2). In other cases, the types of habitats that need to  
be restored or protected might first be rated based on 
assessments discussed in Chapter 3. Even if the goal is to 
rank individual actions across several watersheds, we  
may initially want to rank watersheds for restoration to 
assist with prioritization and selection of projects across 
a region. In the United States for example, the National 
Oceanic and Atmospheric Administration (NOAA) Res
toration Center is developing a prioritization strategy  
for watersheds based on physical and biological as well  
as legal and socioeconomic factors to help determine 
where to focus their efforts for their Community Based 
Restoration Program, which provides funding to local 
communities for restoration across the country (J. Steger, 
personal communication, 2011). Key features of this 
strategy are that it considers the restoration potential  
of fish populations, watershed condition, landuse  
constraints, and number of protected or sensitive species. 
In this case, the funding source and agency goals helped 
define the scale at which prioritization would occur.
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recovery and restoration (Roni et al. 2010). However, 
while focused effort at the watershed scale is necessary to 
achieve measurable gains in abundance of a salmon pop
ulation, successful restoration of the species will require 
focused effort in many watersheds across the range of a 
species. Regardless of the driver, it is important that the 
goals clearly state whether the focus is on prioritizing 
areas for restoration or actions (or both) and at what 
spatial scale that will be done. In addition, if the goal is 
recovery of endangered species, biological goals should 
be clearly defined.

It is also important to define the temporal scale within 
which projects may be prioritized, as many projects may 
take several years to develop and implement. The main 
factors that influence temporal scale are the logistic and 
funding sources, the size and complexity of the project, 
and when the project will produce the desired restoration 
or reach its full potential. A large project such as a dam 
removal may have the highest ranking for a watershed or 

The appropriate scale is often driven by legal mandates 
that set ecological targets. In Europe for example, the 
WFD calls for basinscale management plans to help 
achieve ecological targets. Similarly, for endangered  
fishes in the western United States, the focus of recovery  
and restoration is on distinct fish populations and the 
watersheds they inhabit. This has led to the focus on 
restoration of whole watersheds, although removing  
a particular species from the United States Endangered 
Species Act requires that a large number of well
distributed populations (and presumably watersheds) 
achieve specified recovery goals for abundance, population 
growth rate, spatial distribution, and diversity. Recent 
modeling efforts suggest that to produce measureable 
increases in salmon and trout abundance at a watershed 
or population scale, a significant amount of habitat 
within a watershed needs to be restored (>20 to 100%); 
this suggests the need to focus limited resources on  
watersheds that have the largest potential for salmon 

Figure 6.2 Prioritization of restoration actions often occurs at (A, B) regional or (C) watershed scale, but may also include 
prioritization of subwatersheds or reaches within a watershed. Ideally, watersheds would be prioritized for restoration, then 
subwatersheds or reaches within watersheds, and finally projects within those subwatersheds, but this may be difficult in practice.
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difficult to coordinate and manage and have difficulty 
reaching consensus or making decisions. Additional 
detail on working with diverse groups in a watershed 
restoration context or building consensus can be found 
in Chapter 4.

6.4  Prioritization approaches  
and criteria

The appropriate strategy or approach depends upon the 
restoration goals; the criteria the team defines; the type, 
quality, and detail of data available; and the amount of 
time and resources available to complete the prioritiza
tion. Ideally, the approach should initially be discussed 
and considered before assessing watershed conditions 
and defining restoration projects, as much of the infor
mation needed to rank restoration actions will or can  
be collected during the assessment stage (Beechie et al. 
2008). In this section we discuss the factors to consider 
when selecting both the prioritization approach and  
criteria. We then review common approaches, their 
strengths and weaknesses, and provide examples for 
many of them. It is important to keep in mind that  
there is no ideal approach, and the selection of criteria 
and the approach are closely connected.

The criteria and data needed vary from one prioritization 
approach to another, and should be considered when 
selecting an approach. Criteria used in various approaches 
include biological (e.g. fish density, fish or macroinverte
brate diversity, presence or absence of key species), 
physical (e.g. instream habitat area, type or condition, 
riparian condition, fine sediment), economic (e.g. cost, 
costeffectiveness), sociopolitical (e.g. ownership, protected 
areas), and others that are difficult to categorize such  
as restoration type or when the project will or can be 
implemented. The restoration goals will help determine 
the criteria to include in the prioritization approach. For 
example, if the goal of the watershed restoration program 
is to increase migratory fish abundance and restore 
hydrologic and sediment processes while providing for 
traditional agriculture and forestry activities, the ideal 
approach, at a minimum, needs to be able to incorporate 
or rank projects based on biological data (fish abundance 
and migratory behavior), type of process restored, and 
socioeconomic factors. These are likely a combination of 
qualitative and quantitative data that may vary in quality 
and level of detail, and even this limited list of criteria 
may require additional data collection. Criteria used in 

region, but technical, logistic, and legal hurdles may take 
years to overcome. Funding sources may also influence 
the temporal scale if funds have to be distributed or spent 
by the end of a calendar or fiscal year, or require that 
project construction be completed within a set time 
frame. In some cases, projects may need to be excluded 
from a list of potential projects because they cannot be 
implemented during the required funding and time con
straints. Projects are often completed in phases to work 
around funding constraints. For example, project propo
nents may first ask for funding for the initial phase of  
a project to complete the design or to demonstrate the 
feasibility of the project by restoring only a portion of  
the area, then ask for additional funding once the design 
or feasibility has been demonstrated. Another temporal 
aspect is the lag time between project implementation 
and the actual response. For example, projects such as  
fish passage or migration barrier removal often have 
quick responses, while a riparian planting project may 
take several years before all the benefits of the project are 
realized. In this case, the number of years until full project 
benefits are realized would likely be used as a criterion 
for prioritizing projects.

6.3  Who will prioritize projects? 
Selecting the team

The selection of the decision makers or technical team 
who will take part or assist in the prioritization process 
is critical because it can affect the credibility and accep
tance of the approach by managers, stakeholders, and the 
local community (Preister & Kent 1997; Turner 1997). 
Getting input from the community is therefore critical  
to gaining public support and educating landowners who 
might initially oppose restoration on their lands (see 
Chapter 4). As discussed previously, national legislation 
often outlines not only the overall goals for restoration 
and prioritization but also identifies key stakeholders or 
team members who should be involved in development 
of priorities. The broader the geographic area covered 
and the more diverse the stakeholders (those who may  
be positively or negatively impacted by restoration), the 
greater the need for a carefully selected, representative, 
and diverse group to serve on the prioritization team. The 
most successful teams generally include 5–10 individuals, 
which is the optimal working group size in a variety  
of fields (Jay 1971; Mears & Voehl 1997). Groups of a 
slightly larger size may work, but larger groups are more 
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6.4.1.1 Prioritizing restoration actions  
by project type

Projects are often selected based on the effectiveness of 
the restoration technique (e.g. barrier removal, sediment 
reduction, wood placement), the kind of habitat they 
restore (e.g. spawning, rearing, floodplain), or by a logical 
sequence or ‘building block’ approach that first restores 
processes, then physical form (e.g. Petersen et al. 1992; 
Roni et al. 2002). For example one approach, initially 
developed for recovery of salmon and watersheds in the 
western North America and later refined for application 
in other countries, uses a combination of project  
effectiveness metrics (longevity, probability of success, 
change in habitat, potential increase in fish abundance)  
and whether the technique restores watershed processes 
(Roni et al. 2002, 2008; Figure 6.3). Projects that have a 
high probability of success, restore watershed processes, 
and lead to longterm changes in habitat are given higher 
priority under this system. Those that focus more on 
creating or enhancing habitat are given lower priority, 
except in those cases where landuse constraints prevent 
higherpriority restoration or where rapid changes are 
needed to protect and improve habitat for endangered 
fishes. A similar approach is to rank projects based on  
the habitat type they restore rather than the technique 
used. For example, actions that restore floodplain  
sidechannel or delta habitats might be given precedence 
over actions designed to improve habitat in small streams.  
Some of the criteria used in approaches based on restora
tion type or habitat type are also used as criteria in other 
prioritization approaches, particularly those that use 
many different criteria.

The advantages of prioritizing by project type are  
that it is relatively simple to follow as long as there is 
agreement on the ranking of the different project types 
and it does not necessarily require extensive data collection. 
The disadvantage of the approach is that it is a ‘one  
size fits all’ method which does not consider the site  
or watershedspecific factors that are limiting habitat 
conditions or biotic production: it therefore does not 
consider which types of restoration are needed to achieve 
local restoration goals. Prioritization approaches based 
on restoration type or effectiveness are therefore best 
used as an initial screen and should be modified by using 
or collecting additional data or included as criteria in 
other approaches such as MCDA (Roni et al. 2002).

6.4.1.2 Refugia
An approach commonly used in conservation biology for 
both protection and restoration of habitat for terrestrial 

some prioritization approaches require extensive data col
lection or modeling that can only be done by individuals 
with specialized training or computer software, and thus 
may be costly or time consuming to implement.

Key factors to consider when selecting both the priori
tization approach and criteria are data availability, 
resources or staff needed, cost of additional data collec
tion, whether data are available for all project types  
or can be collected for all project types, and time needed 
to complete the prioritization process. In addition, the 
transparency and repeatability of the approach are very 
important, as restoration programs typically affect many 
different stakeholders.

6.4.1  Common prioritization strategies
Despite massive investments in restoration, there is no 
universally accepted approach for prioritizing restoration 
and habitat protection (Johnson et al. 2003). Before large
scale, publicly funded restoration efforts, projects were 
often chosen based on professional opinion or preference 
of the local biologist or restoration proponent. This has 
a number of drawbacks and usually does not provide a 
defensible approach for modern restoration programs  
or actions where numerous stakeholders, landowners, 
and funding agencies are involved. Perhaps more impor
tantly, publicly funded restoration efforts are increasingly 
under scrutiny to show that restoration dollars are being 
spent effectively and wisely. In an effort to make more 
efficient use of funds and resources, a variety of more 
rigorous approaches for prioritizing actions have been 
developed in the last few decades. These range from rela
tively transparent methods based on project type or 
scoring systems to much more quantitative and complex 
statistical models (Beechie et al. 2008). Because many 
factors influence which prioritization strategy might be 
the most appropriate, we discuss the pros and cons of 
common strategies below. We categorize them here for 
ease of discussion and presentation, but these strategies 
or approaches are a continuum and many of the more 
complex approaches incorporate aspects of the others. 
The list of common restoration actions outlined in Table 
6.2 is used to help demonstrate the differences between 
prioritization approaches. We provide additional detail 
on the last approach (multicriteria decision analysis or 
MCDA; Section 6.4.1.7) because it is the most widely 
used, can incorporate information from the other 
approaches, and is one of the most flexible and transpar
ent approaches.
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Table 6.2 Common approaches or categories of approaches for prioritizing restoration (modified from Beechie et al. 2008).

Approach Description (examples) Pros and Cons

Project type and 
effectiveness

Ranks projects based on restoration 
effectiveness or type

Pros: good interim approach in cases where limited data on 
physical habitat conditions in a watershed are available; 
based on published reviews or restoration effectiveness

Cons: starting point that should be modified as additional 
data are collected or used as one criterion in other 
approaches; not useful in ranking watersheds for 
restoration

Refugia Focuses on protecting intact habitats 
with relatively healthy or existing 
populations (refugia), then typically 
proceeds outward from refugia so 
that restored habitats are located 
near an established source of 
colonists

Pros: good approach for single species or ecosystem type; 
typically used to rank watersheds, subwatersheds or 
areas for protection or restoration

Cons: can be more challenging to identify or implement 
for multiple species with different habitat requirements; 
better for ranking watersheds or areas than individual 
restoration projects

Species or habitat Rank projects based on habitat area 
restored or projected increase in 
fish production

Pros: based largely on empirical fish and habitat data; 
ranking simply based on habitat area or increase in fish 
production can be relatively straightforward

Cons: data on increase in fish production for different 
restoration techniques often do not exist; can be difficult 
to estimate habitat area affected by some projects

Capacity or 
lifecycle models

Uses lifecycle or habitat capacity 
models to estimate magnitude of 
project benefits

Pros: based on empirical data on specific species life stages 
and can be expanded to incorporate multiple species 
that may broadly represent ecosystem condition

Cons: requires detailed habitat quality and quantity and 
fish abundance or survival data; lifecycle modeling can 
be complex and time consuming and can be difficult to 
apply at a project level

Cost, cost 
effectiveness or 
costbenefit 
analysis

Uses the cost, the costperunit of 
benefit, or the economic benefit to 
rank and compare projects

Pros: provides a common currency to compare projects
Cons: requires data on cost, effectiveness, and economic 

benefits that may not be readily available; different 
project types may have different response metrics that 
are not readily comparable; estimating economic benefits 
may be difficult

Computer models 
and conservation 
planning software

Uses statistical models or 
conservation planning software to 
predict potential restoration 
outcomes and determine high
priority habitats or projects; can 
incorporate a variety of physical or 
biological data, qualitative 
information, and professional 
opinion

Pros: can incorporate a variety of complex data types
Cons: limited transparency; often only those who create 

and run the model or work extensively with the software 
understand its inner working; can be costly and time 
consuming to run although this varies greatly by the 
model or software used

Scoring and MCDA A ‘score sheet’ approach in which 
multiple criteria (e.g. cost, size, 
effectiveness) are used to score 
projects, habitats, or watersheds for 
restoration

Pros: a simple, straightforward, and transparent system that 
can incorporate a variety of metrics and information 
from other prioritization approaches; easily modified to 
include new data; welldocumented approach used in a 
variety of fields

Cons: scoring and weighting system used can affect project 
rankings
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prioritizing healthy watersheds for protection and 
degraded watersheds for restoration (Beechie et al. 1996; 
Williams et al. 2007; Noss et al. 2009; Figure 6.4).

Refugia are identified and prioritized most typically 
with either GIS or computer models or through MCDA 
(discussed in Section 6.4.1.7). In the last 25 years numer
ous computer models and conservation biology software 
have been developed for identifying refugia for a variety 
of terrestrial and aquatic species (Sarkar et al. 2006; 
Moilanen et al. 2008; Lynch & Taylor 2010; ZafraCalvo 
et al. 2010). In contrast, simple multimetric scoring 
approaches (MCDA), which often utilize GIS data on 
land cover and habitat condition to assist with scoring, 
have been widely used for identifying refuge and restora
tion areas for fishes (Nehlsen 1997; Williams et al. 2007; 
Noss et al. 2009; see also Section 6.4.1.7).

The strength of the refugia approach is that it focuses 
on protecting relatively healthy watersheds and populations, 
which is more cost effective in the short term than trying 
to restore degraded watersheds or unhealthy populations, 
and reduces the likelihood of local extirpation of the 

and aquatic species is the identification of intact refuge 
areas. This typically involves identification of important 
regions, ecosystems, watersheds, or habitats for the 
species of interest to determine priorities for protection 
and restoration (Beechie & Bolton 1999). This may also 
include protection of refuge or core areas and restoration 
of nearby areas to allow expansion and recovery or 
migration corridors for fauna. The regufia approach is 
largely based on island biogeography theory, with the 
assumption that these refugia will serve as key source 
areas for maintaining and rebuilding populations and 
ecosystems (Diamond 1976; Sarkar et al. 2006; Beechie 
et al. 2008) and on models and field studies that show 
that focusing restoration actions near healthy popula
tions or colonists can lead to more rapid species recovery 
(Detenbeck et al. 1992; Huxel & Hastings 1999; Davey & 
Kelly 2007). The systems of parks in Africa, North 
America and elsewhere provide some of the earliest and 
most visible example of refugia for big game animals and 
unique ecosystems. Efforts for recovery and protection  
of endangered fishes have focused on identifying and 

Figure 6.3 Prioritization of restoration actions by project type based on effectiveness of restoration technique and whether it 
restores underlying watershed processes (connectivity, transport water, sediment, or organic matter) or improves habitat (from 
Roni et al. 2008).
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Figure 6.4 Example of prioritization of watersheds for protection and restoration of brook trout (Salvelinus fontinalis) in the 
Eastern USA using Trout Unlimited’s Conservation Success Index (Williams et al. 2007), a type of multicriteria decision analysis. 
Image courtesy of Trout Unlimited.
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number of salmonid species (O’Grady 1995; Roni et al. 
2008; Whiteway et al. 2010). In contrast, measurements 
of fish or aquatic biota responses to road removal, land 
protection, conservation easements (paying landowner to 
leave land in a natural state), riparian replanting, and 
other more processbased restoration techniques are not 
readily available and are difficult to quantify with even 
the best monitoring programs (Beechie et al. 2005; Luc
chetti et al. 2005; Pollock et al. 2005). Even a metric as 
simple as total area or length of stream restored can be 
difficult to calculate and compare for projects as diverse 
as road removal, riparian planting, or placement of 
instream structures (e.g. what length of stream is affected 
by removal of 5 km of logging roads?). A consistent 
metric therefore may not be available to compare and 
rank all project types. To address this, groups sometimes 
prioritize only those projects for which data are available 
or make estimates of potential increases in fish abun
dance based on data available for other project types. 
Using some measure of increases in biota or habitat for 
each project is a common criterion used in many other 
prioritization approaches.

6.4.1.4 Capacity and life-cycle models  
for prioritizing habitats

Some of the earliest aquatic restoration efforts were 
focused on restoration of specific habitat types for  
Atlantic salmon (Salmo salar), brook trout (Salvelinus 
fontinalis), brown trout (S. trutta) or other salmonid 
species (White 2002; Chapter 1). These efforts evolved 
into focusing on identifying habitats that limit produc
tion for specific species in an effort to guide restoration, 
such as those developed for coho salmon (O. kisutch) and 
steelhead (O. mykiss) (Reeves et al. 1989; Beechie et al. 
1994; Pollock et al. 2004). These methods are primarily 
based on estimates of habitat availability and habitat
specific density and survival for the species of interest. 
They have been used to identify the most important habi
tats for protection and restoration based simply on 
habitat types that limit population size, and also to evalu
ate losses of habitat by comparing historical and current 
habitat estimates. Many of the recent capacity models  
are similar to that developed by Reeves et al. (1989), 
which require season and lifestage specific estimates of 
habitat area and fish densities to calculate total production 
at each life stage and, ultimately, determining which life 
stage and habitat are bottlenecks limiting fish production.

Lifecycle models are more complex versions of simple 
limiting factors analyses based on habitat capacity 
(density). They can be used to identify a list of priority 

species of interest (McGurrin & Forsgren 1997; Beechie 
et al. 2008). In addition, it typically focuses on protecting 
whole watersheds or subwatersheds, is particularly well 
suited for prioritizing which watersheds or areas of 
watersheds to restore, and both scoring systems and com
puter models can be modified to incorporate connectivity 
or linkage between protected and restored areas (Moil
anen et al. 2008). The disadvantages are that it is difficult 
to apply at a site or project level as it only addresses 
whether the location of the project is appropriate; if the 
refugia identified are small or fragmented, they tend to 
be more susceptible to disturbance (Sedell et al. 1990). It 
is therefore best suited for prioritizing reaches or water
sheds rather than prioritizing individual projects within 
refugia, unless included as one factor in a multicriteria 
approach.

6.4.1.3 Habitat area and increase in fish  
or other biota

Early efforts at conservation and restoration, and even 
ongoing efforts at recovering endangered species, have 
prioritized restoration based on individual species and 
their specific habitat needs. These approaches can be 
broken into two general categories: simple approaches  
for ranking restoration projects based on increases in 
biota (e.g. fish or other important taxa) or habitat area,  
and single or multispecies capacity or lifecycle models 
that help rank habitat types for restoration. We discuss 
the capacity and lifecycle models in the following 
subsection.

Restoration actions are frequently prioritized partly by 
habitat area or length restored, by the predicted increase 
in fish or biota production, or by a combination of length 
and increase in biota (Roni et al. 2003; Beechie et al. 2008; 
PiniPrato 2008). This involves simply ranking projects 
based on their estimated increase in fish numbers or den
sities, or habitat length or area. For example, Tables 6.3 
and 6.4 provide common restoration projects and how 
their rankings would differ based on total stream area 
restored, total increase in fish production, or fish per 
kilometer restored. This approach requires reasonable 
estimates of habitat area and increases in fish or the biota 
of interest for all project types, which unfortunately is 
often not easily measured and not available for most 
species. Estimates of increases in fish or biota production 
from restoration techniques are relatively rare and typi
cally focus on only a few types of projects (Roni et al. 
2005). For example, the fish response to reconnecting 
isolated habitats, creating habitats, or placing wood or 
other structures in streams has been quantified for a 
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to restore these habitats throughout the 220,000 km2 
portion of the 673,396 km2 basin presently accessible to 
threatened or endangered salmon populations.

The benefits of capacity and lifecycle models are that 
they use empirical data to estimate limitations or bot
tlenecks in survival (Beechie et al. 2008). The shortcomings 
are that they often require very detailed information on 
habitat and habitat use or lifestagespecific survival esti
mates and, more importantly, they typically focus on one 
important or endangered species. If another species 
becomes the focus of restoration, then the analyses need 
to be rerun and the focus of habitat restoration would 
change from one species to the next (Beechie & Bolton 
1999). The need to consider multiple species has led to 
analysis for species complexes or species diversity, and  

habitats to assist in ranking projects (e.g. Nickelson & 
Lawson 1998; Karieva et al. 2000; Greene & Beechie 2004; 
Figure 6.5), or to assist in ranking of marine habitats  
for protection and restoration of rockfish (Sabestes spp.) 
or other aquatic and terrestrial fauna (Levin & Stunz 
2005; Mangel et al. 2006). Lifecycle models typically 
use lifestage or agespecific survival or capacity estimates 
to determine life stages and habitats that are limiting  
production and thus, if addressed, would increase  
productivity and abundance of the species of interest. For 
example, lifecycle modeling by Karieva et al. (2000) using 
a Leslie Matrix approach suggested that restoration efforts 
for Chinook salmon (O. tshawytscha) on the Columbia 
River basin should focus on restoration of tributary 
habitat and estuarine habitat. This has led to large efforts 

Table 6.3 Hypothetical examples of common restoration projects and data commonly used to prioritize restoration actions 

within a large watershed. All numbers are hypothetical and for demonstration purpose only. Restoration type: 

Conn. = connectivity, Imp. = habitat improvement, Process = restores processes (riparian, sediment, etc.).

Project 
description

Watershed Stream 
length (km)

Cost (US$) Increase 
in fish

Cost/ fish 
(US$)

Fish/ km No. rare 
species

Restoration 
type

Replacement of 
culvert 
blocking fish 
passage

Deer Creek 3.0 250,000 1,530 163 510 1 Conn.

Large wood and 
instream 
structures

Clear Creek 2.0 60,000 610 98 305 2 Imp.

Replant 3 ha of 
riparian area

Clear Creek 1.0 48,000 110 436 110 2 Process

Fencing to 
exclude sheep 
grazing

Cold Creek 3.1 45,000 326 138 105 1 Process

Increase 
instream flows

Dry Creek 11.0 500,000 5,500 91 500 4 Flow

Reconnect side 
channel

Big River 2.9 200,000 875 229 302 2 Conn.

Remove 5 km of 
forest road

Big River 7.0 65,000 630 103 90 2 Process

Setback lower 
Bear River 
levee 500 m

Bear River 1.1 1,600,000 440 3,636 400 4 Conn.

Remove mill 
dam on upper 
Bear River

Bear River 10.0 2,500,000 5,050 495 505 3 Conn.

Remeandering 
of channelized 
stream

Bull Run 3.3 800,000 990 808 300 0 Imp.
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benefits include many intangibles not easily quantified in 
monetary terms.

One of the simplest approaches is to rank projects by 
total cost, but this ignores differences among projects in 
total area treated, benefits to resources, and when costs 
are incurred. Ideally, projects would be ranked either  
by costeffectiveness or costbenefit analysis. Ranking 
projects based on costeffectiveness requires information 
on both cost and the measure of project effectiveness. 
Common measures of effectiveness include fish or biota 
abundance, diversity, increase in habitat area or length, 
or improvements in other ecosystem services such  
as water quality, drinking water, or recreation. Most pri
oritization of projects based on costeffectiveness has 
occurred on similar project types such as wetlands or 
instream structures (Johnson & Lynch 1992; O’Grady 
1995; Cederholm et al. 1997; Plummer 2005), although 
some studies have compared different project types 
(Bilsby et al. 1998). Comparing across project types 
requires a common metric of effectiveness that is avail
able for all project types which, as mentioned previously, 
can be challenging to estimate. The metric chosen can 
have a considerable effect on priorities. For example, the 

to the call for focusing on restoring ecosystems and pro
cesses that will create and maintain the natural mosaic  
of habitats rather than focusing on individual species 
(Beechie & Bolton 1999; Roni et al. 2002; Mangel et al. 
2006).

6.4.1.5 Costs, cost-effectiveness,  
and cost-benefit analysis

Limited economic resources mean that restoration 
actions should be prioritized at least in part by economic 
costs and benefits. This is usually done by estimating total 
cost or costeffectiveness or through a costbenefit analy
sis (Plummer 2005). Estimating the cost of a restoration 
project can be straightforward for projects that have a 
detailed budget; however, this becomes more complex if 
some costs are not yet known (i.e. cost of land) or dona
tions such as land, materials, or volunteer labor, a 
common part of many restoration projects, are consid
ered. It is also important to include when the costs will 
be incurred and whether periodic maintenance of the 
project will be needed. Estimating benefits of a project is 
much more difficult than estimating costs, as costs are 
based on goods and services sold in the market while 

Table 6.4 Ranking of projects from Table 6.3 based on amount of habitat restored, cost, increase in fish numbers, cost benefit, 

number or rare species and the project type. Numbers in each column represent rankings for each project for each criterion 

(columns) with a 1 being the highest priority and 10 the lowest. Project types (last column) were given a ranking of 1 if the 

primary goal was to restore flow, 2 if restored connectivity, 3 if restored other processes, and 4 if it improved habitat. Note in 

this example two projects with an equal score are given the same rank.

Restoration project 
description

Stream 
length (km)

Cost 
(US$)

Estimated annual 
increase in fish #s

Cost/ fish Fish/km No. rare 
species present

Project 
type

Replacement of culvert 
blocking fish passage

6 6 3 5 1 4 2

Large wood and instream 
structures

8 3 7 2 5 3 4

Replant 3 ha of riparian area 10 2 9 7 8 3 3
Fencing to exclude sheep 

grazing
5 1 10 4 9 4 3

Increase instream flows 1 7 1 1 3 1 1
Reconnect side channel 7 5 5 6 6 3 2
Remove 5 km of forest road 3 4 6 3 10 3 3
Setback lower Bear River 

levee 500 m
9 9 8 10 4 1 3

Remove mill dam on upper 
Bear River

2 10 2 8 2 2 2

Remeandering of 
channelized stream

4 8 1 9 7 5 4
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called a costbenefit or (more accurately) a benefitcost  
analysis (Thurston et al. 2009). These types of analysis 
are common in wetland and environmental protection 
and mitigation, but have been used less frequently  
for prioritizing restoration actions. This is partly because 
it requires an estimate of the benefits of a project in  
economic or monetary terms. This has been most  
frequently estimated for fish in terms of value of commercial 
harvest or sportcaught fish, but also as the value of a  
day spent fishing or the impact to the economy through 

rankings of the 10 projects in Table 6.3 changes substan
tially if they are prioritized on total stream length, cost, 
or cost per fish (Table 6.4). These analyses assume,  
of course, that the costs for restoring a given length of 
habitat are fixed or that each additional kilometer restored 
will cost the same. This is often not the case, as there may 
be some efficiency gained by restoring additional lengths 
of stream.

Restoration actions can also be prioritized based on 
their economic benefit or net economic benefit, commonly 

Figure 6.5 Identification of priority freshwater and estuarine habitats or restoration actions identified using lifecycle models for 
(A) Pacific salmon (Oncorhynchus spp.) (modified after Scheurell et al. 2006); and (B) red drum (Sciaenops ocellatus) in the Gulf of 
Mexico (modified after Levin & Stunz 2005).
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jobs created or money spent on recreation (e.g. purchase 
of food, gas, lodging, fishing equipment) (Kennedy & 
Crozier 1991; Hickley & Tompkins 1998; Pitcher & 
Hollingworth 2002). Less tangible ‘ecosystem services’ 
such as the value of instream flows, value of improved 
water quality, recreation opportunity, and other services 
have also been estimated (RietbergenMcCracken & 
Abaza 2000; Brouwer & Pearce 2007; Thurston et al. 2009).

Any effort to compare costs or benefits received in dif
ferent years requires adjusting costs or benefits to a base 
year or calculating a present value based on a discount 
rate that adjusts for the time value of money (real dis
count rate) or the time value of money plus expected 
inflation (nominal discount rate) (Plummer 2005). Simi
larly, projecting costs of projects that occur in the future 
should be adjusted for inflation (Box 6.1).

Box 6.1 Adjusting restoration costs for the time 
value of money

The discount rate is the rate at which future dollars are 
discounted relative to current dollars. The importance of 
discount rates in valuing restoration projects can be 
demonstrated with a simple example of three projects that 
each cost $100,000 but incur costs in different years. Project 
1 costs $100,000 today, project 2 will cost $100,000 but not 
be possible for three years, and project 3 will cost $25,000 a 
year starting today and for the next four years. Using the 
formula

Present value =
+
V

r t( )1

 
 (1)

where V is the value in dollars or other currency, r is the 
discount rate and t is the time in years, we see that present 
value of project 2 using a discount rate of 5% is $86,384. 
Project 3 would require calculating the present value of a 
stream of equal costs, which can be done with the formula

Present Value = − + −

V
r

r

n

0
1 1( )

 (2)

Using this formula, the present value of project 3 would be 
$88,649. The same approach could be used to calculate the 
benefits of a project. For example, if the economic benefit of 
the project over the next 10 years is $1000 a year, the present 
value of those benefits at a discount rate of 5% would be 
$7722 rather than $10,000. We could also use this approach 
to project the future costs of a project if we know its present 
value and have some estimate of inflation. Detailed 
explanation of discounting and costbenefit analysis for 
watershed restoration can be found in Plummer (2005), 
Thurston et al. (2009), or in a variety of economics texts.

Using cost and benefit to prioritize restoration is a way 
of efficiently allocating economic resources, but it has its 
limitations. It is very difficult to place economic value on 
nonmarket or intangible goods such as the value of the 
existence of a species, value of a healthy environment, or 
how people feel when they spend time in a natural area. 
Estimates of the value of these intangibles are site or 
project specific, can be controversial and have not been 
calculated for the vast majority of species or ecosystems 
(Heinzerling & Ackerman 2002). Economic analysis also 
assumes all projects are independent, which is often not 
the case. For example, a project that restores rearing 
habitat for juvenile fishes may be of little use if its success 
depends on a project that restores spawning habitat 
(Plummer 2005). It is important to note that economic 
analyses such as those described here are based on 
peoples’ preferences and not on what might be best for 
an ecosystem. Prioritizing projects based solely on cost, 
costeffectiveness or costbenefit analysis can lead to an 
entirely different set of priorities than other approaches. 
Therefore, while these costbased approaches can be 
useful, they should not be the only factor considered  
and are most useful when coupled with other metrics or 
approaches when ranking watersheds or projects for 
restoration.

6.4.1.6 Conservation planning software and 
computer models

As mentioned previously, a variety of computer models 
and software have been developed for identifying conser
vation areas and priority watersheds for the protection 
and recovery of rare and important flora and fauna 
throughout the world (Sarkar et al. 2006). The majority 
of these have focused on terrestrial species or marine 
reserves, but have more recently been modified and 
applied to conservation of freshwater fishes (Moilanen  
et al. 2008) and, only recently, specifically to restoration 
planning (Fullerton et al. 2010). These computer mode
ling efforts range from simple GIS exercises overlaying 
land cover, land use and species distribution layers to 
identify priority areas for protection and restoration – 
such as for grizzly bears (Ursus arctos horribilis) in Canada 
or salmon in the United States (Noss et al. 2009) – to 
more complex analysis that incorporate GIS data layers, 
professional opinion, life history models, and other bio
logical and sociological information – such as those for 
endangered fishes (Villa et al. 2002; Abellán et al. 2005; 
ZafraCalvo et al. 2010).

Software packages such as Marxan, ConsNet, Natureserve 
Vista, CPlan, Zonation, and others have been developed 
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some of the computer models and conservation planning 
software include MCDA or are used to assist with MCDA.

There are numerous publications, texts and journals 
dedicated to MCDA. It has been applied to a variety of 
watershed management problems including: prioritiza
tion of watersheds and subwatersheds for protection and 
restoration (Gellis et al. 2001); endangered fish species 
protection (Williams et al. 2007; Lynch & Taylor 2010); 
river corridor and riparian protection and management 
(Harris & Olson 1997; Hermans et al. 2007); forest road 
removal (Allison et al. 2004); native plant community 
protection and restoration (Palik et al. 2000); and selection 
of estuarine, nearshore, and marine areas for protection 
(Villa et al. 2002; Johnson et al. 2003; Diefenderfer et al. 
2009). MCDA is increasingly used to prioritize restora
tion actions for endangered fishes throughout a region  
or watershed (Roni et al. 2003; Beechie et al. 2008). For 
example, Trout Unlimited has developed a simple MCDA 
to rank watersheds for protection of endangered trout 
(Oncorhynchus and Salvelinus spp.) throughout the United 
States (Williams et al. 2007; Figure 6.4).

Related to MCDA are a number of multimetric indices 
of habitat quality such as the index of biotic integrity 
(IBI; Karr & Chu 1999), multilevel concept for fishbased 
assessment (MuLFLA; Schmutz et al. 2000), or the fluvial 
audit approach developed to rate river reach quality (Sear 
et al. 2009). These methods, developed to assess stream 
health, are often used to assist with management decisions 
including prioritization of watershed or stream reaches 
for protection and restoration (see also Chapter 3).

The most common types of MCDA for prioritizing 
watersheds or actual restoration projects are relatively 
straightforward and transparent scoring systems. For 
example, scoring approaches that use experts to rate 
projects or areas for restoration are based largely on 
quantitative data, and are relatively easy to explain and 
understand. In practice, most use a combination of GIS 
or field data to provide quantitative information on a 
variety of factors and professional opinion to assist with 
scoring of the criteria selected. Common factors for pri
oritizing watersheds include land use, area or proportion 
of intact habitat or degraded habitat, road density, barri
ers to migration, water quality, invasive species, riparian 
or habitat condition, species present, biodiversity, pres
ence or abundance of rare or endangered species, habitat 
condition index based on computer models, and many 
others (Nehlsen 1997; Gellis et al. 2001; Williams et al. 
2007). Common criteria for prioritizing individual 
projects include areas or length restored; potential 
increase in fish or species of interest; the number of rare 

to assist with conservation planning and many are avail
able as shareware on the Internet. Most focus on physical 
and biological metrics, but incorporating socioeconomic 
factors such as the willingness of landowners to participate 
in conservation efforts can have a dramatic impact  
on prioritizing areas for protection and restoration 
(Guerrero et al. 2010). Conservation planning software 
is helpful for ranking watersheds for protection and  
restoration (Moilanen et al. 2008), but less effective 
for restoration projects. The more complex software 
packages and computer models, while often very useful, lack 
transparency, can be difficult to explain to constituents, 
and are sometimes beyond the capabilities of many 
watershed restoration practitioners.

Models designed specifically to prioritize restoration 
projects have often focused on one type of restoration 
such as barrier removal (Steel et al. 2004; PiniPrato 
2008), or examined tradeoffs of implementing different 
restoration scenarios in a basin (Steel et al. 2009; Fuller
ton et al. 2010). Models predicting the effects of land use 
on habitat conditions and fish distribution can be used 
to develop decision trees for selecting restoration projects 
(Poppe et al. 2008). With the exception of these efforts 
to rate barrier removal or other specific techniques, 
decisionsupport models are typically basin or region 
specific and need to be developed individually for each 
watershed (i.e. Baker et al. 2004; Fullerton et al. 2010). As 
with many other methods for prioritizing watersheds  
and projects for restoration, simple and complex models 
are often combined for use with scoring systems (Filipe 
et al. 2004). The benefits of these modeling approaches 
are that they can incorporate many different types of 
information, but the more complex models and software 
may not be easily used or interpreted by all users.

6.4.1.7 Scoring and multi-criteria decision analysis
One of the most common approaches, and one that  
can incorporate many criteria including the previously 
described approaches, is a scoring system that uses many 
different criteria to determine project priorities. The rank
ing of potential decisions based on multiple criteria has a 
long history in engineering and management and has 
more recently been applied to environmental conserva
tion and restoration (Belton & Stewart 2002; Pohekar & 
Ramachandran 2004). These procedures, collectively 
known as multicriteria decision analysis (MCDA), range 
from simple scoring and weighting systems to complex 
computer models and software (Malczewski 1999; Belton 
& Stewart 2002; Pohekar & Ramachandran 2004). Indeed, 
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or endangered species that will benefit from the project; 
the cost, costbenefit, and costeffectiveness (cost/fish); 
and whether it addresses a factor limiting biotic produc
tion, restores a sensitive habitat, restores a key process 
(restoration type), or is a refuge or priority watershed 
(Beechie et al. 2008). Data from the previously described 
approaches may also be included as criteria.

Regardless of how simple or complex the utilized 
MCDA is, there are several key steps that must be  
followed: selection of which MCDA to use; selection of 
criteria for scoring; selection of scoring and weighting; 
data collection or analysis to assist with scoring (if appli
cable); scoring and ranking; and the final list of project 
priorities (Figure 6.1). Similar to any other prioritization 
method, the goals and objectives of the approach need to 
be clearly defined, and the technical team must decide on 
the criteria for restoration based on the objectives and 
values of the working group. It is critical that the group 
clearly define the criteria to use in the prioritization 
process and document their decisionmaking process 

Table 6.5 Examples of 5 of 20 criteria and scoring used to prioritize watershed protection and restoration of endangered trout 

species in the United States (Williams et al. 2007). Note that, similar to many multicriteria decision analysis, some criteria are 

quantifiable (% historic habitat, life history diversity), others are qualitative (climate change), and others partially quantifiable 

but require a qualitative judgment for scoring (water quality, flow regime).

Indicator Definition General scoring rules

Water quality Measured by presence of 
waterqualitylimited stream 
segments: number of mines 
and point sources of pollution

5: high quality (no WQ limited segments)
4: high quality (minor pollution sources)
3: moderate to high quality
2: moderate quality with significant sources of pollution
1: poor quality

Flow regime Measured by seasonal 
fluctuations and total flows 
compared to historic

5: flow regime unaltered
4: flow c. 90% of historic
3: flows c. 75% of historic
2: flows c. 50% of historic
1: flows highly modified, <50% of historic

Percent of historic 
stream habitat 
occupied by 
species of interest

Percent of historic stream 
habitat (km) currently 
occupied versus historic

5: > 50% occupied
4: 35–49%
3: 20–34%
2: 10–19%
1: <10%

Life history 
diversity

Number or life history forms 
present compared to 
presumed historic condition

5: all life history forms present
3: two or more life history forms present, but at least one absent
1: one life history form present and others absent

Climate change Resistance to climate change 
impacts as a function of 
watershed connectivity, 
habitat conditions, and 
elevation gradients

5: high condition, connectivity
4: moderate condition moderate connectivity
3: moderate conditions but low connectivity
2: low conditions, low connectivity
1: very low conditions

including why they chose or excluded certain criteria. 
Failing to document these factors can lead to conflict later 
when the final scores are calculated, or when the data are 
presented to a larger audience.

How the criteria will be scored, whether each criterion 
will receive equal weighting and how the final scores will 
be calculated is also important. Methods for scoring 
projects include simple rating (e.g. 0 to 3, 1 to 5, 1 to 10); 
fixed point scoring (100 points distributed among all 
projects); ordinal ranking (rank from least to most 
important); graphical weighting; paired comparisons; and 
normalization of weights (Yoe 2002). The most straight
forward and common approach is a simple rating system 
that uses a consistent range of scores for each criterion. 
To ensure that scores are assigned consistently, each score 
should be well defined. For example, for prioritizing 
watersheds for protection of brook trout (Salvelinus 
fontinalis), Trout Unlimited used a 1 to 5 scoring system 
for each criteria, and clearly described what constituted 
a 1, 2, 3, 4 and 5 (Williams et al. 2007; Table 6.5).
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Table 6.6 Simplified prioritization of projects from tables 6.3 and 6.4 using a multicriteria decision analysis with four criteria 

(cost/fish, fish/km, number of rare species, and project type) with all criteria given equal weight and a fourpoint scoring 

system (0, 1, 2, 3). (1) Cost/fish: <$100/fish: 3; $100–499/fish: 2; $500–999/fish: 1; >$999/fish: 0. (2) Fish/km: >500 fish/km: 3; 

300–499 fish/km: 2; 100–299 fish/km: 1; <100 fish/km: 0. (3) Rare species: 3 or 4 species: 3; 2 species: 2; 1 species: 1; 0 species: 

0. (4) Project type: restores flows or connectivity: 3; restores processes: 2; improves habitat: 1. Total score is simple sum for each 

criterion for each project. The last column provides an example of how rankings might change if one criterion (fish/km) was 

double weighted (score for fish/km × 2).

Restoration project Cost/fish Fish/km No. rare 
species present

Project 
type

Total score 
(equal weight)

Total score (double 
weight for fish/km)

Removal of culvert blocking fish 
passage

2 3 1 3 9 12

Large wood and instream 
structures

3 2 2 1 8 10

Replant 3 ha of riparian area 2 1 2 2 7 8
Fencing to exclude sheep grazing 2 1 1 2 6 7
Increase instream flows 3 3 3 3 12 15
Reconnect side channel 2 2 2 3 9 11
Remove 5 km of forest road 2 0 2 2 6 6
Setback lower Bear River levee 

500 m
0 2 3 3 8 10

Remove mill dam on upper Bear 
River

2 3 3 3 11 14

Remeandering of channelized 
stream

1 2 0 1 4 6

The team also needs to determine whether some crite
ria should be given greater weight than others as, in many 
cases, some criteria are more important than others. The 
scores are then multiplied by the predetermined weight. 
Table 6.6 demonstrates how project ranking might vary 
using four simple criteria and a fourpoint scoring system 
both with and without weighting. We must be careful  
not to inadvertently weight criteria by using a different 
scoring system for different criteria. For example, if a 
system of 0 or 1 is used to rate presence or absence of a 
species, but 1 to 5 is used to score project cost, cost will 
be given greater weight in determining final score for 
projects. If different score ranges are necessary for each 
criterion, they may need to be normalized to a common 
scale. Including multiple similar criteria that are in 
essence different measures of the same factor (e.g. habitat 
area and habitat length) can unintentionally bias scoring 
systems towards that factor if each factor does not have 
the same number of criteria. Similarly, the technical team 
must decide how to treat projects for which no score can 
be given for some criteria. Leaving some criteria blank 
will result in lower scores for projects with incomplete 
information. Either the team must decide on a default 

score, such as an average score, or the projects should be 
ranked with and without the criterion (or those criteria) 
to demonstrate how the priorities might change and the 
importance of that criterion (or those criteria).

The final step is to summarize the scores for each 
project or watershed by either summing or averaging the 
scores. In cases where professional judgment is used and 
projects are scored by multiple team members, the scores 
must be averaged or summed to provide a final ranking 
for each projects. While there are more complex ways of 
weighing and calculating scores, it is important to con
sider that the more complicated the method, the more 
difficult it will be for a broad audience to understand.

6.4.2  Selecting a prioritization approach
Project ranks can vary widely among the different 
approaches (Table 6.4) and there is no single best approach 
for prioritizing watersheds, habitats, or restoration 
projects. Which of the above approaches is appropriate 
depends largely on the goals of the group, availability  
of data, and time and resources available. MCDA 
approaches are often recommended because of their 
transparency and the ability to incorporate a variety of 
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Figure 6.6 Prioritization of barriers to connectivity within the DRB using the Prioritization Index (PI) within habitat of 
longdistance and mediumdistance migrants (see Box 6.2 for description of PI and methods).
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qualitative and quantitative data, as well as professional 
opinion. While ranking can be used directly to set priorities 
(i.e. project with highest ranking is given top priority),  
it is often used to categorize projects or watersheds as 
high, medium, or low priority and determine sequencing  
of projects (Figure 6.4). For example, hundreds of barrier 
removal projects in the Danube River were categorized 
into high, medium, and low priorities based on their 
rankings (Figure 6.6; Box 6.2). It should also be noted 
that these approaches are usually used to determine the 
sequencing of restoration actions rather than to completely 
eliminate projects.

6.5  Completing analyses and examining 
rankings

Once a prioritization approach and criteria have been 
defined, the next steps are to collect the data, run an 

analysis or calculate scores, and determine project or 
watershed rankings. Obviously, the amount of time and 
resources needed will vary greatly by approach. Some 
approaches such as modeling may require both consider
able data collection and computational time, while a 
basic MCDA approach may only require scoring projects 
based on simple information on project cost, area, and 
rough estimates of ecological benefit (Tables 6.3 and 6.5). 
The output of the procedure should be doublechecked 
and reviewed to make sure there are no errors and that 
scores are accurate. If scores are correct but do not meet 
expectations, new criteria should be added with caution. 
There can be a temptation to add criteria or change scores 
for specific criteria so that a project receives the desired 
score which, if allowed, could lead to bias and undermine 
the purpose of the prioritization process. In some cases 
projects will have identical scores; this is not a problem 
if projects are simply grouped as high, medium, or low 
based on a range of scores. However, if the team wants to 
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Restoring habitat connectivity by removing migration barriers 
or installation of fish passes is key to improving the ecological 
health of riverine fish communities. Failing to address these is 
considered a major risk for failing to meet the environmental 
objectives under the European Union’s Water Framework 
Directive (WFD). Consequently, restoring continuity is one of 
the main restoration actions within River Basin Management 
Plans of the EU member states (EEB 2010). This is particularly 
evident in large catchments like the more the 800,000 km2 
Danube River Basin (DRB), where most fish are migratory and 
numerous manmade barriers exist. More than 900 
interruptions of river and habitat connectivity (migration 
barriers) are located in the DRB and its major tributaries 
(catchment areas >4000 km2), 56 of which are located in the 
mainstem Danube (ICPDR 2009). This has had particularly 
negative impacts on longdistance migrants (LDM) such as 
sturgeon (Acipenser spp.) and shad (Alosa spp.). These species 
once migrated from the Black Sea upstream several thousand 
kilometers to upper areas of the Danube and tributaries but 
are now blocked at the Iron Gate hydropower stations (km 
863). Manmade barriers have also impacted mediumdistance 
migrants (MDM or potadromous fishes) such as Abramis 
brama, Abramis sapa, Acipenser ruthenus, Aspius aspius, Barbus 
barbus, Chondrostoma nasus, Hucho hucho, and Lota lota which 
historically migrated up to 200 km (Waidbacher & Haidvogl 
1998).

The overall goal of continuity restoration in the DRB is to 
allow fish migration throughout the entire basin. Due to the 
high number of barriers and limited resources, a prioritization 
index (PI) was developed to rank barriers for restoration using 
a modified scoring system with multiple criteria and weights. 
The specific objective of the PI was to provide a stepwise and 
ecologically efficient approach for implementation of 
restoration measures at a basinwide scale. The goals and 
procedure for the PI were developed by Schmutz & Trautwein 
(2009) in collaboration with the DRB countries, the 
International Commission for the Protection of the Danube 
River (ICPDR), and experts from DRB countries. DRB 
countries provided data and the ICPDR was responsible for 
administration and integration of results in Danube River 
Basin Management Plan (DRBMP).

In order to guarantee an ecologically effective restoration 
process, five criteria that focus on the specific requirements of 
migratory fish species were selected (Table 6.7). The location 
of barriers within the river continuum is of major importance 
in order to provide access to spawning habitats. The 
availability of nonfragmented habitat is essential to guarantee 
minimum population sizes and sufficient genetic exchange 
between subpopulations (e.g. Fagan et al. 2002; Traill et al. 
2007). The initial criteria for restoring connectivity are 
therefore based on the migratory behavior and habitat of 
LDM and MDM species in the DRB (criterion migratory 
habitat), which was determined from previous studies (Hensel 
& Holčík 1997; Waidbacher & Haidvogl 1998; Schmutz & 

Trautwein 2009). Weirs representing barriers to fish migration 
were scored from 0 to 4 with those that affected longdistance 
migrants given a 4 and those that affected only shortdistance 
migrants (SDM) given a 0.

The PI also needed to reflect the increasing migratory 
requirements from the headwaters down to the Danube. The 
Danube itself is the only pathway for longdistance migrants 
(LDM) from the Black Sea to the upstream spawning areas in the 
Danube and its tributaries. Hence, if the migration barrier was in 
the mainstem Danube it was given the highest priority in 
restoring river connectivity. In rivers with multiple barriers, 
obstacles located furthest downstream are given higher priority 
than those further upstream (criterion first obstacle). Moreover, 
the highest priority was given to most downstream barriers in the 
Danube River itself, as restoration of barriers further upstream 
will become effective for MDM and LDM only after restoration 
of downstreamlocated barriers. Consequently, the further an 
obstacle is located from the river mouth, the lower priority it 
received (criterion distance from mouth; Table 6.7).

Box 6.2 Case Study: Restoration of connectivity in the Danube Basin

Table 6.7 Prioritization criteria and weighting factors for 

restoring continuity in the Danube River Basin

Criteria Scores

1. Migratory habitat
• Longdistance migrants within Danube 4
• Longdistance migrant habitat within 

Danube tributaries
2

• Mediumdistance migrants habitat 1
• Shortdistance migrants (head waters) 0

2. First obstacle in river segment 
upstream of river mouth
• Yes – in Danube 2
• Yes 1
• No 0

3. Distance from mouth (river segment)
• First river segment upstream of mouth 3
• Second river segment upstream of 

mouth
2

• Third river segment upstream of mouth 1
• River segments upstream of third 

river segment
0

4. Length of reconnected habitat (values 
in bracket are valid for Danube)
• >50 km (>100 km) 2
• 20–50 km (40–100 km) 1
• <20 km (<40 km) 0

5. Protected site (Natura 2000)
• Yes 1
• No 0
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Barriers were weighted by the length of the reconnected 
river segment (criterion length of reconnected habitat) to give 
higher weight to longer and less fragmented river segments 
(river stretch from tributary to tributary). For this criterion, 
different river length classes were defined for the Danube and 
the tributaries to account for different river sizes (Table 6.7). 
The final criterion was related to the environmental protection 
status. Obstacles within protected areas of the European 
Natura 2000 network receive higher priority because it is more 
likely that those river segments will be maintained in good 
condition or will be restored than unprotected river segments 
(criterion protected site).

The Prioritization Index (PI) for each barrier is calculated 
using the formula:

PI   
 

= × +
+

migratory habitat first obstacle
upstream distance fr

(1
oom mouth length

of reconnected habitat protected site
 

   
+

+ ).

This is a modified scoring system where the PI weights the 
first and most important criteria (migratory habitat) by the 
cumulated weight of the four other criteria. This procedure 
guarantees that barriers within the Danube and affecting LDM 
receive higher scores than in the tributaries and within MDM 
habitats. This is to ensure that the index prioritizes projects 
based on the main goal of free migration routes. The 
maximum possible PI value is 36 and the minimum 0 (only in 
head waters). For graphical representation the PI was grouped 
into 5 priority classes: utmost (PI >13), very high (10–12), 
high (7–9), medium (4–6) and low (1–3).

These results reveal clear ecological priorities for restoring 
connectivity within the DRB. Barriers in the lower Danube are 

the highest priority with values ≥20 (Figure 6.6). In the upper 
Danube, the PI ranges over values 8–16 as long as the Danube 
is classified as LDM habitat. Within the LDM habitat, the 
obstacles in Bavaria generally receive higher values compared 
to Austria because longer habitats are reconnected and most 
obstacles are within protected Natura 2000 sites. Within the 
tributaries, the obstacles near the river mouth generally have 
higher PI values than obstacles located further upstream. Out 
of the 671 prioritized barriers, 29 (3%) are of the utmost 
priority for restoration, 99 (10%) of medium priority and 543 
(58%) of low ecological priority. More than a quarter of the 
barriers are not currently priorities for ecological restoration 
(PI = 0) on the basinwide scale as they are located in 
headwaters or artificial canals. Of particular importance are 
the Iron Gate Dams I & II in the lower Danube, which have 
resulted in sharp declines in most Danube sturgeon species 
(now endangered) with significant regional economic impacts 
on the productivity of fisheries (Hensel & Holčík 1997). As 
part of the DRBM Plan, the first step is a feasibility study to 
modify the Iron Gate Dams to allow free fish migration, 
particularly for sturgeon species.

The PI provides a guideline whereby the final decision 
where and when to restore connectivity depends on the 
technical feasibility to build fish passes or remove barriers, the 
costs involved, and also the relevance for national restoration 
and conservation programs. In this case, the Danube countries 
have identified 108 fish migration aids that will be constructed 
in the DRBD by 2015. In addition, more than 600 measures to 
restore river continuity interruptions will be undertaken in the 
second (2021) and third (2027) WFD cycle and some 
migration barriers will not be restored at all due to technical 
problems or disproportionate costs (ICPDR 2009).

distinguish between two similarly scored projects, some 
additional discussion may be needed to determine how 
to rank projects with similar scores.

A sensitivity analysis can be performed for models and 
complex MCDA to see the relative sensitivity of different 
criteria and their weights in the final total score. In general, 
this requires systematically setting the value of the crite
rion of interest at different levels, fixing the scores of the 
other criteria and examining the influence that variation 
in the criteria of interest has on the final project scores. 
This can be repeated for all criteria to understand which 
are most sensitive. For example, Levin & Stunz (2005) 
conducted a sensitivity analysis of their lifecycle model to 
show that most of the variability in population growth 
rate of red drum (Sciaenops ocellatus) is explained by 
larval and juvenile survival rates. This was then used  
to demonstrate which habitat restoration techniques 
might produce the largest increase in survival (Figure 6.5b).

Despite its rank, a variety of factors can influence 
whether a project is implemented including cost, per
mitting, willingness of landowners, and the planning 
horizon needed to implement and complete a project. 
That is, even the highestranking project or projects may 
not be feasible due to landuse constraints or if funds are 
not available. Nevertheless, these projects may ultimately 
be necessary to achieve restoration goals. For example, 
achieving fish recovery objectives for the Elwha River  
in Washington State requires removal of two large dams, 
but these removals have taken many years to realize 
because of legal and environmental issues and the number 
of studies that were required before demolition. In con
trast, a low rank for a project does not necessarily mean 
it should never be implemented. In practice, lower
ranking projects are sometimes implemented first because 
they are either easy to implement or less expensive, or 
until factors preventing implementation of higher
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areas), and others that are difficult to categorize  
(e.g. restoration type or implementation time). Which 
approach is most effective is largely dependent on the 
goals of the restoration and the funds, data, and time 
available. However, given that most restoration actions 
are funded from public sources, the MCDA or scoring 
system approach is often recommended because it is typi
cally transparent and can incorporate a variety of data 
and values. Complex multicriteria models can also 
benefit from a sensitivity analysis to see which criteria 
have the largest effect on rankings. Because restoration 
programs often involve and may affect many diverse 
groups, the process for prioritization should be well  
documented and made available to all interested parties 
either as a written report or online. Finally, prioritization 
should be repeated periodically as new projects are  
identified, projects are completed, and new information 
becomes available.
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7.1  Introduction

Restoration planning and implementation are grounded 
in an understanding of causes of degradation, the scale at 
which the problem must be addressed, and constraints on 
restoration opportunities (Chapters 2 and 3). The water-
shed assessments described in Chapter 3 illustrate how 
assessments of watershed- and reach-scale processes are 
used to identify the general types and scale at which  
restoration is needed. For example, impacts to sediment 
supply or hydrologic regime may cause reach-scale channel 
and habitat degradation, but restoration strategies may 
require watershed-scale actions to address the root causes 
of degradation and to restore impacted habitat. By contrast, 
reach-scale causes of degradation such as riparian modi-
fication or channel armoring can be addressed locally. In 
either case, addressing the cause of degradation requires 
development of restoration projects at specific sites and  
a logical sequence for planning, design, implementation, 
and monitoring those projects. Additional site-level  
analyses are therefore required to design each individual 
restoration project. In this chapter we describe and illustrate 

a project development process that includes several key 
steps: identify the cause of the problem to be addressed, 
assess the project context, define project goals and objec-
tives, conduct site-level investigations, evaluate alternative 
solutions, design the project to meet objectives and 
accommodate watershed context, and integrate imple-
mentation and monitoring plans into the final design.

A comprehensive approach to project development 
and implementation can substantially improve restora-
tion practice and facilitate adaptive management in 
restoration programs. Projects typically proceed through 
three main phases (Skidmore et al. 2011):
• planning, which establishes the purpose and need for 
restoration, puts the project in a watershed context, and 
articulates the specific intentions of a project;
• design, which describes the details of the project and 
how it will be implemented and the project objectives 
accomplished;
• implementation and monitoring, which includes the 
actions taken to complete the project, checking to see that 
the project was implemented as designed, and evaluating 
whether the project had the desired habitat and biological 
effects.

Stream and Watershed Restoration: A Guide to Restoring Riverine Processes and Habitats, First Edition. Philip Roni and Tim Beechie.
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley & Sons, Ltd.
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which should clearly describe the purpose of the project 
and its anticipated outcomes. The fourth step is investiga-
tive analysis, which assesses physical, chemical, and  
biological features of a site to inform the alternatives 
evaluation and project design. The fifth step is alterna-
tives evaluation, which identifies and compares alternative 
solutions, management strategies, and design concepts with 
each other and with a no-action alternative. Project 
design (Step 6) follows selection of a preferred alternative 
and includes a suite of project element designs that 
support objectives and communicate design details to  
all parties. Implementation (Step 7) includes managing 
impacts and risks associated with construction activities 
and documenting all project elements. Finally, measuring 
project compliance and performance is critical to adap-
tive management (Step 8), both for managing deviations 
from anticipated outcomes and for making adjustments 
to the watershed restoration program (see Chapter 8 for 
detailed discussion of monitoring).

The steps are sequential in that each is informed by the 
previous step; skipping any of these steps can significantly 
jeopardize project integrity. However, later steps may also 
inform previous steps and so the process is often iterative. 
For instance, analysis of alternatives may reveal that 
stated objectives are impractical or contradictory, requir-
ing that objectives be revisited. The design process may 
also invalidate assumptions applied in evaluating alterna-
tives and compel reconsideration of project details or 
alternatives. Hence, the final project design should be 
based on the integration of all the design steps to ensure 
consistency of information among the steps and to ensure 
that a project is planned, designed, and implemented in 
a way that is most likely to succeed.

Current restoration practices often shortcut the project 
development process or fail to monitor outcomes, result-
ing in projects that do not meet objectives or expectations 
(Pretty et al. 2003; Bernhardt et al. 2005; Stewart et al. 
2009). Two of the most common pitfalls are lack of clearly 
defined project goals and objectives, and lack of a clear 
analysis process that identifies causes of ecosystem deg-
radation and links this to design. A lack of clearly defined 
project goals and objectives propagates through the entire 
project development process, often resulting in projects 
that fail to address the identified problem. Moreover, 
where expectations have not been adequately defined 
with measurable objectives, there is no clear hypothesis 
that can be tested through monitoring and project success 
is difficult to evaluate (Bernhardt et al. 2007; Skinner 
et al. 2008). The second common pitfall is skipping key 
design steps that link the analysis of root causes to project 

Within these phases of project development are eight 
distinct steps (Figure 7.1) (Skidmore et al. 2011).

The first step is problem identification, which should 
link the problem to its underlying root cause and describe 
the scale at which the problem should be addressed (this 
usually comes from the watershed assessment, Chapter 
3). The second step is an assessment that establishes the 
planning, ecological, geomorphic, and socioeconomic 
context for the project. Much of this context information 
is also derived from the watershed assessment and human 
dimensions of restoration (Chapters 3 and 4). However, 
additional analyses are needed to help determine project 
context, goals, and design. The third step is defining  
the project goal and specific and measurable objectives, 

Figure 7.1 The project development process is sequential but 
may involve iterations as each step in the process brings 
additional information and perspective. Analyses conducted 
later in the development process may verify or invalidate 
assumptions asserted earlier in the process, and therefore 
warrant revisiting earlier steps in the process (based on 
Skidmore et al. 2011).
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As discussed in Chapter 3, the process of problem 
identification should recognize that root causes of 
degraded stream condition or structure may occur at much 
different spatial and temporal scales than the symptoms 
(altered habitat or biota or unstable reach conditions). 
Evaluation of problems and their causes should therefore 
take place in the context of a multidisciplinary watershed 
assessment, which typically:
• determines the status of watershed controls including 
hydrology and sediment regimes;
• identifies changes that have occurred within the watershed 
and stream corridor that may explain changes in stream 
conditions at varying scales; and
• translates data collected into information that contributes 
to selection of alternatives and design at an appropriate 
scale.
Common problems leading to a determination that  
restoration is necessary include habitat constraints, 
altered channel conditions, or water quality degradation. 
Habitat constraints, sometimes referred to as limiting 
factors, are commonly described for a single species of 
interest and can be further reduced to life-stage specific 
constraints (Beechie et al. 1994). The identification of 
habitat constraints is critical to guiding restoration  
priorities, but it must be coupled with analysis of  
processes that sustain habitat (Skidmore et al. 2011). 
Change in channel structure and condition is often the 
result of manipulation of the stream, but may also be  
a response to changes in watershed controls such as  
sediment supply and hydrologic regime (Brierley &  
Fryirs 2008). Common channel changes can be simply 
categorized as aggradation, degradation, width adjust-
ment, or planform change (Leopold et al. 1964). Change 
in channel structure or condition is commonly associated 
with disruption of the sediment regime and resulting 
imbalance between sediment supply and local sediment 
transport capacity (Kondolf 1997). However, land-use 
histories may complicate the identification of such causal 
relationships, especially legacy impacts from activities 
such as wetland drainage, channelization, mining, beaver 
trapping, log jam removal, logging, and other land uses 
(Wohl 2004).

Water quality impairments may include changes in 
temperature, pH, dissolved oxygen, and excess inputs  
of nutrients, heavy metals, water-borne pathogens, and  
fine-grained sediment (Miller & Miller 2007). These 
impairments may affect any level of the food chain, 
having either direct or indirect effects on higher trophic 
levels. In a restoration context, even successful restoration  
of physical processes may be inadequate to achieve  

design, thereby failing to fully consider the project 
context. This often leads to repeated use of a limited 
number of standard or ‘typical’ design drawings, even 
though the projects vary widely in geographic setting and 
stream types (Montgomery & Buffington 1997). Such 
designs are often inadequate or inappropriate because 
they lead to implementation of projects that include  
elements that may be unnecessary, cause unanticipated 
problems, or otherwise limit project success.

7.2  Identify the problem

Designing a restoration project requires identification of 
the underlying causes of river ecosystem degradation, as 
well as an understanding of scale at which those causes 
occur (Chapters 2 and 3). Accurate problem identifica-
tion may require the expertise of a number of scientific 
disciplines, and it will improve the project planning  
process and ultimately contribute to more sustainable 
and successful projects (Chapter 3). Unfortunately, common 
approaches to restoration project development often 
focus on treating observed symptoms (structure) rather 
than identifying and resolving underlying causes (processes 
or functions). For example, water quality assessment 
often points to eroding banks as sources of excess sediment 
(Montana Department of Environmental Quality 2009), 
leading to engineering solutions such as armoring or 
reconstructing banks using rock structures or bioengi-
neering techniques. Such actions treat the symptom 
instead of addressing the underlying cause of bank failure, 
which may be (1) a site-scale issue such as vegetation 
removal, bank trampling, or local channel manipulation; 
(2) a reach-scale issue such as historic floodplain logging 
or channel straightening; or (3) a watershed-scale issue, 
such as sediment accumulation or change in flood duration 
due to land-use changes upstream. Treating symptoms 
may alleviate short-term concerns and allow for rapid 
project development, but may also result in project  
benefits that are unsustainable. For example, a fish biologist 
may conclude that a limiting factor (symptom) for  
fisheries is a lack of rearing habitat due to increased  
sediment, and that a project objective should be to  
create more rearing habitat. Rearing habitat, however,  
is a structural component of a stream that is formed  
by active geomorphic processes. While artificial bank  
stabilization and creation of new rearing habitat may 
meet project objectives in the near-term, it may soon  
be lost in the absence of restored stream processes that 
create and maintain habitat.
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rivers, and these values may present obstacles to achieving 
restoration objectives. Even where proposed project 
objectives have general stakeholder and community 
support, funding limitations may impose limits on what 
is otherwise possible. Socioeconomic constraints typi-
cally become more prominent as the scope and spatial 
extent of restoration increases. Perhaps as a function of 
these socioeconomic constraints, most stream restoration 
to date has focused on isolated, reach-scale efforts with 
narrowly defined objectives (Bernhardt et al. 2005; 
Beechie et al. 2008). Consideration of socioeconomic and 
political context, in addition to physical or ecological 
assessments conducted at a watershed scale, can greatly 
inform project development by identifying important 
stakeholders, additional funding opportunities and unlikely 
partnership opportunities. For example, while agricul-
ture and conservation values were traditionally at odds 
with each other, they are now more frequently finding 
common ground in the face of rapid development or 
other pressures on use of stream water.

The ecological and geomorphic setting of the project 
determines what is physically and biologically possible in 
a restoration project. Geomorphic context includes pro-
cesses that govern creation and maintenance of channel 
structure and associated habitat, including human actions 
and land uses that affect hydrologic and sediment regimes, 
impose physical constraints on dynamic processes, or 
change the character of channel boundaries. Changes in 
watershed controls (hydrologic regime and sediment 
regime) that significantly influence channel character 
and processes at a project site may not be apparent at a 
reach scale. For example, reach-scale analysis may indi-
cate that a channel is incised, but only a watershed-scale 
analysis will be sufficient to relate this incision to changes 
in hydrologic or sediment regimes that are the ultimate 
cause of incision and to inform selection of an appropri-
ate solution. Social and cultural expectations may favor 
stream types thought to be ‘natural’ or ‘healthy’ (e.g. 
meandering rivers with pools and riffles; Wohl 2004), yet 
these stream types may be unsustainable given existing 
hydrologic and sediment regimes and inherent channel 
boundary characteristics. For example, creation of habitat 
features in channels crossing alluvial fans, conversion of 
braided channels to single-thread channels, or stimulat-
ing perennial flow in intermittent or semi-arid streams 
should not be expected to be sustainable in most cases 
(Abbe et al. 2002).

The use of reference reaches to help understand  
geomorphic and biological restoration objectives is 
common in North America (Wheaton et al. 2004), but 

res toration goals if water quality is a dominant biological 
constraint. Water quality problems can be caused by either 
point or non-point sources. Point-source pollution is 
easier to identify and generally easier to treat than non-
point-source pollution. Solutions to non-point-source 
water quality problems usually require broad-scale actions 
and treatments, such as land-use regulation or other 
watershed-scale treatment to address sources and delivery  
of fine sediments. Metals, pesticides, nutrients, and organics 
can all bind to fine sediments and can be distributed 
throughout a stream ecosystem including across flood-
plains and in-channel deposits, even if they originate 
from a point source such as a mine (Marcus et al. 2001).

7.3  Assess project context

All restoration project elements and actions should  
consider the project context, where context refers to factors 
that influence restoration opportunities and potential 
outcomes. Here we focus on three key components of 
context: existing watershed plans, the project’s setting 
within the watershed, and the socioeconomic context. 
Where watershed restoration plans have been developed, 
a proposed project should usually be identified as a  
priority action in the plan. Watershed assessments and 
planning provide context that includes recognition of 
geomorphic, ecologic, social, regulatory, and economic 
constraints, as well as the overarching restoration goal 
(Koehn et al. 2001; Moss 2004; Beechie et al. 2010). Where 
watershed assessment and planning have not been  
conducted, it is critical to consider the extent to which 
assessment of key habitat-forming processes have informed 
project development. A lack of process assessments 
reduces confidence in the project design, whereas detailed 
analysis of driving processes supports the design of 
projects with higher likelihood of success. Notably, while 
restoration projects are often conducted independently 
of broader watershed plans (Bernhardt et al. 2005), 
an encouraging trend toward restoration and recovery 
planning at a watershed scale is emerging (Steel et al. 
2008; www.moriverrecovery.org; www.edenriverstrust. 
org.uk; www.chesapeakebay.net/restrtn.htm).

Stream restoration projects are often constrained by 
social and economic obstacles (Miller & Hobbs 2007), 
including regulatory constraints (Chapter 4). Individual 
landowners and communities often value protection of 
private property and traditional economic values (e.g. 
water supply, land development, power generation or  
recreation) above other ecological services provided by 

http://www.moriverrecovery.org
http://www.edenriverstrust.org.uk
http://www.edenriverstrust.org.uk
http://www.chesapeakebay.net/restrtn.htm
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7.4  Define project goals and objectives

From start to finish, a river restoration project should be 
evaluated relative to its goals and objectives. Project-level 
goals differ from the watershed-scale goals discussed in 
Chapter 3 in that they are specific to anticipated outcomes 
of an individual project, rather than a statement of the 
ecological aims of a watershed restoration plan. A goal  
in this context provides a guiding image (or leitbild)  
for a restoration project, which is a simple statement of 
a desired outcome that informs stakeholders, project 
funders, project designers, and those implementing and 
evaluating a project (Kern 1992). To provide this guiding 
image, a goal statement will define the desired outcome, 
efficiently express the intent of a project, and provide  
a reference for evaluating all project actions. Ideally,  
goal statements describe intended outcomes without 
being prescriptive about the means to those outcomes. 
Prescriptive goal statements (i.e. those that prescribe  
stabilization, reconstruction, or reconfiguration) are more 
likely to constrain the options for achieving goals or to 
misrepresent the intended goal of improved ecological 
conditions. Examples of typical prescriptive project goal 
statements include ‘restore historic planform alignment’, 
‘stabilize stream banks or streambed,’ and ‘return channel 
bed elevation to historic elevation and grade.’ While goals 
will necessarily vary among projects, restoration project 
goals should typically include the following intentions 
(adapted from Palmer et al. 2005).
1. Improve processes that sustain structure and conditions 
that support a natural ecosystem. Structure and condition 
refer primarily to the health and state of habitat and water 
quality, and are reasonable and appropriate desired out-
comes for restoration. Improved structure and condition 
are common if not universal intentions for restoration 
projects. However, the structure and condition of a 
stream are the outcome of dynamic processes; without 
these processes in place, structure and condition are at 
best temporary. Increasingly, restoration project goal 
statements acknowledge the process foundation for 
desired conditions, and explicitly state that restoration of 
process is paramount.
2. Emphasize resilience. Resilience refers to the capacity 
to bounce back from disturbances. Natural systems, 
unconstrained and un-impacted by human actions, are 
typically resilient to natural disturbances. In fact, distur-
bance may be a fundamental component of maintaining 
ecosystems (Pickett et al. 1989). Resilience is therefore 
an encompassing concept that should be integral to  

less common in Europe and other parts of the world 
where un-impacted reference reaches are rare (Statzner 
et al. 2005; Comiti et al. 2009). However, many of the 
dominant factors influencing channel processes cannot 
be adequately evaluated – or even identified – at a reference 
reach scale. For example, local sediment transport analyses 
have become common and indeed may be essential  
for project design, but it is only through consideration of 
sediment transfer at a watershed scale that these analyses 
can be appropriately applied (Wilcock et al. 2009). 
Geomorphic and historic investigations intended to 
determine reference conditions may be confounded by 
the complexities of legacy impacts such as deforestation, 
logging, dam construction, beaver removal (North 
America and Europe), channelization and draining of 
wetlands, and other human impacts (e.g. Massong & 
Montgomery 2000; Wohl 2005; Pollock et al. 2007; Walter 
& Merritts 2008). For instance, apparent channel stability 
following systematic disruptions to channel processes 
and conditions associated with legacy impacts may  
reflect a different suite of processes and conditions and 
ecological potential than those that existed historically.  
In such instances, we must also address the question  
of what point in time to use as baseline for restoration. 
Similarly, many basins are experiencing a steady change  
in hydrologic regime associated with climate change 
(Mote 2003), which requires recognition that future  
conditions may not be adequately represented by past 
conditions. This is especially true for stream temperature 
and hydrologic analyses, as it may not be ecologically 
possible to restore certain fisheries where water temperature 
and the seasonality of flows are critical to life history 
transitions (Scheuerell et al. 2009).

Ecological context refers to the suite of ecological  
processes influencing a project site, as well as the constraints 
put on these processes (Miller & Hobbs 2007). Common 
elements of ecological context are riparian and aquatic 
species compositions, riparian disturbance, successional 
processes, and food web structure. The presence or intro-
duction of invasive species may also provide relevant 
ecological context. The effects of land-use impacts, such 
as urban development, agricultural practices, harvesting 
of mature riparian forest, or native species extirpation 
may be considered irreversible in practical management 
timeframes (Brooks & Brierley 2004; Brooks 2006). 
However, the structure and condition of urban or agri-
cultural streams can still be substantially improved in 
terms of habitat value or ecological function (Riley 1998; 
Talmage et al. 2002) or otherwise enhanced to accom-
modate irreversible changes in drivers and processes.
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restoration goals and guide restoration projects to create 
self-sustaining systems that require minimal future action 
to maintain intended outcomes.

Project objectives define specific outcomes of a project 
and refine the intent of a project as stated in the  
goal. While the terms ‘goals’ and ‘objectives’ are often  
used interchangeably, they represent distinctly different  
concepts (Chapter 3). Goals are statements of vision that 
define project intent, whereas objectives are statements  
of specific and measurable outcomes. Project objectives 
should provide sufficient detail to define the actions  
necessary to achieve the goal within a specified time-
frame. A useful framework for establishing objectives is 
the SMART acronym (Box 7.1) (Doran 1981). Objectives 
that meet SMART criteria provide an outcome target for 
the design process, and establish a basis for post-project 
appraisals and monitoring. Where restoration design 
involves numerous analyses from varying disciplines, 

Box 7.1 SMART objectives

• Specific: clear, concise statements that specify what you 
want to achieve

• Measurable: articulated using parameters that can be 
measured before and after project implementation

• Achievable: geomorphically and ecologically possible and 
socially acceptable

• Relevant: clearly related to the identified problem and 
supportive of the project goal

• Time-bound: bound by a specified time frame

Table 7.1 Measurable objectives include specific parameters to be measured, target values for those parameters, and a 

timeframe when targets are expected to be reached.

Goal Objective Parameter Target Timeframe

Increase 
recruitment of 
target species

Restore access to 
existing spawning 
habitat

Number of stream miles with 
unrestricted passage

Greater than 95% of 
available spawning 
habitat is unrestricted 
by passage barriers 
during spawning 
season

Within 2 years

Restore access to 
historic extent of 
rearing habitat

Hectares of rearing habitat with 
continuous connection to 
main channel

75% of estimated 
historic extent of 
rearing habitat

Within 5 years

Restore degraded 
saltmarsh to 
healthy state

Increase abundance of 
native vegetation

Percent cover of native species Greater than 40% cover 
of native plant species

Within 2 years

Improve ability to 
provide habitat for 
native fish

Population size of native fish 
species

10% increase in 
population using 
saltmarsh

In 3 out of 5 
following 
years

each analysis contributes to a design solution (Skidmore 
et al. 2011). The design process may then implement 
predictive, quantitative analyses to determine the  
probability of achieving project objectives. Similarly,  
verification that project outcomes meet project objectives 
requires that monitoring is specifically conducted to 
measure outcomes.

Where objectives are not fully SMART, they are often 
refined further using performance standards, targets, or 
other measurable and time-bound descriptors. There are 
many different and equally adequate means to articulate 
SMART objectives, and many different names for these 
various categorizations. However, the basic principle that 
a project development process requires articulation of 
SMART outcomes holds true regardless of the way these 
outcomes are defined or broken down. To conduct a 
design process that is linked to objectives and to be able 
to adequately measure project success relative to these 
objectives, an outcome must ultimately be described 
through measurable parameters and target values for 
those parameters within an established timeframe (Table 
7.1).

An additional benefit of SMART objectives, or any 
suite of descriptive indices applied to define objectives in 
measurable parameters, is that they can also serve as the 
foundation for monitoring and post-project appraisal 
(Bernhardt et al. 2007; Skinner et al. 2008). When objec-
tives are articulated as measurable outcomes and defined 
with target values for those outcomes, monitoring can 
evaluate success relative to stated project objectives and a 
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ing the final project (Skidmore et al. 2011). The extent of 
analysis required for alternatives evaluation and project 
design varies greatly depending on project type. For 
example, instream projects often require a greater number 
of analyses and more integration of those analyses than 
upland restoration actions. Investigative analyses con-
ducted to inform alternatives evaluation are typically also 
necessary for eventual design analysis (Copeland et al. 
2001; Miller & Skidmore 2003). Basic investigations that 
inform alternatives analysis and ultimately design for 
instream and riparian or floodplain projects include 
survey and mapping, hydrologic investigation, hydraulic 
modeling, sediment transport analysis, geomorphic 
investigation, and geotechnical analysis (Brown & Paster-
nack 2009; Skidmore et al. 2011). Baseline investigations 
and monitoring that also serve to inform alternatives 
development and design include vegetation and weed 
assessment, instream and floodplain habitat assessment, 
water quality assessment and various biological assess-
ments such as macroinvertebrate or bird surveys (refer to 
Chapter 3 for more information on assessment).

7.5.1  Investigative analyses for in-channel 
restoration projects

In-channel restoration projects generally require more 
detailed investigative analyses than less complicated 
watershed-scale or riparian projects. In this section we 
describe detailed investigative analyses that are com-
monly used for in-channel restoration projects: (1) 
survey and mapping; (2) hydrologic investigation; (3) 
hydraulic modeling; (4) sediment transport analysis; (5) 
geomorphic investigation; (6) geotechnical assessment; 
and (7) uncertainty and risk. Most projects do not require 
all of these analyses, but each in-channel project requires 
some combination of these analyses depending on the 
goals and objectives of the project.

7.5.1.1 Maps and surveys
Project maps show a project site in its watershed and 
valley context and serve as the basis for illustrating project 
options and expectations through the project develop-
ment process. Project maps are used to portray project 
alternatives relative to existing conditions and are used 
for permitting, design, and monitoring. Project maps can 
be developed from a combination of existing map data 
sources such as topographic, remote sensing images, or 
existing geographic information system (GIS) data, as 
well as from project-specific surveys. Investigative analy-
ses commonly include watershed-scale maps (Figure 7.2), 
project-scale base maps (Figure 7.3) and project survey 

monitoring protocol can be developed to specifically test 
each objective. If articulated objectives are translated into 
hypotheses or statements of projected outcomes, then 
monitoring becomes an exercise in testing hypotheses 
that restoration actions will lead to intended outcomes 
within predicted timeframes.

The integrity and value of goals and objectives can be 
evaluated by asking ‘Do the goals and objectives address 
the problem, cause, and context?’ A restoration project 
goal serves to express an intended outcome that addresses 
the identified problems with consideration and accom-
modation of socioeconomic, ecological, and physical 
contexts. Outcomes articulated as objectives may be 
either structural or functional, and in both cases should 
include an action, a measurable target, and timing to 
reach the target. A structural objective focuses on the 
distribution, abundance, and physical condition of some 
element of the ecosystem (e.g. a particular organism or 
component of the environment) and is measured as a 
point-in-time value. A functional objective focuses on the 
processes that sustain an organism or environmental 
component, and is measured as change or rate over time. 
Restoration efforts and monitoring of outcomes is gener-
ally considered more robust when both structural and 
functional objectives are represented (Sandin & Solimini 
2009). Examples of structural objectives include:
1. replace blocking culvert with a fish passage structure 
maintaining a bed slope less than 3%, maximum velocity 
of 1.5 m/s at the 90% exceedence discharge, and minimum 
depth of 30 cm at base flow;
2. restore native riparian vegetation to include at least 4 
native woody species within 3 years; or
3. create a minimum of 2 acres per stream kilometer of 
off-channel rearing habitat in the first year of restoration 
actions.
Examples of functional objectives include:
1. establish fish passage to at least 7 km of essential fish 
habitat within 1 year,
2. re-establish channel bank erosion rates such that no 
more than 10% of banks are actively eroding over a 
5-year period within 30 years; or
3. restore overbank flow to an average duration of 5% in 
3 out of 5 years within 10 years.

7.5  Investigative analysis

Investigative analyses provide a foundation for character-
izing site conditions prior to restoration actions, 
evaluating probable outcomes of alternatives, and design-
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numerous other investigative analyses. They may be 
derived from a land-based manual survey of site topography 
or from remote sensing technologies, such as a Light 
Detection and Ranging (LiDAR) survey. However, for 
most instream projects, a manual survey of the channel 
is necessary to derive adequate-resolution survey data. 
These data can then be integrated with LiDAR data. In 
addition, a topographic survey may be necessary for 
many hydraulic model applications and analyses, and will 
enable the evaluation of inundation at varying flows. As 
an alternative to detailed topographic survey, surveyed 
channel and floodplain cross-sections may be adequate 
for all but the most sophisticated hydraulic modeling. 
Topographic surveys typically extend laterally to or beyond 
the floodplain margins and upstream and downstream  
of the project a sufficient distance to capture relevant 
topographic features, such as side channels and berms.

When projects include some degree of channel manip-
ulation or benefit from any form of hydraulic modeling, 
topographic data may be supplemented with detailed 
channel profile and cross-section data. A longitudinal 
profile is a survey of the channel bed and water surface, 

data that detail channel and floodplain topography and 
dimensions. Table 7.2 lists data sources and applications 
of common project survey and map information that are 
relevant to all restoration efforts requiring some degree of 
communication, such as for permitting. Most restoration 
projects will benefit from map illustration, although  
the level of survey detail necessary or appropriate  
will vary significantly among project types and project 
communication requirements. For example, detailed 
map illustration or survey data may not be necessary  
for restoration efforts based primarily on floodplain 
revegetation. However, revegetation efforts may be more 
successful if the planning process is informed by assessments 
and modeled floodplain inundation and moisture, which 
may require a detailed topographic survey.

Maps are typically developed in either a computer-
aided design (CAD) format or a GIS format. The 
integration of CAD and GIS enables sophisticated and 
robust analysis and portrayal of project elements and 
alternatives. Topographic surveys are used to generate a 
digital portrayal floodplain surface topography and 
rough channel dimensions and serve as the basis for 

Figure 7.2 Location map for a channel remeandering project on West Fork Lake Creek, Washington State, USA. Site maps, 
cross-sections, and longitudinal profiles for this project are shown in Figures 7.3–7.5. Background image copyright 2012 Google.



Developing, Designing, and Implementing Restoration Projects    223

instream projects or any project conducted in riparian  
or floodplain environments, hydrologic investigations 
characterize the flow regime or volume and timing of 
flow in a channel and on its floodplain typically through 
statistical parameters such as magnitude, frequency, 
duration, and rate of change of stream flow (Poff & Ward 
1989). The flow regime is strongly influenced by domi-
nant climatic character, elevation, geography, and land 
use of the contributing watershed. While each river 
system is characterized by a unique hydrographic signa-
ture, regional hydrograph signatures can be consistent in 
character among associated watersheds. Land uses that 
change the infiltration and evapotranspiration character 
of the watershed can have profound impacts on the 
hydrologic regime and associated ecological community 
(Booth & Jackson 1997; see also Chapters 2 and 3).

and a number of inflection points along the floodplain 
(Harrelson et al. 1994; Figure 7.4). Channel cross-sections 
are lateral surveys across the channel and floodplain, 
typically including a minimum of top of bank, toe of 
bank slope, and deepest point in the channel (Harrelson 
et al. 1994; Figure 7.5). While survey data are commonly 
gathered by surveyors or engineers, it is beneficial to have 
a hydrologist or geologist in consultation to ensure that 
relevant topographic features are adequately characterized.

7.5.1.2 Hydrologic investigation
Hydrology has been characterized as the master variable 
affecting stream ecology (Schlosser 1985; Doyle et al. 
2005), because it exerts a strong influence on ecological 
communities and life history strategies for instream and 
riparian species (Poff et al. 1997; Richter et al. 2003). For 

Figure 7.3 Site maps of existing stream alignment and new channel location for a channel remeandering project on West Fork 
Lake Creek, Washington State, USA showing (A) the pre-project channel location and (B) the proposed remeandered channel 
location. Illustration courtesy of Inter-Fluve, Inc.
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problems and for developing restoration alternatives and 
subsequent designs for instream projects or any project 
within a riparian or floodplain environment. Hydrologic 
analyses are used to characterize three general discharge 
bands: low flows, channel-forming flows, and flood flows 
(Bragg et al. 2005). These three discharge categories can 
serve as the basis for performing design-related analyses. 
Often referred to as base flow, low flow is the highest 
duration flow and is strongly associated with habitat 
quality and availability. Low-flow periods are associated 
with limiting factors stemming from stresses such as 
water withdrawal, water temperature, pollution, and  
predation (Poff et al. 1997).

Channel-forming flows are higher flows that drive 
stream processes, including erosion or sediment trans-
port and deposition. Determining channel-forming flows 
is therefore a critical component of channel design 
projects. These flows may be represented by one of three 
related discharges: effective discharge (Qeff), bankfull 
discharge (Qbf), or a return interval such as the 2-year 
flow (Q2) (Andrews 1980; Emmett & Wolman 2001; 
Shields et al. 2003). Effective discharge is the discharge 

Hydrologic analyses characterize the seasonal and 
inter-annual variation in stream flow including overbank 
flood flows, and provide perspective on how these param-
eters have changed over time as a result of watershed land 
use as well as how they may change in the future under 
predicted or alternative land-use scenarios and in the face 
of climate change. An understanding of the hydrologic 
setting, including land-use impacts to the hydrologic 
regime and potential future scenarios, is paramount  
to understanding causes of identified problems and  
probable future stresses for instream and riparian  
environments (Beechie et al. 2010). For example, analyses 
may reveal changes in the frequency (probability) or 
duration (percent of time) of channel-forming flows, 
which may be a leading cause of observed degradation or 
may indicate the likelihood of future channel instability 
(Allan 1995). Similarly, changes in the frequency of  
floodplain inundation documented through hydrologic 
analysis can explain changes in riparian and floodplain 
community composition or degradation.

Hydrologic investigations provide the foundation for 
both understanding the probable causes of observed 

Table 7.2 Project maps are derived from varying data sources and illustrate spatial information about the project setting and 

project plans. Maps are also illustrated in Figures 7.2 and 7.3.

Map type Map content Data sources Relevance and application

Watershed map Watershed boundary and 
features; land use; 
project location

Topographic maps, aerial 
photos, public GIS 
databases

Illustrates relevant features and land use that 
influence hydrology and sediment supply 
and stream condition (Beechie et al. 2002)

Project base map Project area and vicinity; 
infrastructure, 
structures and utilities; 
existing topography; 
property boundaries; 
floodplain limits

In addition to those used 
for watershed map: 
LiDAR, topographic 
survey, vegetation and 
channel surveys 
(planform, section and 
longitudinal)

Serves as platform for engineering drawings 
at varying scales; illustrates site and 
project constraints and opportunities; 
establishes baseline conditions; provides 
topographic data for hydraulic and 
geomorphic modeling and other 
engineering analyses

Project plan map Project alternatives; 
project features and 
elements; 
implementation 
features

In addition to those used 
for above, draft and 
final drawings of 
proposed or alternative 
future conditions

Illustrates proposed floodplain and channel 
site conditions and features under 
restoration relative to existing conditions; 
illustrates implementation features such as 
site access, staging, storage; illustrates 
monitoring and maintenance features

Topographic 
survey

Digital topographic 
surface, channel 
longitudinal profile, 
channel and 
floodplain cross-
sections

Land-based survey data, 
LiDAR, other remote-
sensing-derived data

Source data for project base maps; hydraulic, 
geomorphic, and sediment transport 
analyses; revegetation plan maps; project 
plan maps; and project implementation 
analyses, such as for cut-and-fill 
calculation
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2000; Soar & Thorne 2001). The application of either Qbf 
or Q2 to restoration design may be inappropriate for 
non-alluvial or non-equilibrium streams or streams  
with ephemeral flow regimes, abundant large wood or 
confinement by bedrock (Skidmore et al. 2011). This 
emphasizes the need for hydrologic analyses to be founded 
on a strong understanding of basin characteristics, water-
shed processes, and training in hydrologic investigations.

Flood flows are those that overtop channel banks, 
inundating some or all of the floodplain (Leopold et al. 
1964). Flood flows deposit sediment, nutrients, seeds, and 
plant propagules on floodplains contributing to riparian 
vitality, replenishing shallow aquifers, and recruiting 
large wood and organic matter to the channel (Gomez  
et al. 1999; Postel & Ritcher 2003). Hence, flood flows 
form the basis for the design of floodplain features 
(Tompkins & Kondolf 2007), and are also the basis for 
design of channel features intersecting infrastructure or 
other property concerns.

A restoration design, whether for concept development 
or detailed final design, will typically account for  
low-flow discharge, a ‘bankfull’ dimension or effective 

range that transports the most sediment given its magni-
tude and frequency of occurrence; these flows accomplish 
the most geomorphic work relative to other flow ranges 
(Wolman & Miller 1960; Doyle et al. 2005, 2007). Bankfull 
discharge is the discharge at which stream flow just begins 
to exceed its banks and access the floodplain (Leopold  
et al. 1964). It is often considered ‘the stream level that 
corresponds to the discharge at which channel maintenance 
is most effective’ (Dunne & Leopold 1978). This is typically 
considered the 1.5 to 2.0 year flood (Dunne & Leopold 
1978), although the flood recurrence level may vary  
considerably based upon ecoregion (Castro & Jackson 
2001).

While Qbf and Q2 are commonly employed as the basis 
for channel design, Qeff is regarded as a more robust 
representation of channel-forming flow because it is  
specific to each stream and it combines a flow-frequency 
distribution and sediment rating curve to estimate sediment 
load as a function of discharge (Biedenharn et al. 2000). 
By contrast, Qbf or Q2 are derived primarily from empirical 
studies in alluvial streams in humid regions and perennial 
streams in semi-arid environments (Biedenharn et al. 

Figure 7.4 Typical longitudinal profiles for the channel remeandering project on West Fork Lake Creek, Washington State, USA. 
(A) Upper profile is for the tributary extension at the north end of the project site, and (B) lower panel shows the long profile for 
the remeandered reach. Site plan is shown in Figure 7.2. Figures courtesy of Inter-Fluve, Inc.
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Figure 7.5 Typical cross-sections showing existing and proposed channel and floodplain cross-section dimensions for the Sawmill 
Pond reach of the Eel River, Massachusetts, USA. ‘Existing grade’ is the current sediment surface in the former mill pond, ‘new 
grade’ is the proposed riparian and floodplain grade after excavation of sediments, and ‘subgrade’ is the proposed new channel 
base of alluvial fill elevation. A–F are cross-sections arranged from upstream to downstream. Figure courtesy of Inter-Fluve, Inc.
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development. Models may simulate flow in one, two,  
or three dimensions, and selection of an appropriate 
model depends on questions being asked and design 
specifications (Skidmore et al. 2011). Regardless of the 
modeling approach, hydraulic analysis has become a  
fundamental component of investigative analysis for 
evaluating alternatives. Models and analyses used to  
evaluate concept-level alternatives can be further developed 
to refine project designs for the selected alternative.

Hydraulic analyses allow a design team and project 
reviewers to evaluate site- and reach-scale flow condi-
tions, sediment dynamics, the extent of inundation at 
varying flows, and effects of structural elements such as 
large wood, rock weirs, or bank stabilization (Doyle et al. 
2007). In general, hydraulic analyses are used for four 
types of problems in restoration design. First, they are 
used to model water surface profiles through the project 
area and upstream and downstream, for the purpose of 
predicting inundation and flooding under different 
project designs (Figure 7.6; Abbe et al. 2002). Second, 
they are used to estimate forces acting on the streambed 
for sediment transport analyses and to design project 
elements such as substrate composition and mobility 
(Shields et al. 2003). Third, hydraulic analyses are used to 
estimate forces acting on stream banks (e.g. critical shear 
stress) and to develop streambank design alternatives  
and details, such as selection of erosion control fabric 
used in constructing stream banks (Shields et al. 2003). 
Lastly, hydraulic analyses can be used to estimate velocity  
distributions for evaluating and predicting microhabitat 
conditions under various alternatives (Harvey & Railsback 
2009).

The level of analysis should be appropriate to the 
problem being investigated, the details necessary for 
design, and the data and expertise available to build and 
run models. Models available are either hydraulic models, 
which assume steady flow and require discrete steps to 
evaluate hydrologic conditions, or hydrodynamic models, 
which account for unsteady and gradually varied flow 
(ASCE 1996). While more sophisticated modeling may 
generate more detailed information and allow for glossier 
illustrations, it may instill a false sense of precision and 
may not be justified given project design objectives. In 
addition, a model may generate more detailed output 
than is valid given uncertainty or resolution of input data. 
Once an appropriate model is selected, numerous design 
scenarios and restoration alternatives can be readily eval-
uated (Skidmore et al. 2011). Table 7.3 provides a 
summary of the applications, limitations, and outputs of 
different levels of hydraulic analysis. The level of input 

discharge, and flood or overbank discharges. Hydrologic 
analyses are used to develop a specific target value, or 
range of values, for each of these categories (Skidmore  
et al. 2011). For example, where low-flow habitat has 
been identified as a constraint to resident fish, modeling 
of in-channel habitat or channel enhancements will 
require a specific low-flow discharge value, such as the 
mean daily flow during typical dry seasons. Similarly, 
where significant channel modifications are proposed, 
the computed effective discharge can be used to design 
channel cross-section dimensions, grade, and substrate 
using various hydraulic relations or models described in 
the next section. Riparian reforestation design will also 
be informed by inundation depths and frequencies  
of floodplain flow, derived from flow statistics. These 
values can then be applied to varying levels of design, 
from simple cross-section hydraulic calculations to 
complex multi-dimensional hydraulic modeling. Where 
stream restoration is intended to address the physical 
response of a channel to changes in hydrologic regime, 
the aim of those projects is usually to address combined 
ecological responses to changes in hydrologic regime  
and physical channel change. However, where limiting 
factors or other identified problems are most influenced 
by changes in flow regime (e.g. flow regulation or abstrac-
tion), addressing these problems through restoration  
of flow may be the most effective means to achieving 
restoration goals (Beechie et al. 2010).

7.5.1.3 Hydraulic modeling
Whereas hydrologic investigation is used to characterize 
the timing and volume of flow, hydraulic modeling is 
used to characterize or predict the forces of moving  
water that act on channel boundaries, including obstacles 
within the channel (Shields et al. 2003). Hydraulic 
characteristics of flow within the channel at varying 
scales are largely responsible for determining both micro- 
and macro-scale channel form and associated habitat. 
Additionally, the habitat preferences of many aquatic 
organisms include the hydraulic character of physical 
habitat (Poff et al. 1997). Forces associated with moving 
water are largely dependent upon velocity and are also 
complex, three-dimensional, and influenced not only  
by channel morphology and boundary conditions in the 
project reach but also by conditions in reaches immedi-
ately upstream and downstream (Shields et al. 2003). 
Details of the velocity distribution are difficult to measure, 
model, or predict. Nonetheless, analytical tools and 
models are readily applied in investigations of existing 
conditions, restoration alternatives, and channel design 
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Figure 7.6 Examples of using the 1D HEC-RAS (Hydrological Engineering Center – River Analysis System) model to predict 
inundation of wetlands at (A) low; (B) moderate; and (C) high flows as part of a playa wetland restoration project on the Jordan 
River, Utah, USA and the 2D MIKE21 model to predict flow depths, velocities, floodplain inundation patterns, and flood storage 
under existing and design scenarios for the Darnhall reach of the Edellston Water, UK. The 2D examples show (D) existing and  
(E) design configurations with the addition of cross-floodplain berms to increase flood storage in the design scenario. Figures 
(A–C) adapted from SWCA et al. (2008); Figures (D) and (E) courtesy of cbec, Inc. (See Colour Plate 12)
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Table 7.3 Comparison of hydraulic modeling approaches. The complexity and sophistication of modeling generally increases 

with the number of dimensions analyzed.

Number of 
dimensions

Outputs Applications Limitations

1D, at-a-section • Mean downstream velocity 
across a cross-section

• Relatively uniform and 
single-thread channels

• For basic evaluation of existing 
or proposed conditions

• To estimate incipient motion
• Where considerable uncertainty 

in actual hydraulic conditions is 
acceptable

• Cannot account for up- or 
downstream influence

• Not appropriate for use in 
multi-thread channel or 
overbank flow

• Not appropriate for evaluation 
of structures or where 
infrastructure may be at risk

• Not appropriate where tides 
exist or where upstream or 
downstream conditions may 
impact flow at a section

1D model • Mean downstream velocity 
across a cross-section

• Water surface profile 
among multiple cross-
sections

• Inundation extent

• Where influence of upstream or 
downstream conditions is of 
concern, such as where 
backwatering is expected

• Computation of inundation for 
given flows

• For determination of influence 
of local controls on hydraulics

• For estimation of extent of 
flooding associated with given 
flows

• Not appropriate for evaluating 
multi-thread channels, side 
channels, or complex 
cross-sections

• Not appropriate where tidal 
influence exists

2D model • Depth-averaged velocity 
and direction of flow

• Width-averaged velocity, 
and direction of flow

• Where tidal influence is of 
concern

• To evaluate influence of multiple 
channels

• For evaluation of floodplain flow
• Allows for greater detail in 

presentation of model output 
with color representation of 
variable velocity

• To supplement 1D models where 
secondary currents are common 
such as through bends, channel 
junctions, and around structures

• 2D modeling may be 
cost-prohibitive

• Requires detailed survey data 
or design detail to run model

3D model • Flow fields consisting of 
downstream, horizontal 
and vertical components

• Design or evaluation of specific 
elements to evaluate complex 
local distribution of velocity, 
shear stress, and fluid drag

• Limited to applications where 
detailed and sophisticated 
design and analysis warrants 
significant expense

• Requires detailed survey data 
or design detail to run model
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sufficient for bedrock-dominated systems where grade 
controls exist or where increased risk is accepted due to 
a limited project budget. When greater certainty is 
needed, incipient motion analysis can be confirmed  
or corrected based on field observations of the largest 
particles moved during floods.

In contrast to incipient motion analysis, sediment  
discharge analysis is usually necessary where sediment 
load is substantial and maintaining the sediment balance 
is an essential project objective, or where projects  
influence hydraulic conditions through an extended 
reach or multiple reaches. Sediment discharge analyses 
allow the characterization of reach-scale sediment balance 
by calculating the rate and size distribution of bed material 
transported, either by the range of observed flows or for 
design flows. Output of sediment discharge calculations 
is integrated over a range of flows for a given period of 
time to determine the volume of sediment transported 
into and through a project reach. Where sediment balance 
is not zero over a specified period of time and flows, the 
difference between incoming load and transport capacity 
through a reach indicates the potential for scour or fill 
(Figure 7.7). Models that estimate sediment discharge can 
also be used to estimate sediment discharge and grain-
size distributions under various flows, which is especially 
useful for evaluating gravel augmentation scenarios 
downstream of dams. For example, in the Trinity River, 
California the model iSURF was used to estimate grain-
size distributions that would result from various levels of 
gravel augmentation (Figure 7.7; Gaeuman 2008).

Sediment transport analyses require input of size  
distributions of bed and substrate materials within the 
project reach as well as in upstream supply reaches.  
Sampling methods depend on the character of bed mate-
rials. For coarse-bedded streams, sampling is commonly 
and simply conducted using pebble counts. Bulk sampling 
and sieve analysis may be necessary to quantify finer  
components of bed substrate (Church et al. 1987). Sediment 
transport analyses also require hydraulic inputs including 
channel and flow characteristics. While transport analysis 
can be conducted using only measured gradations  
and hydraulic inputs, it is preferable to measure or  
calculate actual sediment loads to calibrate calculated 
rates. Uncalibrated sediment transport calculations are 
prone to large errors and, even for calibrated models, 
sediment transport analyses may produce significant 
errors (Gomez & Church 1989; Wilcock et al 2009). 
Considerable judgment and professional experience is 
necessary to select and apply appropriate analysis equations 
and methods.

data, effort, expense, and expertise required generally 
increases in a non-linear fashion with the number of 
dimensions in output.

7.5.1.4 Sediment transport analysis
The input and movement of sediment through a river 
network is second only to hydrology in its influence on 
the character, behavior, and potential of a stream system. 
Sediment transport analyses are fundamental to identify-
ing reach-scale problems associated with either excess or 
insufficient sediment supply due to upstream land use or 
channel impacts (Montgomery & Buffington 1997). Sedi-
ment transport analyses are particularly applicable to the 
design of in-channel restoration projects, where they are 
used to evaluate the sediment transport performance of 
various project alternatives and to evaluate design itera-
tions of a selected alternative.

Even simple sediment transport analyses can greatly 
enhance understanding of the implications of various 
design alternatives at varying flows. Basic sediment trans-
port analysis can be conducted for a single design flow, 
usually for channel-forming flow, or for the full range  
of flows observed or anticipated. Sediment transport 
analyses are often used to support design iterations or 
alternatives where changes in channel dimensions among 
iterations result in changes in sediment transport. For 
example, design iterations may consider a range of 
channel dimensions and their impact on the capacity  
of a channel to transport the available bed sediment. 
Channel dimensions that do not result in sufficient force 
on the streambed to transport the sediment delivered to 
a given channel reach are likely to aggrade. In contrast, 
channel dimensions that exaggerate or concentrate forces 
necessary to transport sediment may lead to channel bed 
incision.

Sediment transport analyses can be categorized as 
either incipient motion analysis or sediment discharge 
analysis (Dunne & Leopold 1978). Incipient motion 
analyses predict the maximum size of a particle that can 
be transported for a given flow and are dependent upon 
channel dimensions, roughness, and slope (Dunne & 
Leopold 1978). This calculation is useful for determining 
the erosion potential of existing or constructed channels, 
and for determining appropriate substrate size for con-
structed channels or gravel augmentation downstream of 
dams. Incipient motion analysis may be adequate for 
some design applications where bed material load is low 
and the risk associated with a possible imbalance between 
sediment supply and transport capacity is tolerable 
(Newbury & Gaboury 1993). For example, this is often 
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active or passive, focus on in-channel or floodplain  
processes, or emphasize upland management or channel 
corridor management (Beechie et al. 2010).

A fundamental objective of many geomorphic investi-
gations, critical to developing appropriate management or 
restoration strategies, is the characterization of equilibrium 
conditions in a dynamic channel and the explanation  
of departures from equilibrium conditions (Shields et al. 
2003). For example, erosion, deposition, and associated 
dynamic processes, such as lateral migration within  
an alluvial stream channel, are natural and essential to 
sustaining an aquatic ecosystem. Lateral migration of a 
channel may occur in the context of an equilibrium 
channel where migration rates do not vary significantly 
over time, or may occur primarily as a result of channel 
incision or aggradation (disequilibrium). Where historic 
or reference conditions or regimes are available and  
characterized as in equilibrium, geomorphic analyses can  
be used to evaluate channel boundary conditions and  
to identify erosion and deposition rates that may serve  
as restoration targets. For example, if rates of lateral 
migration increase through time but bed elevation and 
width-to-depth ratios remain relatively constant over 
several decades (Leopold 1973), the basic relationship 
between channel inputs (hydrologic regime and sediment 
supply) and channel processes is likely in equilibrium; 
increases in lateral migration may however be related to 

7.5.1.5 Geomorphic investigation
Geomorphic investigations are generally concerned with 
understanding stream processes and boundary condi-
tions that influence channel character, and predicting the 
potential channel responses to changes in these processes 
or boundary conditions (Dietrich et al. 2003). The ulti-
mate function of most geomorphic analyses is to evaluate 
whether a stream channel is stable or changing and 
whether the current state of a stream is the result of 
anthropogenic disturbance or is simply the natural char-
acter of the stream given its geomorphic setting 
(Montgomery & MacDonald 2002). Specifically, geomor-
phic analyses can be used to characterize equilibrium 
dynamics of existing, historic, or other reference condi-
tions, explain departures from those conditions, and help 
identify causes of change or instability (Simon & Castro 
2003). Additionally, geomorphic analyses are used to 
explain or predict channel response to observed or antici-
pated changes in hydrology, sediment, or boundary 
conditions (Abbe et al. 2002). These analyses can also be 
used to determine whether causes are local and direct, 
thereby implying a reach-scale remedy or, of a broader 
scale and indirect cause, implying a remedy that may 
require addressing hydrologic or sediment variables. The 
perspective gained through geomorphic investigations 
therefore informs the selection of restoration strategies 
and whether they should be watershed- or reach-scale, 

Figure 7.7 (A) Examples of reach-scale sediment discharge analysis and budgeting to evaluate potential effects of gravel 
augmentation downstream of Lewiston Dam in the Trinity River, California, and (B) modeling of equilibrium grain-size 
distributions with varying levels of gravel augmentation. Segments 1–4 in (A) are from upstream to downstream, and the analysis 
of proposed sediment augmentation in segments 1–3 indicated that sediment storage should increase in the upper three segments. 
In B, equilibrium D50 (median grain size) and D90 (90th percentile) estimates are based on iSurf modeling of different quantities 
of gravel addition just downstream of Lewiston Dam (x axis) and two different sediment input size ranges (sand to 4-inch gravels 
and sand to 5-inch gravels). The analysis showed that augmentation of at least 10,000 tons per of particles <5 inches per year 
would achieve a suitable gravel size for salmon and steelhead spawning. Figure (A) adapted from Gaeuman & Krause (2011); 
Figure (B) adapted from Gaeuman (2008).
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rium conditions coincide with, and are likely the result 
of, significant change in land-use practices at the  
watershed scale. For example, urbanization may result in 
channel incision due to increased runoff, or an upstream 
dam may cut off sediment supply and lead to channel 
incision and lateral erosion associated with evolution of 
incised channels (Booth & Jackson 1997). Alternatively, 
investigations may indicate that disequilibrium conditions 
have persisted for decades and that the geologic setting 
can explain an imbalance between sediment supply  
and sediment transport. For example, streams that cross 
alluvial fans and flashy streams in semi-arid regions may 
be inherently unstable. These streams may perpetually 
alternate between aggrading, incising, or avulsing states 
in response to natural sediment pulses or large floods 
over periods of many years to decades. Restoration  
efforts to enhance or stabilize such streams often prove 
futile because natural channel dynamics overwhelm  
constructed features.

Geomorphic analysis may also include channel  
classification, which is occasionally applied by project 
sponsors (Simon et al. 2007) although it is not an essential 
step in either geomorphic investigation or channel design 
(Chapter 3; FISRWG 1998). Classification may be useful 
for communicating information about observed conditions 
and for considering the response potential of the stream 
to disturbance (Montgomery & Buffington 1998). 
However, most classifications do not account for or 
convey information about temporal changes in forms 
and patterns (Kondolf 1995). Channel classification 
therefore does not provide a sufficient basis for identifying 
dominant processes or predicting likely responses to  
disturbance or restoration.

7.5.1.6 Geotechnical assessment
The term ‘geotechnical’ refers to properties of earth and 
soil materials as they relate to the stability of slopes,  
such as stream banks. In a stream restoration context, 
geotechnical assessment is primarily used to understand 
mechanisms behind bank erosion, which is a common 
impetus for channel restoration and stabilization projects 
intended to address loss of property or protection  
of infrastructure (Thorne et al. 1996). Geotechnical 
assessment may also be used to understand mechanisms 
behind slope failure, such as those associated with road 
cuts or forestry practices or for steep and failing slopes 
adjacent to stream channels. While bank erosion is a 
natural process within streams in equilibrium, and 
indeed is fundamental to many processes that create  
and maintain habitat, excessive bank erosion can be a  

changes in boundary conditions, such as loss of riparian 
and floodplain vegetation. Where natural channels are 
not in equilibrium, or where historically equilibrium 
channels are trending toward a different channel state, 
geomorphic analyses can be used to characterize the  
trajectory of change as a means to predict ultimate  
outcomes or to predict restoration trajectories following 
restoration actions.

Dramatic changes or persistent trends in bed elevation, 
particularly when coupled with changes in width-to-
depth ratios, are typically an indication of unstable or 
disequilibrium channel conditions (Figure 7.8; Lisle 
1982; Booth & Henshaw 2001). Geomorphic analyses are 
used to evaluate these trends over decades and, in  
the context of geologic setting, to determine whether the 
observed condition is the result of anthropogenic actions. 
Understanding the historical channel character and 
change through time may reveal that changes in equilib-

Figure 7.8 (A) Repeat cross-section surveys of small urban 
streams indicate effects of increased urban runoff, and (B) 
regional surveys of numerous cross-sections can be used to 
develop regional regressions for forested and urbanized 
streams. Adapted from Booth & Jackson (1997) and Booth & 
Henshaw (2001).
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biodegradable stabilizing fabric to hold banks together  
or diversion of high flows for a number of years.

7.5.1.7 Uncertainty and risk
The final design for any in-channel restoration project 
will contain both uncertainties and risks. Uncertainty 
refers to unknowns that cannot be resolved in project 
design, whereas risk refers to the probability and likely 
consequences of project failure. Both uncertainty and risk 
may be reduced to some extent in the design phase, but 
doing so often requires considerably more time and a 
larger budget. Nevertheless, it is important for a project 
team to identify, articulate and acknowledge uncertainties 
and risks during the alternatives evaluation process so 
that stakeholders are fully informed about the selected 
alternative. Similarly, it is important to acknowledge  
that there is some degree of inherent unpredictability in 
restoration efforts, and that the exact outcome is rarely 
known or predicted. However, it is usually possible to 
predict a reasonably small range of potential outcomes  
to deal with permitting issues.

Uncertainty in restoration project planning can be 
separated into natural variability or knowledge uncertainty. 
Natural variability includes all sources of stochastic  
variation, whereas knowledge uncertainty refers to our 
inability to measure or model something (Hall 2003). It 
is possible to reduce knowledge uncertainty by improving 
the model form, decreasing measurement error, and 
acquiring local data rather than extrapolating from other 
locations. However, significant reductions in uncertainty 
are usually costly. By contrast, uncertainty resulting from 
natural variability cannot be reduced, although it can be 
characterized through probability distribution. For 
example, we cannot know what the peak flow will be a 
year from now, but with a sufficient record of historical 
flows we can determine the probability of each flow in 
the year ahead (Skidmore et al. 2011).

In developing projects, the implications of uncertainties 
can be acknowledged and evaluated by following four 
basic steps. First, define and quantify the sources of 
uncertainty in input data, analyses, and models (Anderson 
et al. 2003). Second, estimate uncertainties in analysis 
and model outputs (Steel et al. 2009). Uncertainty in 
inputs will propagate through analytical output and into 
design. Third, consider the potential consequences of 
uncertainties (Anderson et al. 2003). The range of possible 
outcomes, or unforeseen outcomes, can be explored 
quantitatively or qualitatively to express the impact  
of natural variability or knowledge uncertainty  
(Anderson et al. 2003). Lastly, communicate uncertainties 

sign of channel instability and can contribute to water 
quality degradation (Simon & Downs 1995). Evaluating 
rates of bank erosion and channel migration are param-
eters typically investigated in geomorphic analyses, but 
understanding the causes and mechanisms of failure for 
bank erosion may require geotechnical analyses. An 
understanding of the mechanism of failure can help in 
determining the cause of bank erosion, whether it is due 
to human disturbance and at what scale, or whether it is 
occurring within the context of natural channel equilib-
rium. Similarly, the design of stream banks for stabilization 
or restoration often requires geotechnical analyses.

Bank retreat typically results from a combination of 
fluvial erosion and geotechnical failure. Fluvial erosion, 
or entrainment of bank materials by stream flow, is 
usually concentrated in the lower portion of the bank 
profile due to a higher frequency and longer duration of 
flow, higher shear stress, and lack of vegetation or roots 
along the lower bank (Brooks & Brierley 2002). In larger 
rivers, the channel depth often exceeds the rooting depth 
and the river can more easily erode its banks and natu-
rally develop dynamic and complex channel patterns 
(Beechie et al. 2006). Similarly, bank erosion in degraded 
or incised channels often leads to bank collapse or geo-
technical failure. Bank collapse occurs when factors that 
cause failure, such as gravitational force and internal 
saturation of the bank, exceed those that hold it together, 
including roots and soil cohesion (Simon & Downs 
1995). Land-use impacts that may increase the potential 
for bank failure include soil compaction near the bank, 
loss of bank vegetation and associated roots, intense 
drying that leads to cracking, excessive saturation of the 
bank, and rapid drawdown of the water surface that gen-
erates high positive pore pressure, particularly in poorly 
drained soils (Sidle et al. 2006).

Restoration projects that include channel reconstruc-
tion should pay specific attention to streambank design. 
The design of reconstructed stream banks should  
consider both fluvial erosion forces along the bank and 
geotechnical properties of the bank materials. Constructed 
banks that are higher than the anticipated rooting depth 
will require special attention to geotechnical factors, and 
may require that internal stabilizing features be engineered. 
The primary design consideration for constructed banks is 
whether they are intended to be deformable over time 
(subject to erosion) or non-deformable (permanently  
stabilized). The challenge inherent in constructing deformable 
banks is protecting them from erosion while vegetation 
that eventually provides root binding of soil becomes 
established. Common approaches include the use of  
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site is needed to determine the best course of action. In 
this case, such investigations might involve identification 
of road failure hazards and the types of road rehabilitation 
actions that might solve those problems, or investigations 
to identify appropriate species mixes and planting options 
for riparian restoration sites. In this section we briefly 
describe the types of investigative analyses that might be 
needed for design of site-specific actions that address 
reach- or watershed-scale processes.

Restoration actions that address watershed-scale pro-
cesses such as hydrology, sediment supply, and nutrient 
problems are identified through analyses of hydrologic 
alteration, partial or full sediment budgets, and identifi-
cation of non-point-source pollution areas (Chapter 3). 
These assessments identify key restoration needs,  
and provide information needed to set project goals and 
identify spatially explicit objectives. Once the key goals 
and objectives for watershed-scale actions have been 
identified, solving the problem then becomes a matter  
of designing and implementing projects at multiple  
sites. These site-level designs require additional investiga-
tions to identify project alternatives and to develop a 
project design for the preferred alternative. For example, 
hydrologic models such as those described earlier in  
this chapter might be used to help determine whether 
stormwater detention ponds will sufficiently absorb  
peak flows from a newly developed area, or perhaps  
that peak flows cannot be realistically ameliorated in a 
particular setting. Similarly, models of nutrient or pollutant 
sources and transport might be used to evaluate the likely 
effectiveness of a restoration action at a particular site on 
the entire nutrient or pollutant budget.

For sediment reduction actions, the required site-level 
investigative analyses depend on the erosion mechanism and 
land use. For example, sediment reduction in the forested 
mountains of the Pacific Northwest often focuses on 
reducing landslides from forest roads to achieve sediment 
reduction objectives. Depending on site conditions and 
road construction techniques, reducing coarse sediment 
delivery from road-related landslides may require removing 
roads and reshaping hillslopes, removing side-cast  
material on steep slopes, or reducing the risk of failure  
at stream crossings by increasing culvert sizes, installing 
bridges, or constructing fords. Each road segment and 
stream crossing must therefore be investigated to identify 
appropriate solutions, although in most cases there is  
no formal analysis of various options. Nevertheless, there 
are common elements to the investigation including  
estimating stream discharge at crossings, characterizing 
channel slope and size, measuring slopes of side-cast  

to stakeholders. Uncertainty in outcomes is a critical 
component of evaluating risk and relaying this to stake-
holders. Scenario modeling is a valuable approach to 
incorporating uncertainty and evaluating alternatives, 
particularly in light of the range of potential futures 
(Limbrick et al. 2000). For example, hydraulic modeling 
of project outcomes under a range of possible future flow 
conditions can facilitate both the evaluation of uncer-
tainty and the selection of a more resilient design.

Risk can be defined as the combination of the chance 
of a particular event (probability) and the impact that the 
event would cause if it occurred (consequence) (Sayers & 
Meadowcraft 2002). In the context of river restoration, 
quantifiable risks include cost or liability to the property 
or project owner, or potential displacement or death of 
biota. The desire to reduce risk must be balanced with 
project objectives, the degree of uncertainty, and cost. For 
example, the integration of engineering practice into  
restoration planning and design often leads to over-
design and stabilization to reduce the risk, even where it 
compromises the natural function of the stream system. 
This may be exacerbated by high levels of uncertainty, 
where a lack of knowledge increases the perception of risk. 
Where more data or modeling can decrease uncertainty, 
this may lead to greater accuracy in describing probabilities, 
which may in turn facilitate a more accurate portrayal  
of risk. However, additional data and analyses may be 
costly, and the value of decreasing uncertainty or more 
accurately predicting risk must be balanced against the 
increased cost of doing so. Ultimately, evaluating a wide 
range of potential outcomes during the project design 
phase can help reduce the risk that a project will result in 
undesired outcomes.

7.5.2  Investigative analyses for other 
restoration actions

As with in-channel actions, other watershed restoration 
actions also benefit from investigative analyses to help 
identify alternatives and focus project design. Restoration 
needs such as sediment reduction, restoring riparian 
functions and increasing floodplain connectivity and 
dynamics are identified in the watershed assessment and 
restoration inventories discussed in Chapter 3. However, 
analyses needed to identify alternative solutions for those 
restoration needs are often conducted during project 
design. For example, a restoration objective might be 
characterized as ‘reduction of landslide sediment from 
roads’ or ‘re-establish riparian vegetation communities 
along specified reaches,’ and further investigation at each 



Developing, Designing, and Implementing Restoration Projects    235

Riparian restoration projects may also require specific 
investigations to identify and design appropriate restoration 
options. As discussed briefly in Chapter 5, key elements 
of investigation for riparian revegetation projects  
might include measuring depth to the water table,  
characterizing soil type, and identifying species that can 
survive well in the local environment (e.g. Hall et al. 
2011). In most cases, some understanding of native plant 
species distributions can inform the selection of suitable 
species (e.g. Harris 1999), although species may also  
be selected based on other functional characteristics 
where restoring native communities is not a realistic 
option. Understanding these factors can help to identify 
appropriate species as well as the likely need for short-
term irrigation of plants, protection from browsing 
animals, or specialized planting techniques to increase 
survival (e.g. Hall et al. 2011).

Addressing water withdrawals on smaller streams and 
rivers not blocked by dams (e.g. throughout the western 
United States) often involves two types of problems. The 
first problem is water loss from the stream during summer 
low flows, and the second is entrainment of fish into 
diversions or pumps and subsequent mortality. The most 
common investigation for water losses is an assessment 
of instream flow needs for key biota (usually fish). Such 
instream flow analyses usually examine useable habitat 
areas for fish at specific life stages based on depth and 
velocity distributions at varying stream flows (often 
called habitat suitability criteria). These investigations 
quantify available habitat area for species and life stages 
at various flows for the purpose of identifying how much 
stream flow should be retained to support stream fishes, 
usually using a model such as the Physical Habitat Simu-
lation System (PHABSIM; Waddell 2001). The second 
problem is direct loss of fish at streamflow diversions and 
pumps. The most common investigation to address this 
problem is an inventory of screening devices at each 
diversion or pump to ensure that fish are not drawn into 
the irrigation or water supply system (e.g. Washington 
Department of Fish and Wildlife 2009).

7.6  Evaluate alternatives

The investigative analyses commonly lead to several pos-
sible restoration alternatives that can meet project goals 
and objectives. A comprehensive evaluation of these 
alternatives ensures that the selected restoration approach 
meets project goals and objectives, provides value relative 
to no action, and poses no unnecessary or unavoidable 

and the hillslope itself, and examining road construction 
material. Solutions are generally chosen based on  
effectiveness at reducing landslides, short- and long-term 
cost, and future use of the road. For instance, a road with 
little likelihood of future use may be removed and  
re-contoured to match the original topography, which 
involves considerable short-term expense but no future 
maintenance. By contrast, a heavy-use road might be 
reconstructed with reduced side-cast material and bridges 
over larger streams, which maintains use of the road but 
reduces the major landslide hazards.

In agricultural areas where effective solutions typically 
include changes in land-use practices rather than specific 
restoration actions, there may be little formal analysis of 
alternatives. Rather, landowners may choose to reduce 
erosion from fields by changing tilling practices (e.g. 
switching to no-till seeding, which maintains ground 
cover and roots year-round), or to reduce sediment  
delivery to streams by developing vegetated buffer strips 
that filter fine sediment from overland flow before it 
reaches a stream. Investigative analyses might therefore 
include assessment of pathways by which water and  
sediment is routed to streams, measuring slopes of fields 
or pastures to help estimate erosion potential, looking for 
evidence of rilling or gullying, and examining riparian 
buffer conditions. Based on such investigations as well as 
assessments of cost and impact to agricultural production, 
each landowner elects to alter land-use practices based  
on their own interests in stream restoration and the  
economics of altering their land-use practices.

Investigative analyses for most reach-scale projects  
will consist of those already described in the previous 
section for in-channel restoration actions. However, 
some restoration actions – such as restoring stream flows 
or riparian vegetation – may require additional or different 
evaluations. For example, control of grazing impacts  
on streams may include geomorphic investigation or  
geotechnical assessment (Sections 7.5.1.5 and 7.5.1.6), 
but it may also include simple surveys of locations of 
livestock access and degradation of banks. This easily 
acquired additional information is important for identi-
fying appropriate actions for reducing livestock impacts 
on streams. For example, fencing may be a simple solu-
tion to localized bank erosion problems, while in other 
cases fencing may solve the erosion problem but may also 
necessitate an alternative water source for livestock. 
Investigations for some project designs might therefore 
include examination of impacts to agricultural or other 
interests in addition to investigations of reach-scale pro-
cesses and alternative solutions.
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Alternatives evaluations commonly employ a matrix 
consisting of defined project objectives in rows and 
parameters for comparison in columns (i.e. success, risk, 
cost). Values for each parameter can be weighted to reflect 
stakeholder priorities. One of the most important evalu-
ation parameters is the probability of achieving each 
objective, or degree to which the objective is likely to be 
met. Developing predicted values for each objective  
and alternative as well as the degree of uncertainty in 
predicted values helps quantify differences between the 
alternatives (Anderson et al. 2003). Identification of the 
risk of failure for each objective and the risk to resources 
for each alternative is also essential. To consider probable 
costs of varying alternatives, design concepts must be 
developed sufficiently to estimate unit costs for elements 
and treatments. For larger and more complicated projects, 
additional important considerations include long-term 
operations and management costs and the timeframe 
required for project completion and achieving objectives.

7.7  Project design

Once a restoration alternative has been selected, the final 
project design can begin. A sound technical design 
implies that investigative analyses have informed selec-
tion of project elements to meet objectives, an appropriate 
design approach has been applied, and documentation is 
sufficient for any third party to understand the justification 
and derivation of proposed designs. The project design 
phase develops discrete project elements and ensures  
that these elements work in concert to meet project 
objectives. Ultimately, the project design process develops 
the ‘what’ and ‘how’ of project implementation and 
should ensure that: (1) project elements collectively 
support project objectives; (2) design criteria are defined 
for all project elements; (3) project elements allow or 
promote stream processes that create and maintain  
the stream system; (4) the technical basis of design is 
appropriate and sound for each project element; and  
(5) design documentation is sufficient in scope and detail  
to explain and justify project details.

No universally accepted standards of practice exist to 
guide project design for the restoration of rivers, particu-
larly where restoration strategies include significant 
modifications to the stream channel (Miller & Skidmore 
2003; Palmer et al. 2005; Skidmore et al. 2011). Given the 
absence of accepted design standards or methods and the 
variation in restoration project goals and objectives, it is 
critical that a design team follow a logical sequence of 

risk to natural resources (Bean & Rowland 1997; Parnell 
2000). While the logic of considering alternatives prior to 
embarking on a restoration design seems obvious, it is 
common in the river restoration industry to embark on 
restoration design without evaluating alternatives. This is 
evidenced by the common use of a limited suite of design 
approaches despite widely varying geographic variables, 
project contexts, watershed conditions, project objectives, 
and stream types. Where rote structural designs are pro-
posed, it is impossible to determine whether the design 
approach has been developed through a logical process 
or whether a preconceived and potentially inappropriate 
design solution has been applied without due con-
sideration of the problem, project context, and goals and 
objectives. Thoughtful and comprehensive evaluation of 
alternatives can ensure that connections between causes 
of identified problems and project designs are established 
(Alexander et al. 2006).

Many provincial, state, or federal regulatory frame-
works do not require an alternatives analysis for stream 
restoration projects (Brookes 1990; Bean & Rowland 
1997). Remarkably, funding entities are often similarly 
reticent to require an evaluation of alternatives (Skid-
more et al. 2011). The implications of embarking on 
design without evaluation of alternatives are significant: 
there may be another alternative that poses less risk, can 
be done less expensively, or will have a higher probability 
of achieving desired outcomes. There may also be a passive 
alternative that presents a more sustainable solution, even 
if achieving outcomes requires longer timeframes.

A systematic evaluation of alternatives will compare 
probability of success, risk, cost, and timeframe for each 
project objective, including a no-action alternative 
(Anderson et al. 2003; Skidmore et al. 2011). To evaluate 
the probability of success, the alternatives evaluation 
often develops conceptual level designs. Indeed, it is dif-
ficult to evaluate alternatives or test basic feasibility and 
consistency with objectives without some degree of 
design. For example, to evaluate channel restoration 
alternatives where disrupted sediment causes channel 
instability and restored sediment supply is a project 
objective, modeling of sediment transport through a pro-
posed channel configuration will be necessary. This of 
course necessitates some level of channel design for each 
alternative. Site surveys and investigations of hydrology, 
hydraulics, sediment transport, and geomorphology will 
be needed to identify causes of problems, evaluate con-
straints relative to alternatives, and to conduct a sediment 
transport analysis to support the feasibility of the selected 
alternative.
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referred to as the ‘reference reach’ approach. Analog 
approaches to design for river restoration are common-
place, partly because they are intuitive and simple and 
can be applied with a minimum of analysis. They are 
intuitive in the sense that if an adjacent or nearby stream 
appears to be in equilibrium, it seems logical that it would 
serve as a good template for restoration of a stream that 
is degraded or not in equilibrium. Analog approaches are 
generally only appropriate when the hydrologic and sedi-
ment regimes and boundary conditions of the analog are 
the same as for the project reach, where upstream and 
downstream reaches are in equilibrium, and where causes 
of problems and their solutions are relatively local (Hey 
2006).

An empirical approach uses equations derived empiri-
cally from large datasets to relate channel dimensions to 
parameters defining flow regime, sediment regime, and 
boundary characteristics. Datasets from which empirical 
relations are derived may be local, regional, or global and 
determine the relevance to a restoration project area. 
Where datasets are concerned primarily with channel 
dimensions, the empirical approach may also be referred 
to as the ‘hydraulic geometry’ approach. Empirical equa-
tions represent average conditions, although more 
advanced forms of equations may also include range of 
variability which can facilitate design of variability within 
a channel. Application of an empirical design approach 
is generally subject to the same qualifications as for 
analog design (Skidmore et al. 2011). However, a risk 
associated with the application of analog and empirical 
approaches is that investigative analyses, particularly 
those that evaluate hydraulics and sediment transport 
and which would help to identify problem causes at 
watershed scales, are often bypassed or disconnected 
from the design process. This can lead to designs based 
on untested assumptions of channel stability and the 
erroneous assumption that restoration of form leads to 
restoration of other ecosystem processes and attributes 
(Pretty et al. 2003; Sandin & Solimini 2009).

The analytical approach uses process-based or theo-
retically derived equations for flow hydraulics and 
sediment transport to design a channel and floodplain 
geometry that supports sediment continuity of flow  
and sediment regimes. An approach relying primarily on 
modeled conditions is an analytical approach, sometimes 
referred to as ‘predictive.’ Analytical approaches offer  
an advantage over both analog and empirical approaches 
in that they are not dependent on the existence of  
equilibrium conditions; they are therefore particularly  
well suited to restoration or stabilization projects where 

investigation of causes of observed problems, evaluation 
of alternative remedies, and justification of designs rela-
tive to specific project objectives. The investigations 
described previously will inform the design process and 
provide a framework for modeling or testing outcomes. 
Following selection of a preferred alternative, the design 
process is characterized by the following sequence:
1. specify project elements that will meet project 
objectives;
2. establish design criteria for project elements that 
define expectations;
3. develop design details to meet criteria for each 
element; and
4. verify that elements are mutually supportive of project 
objectives.
In this section we first describe three basic design 
approaches used for in-channel restoration projects, and 
then describe each of the four design steps. General 
design considerations vary greatly by specific project 
types however, and a detailed discussion of these is 
beyond the scope of this chapter or volume. Chapter 5 
provides some general considerations by project type as 
well as sources for additional information on detailed 
design considerations for various project types.

7.7.1  Design approaches
Many restoration strategies, such as upland land-use 
management or floodplain or streambank revegetation, 
can be accomplished with minimal or no engineering 
design. However, for projects that involve channel or 
floodplain modification, designs are necessary to guide 
the implementation or construction of the project. 
Designs illustrate what a project will consist of and how 
it will look when it is complete, but do not necessarily 
indicate how it will perform. While the relationship 
between form and process in stream systems has been 
researched for decades (Leopold & Maddock 1953), the 
application of those studies to channel restoration and 
design is an emerging and evolving science. The basic 
challenge in channel restoration design is to identify a 
channel form that is appropriate for local hydrologic and 
sediment regimes, suited to existing bed and bank mate-
rials, and is sized and graded to provide continuity of 
sediment transport.

There are three general design approaches: analog, 
empirical, and analytical (Shields 1996; FISRWG 1998; 
Watson et al. 1999; Fripp et al. 2001; Skidmore et al. 
2001). An analog approach uses geomorphic templates 
from historic or other channel reaches as the basis for 
design of a restoration reach. This approach is also 
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Table 7.4 Examples of design criteria for several hypothetical project elements. Design and implementation of restoration 

projects are guided by these design criteria, which are based on the project goal and objectives.

Goal Objective Project element Design criterion

Restore reach-scale 
hydrologic processes 
and connectivity

Reconnect channel and 
floodplain at time of 
project implementation

Modify channel 
dimensions by 
raising bed with 
check dams

Channel capacity will be equal to 
effective discharge

50% of floodplain area will be 
inundated at the 5-year discharge

Reintroduce beaver Minimum of 1 breeding pair per km
Increase inundated 

floodplain area to 80% 
of historic floodplain 
within 2 years

Setback levees Flood risk to existing structures and 
infrastructure will not increase

Levees will contain the 125-year flow

ultimately, the design process will have to piece the ele-
ments together and test their influences on each other. To 
ensure that project elements are appropriate, clear links 
should be identified between the findings of the investi-
gative analyses (Section 7.5) and the purpose of each 
project element.

7.7.3  Establish design criteria for project 
elements that define expectations

Design criteria are specific, measureable attributes of 
project elements that clarify the purpose of each element 
and state how each element will perform to meet one or 
more project objectives (Miller & Skidmore 2003; Table 
7.4). Design criteria can be categorized as either prescrip-
tive or performance criteria. Prescriptive criteria describe 
specific required attributes of project elements, such as 
how it will be constructed or implemented. Performance 
criteria describe specific performance attributes of the 
design element, such as desired depths and velocities in a 
fish passage structure. While it may be easier to develop 
designs for prescriptive criteria and to measure their 
success, they do not necessarily result in project elements 
that meet objectives. Performance criteria are better 
suited to direct correlation to structural or functional 
project objectives, but it may be more difficult to establish 
measurable design attributes for them. While design cri-
teria are rarely stated explicitly in design documentation, 
they are often implicit to the design process. Specifying 
criteria in the design documentation helps to:
• provide explicit design targets for each project element 
to clarify intent and anticipated outcomes;
• facilitate understanding among project stakeholders of 
expectations and inherent risks;

existing channels are not stable. Analytical approaches are, 
how ever, dependent on sufficient quantity and quality of 
input data and may be limited by the scientific uncer-
tainty of analytical models. Analytical approaches differ 
fundamentally from analog and empirical approaches in 
that they provide opportunity to simulate process-
response mechanisms in stable and unstable channels, 
allowing design practitioners to investigate potential 
causes of observed problems as well as to design solutions 
that may not be represented in reference conditions.  
Analytical methods also provide a mechanism to test  
and compare probable outcomes of designs. Ultimately, 
many projects employ a hybrid approach, combining  
elements of analog, empirical, and analytical approaches 
as necessary.

7.7.2  Specify project elements that will 
meet project objectives

While projects vary tremendously in the level of design 
that is necessary, the design process for river restoration 
is typically a multidisciplinary and iterative process of 
developing and justifying details for discrete project ele-
ments and tying those elements together. Project elements 
are distinct project components that can be designed 
independently, but together constitute a holistic restora-
tion design. Project elements may be features intended  
to remedy sources of problems, such as levee removal  
or floodplain revegetation. They may also be channel 
features including cross-section, bank, or planform  
alignments, or they may be features intended to provide 
specific in-channel value, such as log jams. The design of 
each element may be developed independently and  
by individuals with specific and relevant expertise but, 
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expected outcomes are effectively communicated. This is 
especially important where restoration efforts address 
problems that affect public interests or degrade ecosystem 
services, including water quantity and quality, wildlife, 
fisheries, and a host of social concerns including recreation, 
property, infrastructure, flood control, and water supply. 
Early involvement of stakeholders, particularly in estab-
lishing goals and objectives, is critical to effective and 
efficient project development, as the opportunity to 
influence the project diminishes and costs for making 
change increase as the project develops (Figure 7.9; see 
also Chapter 4).

The format and level of detail for communicating 
project goals, plans, and eventual outcomes should be 
tailored to the interests and demands of constituents for 
each specific project. While each project is potentially 
unique in its communication needs and requirements, 
these can be loosely organized around the interests of 
stakeholders, permitting agencies, and the implementa-
tion team. Stakeholders will have interest in every step of 
the project process, with an emphasis on project out-
comes in particular, but may not require a significant 
level of detail about project design or implementation. 
Stakeholder communication is a two-way street, with 
project proponents soliciting input from stakeholders 
early in the project, and stakeholders having a responsi-
bility to participate in project development.

Stream restoration projects are subject to review and 
permitting by a variety of regulatory bodies including 
federal, provincial, and state and local entities whose  
responsibility is to protect the public interest including 
water quality, transportation infrastructure, natural re-
sources, and zoning ordinances. There is tremendous 
variation in permits required depending on project type, 
location, and resources affected, and project planners 
must consult with national, provincial, and local agencies 
to determine the appropriate requirements. Communica-
tion with permitting agencies is often initiated through a 
formal permit submittal process, with explicit reporting 
requirements that may include levels of project detail that 
can only be derived from relatively complete designs. 
While rules governing permitting do not typically provide 
for early involvement of permitting agency staff in project 
development, there are obvious benefits in early and  
continued communication with project proponents  
and permitting agencies.

Project implementation includes all actions necessary 
to execute a project, which may range from changes  
in upland management to complete reconstruction of 
stream channels. While implementation teams often 

• provide acceptable or allowable tolerance ranges for 
performance of project elements,
• allow engineers and scientists to narrow performance 
expectations to within specific bounds, thereby limiting 
the liability associated with uncertain environmental 
conditions outside of those bounds; and
• establish measurable attributes that serve as the basis 
for project monitoring.

7.7.4  Develop design details to meet 
criteria for each element

Project plans include all of the design details for each 
project element, as well as drawings that illustrate the 
arrangement of elements within the project area. Design 
details convey a reasonable understanding of the intent 
of each element for stakeholders and permit agencies,  
and should be sufficient in detail for unambiguous 
implementation. Investigative analyses are developed to 
understand sources of problems and to select from 
among project alternatives, and they can be refined with 
the addition of project details to test whether proposed 
elements meet project objectives. For example, channel 
cross-section dimensions developed as a design detail for 
a channel reconstruction serve as new cross-sections  
for hydraulic analysis and sediment transport analysis, 
and allow comparison between existing and design  
conditions. Similarly, streambank design details can be 
evaluated using hydraulic analyses to test their stability 
under different flows relative to specific design criteria  
for channel bank stability.

7.7.5  Verify that elements address project 
objectives

Developing designs for specific project elements is an 
iterative process. Changes to details of one element may 
necessitate changes to other elements. In some cases, new 
information or perspective on constraints to specific 
design elements may warrant revising some or all design 
criteria. At the end of the design process, all project ele-
ments must mutually support specific project objectives 
and meet their individual design criteria. Verification will 
require final runs of the suite of investigative analyses and 
documentation of their output such that designs are jus-
tified, defensible, and documented.

7.7.6  Communicating project design
Effective communication of project designs to stakehold-
ers, funders, permitting agencies, and implementers is 
critical to project success. Project proponents have the 
responsibility of ensuring that project goals, plans, and 
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Figure 7.9 Opportunity and cost of change in project development. The opportunity for constituents to influence or make 
changes to a project plan generally decreases with time. The costs of making changes to a project increase as a project is developed; 
once design is advanced, the costs of making changes may become prohibitive.

include project proponents and the design team, par-
ticularly in providing oversight, additional parties are 
often contracted to construct part or all of a project, 
particularly where significant construction actions are 
involved. Contracting for project implementation requires 
clear communication of the project goals and detailed 
specification of all project elements to ensure that the 
implementation team executes a project as planned. 
Communication of project goals, plans, and outcomes is 
accomplished through design reports and project plans 
and specifications (Table 7.5).

7.7.6.1 Design reports
A design report is typically prepared for stakeholders and 
permitting agencies to explain how specific project  
elements address project goals and objectives, and to 
document the analytical process that supports the selec-
tion and integration of project elements. For the design 
team and project proponent, the process of articulating 
and justifying the design elements and their relation to 
project goals and objectives supports internal design 
review and contributes to a robust design process. For 
stakeholders, a design report will provide an explanation 
of how the project plan relates to project goals. Permit-
ting agencies will look for sufficient detail in a design 
report to answer any questions relating to how and why 
designs were developed, as well as how the project may 
affect resources of interest or concern to agencies. A 
design report may also be the best protection against 

liability in the event of project failure (Skidmore et al. 
2011). The level of integrity of a design report can be  
a strong indication of the level of integrity brought to  
the design process. Design reports are developed incre-
mentally to document concepts, evaluation of alternatives, 
and design methods. Iterations of design reports may  
be necessary to communicate progress and to provide 
sufficient information for review by constituents.

7.7.6.2 Plans and specifications
Plans or drawings are often developed iteratively along 
with the design, portraying design elements for review 
and ultimately serving as instructions to the implementa-
tion team. Incremental development of plans typically 
follows four phases: (1) concept plans; (2) preliminary 
plans; (3) draft final plans; and (4) final plans. These 
phases correspond to the design development process 
and communication requirements of constituents. 
Concept plans provide a sufficient level of detail for 
stakeholders and permitting agencies to compare alterna-
tives, typically representing roughly 20–30% of design 
progress. Concept plans commonly include a map of all 
project elements and activities, identified constraints, and 
‘typical’ drawings of anticipated project elements such as 
structures, bank treatments, or crossings. For the selected 
restoration alternative, preliminary plans are of sufficient 
detail to communicate exact intentions and locations  
of project elements. These will typically include a map of 
the project area, locations of all installations or reconfigu-
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Table 7.5 Typical reporting frameworks for communicating project designs, plans, environmental assessments, and monitoring 

results to varying constituents (S: stakeholders; P: permitting agencies; I: implementation team; R: restoration community) 

through phases of project development.
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1. Design report S, P, R x x x x x x x
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3. Environmental assessment S, P x x x x
4. Monitoring results S, P, I, R x x x x x

rations, rough grading, and implementation logistics 
such as project sequencing, access, and storage and 
staging. They represent roughly 50–65% design comple-
tion, and are generally adequate for final permitting and 
detailed cost estimating. Draft final plans include all 
details necessary to communicate construction practices 
and instructions, and sufficient to develop final cost esti-
mates; they typically reflect a 90% level of design. Details 
include all information required to plan and implement 
construction including survey notes, plans for regulatory 
compliance, access and staging, disturbance limits, and site 
remediation or revegetation plans. Final plans are prepared 
to serve as the basis for contract bid documents and are 
sufficient in detail for contractors to plan all aspects of 
implementation and to develop firm bids and timeframes 
for project execution. Final plans are accompanied by final 
specifications and a final design report, and serve as the 
basis for comparison with eventual as-built drawings.

Some projects may lend themselves to a ‘design-build’ 
approach, where responsibility for design and construc-
tion are contracted to a single entity or team and the design 
team is present to direct construction. Design-build con-
tracts may require less detail in plans and specifications, 
where the contract documents specify deliverables and 
outcomes rather than prescribing how to execute the 
project. Design-build does not necessarily infer simplic-
ity. Instead, it may appropriately be employed where 
project areas are rapidly changing or where the complex-
ity and uncertainty of the environment precludes detailed 

planning. This may be appropriate where significant and 
unknown constraints or complications are anticipated 
such as with contaminated sites, areas with presumed 
cultural resources, or uncertainty in subsurface conditions.

Any project in a stream ecosystem or intended to 
improve a stream ecosystem may affect ecosystem 
attributes such as water quality or native species, as well 
as the ecosystem functions (Sandin & Solimini 2009). An 
environmental assessment estimates or predicts impacts 
on these natural resources resulting from the project. 
Environmental assessments are often required for publi-
cally sponsored projects, where ‘sponsoring’ refers to any 
involvement in funding, permitting, or implementation. 
Environmental assessments may be relatively concise 
documents prepared for stakeholders and permitting 
agencies and generally include a description of the proposed 
project, its goals and objectives, alternatives considered 
including a no-action alternative, and justification for  
the selected alternative (Table 7.5).

7.8  Implementation

Project implementation is the installation or construction 
of project elements and the management of unexpected 
construction issues or environmental impacts. Project 
implementation should be a dominant consideration 
through the design process, resulting in a design that is 
practical to implement and acceptable to stakeholders 
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to maintain a project’s restoration trajectory. This is par-
ticularly important for floodplain and riparian elements, 
including revegetation. Revegetation, whether it is neces-
sary to mitigate disturbance from construction actions or 
is the primary restoration action, often requires consider-
able operational maintenance such as irrigation or 
control of competing vegetation. Revegetation of banks 
and floodplains also requires the greatest amount of time 
to reach a restored condition. Indeed, for forested flood-
plains riparian maturity may take many decades to 
centuries. Many channel restoration projects fail less 
because of what was or was not done in the channel than 
what was or was not done on the floodplain, particularly 
during the first years after implementation.

7.9  Monitoring

Monitoring evaluates project-specific measures of success, 
facilitates adaptive management, and contributes to the 
broader purpose of learning from past projects (see also 
Chapter 8). Monitoring reports are summaries of project 
performance in light of project goals, objectives, and  
predicted outcomes (Kondolf 1998; Downs & Kondolf 
2002). Constituents with an interest in monitoring 
reports may include: stakeholders who want to be assured 
that a project results in anticipated outcomes or informed 
when it is not performing as expected and needs correc-
tive action; permitting agencies who want to be assured 
that a project performs as stipulated in negotiated 
permits; and implementation teams and the broader res-
toration community who want access to project lessons 
learned from monitoring (Table 7.5). Monitoring reports 
are strengthened by comprehensive as-built surveys that 
document actual implementation at the time of project 
execution. Without as-built surveys it is difficult to estab-
lish trends in outcomes except through the assumption 
that the project was completed as specified. Moreover, 
monitoring reports are most useful when monitoring 
plans and protocols closely match project goals and 
objectives. SMART objectives that specify measurable 
and time bound outcomes (see above) establish a founda-
tion for measurement of specific parameters used to 
determine project success.

7.10  Case studies

To illustrate the design process and products, we describe 
three case studies that represent a range of complexities in 

and permitting agencies. Additionally, considering imple-
mentation issues during the design process will help 
avoid or minimize undesirable or unavoidable effects of 
implementation. A project development team with a 
foundation in construction management will facilitate 
the consideration of implementation feasibility, practi-
cality, and impact during the setting of project objectives, 
alternatives evaluation, and the project design, par-
ticularly where restoration actions include considerable 
construction. Project plans, design sheets, and design 
narratives are used to articulate specific implementation 
procedures, including maintenance requirements. While 
some restoration actions, such as grazing management or 
riparian revegetation, may be relatively benign in terms 
of implementation logistics, implementation issues that 
are included in implementation plans for more active 
restoration and instream activities include:
• site access and construction/implementation sequenc-
ing that minimizes in-channel work;
• dewatering and re-watering of the stream channel with 
consideration of anticipated storm flow where in-channel 
work is required;
• protection and salvage of aquatic organisms;
• site protection plans including sediment and erosion 
control, spill control and response, do not disturb areas, 
and minimizing equipment impacts;
• sourcing and staging of materials;
• safety;
• revegetation and weed control; and
• site protection and maintenance after completion.
All of these implementation considerations may influ-
ence the feasibility of alternatives. The iterative nature of 
project development and design is such that as design 
details develop implementation issues are considered, 
and designs are modified to reflect practical considera-
tions inherent to implementation. Experience with 
construction management will provide a design team 
with perspective on the uncertain nature of project 
implementation including unanticipated site conditions, 
unpredictable weather, and qualifications and experience 
of contractors, and can greatly reduce the number of 
design iterations needed. In the absence of direct project 
implementation experience within the project design 
team, independent contractor review of plans as they 
develop can ensure that construction feasibility concerns 
are addressed during the design process.

Project implementation does not end when construc-
tion activities are complete, as large instream projects are 
rarely completed in one season or one hydrologic year. 
Short- and long-term operations may also be necessary 
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7.10.1  Removal of the Number 1 Dam, 
Chichiawan River, Taiwan

Even conceptually simple restoration actions such as dam 
removal follow the sequential design steps outlined in 
this chapter and Figure 7.1. This process is illustrated by 
the removal of the Number 1 Dam in the Chichiawan 
River in Taiwan (Figure 7.10). The key problem to be 
addressed in this headwater basin was that dams blocked 
migratory pathways for the last remaining population of 
the land-locked Formosan salmon in Asia (Step 1, 
problem identification). From the watershed assessment, 
the broader project context (Step 2) indicated that several 
dams had been identified that blocked salmon migration, 
and the Number 1 Dam was the largest dam (22 m high) 
that blocked an important migration route between the 
lower portion of the Chichiawan River and its headwater 

project design. The first example is removal of the Number 
1 Dam on the Chichiawan River in Taiwan which had a 
simple set of design criteria and constraints, leading to a 
relatively simple plan for removing the dam and monitor-
ing the response of the last population of land-locked 
Formosan salmon (Oncorhynchus masou formosanus) in 
Asia to a restored migratory pathway. The second example 
illustrates development of a riparian restoration project 
along an incised stream in a semi-arid region of north-
western USA, focusing on the use of planting experiments 
to evaluate alternative solutions to re-establishing key 
riparian species. The third example is a complex stream 
and estuary restoration project in the Skagit River basin, 
USA. This project is characterized by a suite of design 
objectives and constraints, which results in a multi-faceted 
project to restore limited estuary functions.

Figure 7.10 Schematic diagram of the design process for the Chichiawan #1 Dam removal, including steps to monitor project 
effectiveness.
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on reservoir filling. The road stability analysis led to  
the conclusion that the road could be at risk if the west  
abutment was removed.

Because of sediment transport and road stability  
concerns, the design process considered two sediment 
management alternatives (Step 5): (1) removal of sediment 
prior to dam removal and (2) allowing river erosion  
of the reservoir sediments after dam removal. The design 
also considered two removal alternatives: (1) complete 
removal of the dam and (2) removing the dam from the 
main channel but leaving the west abutment to support 
the existing road. From these alternatives, the selected 
alternative was to remove the dam completely from the 
main channel but leave the west abutment, and to allow 
river erosion of stored sediments. The final project design 
was quite simple, including details on how much of the 
dam to remove and how to manage sediment during 
removal (Step 6). The dam removal was accomplished  
by mechanical breakup of concrete using a large jack-
hammer mounted on an excavator (Step 7; Figure 7.11).

Finally, the project incorporated an implementation 
and monitoring plan designed to measure the effects of 
the dam removal on movement of Formosan salmon 
(Step 8). The monitoring plan focuses on radio-telemetry 

tributaries. It was therefore identified as the highest pri-
ority barrier removal, although other dams must also 
eventually be removed to fully restore migration routes. 
This dam and the other dams were originally installed to 
trap sediment and prevent sediment from filling a larger 
reservoir downstream. However, the reservoir behind the 
Number 1 Dam has completely filled with sediment, 
negating its function as a sediment storage dam.

The primary goal of this project was defined simply: 
remove the dam to restore the main migration pathway 
for Formosan salmon in this portion of the Chichiawan 
River (Step 3). Specific objectives of the project were to 
completely remove the dam from the main river channel, 
and to allow the stored sediment to erode naturally and 
pass downstream. However, the removal project was also 
constrained by the presence of a main road just upslope 
of the dam’s west abutment. The investigative analyses 
therefore included assessment of potential effects of 
releasing the stored sediment, as well as an assessment of 
potential effects on road stability (Step 4). The sediment 
transport analysis indicated that the amount of sediment 
stored behind the dam was less than the annual amount 
delivered to the downstream reservoir, and that dam 
removal and sediment release would have minimal effect 

Figure 7.11 (A) Location of dams on the Chichiawan River, Taiwan and photos of the dam (B) prior to removal and (C) nearing 
completion of the removal (photos (B) and (C) Rickie Chen). Note that a portion of the dam on the left side of the photo was left 
intact and buried in rubble to support the hillslope and road just out of frame on the left. Background image in (A) copyright 
2012 Google, 2012 Kingway Ltd., 2012 Cnes/Spot Image, 2012 Geoeye, and 2012 Digital Globe.
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did not reach the water table, and rooting live stakes into 
the water table using a motorized auger to drill down 
1–2 m. Browse protection options included: (1) wire fence 
cages; (2) plastic tree shelters; and (3) no protection. Each 
combination of rooting depth and browse protection was 
tested on willow, cottonwood, and dogwood stakes. The 
experiments revealed that 80% survival of willow and 
70% survival of cottonwood were achieved when live 
stakes were planted deep enough to penetrate the water 
table and 1-m-tall plastic tree shelters were used to  
protect against browsing. However, there was still significant 
browsing that stunted willow and cottonwood growth, 
and additional experiments found that 6-foot shelters 
provided better browse protection. Survival was <20% 
for dogwood on all scenarios, so dogwood was omitted 
from the planting design.

The final planting design (Step 6) included planting 
live stakes of willow and cottonwood at a spacing of 
approximately 6 m, and the species mix was predomi-
nantly cottonwood because reaching the water table 
required stakes between 1 and 2 m tall. The zone within 
which plantings could reach the water table was deline-
ated in GIS by mapping the area that was not more than 
2 m above the water table, because 2 m was the maximum 
depth of the motorized augur (Figure 7.12). Implementa-
tion (Step 7) was straightforward, using the motorized 
augur to ensure that live stakes penetrated the water  
table when planted. The 6-foot tree shelters were used 
because they better protected the live stakes from brows-
ing by wildlife. The monitoring plan was simply to 
quantify survival in the first few years after planting to 
ensure that the project design and objectives continued 
to be successful at other sites along the Bridge Creek 
restoration area.

7.10.3  Fisher Slough Restoration, Skagit 
River, Washington, USA

Fisher Slough is a freshwater estuarine system in the 
Skagit River Basin, western Washington, USA. The 
problem to be addressed through restoration was reduced 
floodplain connectivity and ineffective passage of juvenile 
salmon at the tidegate (Step 1). Estuarine habitat has been 
identified as a critical restoration priority for salmon 
recovery in the Skagit River system, and Fisher Slough 
historically provided important rearing habitat for several 
species of salmon including Chinook salmon (Oncorhynchus 
tshawytscha), coho salmon (Oncorhynchus kisutch), chum 
salmon (Oncorhynchus keta), and steelhead (Oncorhynchus 
mykiss). The area was also a migratory corridor to spawning 
habitat for adult coho and chum salmon, in smaller  

tracking of tagged salmon, which were expected to 
increase movement in the basin after dam removal. The 
monitoring design first tracked movement of 10 adult 
Formosan salmon before dam removal to establish base-
line movement patterns, then tracked movements of an 
additional 10 salmon during the removal and 10 salmon 
after removal. The sampling during removal was intended 
to identify whether salmon were driven away from the 
dam by the deconstruction efforts or sediment erosion, 
while monitoring after removal and sediment erosion 
was intended to assess salmon migration in the restored 
channel.

7.10.2  Bridge Creek riparian restoration
Riparian restoration along Bridge Creek, Oregon, USA is 
one component of restoring salmon habitat in incised 
channels in the John Day River basin, which is a tributary 
to the Columbia River. The specific problem addressed 
by the riparian restoration effort is loss of the willow 
(Salix spp.) and black cottonwood (Populous balsamiferia 
trichocarpa) riparian vegetation (Step 1), which histori-
cally provided shade over the stream and reduced stream 
temperatures. The restoration sites in Bridge Creek are in 
the semi-arid, sagebrush-steppe region of the Columbia 
River basin, where riparian vegetation was historically a 
relatively narrow band of willow, cottonwood, and red 
osier dogwood (Cornus sericea) along the stream (Step 2). 
However, riparian restoration alone will not address the 
underlying problem of channel incision and lowering of 
the water table from 1 to 3 m, which was one of the likely 
causes of loss of riparian vegetation. Additional project 
components therefore addressed channel incision by 
encouraging beaver colonization and creation of beaver 
dams at key locations using beaver dam support struc-
tures which were intended to increase sediment and 
aquifer storage, raise the channel bed and water table, and 
increase beaver habitat (Pollock et al. 2007; Beechie et al. 
2008). However, bed aggradation and raising the water 
table will likely take many decades, and the goal of  
the riparian restoration was to re-establish willow and 
cottonwood stands prior to recovery of the water table 
elevation without requiring irrigation (Step 3).

In order for riparian restoration to succeed in this 
semi-arid environment, the investigative analyses, alter-
natives evaluation, and project design (Steps 4–6) were 
conducted together in an experiment that evaluated the 
success of riparian planting (i.e. tree survival) as a func-
tion of planting depth and protection against browsing 
by deer, elk, and other wildlife (Figure 7.12). Two plant-
ing depths were tested: a standard planting depth which 
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Primary objectives included creating a diverse array of 
native vegetative communities, establishing freshwater 
tidal Chinook salmon-rearing habitat, providing fish 
passage for adult coho and chum spawning access, and 
improving flood storage to protect agricultural uses of 
adjacent properties. Secondary objectives included 
improving habitat opportunity for cold-water fish other 
than Chinook, increasing habitat opportunity for migra-
tory birds, identifying opportunities to address ongoing 
sediment transport and flooding issues in tributaries, and 
the ability to export lessons learned.

The primary investigative analyses (Step 4) included 
hydraulic modeling of tidal flux, flood scenarios, mode-
ling sediment and geomorphic evolution of fluvial  
and estuarine habitat with numerical models, estimating 
habitat outcomes using functional response models,  
and predicting future vegetative communities using 
regional analogs. These analyses first informed the  
alternatives analysis, and then contributed to the final 
project design. Three alternative approaches to restoration 
were evaluated and compared to a no-action alternative, 

tributaries (Step 2). A number of streams with a total 
watershed area of approximately 6000 hectares  
converge at Fisher Slough which has been channelized, 
confined by levees, and regulated by floodgates.

The goal of the Fisher Slough Restoration project is  
to ‘maximize the area influenced by natural stream and 
tidal processes, allow for a broad range of ecosystem  
variability, restore estuarine rearing habitat for juvenile 
salmon to the maximum extent possible, and improve 
flood protection and storage capacity for Carpenter 
Creek and Fisher Slough’ (TNC 2007). More specifically, 
the objectives of the Fisher Slough project were to 
improve tidal exchange and salmon passage through the 
tidegate, and to reconnect approximately 25 hectares of 
floodplain and marsh to the Fisher Slough channel (Step 
3). The Fisher Slough Restoration project area was also 
constrained by levees, a downstream floodgate, and ditch 
and road crossings (Figure 7.13). Project objectives were 
separated into primary objectives that drove alternatives 
evaluation and project design, and secondary objectives 
to pursue unless they compromised primary objectives. 

Figure 7.12 Design of a riparian planting project in Bridge Creek, Oregon, USA. The investigative analyses and alternatives 
evaluation revealed that live stakes planted within the water table had highest survival, and that (A) plastic tree shelters (PTS) 
provided the best browse protection (photo Jason Hall). (B) The selected alternative included planting live willow and cottonwood 
stakes deep enough to reach the water table and protecting them from browsing by wildlife using plastic tree shelters; asterisks 
indicate survival was zero (adapted from Hall et al. 2011). (C) Aerial view of project site showing the planting area within which 
2-m-long live stakes could reach the water table, and the planting plan (photo Jason Hall).
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Figure 7.13 Overview of Fisher Slough site (A) prior to restoration and (B) showing proposed restored conditions and project 
elements. Adapted from TNC (2007); background image copyright 2012 Google.

using evaluation criteria based on the principal project 
objectives and cost (Step 5; Table 7.6). Alternatives varied 
primarily in approaches to reconfiguring ditch crossings 
in relation to the levee setback (Figure 7.13). For each 
criterion, a single normalized value was generated for 
each alternative (Table 7.6). The analysis revealed that,  

for many objectives, Alternatives 2 and 3 produced similar 
outcomes. However, in addition to producing the greatest 
habitat outcomes, which is a primary project objective, 
the long-term sustainability criterion was considerably 
greater for Alternative 3 than for other alternatives. Hence, 
the alternatives analysis not only assisted constituents in 
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Table 7.6 Project alternatives ranking for Fisher Slough Restoration, Skagit River, USA. The Fisher Slough Restoration expands 

and restores estuarine processes by setting back levees. Project goals include both freshwater estuary restoration and flood 

control. Project alternatives scores are the sum of 4 criteria, excluding project cost. Each criterion is the normalized value of a 

metric developed from a set of factors representing project objectives (TNC 2007). Alternatives varied primarily in how existing 

infrastructure was managed. Alternative 1 left existing ditches and crossings in place, thereby limiting levee setback 

opportunity; Alternative 2 extended existing crossings to expand levee setbacks; and Alternative 3 relocated and concentrated 

all infrastructure crossings at the downstream project boundary, improving maintenance access and opportunities for future 

additional levee setback.

Alternative Project cost (2008) US$ Habitat output Flood storage Sedimentation 
capacity

Long-term 
sustainability

Total score

w/o project ———– 0.10 0.17 0.12 0.20 0.59
Alternative 1 4,380,100 0.51 0.92 0.94 0.30 2.67
Alternative 2 5,267,300 0.94 1.00 1.00 0.40 3.34
Alternative 3 5,794,800 1.00 0.87 0.81 0.80 3.48

selecting a restoration approach, it also provided a  
thorough justification of proposed project elements by 
carrying initial investigative analyses through to predicting 
project outcomes.

The primary restoration technique was a levee setback 
to increase estuarine habitat area; additional restoration 
components included reconfiguring the floodgate to 
naturalize tidal flux within the project area, reconfiguring 
tidal and stream channels, and planting wetland, marsh, 
and floodplain vegetation. The final project design (Step 
6) included three main components implemented in 
phases: (1) replacement of floodgates to allow more 
natural tidal flux in lower Fisher Slough; (2) realignment 
of a major drainage ditch (the former Fisher Creek); and 
(3) realigning the south levee of Fisher Slough to reopen 
tidal inundation of 25 hectares of estuary habitat. The 
implementation plan required replacement of the flood-
gate first in order to restore more natural tidal flux (Step 
7). After that, the agricultural drainage ditch realignment 
was required to allow continued drainage function after 
the levee setback occurred, and finally the levee setback 
expanded and restored natural wetland and floodplain 
functions in lower Fisher Slough. The monitoring plan 
followed these phases, with initial monitoring focusing 
on evaluating effects of the new floodgate on habitats and 
salmon abundance (Step 8; Beamer et al. 2011). Contin-
ued monitoring after phases 2 and 3 will determine 
whether restored floodplain habitats are functioning  
as expected, and whether new floodgates combined  
with increased habitat capacity result in higher Chinook 
salmon production from the project location.

7.11  Summary

Understanding watershed processes, defining restoration 
goals, developing watershed assessments, and identifying 
and prioritizing restoration actions all inform the  
planning, design, and implementation of restoration 
projects. In this chapter we have outlined a series of  
steps and analyses for planning projects and identified 
three phases of the project-scale development process: 
planning, design, and implementation and monitoring 
(see Chapter 8 for additional monitoring information). 
Planning establishes the purpose and need for restoration, 
puts the project in a broader context, and articulates  
the specific intentions of a project. Design answers the 
question of how the project will be implemented by  
analyzing processes governing the project area’s condi-
tion and describing specific actions that will be conducted. 
Implementation constitutes actions taken to conduct  
the project and includes monitoring, which verifies 
outcomes.

We also noted that it is critical to identify how the 
project restores watershed processes, and how it accom-
modates socioeconomic opportunities and constraints. 
Only then can there be an articulation of an overall 
project goal, project objectives, and measurable criteria. 
Project objectives need to address identified problems,  
be geomorphically, ecologically, and socially achievable, 
and specify measurable outcomes and time frames.  
An alternatives evaluation should also be conducted, and 
uncertainty and risk should be identified and incorpo-
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8.1  Introduction

Monitoring and evaluation (M&E) provides critical 
information on restoration project effectiveness, includ-
ing how physical habitat and biota respond to different 
restoration techniques. The need for M&E of restoration 
actions parallels the history of restoration itself; as  
restoration programs have increased in size, number, and 
complexity, so has the need for rigorous M&E of these 
efforts. However, as noted in previous chapters, limited 
information exists on the effectiveness of most techniques. 
Periodic reviews continue to show that only a small  
fraction of restoration projects in any country, province 
or watershed are adequately monitored (Tarzwell 1934; 
Reeves & Roelofs 1982; Roni et al. 2002; Ryder et al. 2008). 
This lack of rigorous M&E stems not only from inadequate 
funding, but also from a variety of technical and non-
technical issues. These issues include a lack of clearly 
defined questions, improper study design, inadequate 
spatial and temporal replication, insensitive monitoring 
parameters, poor project implementation or management, 
and lack of periodic analysis and publication of results 
(Reid 2001; Roni 2005; Roni et al. 2008).

Monitoring is critical for evaluating whether the 
massive investments in restoration are meeting their 
objectives and providing the predicted ecological and 
social benefits. Restoration ecology is one of the few  
disciplines where numerous field experiments (i.e. resto-

ration actions) are still undertaken without well-designed 
studies to evaluate them. Given the increasing number, 
size, cost, and complexity of restoration actions, robust 
M&E is needed to understand the individual and  
synergistic effects of projects and to guide future restora-
tion efforts.

Funding and legal frameworks often require monitoring 
of at least a portion of projects. In the European Union, 
for example, both the Water Framework Directive (WFD) 
and the Habitats Directive require ecological monitoring 
and reporting on the status of all water bodies and  
evaluation of restoration measures. In contrast, some 
North American restoration programs limit funding  
of M&E in an attempt to focus funds on restoration. 
Unfortunately, without adequate funding, it is unlikely 
that robust monitoring will occur. Restoration practitioners, 
ecologists, managers, and others must therefore continue  
to demonstrate the importance of M&E to ensure that it 
is adequately funded as monitoring is critical to success 
and improvement of restoration.

Many of the obstacles discussed above can be overcome 
by following a series of important steps during development 
and implementation of an M&E program. In this chapter, 
we cover the key steps for designing effective monitoring 
and evaluation programs. As outlined in Chapter 1 (see 
Figure 1.1), M&E should ideally be part of the design  
of a restoration project and occur as early as possible in 
the restoration planning process and well before actions 
are implemented on the ground.

Stream and Watershed Restoration: A Guide to Restoring Riverine Processes and Habitats, First Edition. Philip Roni and Tim Beechie.
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used in habitat management or restoration are baseline, 
status, trend, implementation, and effectiveness and vali-
dation (MacDonald et al. 1991; Roni 2005; Table 8.1). 
Baseline, status, and trend monitoring are important in 
the assessment, action identification, and prioritization 
process. They may also offer useful information for res-
toration design and M&E program development. For 
example, periodic estimates of diversity in fish or benthic 
macroinvertebrate are a type of status monitoring which 
may be available at a site prior to restoration. Such data may 
provide an insight into the types of habitat or conditions 

8.2  What is monitoring and evaluation?

There are many definitions of monitoring, and it is 
important to distinguish among these to describe their 
place in the restoration process. Monitoring is technically 
defined as systematically checking or scrutinizing some-
thing for the purpose of collecting specified categories of 
data. In ecology, it generally refers to sampling conducted 
to detect changes in physical, chemical, or biological 
parameters (Roni 2005). Common types of monitoring 

Table 8.1 Definitions of monitoring types and examples of what might be monitored for a riparian fencing project to exclude 

livestock. Effectiveness and validation monitoring are typically the types of monitoring used to evaluate habitat restoration 

actions. Adapted from MacDonald et al. 1991 and Roni 2005.

Monitoring types Description Examples Uses in restoration

Baseline Characterizes the existing 
biota, chemical, or physical 
conditions for planning or 
future comparisons

Data collected on plant 
species and condition on 
site prior to 
implementation of 
management or 
restoration action

Help identify habitat conditions, 
restoration opportunities and 
actions, assist with 
prioritization of actions, and 
may provide data useful for 
design of restoration 
monitoring

Status Characterizes the condition 
(spatial variability) of 
physical or biological 
attributes across a given area

Annual counts of fish 
abundance or habitat 
condition

Help identify habitat conditions, 
restoration opportunities and 
actions, assist with 
prioritization of actions

Trend Determines changes in biota 
or conditions over time

Examination of the trends 
in annual fish abundance 
or habitat conditions over 
time

Help identify habitat conditions, 
restoration opportunities and 
actions, and provide 
pre-project data or assist with 
design of restoration 
monitoring

Implementation 
(administrative, 
compliance)

Determines whether project 
was implemented as 
planned

Number of miles fenced or 
trees planted is consistent 
with original proposal

Used for most any management 
actions, useful for 
understanding results of 
effectiveness and validation 
monitoring

Effectiveness Determines whether actions 
had desired effects on 
watershed, physical 
processes, or habitat

Did stream temperature 
decline following fencing 
and replanting of riparian 
area?

Used to evaluate restoration and 
habitat management actions

Validation
(research, sometimes 

considered part of 
effectiveness)

Evaluates whether the 
hypothesized cause and 
effect relationship between 
restoration action and 
response (physical or 
biological) were correct

Did reduction in stream 
temperatures brought on 
by fencing and replanting 
of riparian area lead to 
increased fish abundance?

Used to evaluate restoration and 
habitat management actions
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hypotheses to be tested; determining the monitoring 
scale; selecting an appropriate monitoring design1; deter-
mining the parameters to be measured; determining the 
number of sites and duration of monitoring; selecting a 
sampling methodology (scheme); implementing the 
M&E program; and, finally, analysis and communicating 
results (Roni 2005; Figure 8.1). Failure to adequately 
address one or more of these steps can reduce the rigor-
ousness or likelihood of success of a monitoring program. 
Once these steps have been completed, the main aspects 
of the program should be summarized in a concise list or 
table (Table 8.2). We discuss each of these steps sequen-
tially in Sections 8.3.1–8.3.6, although many may occur 
simultaneously. Appropriate analysis of the data collected 
and pitfalls to implementation are equally critical, and 
these are addressed in Section 8.4.

8.3.1  Defining restoration goals and 
monitoring objectives

The restoration goal and specific M&E objectives need to 
be clearly defined before discussing design or any other 
aspects of the program. In Chapters 3 and 7 we discussed 
the need for clear watershed restoration goals and project 
objectives. Restoration goals should be used to help 
define specific monitoring objectives and questions and 
guide the development of an M&E program. For example, 
the goal of a riparian fencing project may be to reduce 
fine sediment and improve aquatic habitat. While the 
monitoring objectives might be to detect and measure 
changes in bank stability, shade, and fine sediment and 
determine the impact these changes have on instream 
habitat conditions and fish abundance, the objectives 
may differ depending on the goals of the organization 
involved in funding, planning, or implementing the res-
toration and monitoring. A national, state, or provincial 
government or agency that distributes money to local 
restoration groups may be interested in the average effect 
on local habitat conditions of the hundreds of riparian, 
instream, or other projects across a geographic region. In 
contrast, a local watershed council or river trust may be 
interested in the watershed-scale effect of only those 
actions that occur within their watershed or only on a 
particular species. These seemingly subtle differences in 
objectives can lead to very different M&E programs, and 
it is therefore critical that restoration goals and monitor-

that need to be restored as well as baseline data to  
help assess the response of biota restoration actions. 
Implementation (or compliance) monitoring is simply 
checking to determine whether a project was implemented 
according to design. This type of monitoring may provide 
insight into why an anticipated change in physical habitat 
and biota due to restoration has not occurred in the 
project area.

In this chapter, we will focus on effectiveness and  
validation monitoring. These two types of monitoring 
are intricately linked: effectiveness monitoring generally 
refers to assessing the primary response (i.e. did the  
restoration action lead to the expected change in physical 
habitat?), whereas validation monitoring examines the 
secondary or tertiary response (e.g. did the change in 
habitat from the restoration action lead to the expected 
change in biota or other conditions?). Here we used  
monitoring M&E to refer to both effectiveness and valida-
tion monitoring.

Ideally, a rigorous M&E program would be developed 
for all restoration projects. Unfortunately, this is not fea-
sible or cost-effective in many cases. All projects should 
however include some type of simple before-and-after 
assessment. Oddly enough, simple things such as before-
and-after drawings, photos, or site maps are often absent 
even from very well-designed and planned restoration 
projects. For example, before-and-after photos of fencing 
to protect stream banks clearly demonstrate changes in 
channel width and riparian cover following project 
implementation (see Chapter 5, Figure 5.5). Pre-project 
documentation and data can be critical in emphasizing 
that M&E should be included in initial restoration pro-
posal and project design process (Chapter 7). While we 
do not consider these types of documentation in our 
definition of M&E, they are important factors to demon-
strate project success that can be understood by a broad 
audience, including project sponsors and the general 
public.

8.3  Steps for developing an M&E 
program

Developing a rigorous and successful restoration M&E 
program includes several logical steps. These include: 
establishing project goals and objectives; defining clear 

1 We use the term ‘monitoring design’ to refer to the overall experimental design and ‘sampling scheme’ to refer to the methodology for 
selecting samples and collecting data within a study area.
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Figure 8.1 Steps for designing a monitoring program. From Roni et al. (2005).

ing objectives are clearly defined before moving on to 
other steps in the M&E design process. The SMART 
method (specific, measurable, attainable, realistic, and 
time-bound) recommended in Chapter 7 can be used to 
assist with defining these objectives. If M&E is for an 
individual project, specific and measurable objectives 
should have been at least partially determined in the 
design process.

8.3.2  Defining questions, hypotheses, and 
spatial scale

A common problem with both large and small monitor-
ing programs is the lack of a clear set of questions that 
guide the data collection (Reid 2001). Restoration projects 
are in essence field experiments, and experiments by defi-
nition require a clear question or hypothesis. A critical 

step in the M&E design process is therefore transforming 
the monitoring objectives into clear, testable questions or 
hypotheses (MacDonald et al. 1991; Roni 2005). These 
will obviously differ based on the monitoring objectives, 
type or types of restoration, and number and distribution 
of projects to be examined.

Despite the countless number of hypotheses that can 
be defined for evaluating different restoration projects, 
these can be categorized into a handful of key questions: 
(1) the spatial scale at which restoration occurs and what 
will be measured (region, watershed, reach); and (2)  
the number of projects to be monitored (Table 8.3). For 
example, if interested in the effect of a single riparian 
planting project at a reach scale, the key question  
would be: ‘what is the effect of this riparian project on  
local physical and biological conditions?’ In contrast, if 
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Table 8.3 Key questions for monitoring aquatic restoration classified by scale and number of projects of interest (from Roni 

et al, 2005). These can be used as a starting point for defining more specific hypotheses for a monitoring program.

Number of projects Spatial scale

Reach Watershed or population

Single project What is the effect of a single project on 
local habitat conditions or biota?

What is the effect of an individual project on 
watershed conditions or biota populations?

Multiple projects What is the effect of a particular project 
type on local habitat conditions or biota 
abundance?

What are the effects of a suite of different 
projects on watershed conditions or biota 
populations?

Table 8.2 Example of response to each monitoring step for published and ongoing evaluations for stream restoration from the 

western USA (modified from Roni et al. 2010a). EPT: extensive post-treatment; BACI = before-after control-impact; LWD: large 

woody debris. IMW Program is the Washington State Intensively Monitored Watershed Program, a program designed to 

evaluate the effects of various reach-level restoration actions (e.g. LWD placement, riparian replanting, sediment reduction) at 

a watershed scale.

Question or step Monitoring program or case study

LWD placement Constructed groundwater 
channels

IMW Program

Restoration goal Increase pool area, instream 
habitat complexity, and 
juvenile salmon abundance

Increase spawning and 
rearing habitat for salmon

Restore habitat throughout 
watersheds

Monitoring 
question(s)

Is LWD placement effective at 
improving reach-level 
habitat conditions and 
juvenile fish abundance?

Does habitat quality and 
salmonid abundance 
differ between 
constructed and natural 
groundwater channels?

What are the effects of a suite of 
different restoration actions on 
habitat conditions and juvenile 
coho salmon, and steelhead 
survival and abundance at a 
catchment scale?

Scale Reach Reach Watershed
Monitoring design EPT EPT BACI
Parameters LWD, physical habitat (pools 

and riffles, cover), summer 
and winter juvenile fish 
abundance, 
macroinvertebrate 
abundance and composition

LWD, physical habitat (pools 
and riffles, cover), 
summer and winter 
juvenile fish abundance, 
macroinvertebrate 
abundance and 
composition, temperature, 
water chemistry

Habitat, substrate, LWD, parr, 
smolt, and adult abundance 
and survival

Replication (no. 
sites and years)

30 sites; sampled once in 
summer and winter

11 sites sampled once in 
summer and winter

10 watersheds; 10+ years (2 
before and several after)

Sampling scheme Census Systematic random sample Census, stratified random sample
Analysis t-test, regression t-test, regression, ANOVA Paired t-test, regression, ANOVA
Reporting Technical report, manuscripts 

(Roni & Quinn 2001a)
Manuscripts (Morley et al. 

2005)
Annual contract reports, 

manuscripts (Bilby et al. 2005)
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have been implemented in many different watersheds 
within a region (Table 8.2). Given that habitat changes to 
these types of actions are not typically transmitted hun-
dreds of meters upstream or downstream of the treatment, 
the reach scale is likely the most appropriate scale of 
measurement. It is also important to note that the resto-
ration effects may be transmitted laterally. Defining the 
width of the sampling area (which may also include the 
riparian zone) is therefore also important (Jähnig  
et al. 2009).

Determining the area of influence of a project is more 
difficult for fishes and other mobile organisms that  
may move well outside the initial area impacted by the 
restoration. For example, restoration of longitudinal  
connectivity takes place at distinct sites where barriers are 
removed or equipped with fish passes that might provide 
access to upstream habitats at the watershed scale (e.g. see 
Chapter 6, Box 6.2 on Danube Case Study). Monitoring 
of fish responses to these types of restoration should 
focus on reaches upstream of the barrier rather than  
at the project site itself. Most ecological and restoration 
research on habitat and biota has focused on reaches or 
individual habitat units. This information is important, 
but uncertainty about movement, survival, and population 
dynamics of biota prevents these reach-scale studies  
from addressing watershed or population-level questions. 
Therefore, while not always feasible, monitoring of fish 
should ideally be undertaken at multiple scales or as 
broad a scale as possible in order to understand their 
response to even localized restoration actions.

Studies designed to assess watershed or population-
level effects also provide valuable information and face 
multiple challenges (e.g. upstream–downstream trends 
or sampling logistics; Conquest 2000; Downes et al. 
2002). A few well-designed monitoring programs have 
demonstrated that not only is it possible to monitor at a 
broader scale (sub-watershed or watershed), but that 
monitoring at broader scales can yield critical informa-
tion on project effectiveness that may not be seen at a 
reach level (Solazzi et al. 2000; Zitek et al. 2008). For 
example, construction of fish passages on 11 migration 
barriers on the Pielach and Melk rivers in Austria dem-
onstrated that the effectiveness of these measures depends 
upon the scale of measurement: the response of the fish 
community was only apparent at sub-watershed or 
watershed scale (Zitek et al. 2008). Similarly, watershed-
scale evaluation of reach restoration in Colorado has 
demonstrated that the projects can have far-ranging 
effects on fish populations (Gowan & Fausch 1996). The 
key questions outlined in Table 8.3 are initially defined  

interested in the effects of a suite of riparian, instream, and 
sediment reduction projects on conditions at a watershed 
scale, the question would be: ‘what is the cumulative 
effect of all restoration actions on physical habitat or fish 
populations and other biota?’ These are two fundamentally 
different questions in terms of scale and replication 
which will influence monitoring and sampling design.

8.3.2.1 Defining the spatial scale
The terminology used to describe different spatial scales 
varies greatly by discipline, location, region, and among 
countries. The terms basin, watershed, catchment, reach, 
section, network, location, and site all appear frequently in 
monitoring and restoration literature. Being consistent 
about these terms becomes particularly critical when we 
discuss monitoring. Our focus will be primarily on water-
shed and reach scales. A watershed is the entire land 
drainage area of a stream or river and can range in size 
(drainage area) from tens of square kilometers for a small 
stream to hundreds of thousands of square kilometers for 
large rivers such as the Danube, Columbia, or Mississippi. 
Watersheds can be further divided into sub-watersheds 
(or sub-basins or sub-catchments) though we avoid using 
that term to minimize confusion. We use the term water-
shed synonymously with catchment, drainage or basin. 
The term network sometimes refers to multiple reaches 
or an entire drainage network, and we also avoid using 
this term because it is synonymous with watershed. A 
reach refers to a geomorphologically similar section 
of stream, typically ranging from hundreds of meters  
to several kilometers depending upon the size of the 
stream. We use the term site or location to refer to a place 
where restoration or sampling is occurring; this could  
be a reach, a specific location in a reach, or an entire 
watershed.

Considerations of M&E scale include two major 
aspects: (1) the scale of inference, or the scale at which 
we want to draw conclusions about the restoration; and 
(2) the scale of effect, or the actual scale of influence of 
the restoration project or projects. The former helps 
determine the set of projects which may be drawn from. 
This is often determined by socio-political boundaries 
(nation, state, region, province, watershed, sub-watershed) 
or the overall goal of the restoration program, funding 
organization, or watershed entity. In contrast, the latter 
concerns the area of influence of the restoration project 
and the scale at which the restoration can be reasonably 
measured. For example, 30 instream habitat improve-
ment projects ranging from 100 to 500 m in length may 
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treatment before restoration. This dissimilarity can add 
noise which complicates the analysis and makes it  
more difficult to detect a restoration response (Murtaugh 
2002; Johnson et al. 2005). Similarly, reference sites must 
accurately represent the expected condition after treatment 
(i.e. the restored condition). Control, reference, and  
treatment sites should be similar in drainage area, stream 
flow, geology, land use, gradient, vegetation, and potentially 
other factors. Selecting treatments, references, and  
controls for reach-scale restoration and M&E is often 
done by comparing reaches within the same stream or 
watershed. The control and reference are generally located 
upstream of the treatment reach to ensure that downstream 
translation of treatment impacts does not influence the 
result. If no suitable upstream sites exist and impacts  
or benefits of restoration are very localized, a downstream 
control may be appropriate.

Another factor to consider is not only whether physical 
changes might be transmitted among treatments  
and controls, but whether the monitored biota might 
move among study reaches and confound detection of a 
biological response. For example, free-swimming organisms 
such as fish may have large home ranges. Treatments  
and controls must therefore be located long distances 
apart to ensure they are independent samples or sites. The 
appropriate distance between treatments and controls 
depends upon the species of interest, the parameters 
being measured, and the size of the stream. In general, 
this may range from a few hundred meters in small 
streams (<25 m wide) to a kilometer or more on larger 
streams and rivers. Selecting multiple treatments and 
control sites within one stream must also be done with 
caution; selecting more than one pair of treatments and 
controls within the same geomorphically similar reach 
can result in pseudo-replication (Hurlbert 1984).

For watershed-scale restoration and M&E, the identi-
fication and selection of control or reference watersheds 
can be facilitated by a regional analysis that examines the 
degree to which the response variable covaries between 
sites. This of course requires existing datasets or a pilot 
study. For example, Bradford (1999) and Liermann & 
Roni (2008) showed that populations of juvenile coho 
salmon (Oncorhynchus kisutch) tended to be moderately 
correlated through time when separated by distances of 
less than 20–30 km. However, populations separated by 
distances of greater than 50 km were not correlated. 
These studies and other reviews of treatment and control 
watersheds (e.g. Downes et al. 2002) suggest that the most 
appropriate treatment, control, and reference watersheds 
or subwatersheds are typically adjacent to one another.

at reach and watershed scales, but can be modified to 
accommodate other scales (e.g. network, sub-watershed, 
region; see also Chapter 2 for scales). These questions can 
be used as a basic starting point for defining questions 
and hypotheses specific to an M&E program.

8.3.3  Selecting the monitoring design
Most experimental designs used in highly controlled 
laboratory studies (e.g. randomized block, split plot, 
repeated measures) are not suitable for monitoring  
restoration efforts. However, before-and-after or post-
treatment designs are particularly useful for M&E  
of restoration projects. There are numerous variations of 
these two basic designs that vary in intensity (number  
of sites), extent (area or replication), and whether they 
include controls, references, or pre-treatment data (Hicks 
et al. 1991; Downes et al. 2002; Roni et al. 2005). Designs 
without spatial replication are in essence case studies 
where the inference (conclusion) is confined to the  
individual site. For designs with spatial replication (many 
sites), the scale of inference is about the larger population 
of sites rather than one individual site. The ideal design 
depends upon the restoration goals and monitoring 
objectives, although broad-scale designs with multiple 
sites provide some of the most robust results and useful 
management information (Roni et al. 2005). Before 
discussing how to select an appropriate design, we  
first define treatments, controls and references. We  
then discuss different types of designs, their strengths,  
weaknesses, and other factors to consider when selecting 
a monitoring design.

8.3.3.1 Treatments, controls, and references
All monitoring designs incorporate some combination of 
treatments, controls, and references. The treatment refers 
to the restoration action and, in environmental impact 
studies, is referred to as the impact. A control represents 
a location that is nearly identical to the treated location, 
with the exception that no treatment occurs. In contrast, 
a reference represents the desired or target condition 
following restoration. It is often defined in terms of the 
type-specific state with no, or only minor, anthropogenic 
alterations (see Leitbild or ‘reference state’ as described by 
Henry & Amoros 1995; Muhar et al. 1995; Jungwirth et al. 
2002). This distinction is critical to both the design of the 
monitoring program and interpretation of its results.

Controls must be chosen carefully, since a poorly 
chosen control may not have a trajectory similar to the 
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than zero). This design and its variants are sometimes 
referred to as multiple BACI (MBACI) designs (Downes 
et al. 2002; see example in Table 8.2). If it is not feasible 
to replicate the treatment, then multiple controls can 
provide a larger context from which to evaluate the treat-
ment trajectory (sometimes called an asymmetric or 
beyond-BACI design; Underwood 1991). Using multiple 
controls and nested temporal sampling has a number of 
advantages and can help detect and distinguish between 
different kinds of responses (pulse, press, and increased 
variability; Underwood 1991, 1994).

Another modification of the BACI design is the stair-
case design, which can be used when restoration actions 
in different watersheds or stream reaches will be spread 
over a long time frame (Walters et al. 1988). This design 
requires sequential or staggered treatment of several 
reaches or watersheds over time, with multiple reaches or 
watersheds serving as treatments or controls. Treatments 
and controls would ideally be assigned randomly. Because 
the staircase design presents a number of technical and 
logistical challenges, such as complex data analysis and 
staggering treatments and controls over many years, it is 
not commonly used to evaluate restoration actions. 
Other more subtle modifications of the BACI design have 
been proposed that differ only in the statistical models 
used to analyze the data and test the hypotheses (Downes 
et al. 2002).

8.3.3.3 Post-treatment designs
In many instances, data were not or cannot be collected 
before restoration occurs. This is probably more common 

8.3.3.2 Before-after and before-after control-
impact designs

The most common approach to evaluating restoration 
projects is the before-after (BA) design (Green 1979) 
which simply involves monitoring the treated site before 
and after restoration; most early evaluations of restora-
tion used this design. To reduce the possibility of 
interpreting a natural trend as a treatment effect, and to 
reduce the effect of temporal variability, a control (or 
reference) site is commonly included. This is called the 
before-after control-impact (BACI) design, where both a 
control and treatment (impact) are monitored before and 
after restoration (Figure 8.2; Stewart-Oaten et al. 1986; 
Underwood 1991).

For both the BA and BACI designs, it is assumed that 
the trajectory of the difference between the control and 
treatment would be flat in the absence of the treatment. 
Murtaugh (2002) however found that, for 61 pairs of 
ecological time series, 20% of the pairs had measure-
ments that differed significantly even though neither site 
had been treated; this is much higher than the 5% 
assumed by the test. Rather than statistical tests, however, 
he recommended relying on graphical interpretation, 
expert knowledge, and common sense to interpret results 
of before-after designs. An additional shortcoming of the 
BA family of designs is that they only provide inference 
for a single site, precluding generalization. If resources 
permit, both problems can be overcome by replicating in 
space (multiple treatments and controls) and relying on 
sites as opposed to years as the inferential unit of replica-
tion (i.e. test if the average effect size across sites is greater 

Figure 8.2 Example of before-after control-impact study design showing change in juvenile salmon coho numbers (bars) and pool 
area (m2) (lines) from restored and control watersheds in the Alsea basin of Oregon, before and after treatment (data from Solazzi 
et al. 2000). Measurements such as pool area, which has lower interannual variability than fish abundance, may only require one or 
two years of pre-project data. In the absence of a control watershed it would also be difficult to determine if changes in fish 
numbers are a result of restoration activities.
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than time (many years). This approach has been widely 
used in forestry studies (riparian harvest; Grant et al. 
1986; Hicks et al. 1991) and more recently in retrospec-
tive evaluation of restoration actions (e.g. Roni & Quinn 
2001a; Lepori et al. 2005; Morley et al. 2005). The EPT 
has been shown to be a valid design for examining rela-
tionships between habitat change and salmonid fishes 
(Grant et al. 1986). Moreover, the extensive replication 
allows for correlation of the responses with key physical 
or other independent variables. For example, M&E pro-
grams using this design have correlated restoration 
responses to key physical differences such as habitat area 
created or amount of large woody debris (LWD), this 
providing guidance on which projects or project charac-
teristics lead to the largest improvements in habitat and 
biota (e.g. Roni & Quinn 2001a; Roni 2003; Figure 8.3). 
In addition, because the inference is based on spatial 
replication (instead of one or a few projects over time), 
the results can be applied to a larger population of similar 
projects.

An EPT often requires a large number of existing 
projects to choose from. Many monitoring parameters or 
metrics require a sample size of 10 or more treatment and 
control pairs to detect statistically significant differences 
between pairs or correlations between dependent and 
independent variables (e.g. between biotic response and 
physical habitat change; Figure 8.3). Equally important is 
the assumption that suitable treatment and controls can 
be located. As with all restoration monitoring designs, 
controls need to be similar to the treatment prior to treat-
ment which means locating reaches or watersheds that 
are similar in key physical and biological attributes (e.g. 
geology, land use, vegetation, flow, gradient, channel type).

Another challenge of the EPT design is the large 
numbers of sites or streams that need to be visited to 
locate those with suitable controls. For example, to iden-
tify 30 stream reaches that had appropriate treatment and 
controls, Roni & Quinn (2001a) examined more than 100 
restoration projects (Table 8.2). Most were excluded 
because an adequate control did not exist. Similarly, 
inclusion of references that represent target or ideal con-
ditions requires locating suitable references sites which, 
in many parts of the developed world, is even more dif-
ficult than finding suitable controls. For future projects, 
this can be partly overcome by making all restoration 
projects identify or set aside suitable controls or refer-
ences during the design process to allow later 
post-treatment monitoring.

Most post-treatment designs use paired reaches within 
a stream because nearby stream reaches are typically 

than most restoration practitioners would like to admit. 
However, planning and funding constraints often require 
projects to be implemented within a relatively short 
period of a few months with little or no funds for pre-
project monitoring. In some instances a retrospective 
analysis, often called a post-treatment design, may be 
possible. This design relies on a comparison of treatment 
and suitable control reaches or watersheds, with the 
assumption that the control was similar to the treatment 
before restoration. The differences between the treatment 
and control parameters or metrics are examined after the 
restoration has taken place. A post-treatment design is 
typically done at a reach level with pairing of nearby 
treatment and control reaches. Applying at broader scales 
is possible, but logistically more difficult.

The lack of pre-project data makes it impossible to 
adjust for pre-treatment differences between the control 
and treatment. It is therefore essential that the pre-
treatment values for the treatment and control are similar 
and that, for multiple treatment and control pairs, the 
differences (one for each pair) are statistically independ-
ent. In other words, if there are a large number of 
treatment and control pairs, the average of the differences 
should be nearly zero and the value of the difference for 
one treatment-control pair should not provide any infor-
mation about the others. As with other designs, proper 
selection of the control sites is therefore essential.

There are two basic types of post-treatment designs: 
the intensive post-treatment and extensive post-treatment 
(IPT and EPT; Hicks et al. 1991). The IPT, which includes 
monitoring one or a few treatment and controls for mul-
tiple years post-treatment, is in essence a BACI design 
without the before data. The obvious shortcoming of this 
design is that no pre-project data are available and only 
one or two paired (or unpaired reaches) are monitored. 
It is therefore nearly impossible to tell if the difference 
between the treatment and the control is the result of 
restoration, underlying differences between treatments 
and controls, or other factors. For this reason, the IPT is 
rarely used. However, it can be an appropriate design for 
projects where pre-project data are not needed or where 
values are known to be zero prior to restoration (e.g. 
removal of dam blocking fish passage or creation of new 
floodplain habitats).

The EPT is the most commonly used post-treatment 
design. Rather than long-term monitoring of a few sites, 
multiple treatment and control pairs are examined to 
determine the average restoration response. It is some-
times referred to as space-for-time substitution because 
sampling is replicated across space (many sites) rather 
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results. In contrast, the BA and BACI designs often have 
little or no spatial replication and are essentially case 
studies that are difficult to apply outwith the area of 
concern. The beyond-BACI design has multiple controls, 
which provide additional advantages in detecting 
responses not found in other BACI designs but still typi-
cally have inadequate spatial replication of treatments to 
be broadly applicable. In contrast, the EPT design is not 
designed to determine the effectiveness of individual res-
toration projects through time, but to examine average 
response to a particular type of restoration. The EPT 
design could be replicated through time to address the 
lack of temporal replication and BACI and BA designs 
could include spatial replication (MBACI), both of which 
would be very useful although potentially costly.

Selecting an appropriate monitoring design depends 
not only upon the objective, monitoring questions, and 
financial constraints, but also on availability of controls, 
the number of treatments (projects) and pre-project data 
(Table 8.4). The ability to collect or availability of existing 
pre-project data will have a large effect on the design. If 
no pre-project data are available then a post-treatment 
design may be appropriate; the question would then 
focus on whether there are suitable control or reference 
sites and whether there are enough sites (i.e. adequate 

more similar than those in other streams or watersheds. 
It is also possible to use unpaired reaches or watersheds, 
but this typically introduces much higher variability since 
it compares the mean values of two random samples (i.e. 
between the control sample and the treatment sample); a 
larger sample size is therefore needed.

Some studies have used paired (or unpaired) reference 
or Leitbild reaches (Box 8.1; Muhar et al. 1995), with the 
objective being to demonstrate that the restored reaches 
were in fact no different than ideal habitat or are trending 
toward reference conditions (Lepori et al. 2005; Morley 
et al. 2005; Table 8.2). In other instances, a benchmark or 
target multimetric index value is used to represent the 
target or ideal value to judge the treatment success or 
condition. Often measurable benchmarks such as these 
are set during the project planning and design process 
discussed in Chapter 7. Ideally, a comparison of matched 
treatment, control, and reference reaches would be the 
most powerful for either post-treatment or BACI designs.

8.3.3.4 Which design is most appropriate?
Each monitoring design has its strengths and weaknesses, 
and a number of factors determine which design is most 
appropriate (Roni et al. 2005). The replication of the EPT 
and the MBACI designs allow for broadly applicable 

Figure 8.3 Example of correlation analysis possible with monitoring designs that utilize extensive replication (multiple projects), 
such as the EPT design. Nearly 60% of the variation in larval lamprey (Lampetra and Entosphenus spp.) response (log10(treatment 
density/control density)) to placement of instream structures was explained by the increase in LWD-forming pools 
(log10(treatment/control)). Sites with largest increase in LWD resulting from restoration therefore had the largest increase in larval 
lamprey (data from Roni 2003).
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Table 8.4 Examples of study designs typically used depending upon the number of sites sampled (one or many), whether a 

control exists, or whether pre-project data can be collected. BA: before-after study design; BACI: before-after control-impact; 

MBACI: multiple BACI; IPT: intensive post-treatment design; EPT: extensive post-treatment design; MBA: multiple before-

after. Extensive design refers to a design that is spatially replicated (many study sites, reaches, or watersheds), whereas intensive 

design refers to monitoring at one or a few sites.

Before and control No before data but with control Before data but no control

One site BACI IPT BA
Many sites MBACI EPT MBA

spatial replication) to use an EPT design. Determining if 
there are enough sites to test monitoring hypotheses will 
require estimates of sample size and statistical power (see 
Section 8.3.6 below). It also depends upon the number 
of projects available for restoration and monitoring, or 
when and where the restoration takes place can be influ-
enced. If only one or a few treatment or control sites are 
available, then an IPT design comparing the treatment to 
a control or reference locations could be used (see Box 
8.1 on River Drau case study). The scale of restoration 
can influence the study design. If entire watersheds rather 
than stream reaches are used as replicates, it may be dif-
ficult to find enough replicates for EPT or MBACI 
designs. If pre-project data or adequate treatments and 
controls are not available, then development of an effec-
tive monitoring program may not be possible.

If there is time to collect pre-project data, then the 
question is whether suitable control or reference sites 
exist. If so, then the BACI design is likely appropriate; if 
not, then the BA design is most appropriate. With either 
of these designs, multiple years of pre-project data will 
be needed. The volume of pre-project data required 
depends upon the variability of the monitoring param-
eters selected (see Sections 8.3.4 and 8.3.6 below). In 
some cases, however, it is not possible to collect data 
before restoration or the restoration has already occurred. 
If this is the case, it still may be possible to conduct a BA 
or BACI design if pre-project data are available or were 
collected as part of another monitoring effort. The success 
of using existing data depends upon pre-project data being 
compatible with post-treatment data in terms of param-
eters measured, collection methods, and data quality.

In practice, it may be necessary to use a combination 
of designs for a monitoring program (e.g. Louhi et al. 
2011). Pre-project data on habitat conditions, for example, 
are often available or easily collected. In contrast, fish  
and other biota data are often both more labor intensive 

to collect and need to be collected for multiple years 
before project implementation. Within a monitoring 
program, a BACI design might therefore be used to 
examine habitat changes before and after for individual 
projects while a EPT design might be used to examine 
fish response across a number of projects (see Box 8.1 on 
Drau River case study).

8.3.4  Parameters: Determining what to 
monitor

Selecting appropriate monitoring parameters is critical to 
a successful monitoring program, and goes hand in hand 
with defining hypotheses and determining the level of 
spatial and temporal replication. The choice of monitor-
ing parameters will therefore often influence selection of 
a monitoring design. Sometimes parameters are referred 
to as variables or metrics. We use parameter here to refer 
to both simple measurements such as fish abundance or 
pool area and more complex multimetric indexes such as 
the index of biotic integrity (IBI; Karr & Chu 1999). 
Occasionally, monitoring parameters are selected because 
they were historically part of another monitoring 
program or research project, or because the investigator 
feels that information on a wider range of physical and 
biological parameters would be useful. However, collect-
ing detailed information on numerous parameters that 
are not in line with the goals of the restoration project 
can lead to an unnecessarily cumbersome and costly 
monitoring program. For example, the Environmental 
Protection Agency has developed detailed guidelines for 
monitoring habitat and water quality in small streams 
throughout the United States (USEPA 2004). It is an ideal 
approaches for monitoring the water quality of short 
stream segments throughout the country and the 
methods, protocols, and parameter sensitivity are well 
documented (Larsen et al. 2001, 2004; USEPA 2004). For 
these reasons, some have attempted to apply the protocols 
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During the past two decades, a comprehensive restoration 
project was carried out at the Drau River in Austria. The Drau 
is a 6th-order alpine river which had been subject to 
continuous straightening and channelization since the 1930s, 
resulting in a largely uniform and monotonous channel. 
Restoration activities began in 1993 and included removal of 
bank protection, river widening and reconnecting former side 
channels. Goals of the restoration were to restore river 
morphology, reconnect adjacent areas of the former 
floodplains, and achieve good ecological status as defined by 
the European WFD (Figure 8.4). To evaluate these restoration 
measures, which varied in length from 250 to 2000 m, a 
three-year post-treatment monitoring program was 
implemented. The program was designed to compare: (1) the 
ecological status of multiple degraded, channelized reaches 
(controls) with the restored reaches (treatments) and (2) the 
deviation of each of the treatments and controls to type-
specific reference conditions (Leitbild).

Sampling included semi-quantitative and quantitative 
surveys to assess fish and habitat conditions (Table 8.5). A 
five-tiered numerical evaluation approach consistent with the 
WFD was used to assess hydromorphological status (Jungwirth 
et al. 2002). The value of the ‘hydromorphological status’ and 
the ‘fish ecological status’ was defined as the mean value of the 
scores of the nine habitat and seven fish criteria. These criteria 
were assessed by hydromorphological field mapping and field 
surveys of the fish fauna. Finally, the overall ecological status 
was calculated as the mean value of both assessments (MulFA; 
Schmutz et al. 2000). ‘High ecological status’ reference 
conditions were determined from historic maps and reports, 
commercial fish catch, and biological data on species 
distribution, as well as field data from comparable river 
reference sites and reference models (Kern 1992; Hughes 1995; 
Muhar et al. 1995).

The monitoring at all restored sites indicated a clear 
increase in the variety of type-specific habitats such as 
stagnant shallow zones, riffle areas, gravel and sand bars 
(Figure 8.5). For instance, the aquatic zone (wetted area) in 
one of the restored reaches increased by 12% (from 76,000 m2 
to 85,800 m2). Four additional aquatic mesohabitat types not 
found in channelized reaches were created in restored reaches. 
The most important habitats restored were shallow-water areas 
with both riffles and stagnant areas, essential habitats for 
gravel spawners and young-of-the-year fishes. The area of 
these re-established habitat types is now approaching that 
found in reference reaches (indicated by gray arrows in Figure 
8.5), although it has not fully reached the reference 
benchmarks.

Fish sampling demonstrated increases in European grayling 
(Thymallus thymallus), a key species that benefit from 

increased shallow-water habitats such as gravel bars and 
islands. Densities of 0+ grayling in channelized sections, where 
the banks had been paved with rip-rap, were extremely low 
(6.1 CPUE), while densities were higher in restored sites where 
the dominant habitat type along the bank was shallow gravel 
bars (39.8–117 CPUE). Although the 0+ grayling densities at 
Spittal (39.8 CPUE), which is impacted by hydro-peaking 
surges, were clearly higher than at the channelized location, 
the upstream values near Dellach (88.3 CPUE) and Kleblach, 
which are un-impacted by dams and modified flows from 
hydropower operations, were distinctly higher. Biomass and 
density of the grayling increased in the restored versus 
channelized sites while brown (Salmo trutta) and rainbow 
trout (Oncorhynchus mykiss), which prefer the rip-rapped 
banks, showed little difference between restored and control 
reaches.

Monitoring demonstrated the success of the restoration 
efforts; restored habitats, recovered natural processes, and 
re-established fish communities (biocoenoses) all improved to 
levels near those found in reference reaches. However, due to 
the rather small extent of most of the restoration projects, the 
benchmark of good ecological status (= 2.5 on a 1–5 scale, 5 
being lowest) was only achieved in the longest and most 
comprehensively restored reaches (Kleblach II). The 
importance of areas restored and the degree of 
‘morphodynamic processes restored’ was demonstrated by  
the strong correlation between the percent of habitat area 
restored to reference conditions and the ecological status 
(Figure 8.6).

Almost all restoration monitoring programs in Austria are a 
part of the EU Life Nature projects or monitoring in 
accordance to the WFD (see Section 8.1). As such, these efforts 
are relatively restricted in extent and replication. However, the 
monitoring program in the Drau River is a good example of 
the use of a post-treatment design to assess reach-level 
restoration effectiveness. Ironically, locating suitable treatment 
and control reaches was relatively easy due to the uniform 
nature of the Drau River which resulted from channel 
modifications.

The use of multiple criteria and ecological status based on 
Schmutz et al. (2000) demonstrated clear differences between 
restored and channelized reaches, which would have been 
difficult if only examined abundance or simple habitat metrics 
were examined. The monitoring program was also effective in 
determining which impacts were successfully addressed by the 
different restoration measures (e.g. riprap removal, channel 
widening, side-channel reconnection) and to what degree. The 
approach applied in this case study also demonstrates the 
benefits of using reference or Leitbild conditions as a 
benchmark to compare both treatments and controls.

Box 8.1 Monitoring the success of restoration measures in the Drau River
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Figure 8.4 Channelized and restored reaches of the Drau River.

(a) channelized Drau River (b) restored site at Dellach  

(c) restored site at Kleblach I 

(e) restored site at Kleblach II  (f) restored site at Spittal  

(d) restored site at Greifenburg 

and parameters to monitoring of restoration projects. 
These efforts have met with mixed success because the 
parameters and protocols are time consuming and costly, 
and many are not sensitive to restoration actions being 
implemented.

Ideally, monitoring parameters should be: (1) tied to 
the objectives of the project; (2) relevant to the monitor-
ing questions or hypotheses; (3) sensitive or responsive 
to the restoration action; (4) efficient to measure; and (5) 
have limited variability (Bauer & Ralph 2001; Downes  

et al. 2002; Roni et al. 2005). The most critical of these 
are relevance to the monitoring questions and sensitivity to  
restoration action. The restoration objective should help 
define which parameters are the most important, and these 
parameters should be explicitly stated in the hypotheses. 
Selecting parameters that change in a measureable way  
to the restoration is critical to a successful monitoring 
program. For example, if the objectives of the project are 
to protect and replant riparian areas to stabilize banks, 
increase shade, and reduce stream temperatures, then 
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Table 8.5 Summary of monitoring and evaluation program for Drau River restoration measures and description of each 

monitoring step outlined in Figure 8.1. Details of methods can be found in Muhar et al. (2008).

Restoration goal Achieve ‘good ecological status’ (WFD), enhance aquatic habitat conditions, and re-establish 
fish communities

Monitoring question(s) Did the measures initiate/create qualitatively and quantitatively improved habitat conditions 
in restored reaches? Did changes in habitat due to restoration result in healthy fish 
community compared to target reference conditions (‘high ecological status’)?

Scale Reach
Monitoring design Post-treatment design comparing restored versus control (channelized)
Parameters Fish: number of river-type-specific species, number of species with self-sustaining 

populations, fish region, number of guilds, guild composition, population size, and 
population age structure (MulFA; Schmutz et al. 2000).

Hydromorphology: morphological river type (channel type), morphodynamics (Jungwirth 
et al. 2002), number and spatial extent of habitat types, proportion of wetted, riparian 
and floodplain zone, hydrological regime, flow conditions, longitudinal continuum, lateral 
connectivity

Replication (no. sites and 
years)

Five restored (three for fish monitoring) and unpaired adjacent control locations with a 
number of subsamples based on habitat type within each site, depending on size and 
diversity of investigated habitat

Sampling scheme Habitat: area-wide habitat mapping (census) as well as detailed investigations of 
representative transects (Muhar et al. 2000)

Fish: stratified random sampling based on habitat types. Semi-quantitative electro-fishing 
(CPUE) for juvenile fish in 2003, quantitative electrofishing (biomass) by strip-
electrofishing method (Schmutz et al. 2001)

Analysis Descriptive and graphical analyses including comparison of multimetric fish index (MuLFA)
Reporting Project report and manuscripts (i.e. Unfer et al. 2004; Muhar et al. 2008)

Figure 8.5 Distribution of aquatic habitat types in channelized and restored sites, as well as the reference range for each habitat 
type (range indicated by gray arrows) in the Drau River at Greifenburg. Total aquatic area of the reference site was 114,400 m2; 
habitat area of the channelized reach was 76,000 m2 before restoration and 85,800 m2 after restoration.
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Figure 8.6 Correlation of fish ecological status (1 being 
highest and 5 being lowest) with the percentage of aquatic 
habitat area restored (100% = reference situation) at six 
restoration sites in the Drau River. Note that even the highest 
extent of aquatic habitat area restored (site Kleblach II) does 
not result in a fish ecological status better than 2.7. This may 
be partly due to disrupted longitudinal continuum caused by a 
chain of hydropower plants downstream and the reduced 
degree of lateral connectivity.
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monitoring parameters such as bank stability, shade,  
and stream temperature would clearly test the objectives. 
In contrast, LWD recruitment or fish abundance are 
parameters that might take several decades to respond, 
have high interannual variability (fish abundance), or 
respond only indirectly to the riparian treatment.

It is difficult to provide a comprehensive list of  
monitoring parameters for either restoration or aquatic 
habitat monitoring because appropriate parameters 
depend on the restoration objectives, technique, the 
hypotheses, as well as resources available for monitoring. 
This is further complicated by the wide array of parameters 
to monitor and potential protocols for their measurement 
(e.g. Johnson et al. 2001; Roni 2005). Nevertheless, 
there are some obvious key parameters that should be 
measured for many restoration techniques. For example, 
M&E of restoration efforts that attempt to improve 
habitat for fish such as placement of instream structures, 
should at a minimum measure changes in habitat types 
such as pools and riffles and measure fish abundance  
and diversity. Evaluation of riparian fencing projects or 
replanting of riparian trees should include measurement 
of plant survival, composition, and potentially shade. 
Table 8.6 provides some examples of parameters that are 
typically monitored for different project types and the 
scale at which they are often monitored.

Many parameters and measurements are only appro-
priate at certain scales. For example, fine sediment or 
substrate size can be measured at a reach or finer scale 

and are applicable for projects that focus on reducing 
sediment supply (e.g. road removal, fencing to exclude 
livestock and reduce bank erosion). In contrast, measure-
ment of landslides or sediment supply due to road 
removal is best done at the watershed or sub-watershed 
scale. Other parameters measured at the site or reach 
scale (e.g. fine sediment, habitat types, fish abundance) 
can be scaled up or down to provide information at  
multiple scales.

Several biological parameters such as fish abundance 
have high interannual variability, which is an important 
factor in determining an adequate sample size. In addi-
tion, fish are highly mobile and can move among study 
reaches or even study watersheds. This has lead to concern 
that restoration may initially be concentrating fish in 
restored areas rather than leading to an increase in fish 
abundance. Few studies have specifically examined this 
phenomenon. Some have suggested that while movement 
and recruitment from nearby reaches or even nearby 
watersheds to restored areas may occur, it explains only 
a portion of the increases due to restoration (Burgess & 
Bider 1980; Roni & Quinn 2001b; Vehanen et al. 2010). 
It is important to note those areas vacated by fish migrat-
ing to newly restored habitats will be colonized by the 
next cohort (Roni et al. 2005, 2008). Any decreases in 
fish abundance in nearby reaches due to immigration to 
restored areas will therefore be short lived. Recent 
advances in fish tagging and tracking, such as passive 
integrated transponder (PIT) tags, continue to shed new 
light on the migrations and movements of stream fishes. 
These tagging technologies can be used to examine fish 
movement among study locations.

Recent studies have employed multimetric indices, 
such as the index biotic integrity (IBI) or multi-level 
concept for fish-based assessment (MuLFA), to assess res-
toration success (e.g. Box 8.1; Zitek et al. 2008). Because 
these indices are based on multiple biotic metrics that 
reflect different levels of biological organization (biodi-
versity, community structure, biological traits, population 
characteristics) they can be more robust than single 
metric assessment methods. The standardized sampling 
design and scoring procedures of these methods also 
allow direct comparisons between sites and give an indi-
cation of the contribution of particular restoration 
actions to the overall management objective (e.g. ‘good 
ecological status’ of the WFD). However, multimetric 
indices are often region or ecosystem specific and may 
need to be modified when being applied outside the area 
for which they were originally developed (Karr & Chu 
1999).
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8.3.5  Determining how many sites or 
years to monitor

In conjunction with selecting parameters, we need to 
determine the level of spatial and temporal replication or 
the number of years and numbers of projects or locations 
(sites, reaches, watersheds) to monitor. For BA or BACI 
designs with no spatial replication, only the number of 
years needs to be considered. Conversely, for EPT designs 
only the number of sites must be determined. However, 
both the number of years and number of sites need to be 
considered for multiple BA and BACI designs. Initial  
estimates of sample size or monitoring duration can be 

made from information provided in most statistics text 
and a hand-held calculator. However, sample size can be 
estimated with most statistical software packages or  
even by sample size estimators available on the internet. 
To estimate the minimum sample size, the following  
information is necessary:
• estimate of the spatial and temporal variability of the 
parameter of interest;
• desired minimum effect size (desired change in the 
parameter due to restoration);
• statistical power (1– β, where β is the probability of a 
Type II error): the probability of detecting a difference or 

Table 8.6 Monitoring parameters for some common types of restoration actions. See Chapter 5 for a complete description of 

common techniques. Modified from Roni et al. (2005).

Restoration technique Common effectiveness monitoring parameters

Barrier removal: dams, culverts and 
road crossings

Physical: change in channel morphology and elevation, sediment storage and 
composition

Biological: presence and absence of migratory fish species, seasonal species 
abundance and diversity, composition and age structure of riparian vegetation 
(dam removal)

Reconnect floodplain feature Physical: flow connection with main channel, channel morphology and elevation, 
habitat, sediment storage, wood and organic retention

Biological: fish abundance and diversity, fish passage and migration, 
macroinvertebrate and periphyton communities

Levee removal or setback Physical: channel and floodplain morphology, topography and habitat: sediment 
and wood delivery and storage, duration of floodplain inundation

Biological: Composition and age structure of riparian vegetation, diversity and 
abundance of fish, macroinvertebrates and periphyton

Aggrade incised channels Physical: channel geometry, elevation and morphology, connectivity of floodplain 
habitats and their area and density, wood, water and sediment retention

Biological: fish abundance and diversity, fish passage and migration, 
macroinvertebrate and periphyton communities

Roads (removal, resurfacing, 
stabilization)

In-channel: pool depth, scour, fine sediment, turbidity and water quality, stream 
flow, bankfull width

Upslope areas: landslide rate and volume (forest roads)
Biological: fish survival, macroinvertebrate diversity or abundance. Note that 

biological parameters are rarely measured because of difficulty relating changes 
in biota with road modifications

Riparian planting and grazing 
management

Riparian area: tree or plant survival, species composition, density and biomass; 
tree growth, height and diameter

In-channel: shade, temperature, organic inputs (leaf litter, woody debris), 
bankfull width, bank stability, channel migration, channel units, pool depth

Placement of instream structures Physical: channel morphology, habitat area and composition (pool and riffle 
depth, area and number), wood abundance

Biological: fish abundance, diversity, growth and survival
Creation of side channels, ponds 

and other floodplain habitats
Physical: substrate, flow connection, habitat (channel units)
Biological: fish diversity, abundance, growth and survival; macroinvertebrate and 

periphyton (abundance, diversity)
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change if it does exist (the probability of correctly reject-
ing a null hypothesis); and
• significance level (α, the probability of a Type I error): 
the probability of detecting a difference when it does  
not exist (probability of incorrectly rejecting the null 
hypothesis).

The first, variability, can usually be calculated from 
existing data or data from a pilot project, while the 
desired effect size, power and significance level are deter-
mined by the investigator. A typical power analysis might 
consist of determining the necessary sample size to have 
an 80% probability of detecting a 50% change given 
α = 0.05 and a variance of x. Decreasing the variance or 
the power or increasing α or the effect size will decrease 
the necessary sample size. In other words, fewer samples 
are necessary when there is less noise (variability), a larger 
effect size, and you are less concerned about Type I and 
Type II errors.

Estimates of the variance can often be calculated using 
existing data from similar studies. For example, a number 
of studies have reviewed and provided estimates of stand-
ard error or coefficient of variation for abundance of fish, 
plants, and physical parameters (Gibb et al. 1998; Dau-
walter et al. 2009). In addition, many agency or regional 
monitoring reports provide local estimates of variance in 
common physical and water quality parameters (e.g. 
Archer et al. 2004). Ideally, however, a pilot study should 
be conducted to ensure variance estimates are applicable 
to the specific situation and parameter of interest. The 
alpha-level (α) is typically assigned a value of 0.05 or 0.10 
in ecological studies, while a power of 0.80 is common 
(see Zar 1999 or other statistical texts for more detail). 
Temporal and spatial variance differs considerably among 
monitoring parameters; minimum sample sizes calcu-
lated for these parameters will therefore also differ 
substantially. A power analysis based on results of Roni 
& Quinn (2001a) nicely illustrates the different sample 
sizes needed to detect different effect sizes (response) for 
physical and biological parameters (Figure 8.7). Notably, 
this analysis found that monitoring physical habitat and 
invertebrate communities required fewer samples than 
for monitoring fish densities. These differences were 
largely a reflection of the differences in the variability of 
the parameters, with fish density being much more vari-
able than habitat or macroinvertebrate diversity.

In a power analysis of a more complex MBACI design, 
Liermann & Roni (2008) investigated the tradeoffs in 
costs between adding sites versus adding years for detect-
ing an average response of juvenile coho salmon smolts 
(migrants) across multiple sites (Figure 8.8). They found 

that unless the cost of establishing a site was much larger 
than the yearly monitoring cost, adding additional sites 
was preferable. Because of the low spatial replication in 
most MBACI designs, power and sample size analyses 
often suggest that additional replication in space is 
needed to increase statistical power (Downes et al. 2002). 
Estimates of power and sample size are relatively straight-
forward for the cases that have only temporal (BA) or 
only spatial replication (EPT) and use simple statistical 
tests such as a t-test or an ANOVA (analysis of variance). 
However, for more complex designs such as the MBACI 
design (Figure 8.8), consulting with a statistician is highly 
recommended.

As stated above, a smaller variance reduces the number 
of sites or years necessary to detect an effect. Variance is 
composed of natural variability (temporal and spatial) 
and measurement error. Natural variability can be 
reduced by pairing treatments and controls or including 
environmental covariates that explain the natural varia-
bility (e.g. gradient, region, geology). Measurement error 
can be reduced through actions such as additional staff 
training, instrumentation calibration, and modifications 
to the sampling scheme (discussed in the following 
section). However, natural variability is often large rela-

Figure 8.7 Estimated sample sizes needed to detect change in 
coho salmon parr and pre-smolts, steelhead pre-smolts, 
percent pool area, and macroinvertebrate taxa richness for an 
extensive post-treatment design, a power of 0.80, and an alpha 
of 0.05 (Roni & Quinn 2001a). The x axis represents the ratio 
of treatment to control (i.e. 1.5 equals a ratio of 3:2 or 1.5-fold 
increase; a 2 equals 2:1 or a two-fold increase, etc.). The y axis 
represents the number of treatment and control pairs. 
Modified from Roni (2005).
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tive to the measurement error. If this is the case, minor 
reductions in measurement error are unlikely to have 
much effect on the analysis and efforts should probably 
be expended elsewhere (ideally more sites or years).

If there are large differences in the parameters of inter-
est based on location, then pairing similar controls and 
treatments can substantially increase the power to detect 
restoration effects. For example, if part of the variation 
between multiple treatments and controls is explained by 
the location, then pairing treatments and controls within 
the same general location often provides more power. 
Figure 8.9 illustrates how pairing can dramatically reduce 
the sample size required. In addition, by using a paired 
design the population of control sites is more likely to be 
representative of the treatment sites which will provide 
more justifiable inference even if the pairing is not used 
in the analysis. For this and other reasons mentioned 
previously (see Sections 8.3.3.1–8.3.3.3), treatments and 
controls within the same stream are typically paired 
(Figure 8.9). Again, it is of course important when select-
ing reaches in the same stream to make sure they are 
independent and not interacting with each other.

Statistical considerations are important factors in the 
experimental design, but are not the only factors. The 
tradeoff between spatial and temporal replication is often 
constrained by available resources or logistical constraints 
that prevent the monitoring of additional years or sites. 
Furthermore, most estimates of temporal replication 

Figure 8.8 Results of the power analysis 
to determine optimal replication for a 
MBACI design to evaluate coho salmon 
response to restoration. Each line 
represents year-site combinations 
necessary to detect the given effect size 
(relative increases in the number of 
outmigration smolts). All values were 
estimated for a minimum statistical 
power of 0.8 and a significance level (α) 
of 0.1. Designs above and to the right of 
each line have greater statistical power. 
Squares represent the optimal design 
when there is no set-up cost to adding a 
site; triangles represent the scenario 
where the per-site set-up cost is 10 times 
the cost of monitoring a site for 1 year. 
Modified from Liermann and Roni 
(2008).

Figure 8.9 Examples of the sample size needed to detect a 
change in juvenile trout (O. mykiss) abundance using a 
post-treatment design with paired versus unpaired treatment 
and control reaches. The x axis represents the ratio of 
treatment to control (effect size). Thus, 2 would represent a 
doubling of trout abundance, etc. The standard deviation used 
for the paired and unpaired tests were 0.93 and 1.64, 
respectively. Correlation between control and treatment sites 
was 0.81. Modified from Roni et al. (2005).
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assume the restoration response will be immediate or 
that all restoration will occur in a short period of time. 
Most restoration actions in a watershed occur over many 
years or take time to produce change, thus having more 
of a ‘press effect’ than a rapid ‘pulse effect’. Techniques 
such as riparian planting or reduction of sediment may 
require several years to result in changes to the stream 
channel. In these cases, additional years of monitoring 
beyond that predicted by power and sample size estimates 
may be needed to detect a response to restoration. If 
effort or funding is limited, long-term monitoring could 
be staggered across years (years 1, 3, 5, 7, etc.).

8.3.6  Sampling scheme
In conjunction with selecting parameters and determin-
ing the spatial and temporal replication, we need to 
determine the spatial allocation of effort used to measure 
particular parameters. We refer to this as the sampling 
scheme, although it is sometimes called the inference 
design (Stevens & Urquhart 2000). Ideally, a complete 
census of the study reaches or watersheds would be  
conducted, but for most parameters this is not feasible. 
For example, if monitoring one or two 500 m reaches 
before and after restoration in a small- to medium-sized 
river, a complete census (measurement) of all habitat 
units and fish populations might be feasible. In contrast, 
a complete census quantifying substrate size, riparian 
vegetation composition, or aquatic macroinvertebrates 
throughout the same reaches would not be feasible and 
would require some type of sampling or subsampling.

As the temporal and spatial scale of the monitoring 
and number of restoration projects increases, the need 
for sampling becomes more pronounced. Common 
schemes for spreading samples in space and time include 
simple random, stratified random, systematic, cluster, 
multi-stage, double, and generalized random–tessellation 
stratified (GRTS) sampling (Table 8.7; Thompson 1992; 
Buckland et al. 2001; Stevens & Olson 2004). Stratified 
random sampling can be used to ensure a more even 
distribution of samples across space or time, or focus 
sampling efforts in specific areas such as those where fish 
density is thought to be higher or along a gradient such 
as elevation. Systematic and GRTS sampling ensure a 
more even distribution of samples across space or time. 
Cluster and multi-stage sampling are useful in situations 
where the cost of visiting sites is high. For example, it may 
be less expensive to randomly select a subset of water-
sheds and then select a sample of restoration projects 
within those watersheds as opposed to just randomly 
sampling from all restoration projects in all watersheds. 
Double sampling is useful when there is an expensive 

Table 8.7 Common sampling approaches for measuring 

parameters within and across study areas (from Roni et al. 

2005).

Type of sampling Description

Census All units are sampled
Simple random A subset of randomly selected 

units are sampled within the 
study location in such a way 
that each subunit has an equal 
chance of being selected

Systematic An initial unit (or units) is 
chosen randomly and then 
every kth unit (starting from 
that unit) is sampled

Stratified random The units are broken into strata 
(categories) based on other 
available covariates (variables) 
such as geology, gradient, 
channel type, etc. Random 
sampling then occurs in each 
stratum

Multistage Sampling units are selected and 
then the selected units are 
further divided into units and 
a subset of those units sampled

Double sampling Selected sites are first sampled 
using a low-cost method and 
then a subset of these sites are 
resampled with a more costly 
and accurate method. The 
relationship between the 
low- and high-cost methods is 
used to correct estimates from 
sites that were only sampled 
with the low-cost method

accurate method and an inexpensive but likely biased 
alternative. Values from a larger sample using the less 
expensive method can be corrected based on a smaller 
subsample in which the more accurate and costly method 
is also used.

These different sampling schemes are not mutually 
exclusive. For example, GRTS samples could be taken 
within the different strata from a stratified random 
sample. Long-term monitoring programs will also require 
some combination of spatial and temporal stratification 
such as a pulsed monitoring or sampling, where some 
factors and sites are monitored in some seasons and years 
and not in others (Bryant 1995). It is important to realize 



Monitoring and Evaluation of Restoration Actions    273

that no single sampling scheme is appropriate for all situ-
ations. The optimal sampling strategy will depend on 
factors such as the spatial distribution of the organism 
and the logistics of moving the field staff among loca-
tions, collecting samples or observing the organism.

8.4  Guidelines for analyzing and 
summarizing data

The appropriate type of data analysis will be dictated 
largely by the monitoring design, sampling scheme, 
parameters selected, level of spatial and temporal replica-
tion, and assumed response type (i.e. press or pulse). 
There are a multitude of statistical approaches, models, 
and software that can be used for examining monitoring 
data from restoration projects. For designs with replica-
tion in only time or space (e.g. BACI or EPT), analysis is 
typically straightforward. Simple graphical analysis and 
common statistical approaches such as t-tests, ANOVA, 
regression, and correlation analysis can be used and are 
part of most basic spreadsheet or statistical packages. If 
the variance in the data or transformed data is constant 
and they have a roughly normal bell-shaped distribution, 
a simple t-test is generally appropriate to determine 
differences in means between controls and treatments. 
For designs with spatial and temporal replication, fixed 
or mixed effects linear regression, ANOVA and ANCOVA 
(analysis of covariance) models are typically sufficient. 
For multivariate responses (common in invertebrate 
data, for example), similar methodologies are available 
based on permutation tests (Anderson 2001). Model 
specification and testing is often somewhat subtle 
however (e.g. nested versus crossed designs, random 
versus fixed effects, non-linearity, non-constant vari-
ance). We therefore recommend consulting with a 
statistician when designing the monitoring program and 
analyzing and interpreting the results.

The results of any statistical analysis must always be 
considered in the context of the design. Tests applied to 
data collected using the BA and BACI designs could easily 
be overly optimistic; some authors have suggested that, 
for BACI designs, detecting statistical differences in pop-
ulation data is often difficult due to low sample sizes and 
inherent variability (Osenberg et al. 1994; Murtaugh 
2002). For BA or BACI designs, particularly those with 
little spatial replication, emphasis should be initially 
placed on the graphical interpretation of the data rather 
than statistical analysis (Conquest 2000).

For the EPT designs, significant results can be intro-
duced through flawed selection of controls (i.e. selecting 

controls that are clearly different from treatments). 
Examination of important environmental covariates col-
lected at all sites can help to support the hypothesis that 
restoration is indeed causing the observed differences. 
This allows an independent assessment of the controls 
(are they similar to the treatments in terms of the avail-
able covariates?) and possibly further elucidation of 
treatment effects. For example, does the magnitude of the 
post-treatment difference in wood loading correlate with 
the effects size (Figure 8.3)? The following steps can help 
with initial analysis of monitoring data.
1. Confirm the hypotheses that are to be tested.
2. Proof data to ensure that it has been entered correctly. 
Considerable analysis time can be squandered if this step 
is not done carefully. Often conducting queries of a data-
base or calculating basic statistics will demonstrate errors 
in data entry.
3. Plot the data to highlight any unusual observations 
and to provide guidance for potential transformations.
4. Transform the data as necessary. In particular, many 
parameters tend to be right-skewed with variance that 
increases with the mean. This can generally be remedied 
with a log or square-root transformation. If the param-
eter is a response variable, consider using the different 
distributions available in many modeling frameworks as 
an alternative to transformation (e.g. Generalized Linear 
Models).
5. Generate figures that provide a visual or graphical test 
of the specified hypotheses.
6. Test the hypotheses. Avoid picking through many sta-
tistical test results to highlight a few significant results 
(e.g. if you do 20 analyses with a p < 0.05 you are likely 
to find a significant result by chance alone).
7. Use the figures and graphs in step 5 above and the 
residuals from step 6 to confirm that the data meet the 
assumptions of the tests (many tests assume normal 
distribution).
8. Report the results using estimates of effect size and 
confidence intervals (in addition to test results). This will 
allow the reader to assess biological as well as statistical 
significance (e.g. Bradford et al. 2005).

8.5  Monitoring of multiple restoration 
actions at a watershed scale

Much of the discussion above and most published studies 
focus on determining the effectiveness of one or a few 
types of restoration actions. Designing M&E for indi-
vidual restoration actions, or multiple restoration actions 
of the same type, is relatively straightforward compared 
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to evaluating a watershed-scale response to multiple  
restoration actions. Many monitoring programs that 
evaluate individual or multiple projects in a watershed 
also assume that restoration actions are independent 
rather than synergistic, which may not be the case.  
Restoration ecologists are being asked with increasing 
frequency to design monitoring programs to evaluate 
multiple actions throughout a watershed. The goal of 
these efforts is often to determine which restoration 
actions are producing the largest changes in habitat and 
biota at a watershed scale.

Initial efforts to do watershed-scale evaluation have 
often tried to apply a single monitoring design and sam-
pling program to evaluate responses of biota and habitat 
at both a watershed and reach scale (Bilby et al. 2005; 
Roni et al. 2010b). This can be less than optimal because 
the design and sampling scheme for measuring changes 
in habitat or fish at a project (reach level) may be very 
different from that needed at a watershed scale. In essence, 
this type of approach seeks to answer multiple monitor-
ing questions outlined in Table 8.3. It therefore requires 
that a monitoring program for each major question be 
developed and then integrated to make M&E as efficient 
as possible. It will likely require sampling some locations 
solely to answer watershed-scale questions and others 
only to evaluate individual restoration actions. Some 
locations will hopefully overlap and some samples will be 
suitable for evaluating responses at both scales (Figure 
8.10). Designing an efficient and effective program will 
require extensive coordination during both development 
of the monitoring and collection of field data.

Even for the most rigorous of monitoring programs, 
the intensity of the restoration both at a reach or water-
shed scale can also influence the ability to detect a 
response due to restoration (Roni & Quinn 2001a; Roni 
et al. 2010b). If the intensity of restoration in a reach is 
low or percentage of area restored in a watershed is small, 
it may be difficult to detect a response due to restoration 
(Roni et al. 2010a). This is particularly critical for moni-
toring watershed or population level responses to 
restoration: the larger the watershed and more variability 
in the parameters measured, the more restoration will be 
needed to be able to detect a response.

8.6  Implementation: Design is not 
enough

The previous sections laid out clear steps for designing 
effective monitoring of restoration, but proper imple-

Figure 8.10 Stylized watershed diagram illustrating (upper) 
sampling locations needed to evaluate whole watershed 
response to multiple restoration actions (tree symbols) and 
(lower) treatment (T) and control (C) locations needed to 
evaluate effectiveness of individual restoration actions. Circles 
represent randomly selected locations for monitoring 
watershed response to restoration. In contrast, restoration, 
treatment, and control locations typically cannot be randomly 
selected. If monitoring parameters and protocols are similar 
for both project (action) and watershed-scale monitoring, data 
from evaluation of individual restoration projects could be 
included in analysis of watershed level response. Note that 
controls are typically located upstream of treatments for 
control-treatment pairs.
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mentation can ‘make or break’ a monitoring program. 
Many monitoring efforts fall short of objectives or are 
never completed due to non-technical issues. These can 
include inability to control other management actions, 
improper data collection, poor data management, and 
failure to publish results. For instance, in many cases it is 
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difficult to control other ongoing management actions in 
an area. Management actions such as the stocking of 
native or non-native fishes, or changes in fishing regula-
tions and therefore fishing effort, can make it nearly 
impossible to detect changes in fish abundance due to 
restoration (Rinne 1999; Medina et al. 2005). In other 
cases, overzealous restoration practitioners implement 
restoration actions in control reaches or before comple-
tion of pre-project data collection, which can compromise 
even the most well-designed M&E program. Similarly, 
other large changes in land use or environmental regula-
tions can hamper efforts to monitor projects and detect 
changes due to restoration.

These problems emphasize the need to communicate 
and coordinate with natural resource agencies and other 
groups within the study area to ensure that these types of 
actions do not occur or are implemented in a way that 
will not compromise the effectiveness of the monitoring 
program. The larger the geographic extent covered by the 
monitoring program, the more difficult this becomes and 
the greater is the need for periodic meetings with natural 
resource management partners and groups within the 
project area.

The importance of training and overseeing those col-
lecting data cannot be overemphasized. The project 
leader should periodically participate in field data collection 
to ensure that crews are collecting data properly. A review 
of monitoring programs in the USA demonstrated that 
many failed because the principal investigator did not 
train the field staff properly and did not participate in the 
data collection (Reid 2001). Entering and summarizing 
field data is also critical. Delays in data entry can allow 
errors in field protocols or data collection to go undetec-
ted for years. Annual or more frequent data summaries 
allow detection of these problems. Frequent summaries 
also facilitate adaptive management, such as modifying 
protocols and procedures or examining parameters  
collected to see if some need to be added or eliminated.

Periodically summarizing data not only helps maintain 
a rigorous monitoring program, but also provides an 
instrument for communicating results to the funders and 
the public. Most funding entities require regular report-
ing of project activities on an annual or semi-annual 
basis. If not required, project leaders should still ensure 
that annual contract reports are completed. Maintaining 
and expanding funding for monitoring and evaluation is 
one of the larger challenges faced by the restoration  
community. When funding entities can see the results of 
restoration and M&E documented in periodic reports, 
they are more likely to support continuation or expan-

sion of the monitoring program and less likely to reduce 
funding. Despite the fact that many scientists, biologists, 
and technicians may like to ignore it, ‘marketing’ of 
projects through frequent presentation of goals, objec-
tives, and results is a critical part of maintaining a 
monitoring program.

These non-technical issues are particularly acute  
for monitoring programs evaluating watershed-scale 
responses. Evaluating restoration actions across a whole 
watershed or multiple watersheds can be expensive, 
involve many groups or agencies and require extensive 
coordination. Well-defined data collection, entry, sum-
marization, and rigorous reporting procedures are 
therefore necessary. This will require constant and con-
sistent attention throughout the duration of the project, 
which can be difficult for long-term (>5 years) monitor-
ing programs that may see changes in project personnel 
and funding.

It is important to be able to clearly and concisely 
explain each important step in the monitoring program 
to a variety of audiences. Following completion of the 
steps outlined in this chapter, we should be able to 
provide a concise summary of key aspects of an M&E 
program similar to those outlined in Tables 8.2 and 8.5. 
Finally, publication of completed M&E programs is a 
critical step. With the exception of instream habitat 
improvement structures (see Roni et al. 2008; Whiteway 
et al. 2010), there is relatively little published information 
on the effectiveness of most restoration techniques and 
almost no long-term evaluation (>10 years). There is also 
increasing concern over a potential bias in the literature 
toward studies that find positive results, because studies 
that show no response to restoration are either not sub-
mitted or not accepted for publication. Regardless of 
whether this is true it is clear that, without publication of 
monitoring findings (both good and bad), we cannot 
learn from others to improve both our restoration tech-
niques or our M&E programs.

8.7  Summary

Monitoring and evaluation is critical for improving  
our understanding of restoration, and is a key part of  
the restoration process. This chapter outlined the key 
considerations for developing a rigorous and effective 
monitoring program. These include determining goals 
and objectives, hypotheses, monitoring design, parameters, 
replication, sampling scheme, as well as implementing 
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the monitoring program and reporting the results. Defin-
ing clear, testable hypotheses that succinctly outline the 
scale, study design, and parameters to be measured is 
absolutely essential. Monitoring parameters should be 
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9

9.1  Introduction

In this book we have laid out a systematic approach to 
planning, implementing, and monitoring restoration 
programs for watersheds, encompassing the key restoration 
steps presented in Chapters 2–8. Each of these steps  
contributes to the development of a comprehensive  
restoration program, and supports the development of 
restoration proposals and project designs. In addition, the 
steps outlined in this book can be used to assist funders 
or regulatory agencies with a review of restoration plans, 
proposals, and project designs. In this final chapter we 
synthesize the key purposes and products of each of  
the restoration steps, and discuss how they support the 
development of a comprehensive restoration program 
and individual restoration proposals. Finally, we discuss how 
the development of a comprehensive plan using the steps 
outlined in this book (1) informs the design and review of 
individual restoration projects or suites of projects, and 
(2) facilitates a transition from opportunistic to strategic 
restoration.

9.2  Components of a comprehensive 
restoration program

A restoration program developed by following the steps 
outlined in Chapter 1 follows a logical path that links resto-

ration goals, watershed assessments, identification of 
restoration needs, selection and prioritization of actions, 
design of projects, and development of a monitoring 
program (Figure 1.1). Each step has a specific set of  
purposes and products that inform the next step in the 
process (Table 9.1). The products of steps 2 and 3,  
for example, are the desired outputs of a watershed 
assessment, which identifies the key restoration needs for 
a watershed and informs the selection and prioritization 
of actions (Steps 4 and 5). Together Steps 1–5 provide  
the information needed to develop a comprehensive  
restoration plan, which then serves as the basis for designing 
restoration projects and monitoring programs (Steps 6 
and 7). In most cases the comprehensive restoration  
plan (Steps 1–5) is summarized in a single report, while 
restoration proposals and monitoring programs (Steps 6 
and 7) are produced as separate proposals or reports. 
Nevertheless, the complete restoration program should 
include the full sequence of components from watershed 
assessment to monitoring program, and the components 
should be clearly linked even if they are in separate 
reports.

The development of a restoration plan is not a static 
but an iterative process. Ideally, a synthesis of the restora-
tion program components will strengthen feedback loops 
among them, so that learning from each step can be used 
to improve the restoration effort through time (i.e. it will 
facilitate adaptive management). For example, monitoring 
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Table 9.1 Products and purposes of the restoration steps (shown in Figure 1.2). Steps 1–5 are the components of a restoration 

plan and provide the supporting documentation for development of project proposals and designs (Step 6) and monitoring 

plans (Step 7). Together these components help guide a successful restoration program.

Program 
component

Step Product(s) Purpose

C
O

M
P

R
E

H
E

N
SI

V
E

 R
E

ST
O

R
A

T
IO

N
 P

LA
N 1. Define the 

restoration goal
Clearly defined goal that specifies 

biological aims of restoration
The restoration goal guides 

the design of watershed 
assessments and choice of 
prioritization criteria

2. Assess watershed 
processes, 
habitats, and biota

Maps and tables indicating the causes 
of habitat change, which habitats 
have been most altered, which 
habitat losses most influence 
biological declines

Watershed assessment results 
are the basis for identifying 
restoration needs, and 
inform the design of 
monitoring programs

3. Identify 
restoration needs

Maps and tables indicating which kinds 
of restoration actions are needed 
and where

Restoration needs focus the 
selection of actions on those 
that are most important for 
achieving the biological 
aims of restoration

4. Select restoration 
actions

Specific techniques that address 
identified needs and follow the 
process-based restoration principles

Restoration actions are 
selected to effectively 
address identified problems

5. Prioritize 
restoration actions

Prioritization approach, and ranked 
restoration actions or types of 
actions

Prioritization should improve 
success and cost-
effectiveness of restoration 
efforts (i.e. actions are more 
focused on key problems)

P
R

O
JE

C
T

 P
R

O
P

O
SA

L 6. Design restoration 
project and 
monitoring 
program

Project designs that accommodate 
driving processes and address 
high-priority restoration needs

Produce restoration actions 
that focus on effectiveness 
and sustainability

IM
P

LE
M

E
N

TA
T

IO
N

 
A

N
D

 M
O

N
IT

O
R

IN
G 7. Implement 

restoration and 
monitoring

Monitoring program that focuses on 
determining effectiveness of 
restoration action types or suites of 
restoration actions

Provide information needed to 
adjust restoration plans or 
designs based on biological 
effectiveness of restoration 
actions

specific project types might show that some types of 
projects are more effective or robust to environmental 
perturbations than others, which might lead to changes 
in the restoration plan or priorities. Similarly, updated or 
improved assessment of watershed processes, habitats, or 
biota might lead to the discovery of previously unidenti-

fied impacts or mechanisms, again leading to changes  
in plans or priorities or even changes to the design of 
monitoring efforts. Ensuring that mechanisms are in 
place for incorporating new information and making 
adjustments to the restoration program will help to 
increase cost-effectiveness of future restoration efforts. In 
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9.2.2  Prioritizing restoration actions or 
watersheds

A variety of approaches can be used to prioritize restoration 
actions including project type, refugia, benefit to species 
or habitat types, cost-effectiveness, scoring methods, or 
computer models and conservation software (Chapter 5). 
Each approach has advantages and disadvantages, but 
perhaps the most common and transparent approach is 
to score projects using multiple criteria that reflect the 
restoration goal and the values of local stakeholders. This 
approach usually involves scoring a variety of individual 
criteria (e.g. number of species that benefit, change in 
multimetric biological indicator, number of fish produced, 
cost, education value, etc.), then summing the criteria  
to arrive at a project score. Because implementation of 
restoration actions is often partly driven by cooperation 
of landowners or by availability of funding, it is often 
useful to group scored projects into categories of  
high, medium, and low priority. This approach recognizes 
that lack of funding or landowner cooperation might 
inhibit the implementation of some of the high-priority 
projects, and that only a subset of the high-priority projects 
will be implemented in the near term regardless of  
priority score. Nevertheless, having a clear understanding 
of high-priority projects is a key part of the restoration 
plan that will help move the restoration effort toward 
greater effectiveness over time.

Where a restoration effort may encompass a large 
number of watersheds, it may also be important to prioritize 
among watersheds to focus restoration efforts. In general, 
the same approaches listed above for ranking actions can 
be used to rank watersheds, but the data that support 
prioritization are more general and at a coarser resolution. 
For example, limited funding often leads to distribution 
of restoration effort across a large number of watersheds, 
which results in too little action in each watershed to 
detect progress toward the restoration goals. Prioritizing 
watersheds therefore helps to focus more restoration on a 
limited number of key watersheds, which increases the 
likelihood that restoration efforts can result in measureable 
biological gains. Ultimately, prioritizing both watersheds 
and projects is an important part of a restoration  
plan that includes goals, assessment and identification of  
restoration opportunities, and prioritization of actions 
needed to achieve the biological goals of restoration.

9.2.3  Selecting restoration techniques and 
designing restoration actions

Once the restoration needs have been identified and  
prioritized based on the watershed assessment results, 

this section we briefly summarize the important outcomes 
of each step, its relationship with other steps, and how  
it might inform an adaptive restoration program.

9.2.1  Goals, assessments, and identifying 
restoration actions

The restoration goal is the foundation of any restoration 
plan or program as it guides the development of assess-
ments, selection of appropriate actions, prioritization of 
actions, and monitoring of program effectiveness. In 
practice, goals for large restoration programs are often 
driven by legislation or the goals of a particular funding 
organization, which may be focused on recovery of indi-
vidual species or more broadly defined indicators of 
biological or ecosystem integrity (Chapter 3). Species-
focused goals require watershed assessments that focus 
on habitat requirements of focal species and identifica-
tion of which habitats and driving processes need to be 
restored in order to achieve recovery of that species. By 
contrast, ecosystem-focused goals require a broader 
range of biological assessments and identify habitats  
and processes that will most contribute to restoration of 
biological integrity if restored. Regardless of the legislation 
driving restoration, however, the assessment of causes  
of habitat loss or degradation examines a common set of 
watershed-scale and reach-scale processes.

The purpose of watershed assessments is to identify 
where and what kinds of restoration are needed to achieve 
the restoration goal (Table 9.1). Watershed assessments 
therefore focus on answering two key questions: ‘how 
have habitats changed and affected biota?’ and ‘what are 
the causes of those habitat changes?’ Answers to these two 
questions identify which kinds of habitat most need to be 
restored, as well as the key causes of degradation that can 
be addressed through restoration. A restoration strategy 
can then be developed, focusing on identifying the resto-
ration action types that are most important for achieving 
a restoration goal (e.g. removing migration barriers, 
restoring floodplain habitats, restoring streamflow 
regimes, etc.). The proposed restoration actions should 
focus on restoration of processes to the extent possible, 
although habitat improvement or creation efforts can be 
used where constraints prohibit restoration or where res-
toration might require decades to achieve benefits 
(Chapter 2). The watershed assessment results should 
also include inventories of specific restoration actions 
that are needed to address the key causes of degradation. 
For example, inventories of barriers to fish migration are 
needed to identify which barriers block the most habitat 
and would provide the greatest restoration benefit.
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select a preferred alternative; (5) design the project; (6) 
implement the project; and (7) monitor outcomes 
(Chapter 7). These steps ensure that the final project 
design successfully treats the cause of degradation and is 
compatible with the local setting and processes (particu-
larly for in-channel restoration or habitat creation 
actions). At each step, the process-based principles help 
to guide the design process toward solutions that restore 
key processes and will therefore sustain themselves over 
the long term without continual intervention. The same 
steps and principles apply in designing a habitat improve-
ment or creation project, but the project does not address 
the root cause of degradation. However, the project 
should still be consistent with local driving processes, 
address the problem at an appropriate scale, and have 
clearly stated expected outcomes.

9.2.4  Monitoring
Monitoring programs should evaluate both the effective-
ness of restoration projects and the progress of a 
restoration program toward achieving the restoration 
goal. For monitoring restoration project effectiveness, it 
is often most cost-effective to evaluate each project type 
with a focused monitoring program (Chapter 8) rather than 
have limited and separate monitoring projects for each 
individual restoration action. By contrast, monitoring  
to evaluate whether a suite of diverse restoration actions 
are achieving restoration goals (i.e. the desired biological 
response) requires a watershed-scale monitoring approach 
that measures key biological indicators as well as habitat 
changes.

Each type of monitoring follows a common set of 
planning and implementation steps including identifica-
tion of: restoration goals and monitoring objectives; key 
questions or hypotheses; monitoring design parameters; 
spatial and temporal replication; and the sampling 
scheme. Understanding the goals of restoration actions 
to be monitored is the crucial first step in setting up a 
monitoring plan. These goals and objectives guide the 
identification of key questions or hypotheses to be 
addressed through monitoring. Defining clear, testable 
hypotheses that outline the scale, study design, and 
parameters to be measured is absolutely essential. Moni-
toring parameters should be selected judiciously and 
sample sizes estimated to help refine spatial and temporal 
replication needed. In addition to technical issues, proper 
project implementation and management are critical; 
even the most well-designed monitoring programs can 
fail if poorly implemented. Lastly, when the monitoring 
is underway or has been completed, analysis of the data 

specific restoration techniques can be chosen to address 
those needs. First and foremost, any chosen technique 
must be appropriate for the problem identified (Chapter 5). 
For example, where an erosion problem from agricultural 
fields has been identified, a number of techniques might 
be selected to address that problem including altering 
tilling practices to reduce erosion or developing riparian 
buffers that interrupt sediment delivery to the stream. In 
practice, the selection of such restoration techniques may 
involve considerable interaction with local stakeholders 
to identify actions that both address the problem and 
minimize economic impact (Chapter 4). Alternatively, 
the selection of a restoration technique might take place 
during the project design phase, in which several possible 
solutions are evaluated for addressing a specific restoration 
need (Chapter 7).

In selecting restoration actions, it is important to 
maintain a clear distinction between infrastructure  
protection (river engineering) and river restoration. River 
engineering actions, such as bank armoring to protect 
property or infrastructure, do not have restoration as their 
purpose. By contrast, restoration or habitat improvement 
actions are intended to restore processes or habitats  
that drive ecosystem functions. We have not discussed 
river engineering actions in this book. Rather, we have 
focused on actions that are intended to restore ecosystem 
processes and functions and habitat, and provided a set 
of guiding principles for designing restoration actions: 
(1) treat the root cause of degradation; (2) design the 
project to be consistent with local driving processes;  
(3) address problems at the appropriate scale; and (4)  
be specific about expected outcomes (Chapter 2). These 
principles are intended to focus restoration actions  
primarily on addressing causes of degradation (full or 
partial process restoration), and secondarily on actions 
that improve or create habitat where human constraints 
such as land uses or infrastructure preclude treating the 
root cause. The principles also guide the selection and 
design of habitat creation actions to be consistent with 
local driving processes and to address problems at an 
appropriate scale. Finally, the principles ask for realistic 
predicted outcomes of restoration actions. Each of these 
principles is intended to guide restoration plans toward 
actions that are effective and do not require long-term 
maintenance.

The design process for individual restoration actions 
has several key steps: (1) identify the cause of the prob-
lems to be addressed; (2) understand the watershed 
context and constraints; (3) clearly define project goals 
and objectives; (4) evaluate alternative strategies and 
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9.2.5  Examples of bringing the 
components together

At various points in this book we have provided examples 
of assessments, restoration actions, and project designs 
from the Skagit River in Washington State, USA and the 
River Eden, UK. Ultimately each of the restoration 
program components described above leads to design 
and implementation of individual projects, beginning 
with assessments to identify key problems, proceeding to 
selecting and prioritizing actions, then to designing and 
implementing projects, and finally to monitoring. Here 
we return to these two examples to illustrate how the 
components are linked to each other.

In Chapter 3 we illustrated how watershed analyses 
identify key processes and habitats in need of restoration 
for each of the two watersheds. For example, the assess-

and reporting results is a critical step. Without this final 
step, the monitoring effort cannot contribute to improv-
ing the identification of necessary restoration actions or 
the appropriate design of restoration projects.

The total amount of restoration also needs to be con-
sidered when developing the restoration and monitoring 
programs. Many restoration actions are relatively small 
scale, but achieving restoration goals often requires 
restoring a large percentage of a watershed (Roni et al. 
2010). The intensity and amount of restoration can influ-
ence whether even the most rigorous monitoring program 
can detect a response. This is particularly critical for 
watershed-scale monitoring: the larger the watershed and 
more variability in parameters measured, the more res-
toration that will be needed to detect a population- or 
watershed-level response.

Table 9.2 Example of linking restoration planning and design steps, Skagit River, USA.

Restoration step Process

Watershed-scale: erosion and sediment supply Reach-scale: floodplain dynamics

Watershed planning
 Restoration goal Restore salmon populations to viable and 

harvestable levels
Restore salmon populations to viable and 

harvestable levels
 Assessment and 

problem 
identification

Logging and roads have increased the 
frequency and magnitude of landslides; 
most sediment comes from stream-
crossing fill failures

Loss of floodplain habitats due to levees and 
land conversion has significantly reduced 
juvenile salmon rearing habitat

 Priority Moderate priority High priority

Project development
 Goal and objectives Reduce road-related landslide rates to 

background levels (c. 150 m2/km2/yr) in 
Finney Creek over the next 10 years

Reconnect two of the three major floodplain 
channels to increase floodplain rearing 
habitats by over 50%

 Alternatives Alternative solutions include road removal 
or installing bridges, larger culverts, or 
armored fords

Alternatives include levee removal, levee 
setback, riprap removal, or habitat 
construction

 Selected design Remove undersized culverts and install 
bridge over large streams and larger 
culverts on small streams

Full levee removal on first channel, partial 
levee setback and off-channel habitat 
construction on second channel

 Permitting Forest practice permit from Department of 
Natural Resources and Hydraulics permit 
from Department of Fish and Wildlife

Army Corps of Engineers and Skagit County 
fill and grade permits, Hydraulics permit 
from Department of Fish and Wildlife, 
Endangered Species Act permit

 Implementation Construct during the ‘dry’ season (15 July–15 
September)

Construct during the ‘dry’ season (15 
July–15 September)

 Monitoring Implementation and effectiveness 
monitoring assess whether road landslide 
rates are similar to ‘natural’ levels

Implementation and effectiveness 
monitoring will examine the increase in 
habitat capacity
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one project goal is to reduce landslide-related sediment 
delivery to near-background levels in the Finney  
Creek subwatershed (c. 150 m3/km2/yr). Alternatives for 
rehabilitating problem road segments include removing 
roads and recontouring slopes; replacing failure-prone 
stream-crossing fills with bridges, larger culverts, or 
fords; and removing sidecast from steep slopes. For a 
given road segment, the selected alternative will address 
key landslide hazards in a cost-effective manner (e.g. 
usually inexpensive bridges over larger streams and large 
culverts on small streams). Similarly, alternatives analyses 
can be conducted for each of the other restoration 
projects, focusing on evaluating the relative merits of 
alternative techniques for addressing project goals and 
objectives (see Chapter 5 for more details on techniques 
and Chapter 7 for alternatives analysis). In the Skagit 
River basin, for example, alternatives for restoring  
floodplain habitats in a selected reach include levee 
removal, levee setback, removal of bank armoring, and 
construction of off-channel habitats. By contrast, objectives 
and alternatives for the River Eden include reducing  

Table 9.3 Example of linking restoration planning and design steps, River Eden, UK. 

Restoration step Process

Watershed-scale: erosion and sediment supply Reach-scale: riparian condition

Watershed planning
 Restoration goal Restore Atlantic salmon and brown trout 

populations
Restore Atlantic salmon and brown trout 

populations
 Assessment and 

problem 
identification

Heavily used pasture lands are the most 
likely sediment sources and cause of age 
0+ Atlantic salmon declines

Degraded riparian areas are the most likely 
cause of age 0+ brown trout declines

 Priority High priority High priority

Project development
 Goal and 

objectives
Reduce sediment to streams to near 

background levels
Increase shade and intercept sediment delivery 

to streams from high-risk pastures locations
 Alternatives Alter pasture management practices or 

restore riparian buffers to intercept 
sediment delivery

Establish riparian buffer and/or fence livestock 
away from stream to filter sediment and 
reduce bank erosion

 Selected design Reduce grazing pressure on specified 
high-risk pastures

Establish riparian buffer to reduce bank 
erosion

 Permitting None None
 Implementation Local landowners select altered management 

practices to reduce sediment supply
Local landowners select buffers to reduce bank 

erosion
 Monitoring Monitor status of Atlantic salmon and 

brown trout in impacted reaches to track 
restoration effectiveness

Monitor status of Atlantic salmon and brown 
trout in impacted reaches to track 
restoration effectiveness

ments of watershed-scale processes showed that sediment 
supply was elevated in both the Skagit River and the River 
Eden, but that sediment supply was largely driven by 
logging-related landslides in the Skagit and surface 
erosion in the Eden (Tables 9.2 and 9.3). The reach-scale 
assessments of riparian conditions showed that riparian 
vegetation was also in need of restoration in both basins. 
In the Skagit River basin, degraded riparian areas consist 
of either small trees or no trees, and both wood recruit-
ment and shade were reduced compared to natural 
riparian forests. In the River Eden, degraded riparian 
areas generally had no vegetation and demonstrated  
significant bank erosion caused by livestock. Based on 
these assessments, the watershed analyses identified 
important restoration actions focusing on reducing  
sediment supply and improving riparian conditions in 
both river basins (see also Figures 3.25 and 3.28).

Once the assessments have identified restoration 
actions and set priorities, the design process for indi-
vidual projects begins with setting project goals and 
objectives. For example, in the Skagit River basin,  
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ment should provide evidence that the proposed project 
addresses a biologically important habitat need, even 
when it does not address the root cause of that habitat 
loss (Chapter 7).

The second piece of evidence needed in restoration 
proposals is clear explanation of the project context so 
that reviewers can be confident that the project will not 
fail because it lacks an understanding of local driving 
processes. For example, channel design projects have 
often attempted to create a uniform meandering channel 
pattern, regardless of what the local hydrology, sediment 
supply, and riparian conditions can support. One such 
design in California attempted to create a meandering 
channel where a braided channel existed; within a few 
years however a moderate flood event destroyed the  
constructed meanders and recreated the braided channel 
form (Kondolf 2006). To avoid such failures, restoration 
proposals should include sufficient analysis of watershed- 
and reach-scale processes to ensure that the project 
design will be sustained under current process regimes, 
even when they have been altered by land- or water-use 
impacts that alter flow or sediment conditions at the 
restoration site.

Finally, project funders are often interested in comparing 
the cost-effectiveness of various projects, which requires 
that proposals have some estimate of the project’s benefit 
relative to the goal. When proposals include evaluation  
of several alternative restoration actions or designs  
(following the planning process in Chapter 7), comparisons 
among them are straightforward for reviewers. However, 
reviewers will likely also want to compare projects put 
forward by multiple applicants, so each project will need 
some estimate of both benefit and cost to facilitate review 
and increase the chance of receiving funding. Reviewers 
for project permitting are less likely to be interested in 
cost-effectiveness of projects than reviewers interested  
in funding or prioritizing projects.

Putting all of these review components into a simple 
framework that lays out the reviewer questions can help 
to increase consistency across reviewers and agencies, and 
also help proposal developers streamline their proposals 
to more efficiently get through a review process (Figure 
9.1). For example, the River Restoration Analysis Tool 
(RiverRAT, Skidmore et al. 2011) is a systematic review 
process used by agencies reviewing restoration projects in 
the Pacific Northwest, USA which lays out the key  
questions that should be answered in a project proposal. 
The questions are organized by project phase (planning, 
implementation, and monitoring) and by seven plan  
elements within those phases (Figure 9.1). For each 

sediment, nutrient, and pollutant delivery to streams 
from pastures that are hydrologically connected to 
streams, or restoring riparian areas to filter sediment and 
pollutants from runoff (Tables 9.2 and 9.3).

A final design for watershed- and reach-scale processes 
can be developed after the alternatives analysis. Each 
design considers the project objectives, effectiveness of 
selected techniques, and costs. Permitting, implementa-
tion and monitoring are the last phases of the project 
development process. Permitting should occur in a timely 
fashion and include each of the multiple permits that are 
typically needed for water, soil movement, and impacts 
on protected species. Implementation includes logistics 
and plans for dealing with constraints and focuses on 
when the work can occur with least impact to biota, as 
well as what kinds of mitigation steps might be necessary 
to prevent or reduce impacts on streams during construc-
tion. Finally, monitoring should confirm that the project 
was completed as designed (implementation monitor-
ing) and also evaluate its overall effectiveness at restoring 
watershed processes, habitats, and biota (effectiveness 
monitoring).

9.3  Developing proposals and evaluating 
projects for funding or permitting

Beyond guiding the overall restoration effort, a compre-
hensive restoration plan provides a solid foundation for 
the development of project proposals and facilitates the 
evaluation of those proposals in funding and permitting 
processes. Most review processes require evidence to 
support claims that restoration efforts are addressing key 
needs, and also that the final design is an appropriate and 
cost-effective alternative for solving the problem. Resto-
ration proposals should therefore include evidence from 
the watershed assessment and design report that: (1) the 
project directly addresses one of the identified problems; 
(2) the design is consistent with local driving processes; 
and (3) the chosen alternative maximizes benefits and 
minimizes costs given local constraints. The first of these 
– that the objectives of each project should be clearly 
focused on one of the key restoration needs – is the most 
important piece of supporting evidence for any restora-
tion proposal. When the proposed project directly 
restores key driving processes identified in the watershed 
assessment, this evaluation step is straightforward. 
However, evaluating whether habitat improvement or 
creation projects address key restoration needs can be 
more ambiguous. In those cases, the watershed assess-
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set of guidelines for the structure and content of proposals, 
which would streamline the advancement of projects 
from concept to implementation.

9.4  Moving from opportunistic to 
strategic restoration

One of the most important outcomes of developing a 
comprehensive plan for watershed restoration is the 
transformation of restoration implementation from reli-
ance on opportunistic restoration projects to strategic 
selection and sequencing of restoration actions (Beamer 

element of the plan, the review questions focus the 
reviewer’s attention on whether the plan adequately 
addresses a key restoration need, has a design that is  
sufficiently rigorous and likely to succeed, and has  
adequate implementation and monitoring plans. Not 
only does this structure provide a consistent review 
process for multiple permitting agencies and funding 
organizations, it also clarifies expectations for planners 
and designers of restoration projects so that they can 
prepare proposals to address each of the key questions 
that reviewers will ask. Moreover, adoption of a similar 
structure by funding agencies would then give project 
proponents, funders, and permit reviewers a common  

Figure 9.1 Example set of questions for reviewing a restoration project proposal and plan, arranged by project phase and plan 
element (based on Skidmore et al. 2011). Using a common set of review questions at planning, funding, and permitting phases can 
help streamline the restoration process.
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altered stream hydrology and water quality, continued 
restoration of habitat structure through wood or boulder 
placement may produce limited benefits because the root 
causes of biological decline are not addressed. Restora-
tion proponents or funders should therefore be willing to 
shift resources away from such projects toward those that 
are consistent with long-term restoration needs. Projects 
that are more consistent with restoration needs might 
include stormwater detention efforts that store and filter 
water to address key environmental problems, or even 
shifting actions to less degraded parts of the watershed 
that will provide a greater benefit.

A comprehensive restoration plan can help restoration 
practitioners and funders become more strategic by pro-
viding a clear basis for selecting the most important 
actions. The plan should contain a substantial list of 
high- and medium-priority projects that address the key 

et al. 2000). This shift in thinking will guide the bulk of 
restoration actions toward those that have been identified 
as the most important actions needed to achieve biologi-
cal objectives, and other less important restoration 
actions will become less common over time. In practice, 
this shift might take several years (if not a decade or two) 
because high-priority projects may be large or expensive, 
and opportunistic restoration may continue for many 
years if practitioners are reluctant to abandon lower-
priority restoration projects or, as is often the case, 
landowners are unwilling to participate.

In the early stage of this transition – when most resto-
ration is still opportunistic – the watershed assessment 
results and restoration priorities can be used as filters to 
determine whether proposed actions are consistent with 
restoration needs (Figure 9.2). For example, where the 
assessment results indicate that urbanization has severely 

Figure 9.2 Left: illustration of pathways for evaluating opportunistic restoration proposals using the watershed assessment results 
and priorities and right: the alternative strategic approach, which uses the watershed assessment results and priorities to drive the 
selection of restoration projects. In the opportunistic approach, actions are often implemented with no evaluation relative to 
watershed assessments or priorities. Partly based on Beamer et al. (2000).
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cookbook for watershed assessment, prioritization of 
actions, project design, or monitoring programs. Rather, 
each watershed has unique restoration planning needs, 
based partly on local physiography and ecology and 
partly on legal and socioeconomic factors that either 
drive or constrain river restoration. While all restoration 
programs can follow a common set of development steps, 
the implementation of each step requires locally adapted 
methods and techniques. We have therefore attempted to 
provide not only an overview of available methods for 
each step, but also important guiding principles to help 
practitioners choose appropriate methods for their needs. 
We hope that this book proves useful in improving water-
shed and river restoration efforts.
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problems and have high biological benefits. Restoration 
groups can then choose projects from that list, focusing 
on those that match their skills and techniques. For 
example, some groups focus on riparian fencing and 
planting projects, and the list of priority actions should 
then show where those types of actions will achieve the 
greatest benefit. This will help guide the restoration 
group to beneficial locations, rather than choosing  
potentially low-value locations based on perceived  
conditions or landowner opportunities. In some cases, 
implementing lower-priority projects to build trust and 
goodwill with landowners may of course be necessary to 
set the stage for future implementation of higher-priority 
or larger projects (Chapter 4). Large projects that are 
usually implemented by local, provincial, or national 
agencies can also use the restoration plan to guide the 
selection of restoration actions. These larger projects 
often focus on actions such as levee removal or setback, 
dam removal, or restoration of environmental flows at 
large dams. Such actions are often the most expensive  
and require the most technical expertise to design and 
implement, but also often achieve the largest biological 
benefits. Importantly, both small and large restoration 
actions should focus on addressing causal mechanisms  
to the extent possible, and resort to habitat improvement 
or creation only when infrastructure or other constraints 
preclude restoration of processes.

9.5  Conclusions

Our purpose in writing this book was to provide a  
comprehensive overview of the restoration planning, 
implementation, and monitoring process, and to provide 
sufficient detail on each of the restoration steps so  
that restoration practitioners could develop defensible  
and effective watershed restoration programs. We chose  
this flexible approach because there can be no single 
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Chichiawan River, Taiwan, 243–5,  
243–4

Chikusa River, Japan, 83
Chile, 174
China, 3
Chipko movement, 116
Chondrostoma nasus, 173, 208
classification systems, 59

for channel patterns, 59
choice of, 59–60
hierarchical, 58
landscape-scale, 60–1, 60
of large-scale features, 57
reach-scale, 57
for rivers and streams, 57, 60
selection and design of, 59
valley-scale, 60–1, 60

Clean Air Act, 5
Clean Water Act, 133, 192
climate change, 96, 177–8, 219

assessing effects of, 91–3
climbers, 126–8, 131
Coeur d’Alene River, Idaho, 77, 78
Cole project, 171–2
collective action, 139
colonization, 18, 22–3
Colorado, 259

Plateau, 130
River, 67

Columbia River, Montana, 66, 245
communication

need for, 275
of project design, 239–41, 241

compensation, 119
competition, 29, 164
competitive release, 164
computer-aided design (CAD), 222
condemnation, 121
conifers, 23, 29, 164
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connectivity, 57, 147–53
of constructed habitats, 173
in Danube River Basin (DRB), 207, 208–9
hydrological, 63
lateral, 148, 152–3
longitudinal, 82, 147–52, 148

conservation
easements, 167
planning software, 204
tillage, 159

Conservation Success Index, 198
conservers, 126–8
context

assessment of, 218–19
ecological, 219
geomorphic, 218–19

contouring, 154–5, 156, 159, 174, 285
contractors, 241–2
cooperation, 122–3

building and maintaining, 136–8
elicitation of, 132–9
understanding of, 138–9

Coos Bay, Oregon, 123
Coos Watershed, 120, 118
Coos Watershed Association (CoosWA), 134, 

135, 139

cord grass, smooth, 164
Corgonus oxyrhunchus, 118
corncrake, 119
Cornus, 163

sericea, 245
corporations, 122

as ownership group, 120
cost-benefit analyses, 201–3
cottonwood, 174

black, 23, 245, 246
County Sligo, Ireland, 166
cover

creation of, 168–71
riparian, 102
structure placement, 6

Coppicing, 161, 162
crayfish, 28, 30, 86–7
creation, definition of, 3
Crex crex, 118
cross-drains, 154–5, 156, 157
crossings, low (shallow) water, 150
crustaceans, 29–30
culverts

removal, replacement or modification, 148, 
149–51

types of, 149, 150
cuttings, 161, 163, 174

dams, 31, 63, 73
beaver, 27, 28, 35, 174, 245
construction of, 3–4, 34
controlled release from, 160–1
Iron Gate, 209
large, 66

modification of, 147–9
notching of, 147
removal of, 147–9, 148, 243–5, 243
as socioeconomic constraints, 95
and stream flows, 64

Danube River Basin (DRB) see River Danube
Danube River Basin Management Plan 

(DRBMP), 208
data

analysis and summary of, 272–3
field collection of, 275

daylighting, 171
deer, 163–4, 245
definitions, 3
deflectors, 168–9, 172
deforestation, 4

long history of, 3
degradation, biological, assessing causes of, 

56–79
Denil pass, 151, 151
Denmark, 118–20, 171–2
Des Moines Creek, Washington State, 65,  

66
design, 144

approaches, 237–8
analog, 237
analytical, 237–8
empirical, 237
hydraulic geometry, 237
predictive, 237
reference reach, 237

considerations, 177
criteria

establishment of, 238–9
examples of, 238

detail development, 239
reports, 240
of streambanks, 233

design-build contracts, 241
detention, extended, 158
development, low-impact (LID), 158
discharge

bands, 224
bankfull (Qbf), 224–5, 227
effective (Qeff), 224–5, 227
see also flows; stream flow

discount rates, 203
Distributed Hydrology Soils and Vegetation 

Model (DHSVM), 65
ditches, 31, 34, 154–7
diversions, 34, 66, 70, 160, 235
dogwood, 163

red osier, 245
Downs, Anthony, 126–7
drainage, 259

tiles, 3
Drau River, Austria, 265, 266–7, 

267
dredging, 35, 40, 171–2

of organic matter, 38

Dreissena polymorpha, 35
drum, red, 202, 209

ecological responses, 12
ecosystems

human impacts on, 31, 32, 114
manipulation of, 35
river–floodplain, 11
riverine, 19

biological structure of, 16
hierarchical structures of, 13–17

value of services, 5, 203
Edellston Water, Darnhall reach, UK, 228
Eden Rivers Trust, 55
electrofishing, 87, 100
elk, 245
Elwha River, Washington State, 168, 173, 

209
eminent domain, 120
empirical methods, 65
Endangered Species Act (ESA), 5, 55, 86, 98, 

134, 139, 192–3
England, 89, 133
enhancement, 2, 37, 164, 167, 170, 176,  

227
Entosphenus, 263
entrainment, 118, 233, 235
Environment Protection and Diversity Act, 

192
environmental movement, history of, 4–5
Environmental Protection Act, 192
Environmental Protection Agency, 264
Ephemeroptera, 90, 91
erosion, 11, 20–2, 61–3

at stream crossings, 157
combating, 5
control products, 174
fluvial, 233
from cultivated land, 63, 159
hillslope, 3
processes, 21

alteration of, 33
reduction of, 159
surface, 20, 21, 31
wind, 160

Erriff River, Ireland, 168
Esox lucius, 173
Euphorbia esula, 164
Europe, 3–4, 29, 89–90, 149–50, 164

floodplain restoration in, 6
European Soil Erosion Model (EUROSEM), 

63
European Union (EU), 5, 55, 254

legal frameworks in, 192
eutrophication, 68
evaluation

definition of, 255–6
of restoration alternatives, 235–6
see also monitoring

evapotranspiration, 18, 31, 63, 223
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evolution, 18
expropriation, 120, 121
extinction, 4, 18

Fallopia japonica, 164
Federal Administrative Procedures Act, 132
feed supplements, 68
feeding, 27, 29–30, 89
fencing, 5, 94, 163, 165–7, 166, 174, 175, 179, 

235
riparian, 131, 177, 255, 256, 268, 289

fertilizers, 31, 34, 68, 175–6
field protocols, for evaluating channel 

condition, 75
field reconnaissance surveys, 74
field sampling, 86
Finney Creek, Washington State, 285
fish blocks, 176
Fish Habitat Policy, 192
fish passage structures, 151–2, 151, 153
fish ramp, 151
Fisher Creek, Washington State, 248
Fisher Slough restoration project, 245–8, 246–7
Fisheries Act, 192
fishery practices, 35
fishes, 28, 30, 35, 86, 172

anadromous, 176
carcasses of, 176
coarse, 173
direct loss of, 235
ecological status of, 268
endangered, 193, 204
flooplain rearing, 153
increase in, 199
and intake structures, 152
life-history information, 66
lotic, 168
metrics of, 89
migration of, 83, 149
monitoring of, 259
potadromous, 208
tagging of, 268
transplanting of, 35

fishing clubs, and restoration, 5
Fiume Frigido, Italy, 90
flatworms, 30
flood pulses, increasing, 160–1
flood storage, 26–7
floodgates, 246, 248
floodplains

beaded approach to, 152
building of, 28–9
cross-sections, 226
of Danube, 74
dynamics of, 28–9
excavation of, 39
function

restoration of, 152–3
of Skagit River, 97

habitat creation on, 172–3

loss of, 98
processes of, 73
restoration of, 6, 36
storage on, 27–8
and succession, 23
unmodified by humans, 29
width of, downstream trends in, 17

floods, 13, 18, 23, 27–30, 36–7, 134, 161, 162, 
230, 232

Florida, 153
flows

2-year (Q2), 224–5
alteration of, 66
attributes of, 26
base, 160–1, 224
channel-forming, 224
environmental, 161
flood, 224–5
flushing, 39, 160–1
path of, 21
peak, 234
reduction in, 34
regimes of, 18
resistance, 26
storm, 66
variation in, 224
velocity of, 26
see also discharge; stream flow

Fluvial Audit technique, 76
food webs, 30, 35
fords, 150, 150
forests, 34

clearing of, 3–4
conifer, 164
floodplain, 23, 29
protection of, 4
riparian, 16, 25, 29, 35, 39, 71, 161, 164, 285

functions, 217
riparian, 24

funding, 95–6, 192, 254, 282, 286–7

gabions, 169
game theory, 136, 138
Gave da Pau River, France, 151
generalized random–tessellation stratified 

(GRTS), 272 
geographic information system (GIS), 197, 

203–4, 221–2, 245
geography

and assessment design, 53–6
socio-political, 116–22

geotechnical assessment, 232–3
Germany, 5, 133
germination, 22, 24
girdling, 161, 164
glaciation, 18
goals, 51–3, 192, 282

and assessment design, 53–6
definition of, 216, 219–21, 256–7
determination of, 190–4

ecological examples, 52
ecosystem-focused, 282
examples of, 191
integrity and value of, 221
legal drivers of, 192, 282
prescriptive statements of, 219
role in assessments, 51–6
species-focused, 282
statement of, 52–3

governments, 120
grain roughness, 26
gravel

addition of, 171
augmentation, 230, 231
extraction of, 34, 73
mining of, 75
pits, 169, 173

grayling, 265
grazing, 31, 35, 72, 102, 235

reduction in, 165–7
rest-rotation, 166–7

Greece, 3
Green River, Washington State, 67, 168
green roofs, 158
greenhouse gas emissions, 91
groundwater, 18, 20–1, 29, 34, 118, 148, 154, 

157, 163, 165
channels, 169, 172–3

habitats
aquatic, 267
change in

assessment of, 79–86
causes of, 53
summarization of, 94

complexity of, 170
conditions of, 11
conservation plan (HCP), 134
constraints on, 217
creation of, 37

techniques for, 167–73
degradation, assessing causes of, 56–79
delta, 98
and flow disturbance, 30
formation of, 19
historical reference condition, 82
improvement of, 1, 167–73, 168
lentic, 27, 29, 82
lotic, 29, 82
parameters of, criteria for inclusion, 80
prioritization of, 199–201
protection of, 2
quantity, 79–84
rearing, 69, 173, 217
reconnecting of, 153
reference condition estimation, 84
restoration of, 145, 146–7, 146, 199
selection of, 29–30
shifting mosaic of, 28
spawning, 171
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stream inventory of, 85
suitability criteria, 235
surveys

designs for, 79
metrics of, 80
types of, 79–80, 79

techniques, 170
types, 79–84

development of, 17
reference abundances of, 84

typing systems for, 80, 81, 82
units of, 58

Habitats Directive, 5, 55, 118, 254
heat–energy balance, 65
heavy metals, 34, 217
hemlock, western, 23
herbicides, 165
herbivores, 163–6
Hillman, Mick, 140
historical analysis, 74
historical surveys, 73
Ho Bugt Estuary, Denmark, 118
Holling, C.S., 140
houting, 118–19
Howard Hansen Dam, Washington State, 168
Hucho hucho, 208
human infrastructure, as a constraint, 95
Hungry Horse Reservoir, Montana, 66
hydrographs, 18, 20, 21

change in, 65, 67
varied, 160

Hydrologic Engineering Center (HEC-1), 65
Hydrological Engineering Center – River 

Analysis System, 228
Hydrologiska Byråns Vattenbalansavdelning 

– Nitrogen-Phosphorus (HBV-NP), 
68

hydrology, 154–61
assessment of, 63–8
investigation of, 223–7
models of, 63, 65, 65–6
of Skagit River, 97

Hydrology Simulation Program Fortran 
(HSPF), 65

Hydropsychidae, 28
hyperspectral imagery, 71–2
hypoxia, 38–9

Idaho, 77, 78
impacts, 2–4, 90, 101, 161, 174, 176, 260, 

281
of agriculture, 158, 235
amelioration of, 52
on biota, 92, 94
on channels, 70, 73, 76, 230, 233
of climate change, 178
of construction, 216, 241, 286
of dams, 73
human, 4, 11–49, 57, 59, 171
on hydrology, 160, 215, 223–4

of innovation, 123
legacy, 217, 219
of livestock, 55, 72, 165, 235
of mining, 77–8
prediction of, 241
on protected species, 286
of restoration, 140
of roads, 154–8

impairment score, of Skagit River, 97
impervious surfaces, 157–8

reduction of, 158
implementation, 216, 239–42

of monitoring, 274–6
improvement, definition of, 3
incision, 38, 160
index of biotic integrity (IBI), 204, 264–8

fish, 90, 91
India, 116
indicators of hydrologic alteration (IHA), 66, 

68
indices, multimetric, 89
Industrial Revolution, 3
infiltration, 63, 65, 223
innovation

acceptance of, 124–5
categories of adopters, 124–5, 124
diffusion stages of, 123, 125
process of adoption, 123–4
restoration as, 123

input (I), 61
insects, 29–30, 148, 153, 163
Integrated Catchment Model (INCA), 68
interception, 31, 63, 65
interception of, 18
International Commission for the Protection 

of the Danube River (ICPDR), 208
invasion, 35, 161, 163–7, 173, 204, 219
invertebrates, 25–6, 28, 30, 89–90, 171, 194, 

221, 255, 270
communities of, 270
EPT taxa, 90, 91
see also macroinvertebrates

investigation
geomorphic, 231–2
hydrologic, 223–7

Ireland, 4, 166, 168, 174, 175
Iron Age, 3
Iron Gate dams, DRB, 209
Iron Gate hydropower stations, 208
island biogeography theory, 197
island formation, 25
Italy, 151

Japan, 37, 83
John Day River Basin, Oregon, 245
Jordan River, Utah, 228
justice, environmental, 140
Jutland Peninsula, Denmark, 118

Karlsgårde hydropower plant, 118
Kiso River, Japan

restoration of, 37–9, 38
three alternatives for, 39

Kissimmee River, Florida, 153, 171
knick points, 75–6
knotweed, Japanese, 164
Kootenai River, Montana, 66

Lake Mendota, Wisconsin, 68, 69
Lampetra, 263
lamprey, 263
land

cover type, and nutrients, 22
management, ownership characteristics, 121
restrictions on, 167

land use
classification, 82
and landslides, 62
and stream flows, 64

landowners, 235, 282
engagement techniques for, 133–5

landownership, 116–17
group characteristics of, 120
group management characteristics, 121
patterns of, 118
understanding objectives of, 120–1

landscapes
classification of, 57–61
of restoration, 117–21
template for, 17–18, 58
units of, 57

landslides, 17, 20, 21, 31, 54, 61–3
inventory of Skagit River, 62

Lane’s balance, 27
large woody debris (LWD), 161, 168, 170, 

177, 258, 262, 263, 268
laser mapping, 73
Layering, 161, 162
lead, 77–8

budget, 78
leaf litter, 22–3, 25, 30, 35, 70, 161
legal frameworks, 254
legislation, 2

environmental, 5
for species protection, 6
supporting restoration, 51, 192

Leitbild, 219, 260, 263–5
Leslie Matrix, 200
levees, 73, 98

construction of, 34–5
intentional breaches in, 152–3
removal of, 152–3
setback, 152, 248
as socioeconomic constraints, 95

Lewiston Dam, California, 40, 76, 231
Libby Reservoir, 66
life-cycle models, 199–201, 202
life-stage models, 87
Light Detection and Ranging (LiDAR), 73–4, 

222
limiting factors, 217

model, 87

habitats (continued)
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location, 40, 57, 81, 140, 166, 177
of barriers, 208
channel, 223
of controls, 260, 270
definition of, 259
of projects, 125–6, 140, 199, 239, 248, 270
in watershed, 117, 120

log cover, 169
logging, 33
logjams, 169–70, 173

engineered, 168
longevity, 177, 178
loostrife, purple, 165
Lota lota, 208
Lower Granite dam, Washington State, 151
Lythrum salicaria, 165

Mabo v. Queensland, 117
macroinvertebrates, 86, 149, 167, 170–3, 176, 

272
see also invertebrates

macrophytes, aquatic, 23, 26, 28, 30, 81
maintenance, 178
mammals, 5, 30, 176
management, 65, 204, 219, 231, 260, 268, 283

adaptive, 140, 215–16, 242, 274, 280
approach to, 6–7
drift, 52
ecosystem-based, 117
fisheries, 174
flow, 67, 69
forestry, 164
grazing, 161, 165, 242
land, 101–2, 116, 121, 237
plans, 103, 193
practices, 68, 75, 145, 167, 172
resource, 122, 132, 275
sediment, 148–9, 244
time frame of, 13
vegetation, 35, 173, 176–7
water, 133, 158, 160

maps, 221–3
Chichiawan River, Taiwan, 244
color-coded, 90
of habitat change causes, 97
project, 224
of projected changes, 91
Rio Puerco basin, New Mexico, 130
River Eden, Cumbria, 102
site, 223
use of, 61
of watershed assessments, 93, 102

Margaritifera margaritifera, 118
Marmot Dam, Oregon, 149
mass wasting, 20

changes in, 31
road-related, 155–6

Massachusetts, 226
meanders, 118, 286

reconnecting of, 153
recreation of, 171–2

Mediterranean, 3
meiofauna, 171
Melk River, Austria, 259
mercury, as pollutant, 34
Mesolithic period, 3
metals, 68, 77, 90
Mexico, Gulf of, 202
Middle Ages, 3
migration, 18

after dam removal, 149
barriers

assessment of, 82, 83
of Skagit River, 97

of fish, 35
long-distance (LDM), 208
medium distance (MDM), 208

Millicoma Tree Farm, Oregon, 134, 134–5
millponds, 173
mines, 68, 218
mitigation, definition of, 3
models

1D HEC-RAS, 228
2DMIKE21, 228
analytical, 238
of biota changes, 86–7
climate, 91–2
computer, 204
erosion, 63
of habitat history, 82
habitat-based, 87
hydraulic, 227–30

comparison of, 229
hydrodynamic, 66, 227
hydrologic, 63, 65, 65–6, 91
iSURF, 230
life-cycle, 92
life-stage, 87
limiting factor, 87
multivariate, 89
of nutrients and pollutants, 68, 86

monitoring, 216, 242, 283–4
asymmetric design, 261
baseline, 255
before-after (BA) design, 261, 263, 264, 

270, 273
before-after control-impact (BACI) design, 

261, 261, 263, 264, 269, 273
controls, 260
correlation analysis, 263
data analysis, 273
definition of, 255–6
design appropriateness, 263–8, 264
design selection, 260–8
Drau River, Austria, 265, 266–7, 267
effectiveness, 256
and evaluation (M&E) program,  

255–6
design of, 257
development of, 256–73
hypotheses, 257–60
parameters of, 269

publication of, 275
question definition, 257–60
see also evaluation

implementation of, 274–5
inference design, 272
multiple BACI (MBACI) design, 261, 263, 

264, 270, 271
multiple-action evaluations, 274
objectives, 256–7
optimal replication, 271
parameter selection, 264–9, 269
post-treatment designs (IPT & EPT), 

261–3, 264, 270, 273
references, 260
sample size, 270
sampling scheme, 272–3, 272, 274
spatial replication, 270–2
spatial scale, 258, 259–60
staircase design, 261
status, 255
steps, 258
temporal replication, 269–7
treatment, 260
trend, 255
types of, 255
validation, 256
at watershed scale, 259, 274, 284

Montana, 66, 69
moths, 165
mulching, 155, 164
multi-criteria decision analysis (MCDA), 195, 

197, 198, 204–6, 206
multilevel concept for fish-based assessment 

(MuLFA), 204, 268
multimetric indices, 89, 204, 268
multispecies metrics, example of, 90
murrelet, marbled, 134
mussels, 86–7

freshwater pearl, 118
unionoid, 38
zebra, 35

nase, 173
National Environmental Policy Act (1969), 5
National Environmental Policy Act (NEPA), 

133
National Oceanic and Atmospheric 

Administration (NOAA), 192
national parks, establishment of, 4
National River Basin Management Plan,  

192
Native American tribes, 117
Natura 2000, 192, 208, 209
Neolithic period, 3
networks, and diffusion of innovation, 123
New Hampshire, 148
New Mexico, 120, 130, 130
New Zealand, 4, 6, 117, 140
nitrogen (N), 22, 175–6
North America, 4, 29, 89, 149–50, 164–5, 254
North Santiam River, Oregon, 151
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Norway, 5
nutrients, 22

addition of, 146, 175–6
assessment of, 68–70
as pollutants, 34

objectives
definition of, 219–21
functional, 221
integrity and value of, 221
measurable, 220
SMART, 220, 242, 257
structural, 221

officials, motivations of, 126
Oncorhynchus, 18, 202, 204

keta, 245
kisutch, 134, 199, 245, 260
masou formosanus, 243
mykiss, 30, 55, 199, 245, 265, 271
tshawytscha, 55, 200, 245

opinion leaders, 124
Oregon, USA, 89, 120, 118, 148, 149

Bridge Creek restoration, 245–8, 246
fish pass, 151
Plan for Salmon and Watersheds, 139

organic matter
fluxes of, 25
transport and storage of, 29

organizations
behaviors and motivations in, 126
cycle of, 127–9, 128, 131
employees of, 125–32
leveraging behaviors in, 126–7
understanding of, 127–32

Osmeridae, 176
Ostrom, Elinor, 139
output (O), 61
outreach, 7, 116, 132–3, 249
overgrazing

of streamside vegetation, 5
see also grazing

owl, northern spotted, 134
ownership see landownership

parasites, 165
partners, achieving agreement with, 136
partnerships, reasons for success in, 135
pathogens, 176, 217
pebble count technique, 77
periphyton, 149, 176
permitting, 209, 221–2, 233, 284–5, 286–7

agencies, 239–42, 241, 242
Persia, 4
Phalaris arundinacea, 164
phosphorus (P), 22, 68, 69, 100, 175–6
Physical Habitat Simulation System 

(PHABSIM), 235
Picea sitchensis, 23
Pielach River, Austria, 259
plans, 240–1

planting, 161–4
riparian, 245–8, 246

plants
aquatic, 165
exotic and invasive, 164–5

Platyhelminthes, 30
Plecoptera, 90, 91
poke, northern, 173
pollutants, 34, 158

assessment of, 68–70
from agriculture, 158–60
nutrients as, 34

pollution, 4
legislation against, 6
point-source, 218

ponds
beaver, 82, 87, 98
dredged, 173
off-channel, 172–3
settling, 157
stormwater retention, 158

pool and weir pass, 151
pools

creation of, 5, 168–71
and riffles, 17, 80, 168, 218, 268
wood-formed, 24

poplars, 22, 163
Populus, 22, 163, 174

balsamifera, 245
trichocarpa, 23, 245

Powell, John Wesley, 117
power analysis, 271
precipitation, 91

forms of, 21
patterns of, 18

predation, 29–30, 173
prioritization, 95, 189–214

approaches to, 194–209, 196
selection of, 206–9

by biota increase, 199
by capacity, 199–201
by computer models, 204
by cost, 201–4
by habitat area, 199
by life-cycle models, 199–201, 202
by project type, 195, 197
by refugia, 195–9
completing analyses in, 207–10
computer models for, 204
criteria for, 191, 194–207, 282

examples of, 206
documentation of, 210
and MCDA, 204–6, 207
objectives for, 191
project ranking for, 201, 207–10
of restoration, 189–214, 193, 196, 197, 200, 

282
scoring systems for, 204–6, 206
steps in, 190
strategies in, 195–206

and team selection, 194
of watersheds, 189–214, 198, 282

Prioritization Index (PI), 207
Prisoner’s Dilemma, 136, 137
problems, identification of, 216–18
processes, 217

biological, instream, 29–31
erosion, 21, 53

alteration of, 33
floodplain, 73
fluvial, 26–8, 73–9
hydrological, 20
impairment summary, 94
improvement of, 219
interactions between, 23
linkages between, 12, 55
mass-wasting, changes in, 31
non-point, 61–70
reach-scale, 18–22, 19, 22–31, 53, 284

alteration of, 34–5
assessment of, 70–9

restored, 145, 146–7, 146, 150
review, 286
riparian, 22–5, 70–3
river meander, 76
runoff, 53

alteration of, 31, 33
spatial and temporal scales of, 16
watershed-scale, 18–22, 19, 53, 61, 284

alteration of, 31–4, 32
assessment of, 61–70

profile, longitudinal, 222, 225
programs, key design steps for, 1–10
projects

alternatives for, 248
communication about, 239–41
context assessment, 218–19
costs of change to, 240
design of, 1–10, 216, 236–41, 281
development of, 215–53, 216
elements of, 238–9, 238
evaluation of, 286–7
goal definition, 219–21
implementation of, 239–42
in-channel, 221–34
management of, 216
maps of, 221–3, 224
monitoring of, 216, 242, 281
objectives of, 219–21, 238–9
plans and specifications for, 240–1
proposals for, 281
ranking of, 190, 207–10
reporting frameworks for, 241
restoration

design of, 215–53, 281
development of, 215–53
implementation of, 215–53
ranking of, 201

three phases of, 215, 216
watershed-scale, 218
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property and property rights, 116–17
proposals

development of, 286–7
evaluation of, 288

protection, 167
definition of, 3

pruning, 161, 162, 164
pumping stations, 66
Putnam, Robert, 139
Quinn, R.E., 127
ragwort, tansy, 165
rain gardens, 158
Ramsar site, Denmark, 118
range expansion, 35
Rational Method, 65
reaches, 259

channel forms in, 13
classification systems, 82
types of, 57, 58
see also processes, reach-scale

rearing
fish, 53, 69, 87, 153, 168, 169, 173
habitats, 26–7, 35, 172, 195, 208, 217, 221, 

245–6
phases, 89, 98

reclamation, definition of, 3
Recovery and Reinvestment Act, 192
recruitment box, 22
redds, salmonid, 171
reed

canary grass, 164–6
giant, 164

reference state, 260
refugia, 195–9
regulatory bodies, 239
rehabilitation, 37

definition of, 3
relative sediment supply, 27
relative transport rate, 27
remeandering, 146, 152, 169, 171–2, 222–3, 

225
remote sensing, 71
reservoirs, 66, 147–9

and sedimentation, 34, 244
resilience, 96, 140

emphasis of, 219–20
response time, 177, 178
restoration

acceptance of, 122–5
actions

design of, 282–3
identification of, 93–4, 282
monitoring and evaluation (M&E) of, 

254–79, 267, 281
prioritization of, 282

active, 2, 146
applying principles to, 37–40
assessment of see assessment
categories of, 145
challenges of, 1

of channels see channels, restoration of
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Plate 1 (Figure 2.2) Hierarchical nesting of processes controlling population and community responses of riverine biota. 
Higher-level controls set limits on the types of habitat features or ecosystem attributes that can be expressed at lower levels, and 
lower-level processes control the expression of attributes within those limits (based on Beechie et al. 2010).



Plate 2 (Figure 3.22) Example of using multispecies metrics to display habitat and biological conditions within the watershed of 
the Fiume Frigido, Italy in (A) 1982 and (B) 2000. In 1982 the river was heavily impacted by sedimentation from marble quarries 
in the headwaters, as well as agriculture and development pressures in the lower watershed. Efforts to reduce sedimentation and 
other impacts have significantly improved biological and habitat status in the last two decades. (Adapted from Banchetti et al. 
2004; CIRF 2006; background image copyright 2012 Google, 2012 TeleAtlas, 2012 Digital Globe.).



Plate 3 (Figure 3.24) Estimates of (A) change in lowest monthly stream flow by the 2040s in Pacific Northwestern USA (data from 
University of Washington Climate Impacts Group, Seattle, USA, http://www.hydro.washington.edu/2860/report/), and (B) change 
in Chinook salmon population size by 2025 and 2050 for the Snohomish River basin, Washington State, USA based on varying 
levels of restoration effort and a moderate CO2 emissions scenario (adapted from Battin et al. 2007).



Plate 4 (Figure 3.25) Summary maps of analyses of causes of habitat change in the Skagit River basin, Washington State, USA 
(based on unpublished data from Skagit Watershed Council, Mount Vernon, Washington State, USA). Five panels illustrate altered 
watershed processes including (A) sediment supply; (B) hydrology; (C) riparian functions; (D) floodplain connectivity; and (E) 
amounts of habitat blocked to salmon migration by artificial barriers. (F) Impairment rating map illustrates the combined level of 
impairments across all five factors; each factor receives a score of 2 if impairment was rated high, a score of 1 of impairment was 
rated moderate, and a score of 0 if impairment was rated low. Score of 0 indicates no or low impairment to any of the five 
processes and a score of 10 indicates that all five processes are impaired.
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Plate 5 (Figure 3.26) Illustration of target restoration areas in the Skagit River basin, USA. Adapted from Skagit Watershed 
Council (2010). Descriptions of target areas are listed in Table 3.18.
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Plate 6 (Figure 3.28) Mapped results of the Eden River watershed assessment showing (A) fine sediment risk; (B) riparian 
overhead cover; (C) bank erosion due to livestock grazing; and (D) the three sub-catchments targeted for restoration efforts. See 
also Table 20 for description of targeted sub-basins shown in (D).
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Plate 7 (Figure 5.1) Common approaches for restoring longitudinal and lateral connectivity including: (A) dam removal 
(Souhegan River, New Hampshire; from Pearson et al. 2011, reproduced by permission of American Geophysical Union, Copyright 
2011 AGU); (B) a recently replaced culvert with a natural stream bottom (West Fork of Smith River tributary, Oregon, USA); (C) a 
restored (removal of bank protection) and (D) adjacent unrestored reaches of the River Aggar, Germany.
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Plate 8 (Figure 5.2) Common types of structures used to pass fish at weirs and dams including: (A) a fish ramp Vara River, Italy 
(photo Enrico Pini-Prato); (B) a bypass channel for both fish passage and kayaking on Gave da Pau River, France (photo Enrico 
Pini-Prato); (C) pool and weir type pass at Lower Granite Dam, Snake River, Washington State, USA; and (D) a Denil steep pass at 
Bennett Dam, North Santiam River, Oregon (photo Ed Meyer).
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Plate 9 (Figure 5.3) Complete removal of a forest road in Salmon Creek, Humboldt County, California: (A) before; (B) during; 
(C) immediately after; and (D) 3 years after removal of stream crossing and road fill. Note that the stream side-slopes were laid 
back to a stable grade that mimics natural hillslope topography and all bare slopes were mulched with rice straw. The excavated 
stream crossing has also been sloped to a stable angle and mulched to control surface erosion. Photos courtesy of California 
Department of Fish and Game Fisheries, Bureau of Land Management, Pacific Coast Fish, Wildlife & Wetlands Restoration 
Association, and Pacific Watershed Associates.
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Plate 10 (Figure 5.6) Cartron Stream, County Sligo, Ireland (A) before and (B) three years after fencing (photos Martin O’Grady, 
Inland Fisheries Ireland) and Vernon Creek, Wisconsin (C) before and (D) 15 years after livestock exclusion (photos Ray J. White).
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Plate 11 (Figure 5.7) Common instream habitat improvement techniques including (A) placing LWD in a small stream (photo 
M. Pearsons); (B) boulder weir on an Erriff River, Ireland (photo Dan Kircheis); (C) gravel and wood placement below a Howard 
Hansen Dam, Green River, Washington State, USA (photo Scott Pozarycki); and (D) engineered logjam Elwha River, Washington 
(photo M. McHenry).
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Plate 12 (Figure 7.6) Examples of using the 1D HEC-RAS (Hydrological Engineering Center – River Analysis System) model to 
predict inundation of wetlands at (A) low; (B) moderate; and (C) high flows as part of a playa wetland restoration project on the 
Jordan River, Utah, USA and the 2D MIKE21 model to predict flow depths, velocities, floodplain inundation patterns, and flood 
storage under existing and design scenarios for the Darnhall reach of the Edellston Water, UK. The 2D examples show (D) existing 
and (E) design configurations with the addition of cross-floodplain berms to increase flood storage in the design scenario. Figures 
(A–C) adapted from SWCA et al. (2008); Figures (D) and (E) courtesy of cbec, Inc.
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