
136-1

ABSTRACT 

Ecosystem functions and services performed by wetlands and rivers have 
been significantly diminished at a global scale.  As societies become increas-
ingly aware of and dependent upon life-sustaining services provided by these 
ecosystems, an increased emphasis on ecological restoration will likely 
become essential for provision of critical services and goods including clean 
air and water, food, and climate regulation.  Yet, progress in advancing the 
effectiveness of ecosystem restoration has been hindered by many factors 
including oversimplification of wetland and river dynamics, ignoring multi-
scale factors that limit project potential, and a persistent communication gap 
between the scientific and practitioner communities. This chapter provides a 
brief overview of the broad and complex field of stream and wetland restora-
tion with the aims of: (1) defining wetland and river restoration, (2) describ-
ing key elements of restoration activities that increase the likelihood of 
success, (3) listing some of a wide range of established techniques, and 
(4) providing context on the advancement of wetland and river restoration as 
a science and practice.  

136.1 INTRODUCTION

Ecosystem functions and services performed by wetlands and rivers have 
been significantly diminished at a global scale. For example, 80% of wetland 
area across Europe has been lost in the past millennium, and in the United 
States (U.S.), over half the wetlands existing at the time of European coloniza-
tion have been lost (Verhoeven, 2014; Mitsch and Gosselink, 2015). The 
economic growth resulting from vast programs of wetland drainage and river 
channelization performed to expand agriculture and provide navigation and 
“flood control” has been accompanied by the degradation of water quality, 
wildlife habitat, and floodwater storage functions at continental scales. 
Similarly, approximately half of U.S. streams and rivers are not suitable for 
water supply, aquatic life, or other designated uses, such as fishing or swim-
ming [Environmental Protection Agency (EPA), Watershed Assessment, 
Tracking & Environmental Results; http://ofmpub.epa.gov/waters10/attains_
nation_cy.control#STREAM/CREEK/RIVER]. Wetlands and rivers are some 
of the most imperiled ecosystems on the planet and the ongoing trend of 
degradation is expected to have serious repercussions for human health and 
well-being in the coming decades (Millennium Ecosystem Assessment, 2005). 

Over the past few decades, ecosystem restoration and ecological engineer-
ing have emerged as attractive means of countering the loss of aquatic and 
riparian ecosystem functions and services. Successful ecosystem restoration 
projects have been carried out at a variety of scales across several continents. 
As societies become increasingly aware of the value of life-sustaining services 
provided by ecosystems, stream and wetland restoration has evolved into a 
multibillion dollar enterprise, with stream restoration expenditures exceeding 
$1B per year in the U.S. alone (Bernhardt et al., 2005). Despite the ubiquitous 
practice of river and wetland restoration, its success in reestablishing critical 
aquatic ecosystem functions and services remains generally dubious [e.g., 
Doyle and Shields (2012)], and net improvements that are documented may 
come at the expense of large inputs of nonrenewable energy. Detractors also 

argue that aquatic ecosystem restoration should be pursued with caution 
because projects often lack clear objectives and adequate underpinning in 
scientific theory and knowledge, are often applied at ineffective scales (site/
reach scale) given the function(s) claimed to be restored, and lack adequate 
monitoring to ensure restoration goals have been met (Bernhardt and Palmer, 
2011; Moreno-Mateos et al., 2012). 

Progress in improving both the scientific basis and practical effectiveness 
of ecosystem restoration has been hindered by many factors including over-
simplification of wetland and river dynamics, ignoring upstream and water-
shed-scale factors that might limit project potential, a “build it and they will 
come” mentality regarding aquatic habitat, as well as a persistent communica-
tion gap between the scientific and practitioner communities. This gap has 
arisen in part from policies of compensatory mitigation, that is, the restora-
tion, establishment, enhancement, or preservation of wetlands, streams, or 
other aquatic resources, for the purpose of offsetting unavoidable adverse 
impacts to wetlands and rivers. Such policies may potentially dis-incentivize 
transparent disclosure and analysis of uncertainties, and the design of effec-
tive monitoring programs aimed at improving understanding of the long-
term performance of restoration activities (Palmer et al., 2007). 

Despite these criticisms, an increased emphasis on ecological restoration 
will likely become essential for provision and restoration of critical ecosystem 
services and goods including clean air and water, food, and climate regulation 
from ongoing and historic impacts. Strategic wetland and stream restoration 
activities have the potential to counteract five principal categories of threat to 
fresh waters: (i) overexploitation, (ii) water pollution, (iii) fragmentation, 
(iv) destruction or degradation of habitat, and (v) invasion by non-native 
species.

Given the breadth and complexity of stream and wetland restoration, we 
only attempt to provide an overview in this chapter. Specifically, we aim to: 
(i) define wetland and river restoration, (ii) describe key elements of restora-
tion activities that increase the likelihood of success, (iii) list some of a wide 
range of established techniques, and (iv) provide context on the advancement 
of wetland and river restoration as a science and practice. As restoration of 
natural systems requires an in-depth understanding of physical and biological 
components and processes; readers are encouraged to consult primers on 
wetlands (e.g., Mitsch and Gosselink, 2015), fluvial geomorphology (e.g., 
Knighton, 1998; Wohl, 2014), stream ecology (e.g., Allan and Castillo, 2007), 
hydrology (e.g., Gordon et al., 2004; New Jersey Department of Environmental 
Protection, 2008), sediment transport (e.g., Wilcock et al., 2009), and water-
shed restoration (e.g., Williams et al., 1997; Roni and Beechie, 2012). 

136.2 DEFINITIONS

Ecological restoration may be generally defined as the process of assisting the 
recovery of an ecosystem that has been degraded, damaged, or destroyed 
(Society for Ecological Restoration International Science & Policy Working 
Group, 2004). Wetland restoration focuses on actions that result in the 
 reestablishment of ecological processes, functions, and biotic/abiotic linkages, 
that lead to a persistent, resilient ecosystem that is integrated within its 
 landscape (Brown, 2000). Similarly, river restoration has been defined as 
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136-2    WETLAND AND RIvER RESTORATION

assisting the establishment of improved hydrologic, geomorphic, and ecologi-
cal processes in a degraded watershed system and replacing lost, damaged, or 
compromised elements of the river system (Wohl et al., 2005). Although res-
toration is difficult to define precisely, there are several key characteristics 
that may distinguish it from rehabilitation and naturalization, which differ 
from restoration in terms of scale and processes addressed (Fig. 136.1). Active 
restoration involves direct manipulation or intervention within a stream or 
wetland. Passive or indirect restoration might involve the reestablishment of 
a key process, such as removing a stressor such as fencing cattle from direct 
contact with a stream.

136.3 THE RESTORATION PROCESS

While it is not possible to anticipate every possible combination of goals, 
context, and history, there are general principles of science and engineering 
that should be applied to every restoration project. These principles lead to 
decision-making methods that can be used to identify useful alternatives and 
evaluate the tradeoffs among them in an open, transparent fashion. Several 
references describe step-by-step approaches to stream and wetland restora-
tion [e.g., Natural Resources Conservation Service (NRCS; 1997; 2007)], 
some of which are well detailed and comprehensive (Jacobson and Berkley, 
2011). Table 136.1 provides a summary of essential steps and principles in the 
restoration process.

Rehabilitation
naturalization Restoration

Less More

Hydrogeomorphic/ecologic processes reestablished/intact

Dynamic fluxes of water, sediment, wood, energy, nutrients, biota, etc.

Resilience/capacity for self-repair/self-maintaining

reach/years scale–space/time watershed/decades

Connectivity—longitudinal, riparian, hyporheic, terrestrial

Ecological integrity—native biota, diversity, sensitive taxa, food web

Adaptive/hypothesis driven/knowledge updating

Restores human connections

Figure 136.1 Spectrum of processes and features of actual wetland and river resto-
ration versus rehabilitation or naturalization.

Table 136.1  Restoration Process Essential Steps and Principles Overview

No. Step Context Key questions References

1 Identify and 
refine 
 restoration 
goals

Restoration goals express broad, holistic desires 
as opposed to local or watershed restoration 
actions later derived from these goals. Often 
suites of actions, grouped as alternatives, can 
meet a single restoration goal. 

•	  What is motivating this potential restoration? Is it a 
regulatory mandate, aesthetics or possibly the 
restoration of an ecosystem function?

•	  How can the initial goal(s) be modified to provide 
broader ecosystem benefit? 

•	 Bateman et al. 
(2012) 

•	 Wohl et al. (2005) 
•	 Hallett et al. (2013)

2 Identify 
interested 
parties 
( stakeholders)

Successful projects often require multiple 
motivations and funding sources; the breadth of 
stakeholder experience increases the likelihood of 
catching and proactively addressing challenges.  
Broad-based participation helps ensure that self-
interest or agency agendas do not drive the 
process from the top down and helps avoid 
challenges by those not involved from the start.

•	  Who has an interest in this system or the initial goal?
•	  How do you get interested parties involved?
•	  What will be the role of the stakeholder group 

through the various stages of the project?  Will they 
have decision-making authority?

•	  How and when will you communicate with 
stakeholders?

•	 Harter et al. (1998) 
•	 Schkade et al. (1996)

3 Identify 
problems and 
opportunities, 
constraints, and 
sources of 
funding

While restoration projects are usually initiated in 
response to a singular concern, each project 
should be viewed as an opportunity to address a 
breadth of concerns.  By embracing the multiple 
dimensions of restoration, multiple problems and 
opportunities can be identified. With this broader 
base, the project may be able to leverage more 
funding sources, have broader buy-in, and 
generally be more successful.

•	  How is the system currently being used? How might 
this use change over time?

•	  What comes into or out of the system?  For example, 
sediment, fish, birds may pass through the system but 
not reside there.

•	  Who might have funding to address some of these 
problems and opportunities?

•	 Naiman et al. (2012)
•	 Suding et al. (2004)

4 Develop an 
understanding 
of the watershed 
context

Watershed-scale physical drivers interact with 
local constraints to inform restoration objectives. 
Drivers include: hydrology, sediment flux, 
ecosystem processes and socio-economic factors 
such as land-use. The legal context of the project 
should also be considered including the various 
local, state, and federal regulatory requirements.

•	 Is water quality impaired?
•	 Is the watershed hydrology flashy or consistent? 
•	 Has land use changed or will it be changing? 
•	  What kind of fish, amphibians, and mammals live in 

the system? Are there invasive or exotic species?
•	  What might be the source of pollutants or channel 

instability in the watershed? 

•	 Smith et al. (2011)
•	 Wohl et al. (2005)

5 What 
restoration scale 
is appropriate to 
meet the goals?

The watershed context from No. 4 can help 
identify if the root of the problem is local, 
distributed across the watershed, or can be traced 
to a single point upstream. Goals, problems, and 
opportunities can then be tailored to local or 
watershed-scales. 

•	  Can the restoration goals be addressed with a local-
scale project? 

•	  Should efforts be focused in the watershed instead of 
the stream corridor?

•	  Is there a better location for the restoration project 
considering problems and opportunities?

•	  Have your restoration activities been integrated with 
other restoration activities on multiple spatial and 
administrative scales?

•	  Bohn and Kershner 
(2002)

•	  Moreno-Mateos and 
Comín (2010) 

6 Develop 
appropriate 
objectives

Objectives should define the response you wish 
to invoke by making changes within the system. 
These are not specific actions but rather 
quantifiable changes in the system that the design 
will produce. Properly selected objectives will 
direct restoration actions and determine how 
actions are combined into alternatives.  

•	 Are objectives attainable for the given system?
•	  Are they measurable? Will you be able to identify the 

resource and trait to be measured and the anticipated 
direction and magnitude of change?

•	 McKay et al. (2012) 
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No. Step Context Key questions References

7 Define metrics 
of success

Metrics are measurements of how well objectives 
have been met and thus quantify the success of 
the stream restoration project. Effort put into 
selecting appropriate metrics will be paid back in 
a transparent decision analysis process.

•	  Are direct metrics or proxy metrics more appropriate 
(i.e., dissolved oxygen vs. water temperature)?

•	  Have your metrics specified a level of precision, 
anticipate power to detect change, and an anticipated 
level of change? 

•	 McKay et al. (2010) 

8 Determine 
necessary level 
of design effort

There are a broad hierarchy of tools for 
assessment and design available. Project success 
hinges both on the type of site you are working 
on and the type of restoration that has been 
proposed. More complex design with multiple 
structures may be more risky.  

•	  Is my project and chosen site inherently high or low 
risk?

•	  What types of tools and data are available for this 
type of project design?

•	  Skidmore et al. 
(2011)

9 What suites of 
actions are 
available to 
address each 
restoration 
objective?

Identify and package the actions which will meet 
the list of the restoration objectives. Strive to 
develop a full spectrum of possible actions, not 
just the obvious ones. At this point, maintain the 
breadth of alternatives by evaluating substantively 
different approaches.

•	  What are some other ‘outside the box’ type actions 
which will meet my objectives? 

•	  Are there adaptive actions which would be 
appropriate? If so, what type of monitoring would be 
needed to support this decision? 

•	  Are there objectives which are in direct conflict with 
each other?

•	 Keeney (1996) 

10 Score 
performance of 
alternatives for 
each objective, 
incorporating 
uncertainty

Once alternatives have been generated, their 
performance can be evaluated in the context of 
cost effectiveness and stakeholder desires. For 
example you could use a Multi-Criteria Decision 
Analysis (MCDA) approach which takes into 
account the progress toward multiple objectives 
along with the stakeholders’ preferences and 
regulatory or budgetary requirements.  

•	  How long will each alternative take to achieve the 
project objectives?

•	  Has uncertainty from data been propagated through 
models, to model output? 

•	 Will additional study reduce uncertainty?

•	 Suedel et al. (2011) 
•	  Wissmar and Bisson 

(2003)

11 Use alternative 
performance, 
professional 
judgment, and 
constraints to 
select final design

While the alternative scoring process provides 
valuable information, it is not the final word in 
the decision-making process. There are times that 
an alternative scores quite well for all objectives, 
but due to constraints, is not feasible. 

•	  How can alternatives be adjusted to improve 
performance on one objective without diminishing 
performance on another?

•	 Suedel et al.  (2011) 
•	 Suding et al. (2004)

12 Prepare final 
design, 
including plan 
for permitting 
and monitoring

This is the traditional step in the design process. 
Given the previous steps, objectives and 
constraints have been laid-out, an alternative has 
been selected, and it is now time to use the 
necessary analytical tools to design the restoration.

•	  Given what has already been done and the knowledge 
of the system; what is the appropriate design effort 
for the final design?

•	 NRCS (2007)

13 Implement 
project design

A well-orchestrated restoration plan is a necessity 
for both passive and active restoration.  
Implementation can be timed and carried-out in 
ways to minimize harm to the existing ecosystem 
and information learned during construction can 
help inform modifications and future designs.

•	  How can the construction be carried-out to minimize 
harm to the ecosystem? Consider seasonality, flow 
regime, spawning and migratory windows, and other 
ecosystem properties.

•	 Palmer et al. (2005)

14 Learn from the 
project 
(implement, 
learn, and act 
based upon 
monitoring)

Not every restoration project requires 
monitoring, but monitoring should be considered 
early and throughout the planning process as it 
can fundamentally alter restoration designs and 
decisions.  To aid in the design of a monitoring 
plan, specific questions and data needs must be 
established.

•	  Are there opportunities to adaptively adjust the 
implemented work based on monitoring 
observations?

•	  How are the monitoring objectives related, but 
different from the project objectives?

•	  Are observed values of metrics consistent with 
assumptions, hypotheses, and predictions made in 
No. 7?

•	  Ralph and Poole 
(2002)  

136.4 APPROACHES TO WETLAND AND RIvER RESTORATION

136.4.1 The Hydrogeomorphic Setting

The structure and functions of wetland and riparian ecosystems are fundamen-
tally controlled by hydrogeomorphic context, that is, interactions among 
 geomorphic setting, water sources, and hydrodynamics (Brinson, 1993; 
National Research Council (NRC), 2002; Naiman et al., 2010). Getting the 
hydrogeomorphic template “right” is a prerequisite for guiding biotic organiza-
tion toward a target state. The master variable in wetland restoration is the 
hydrologic regime during the plant-growing season, and the most basic 
requirement of wetland restoration is to reestablish hydrologic and soil 
 characteristics that are matched to target plant assemblages. Near complete 
turnover in wetland plant assemblages can occur over elevational gradients on 
the order of 10 cm as microtopography can result in significant differences in 
frequency and duration of saturation and inundation during the growing 
 season (Bledsoe and Shear, 2000). Soil physical and chemical properties are also 

a key control on the organization of wetland plant communities, and can be 
difficult to disentangle from hydrologic regime because factors such as texture, 
organic matter content, and acidity are often strongly associated with elevation 
and hydroperiod. In coastal restoration projects, wetland position relative to 
tidal elevations and salinity levels are fundamental design variables. 

Success in wetland and riparian restoration fundamentally hinges on  providing 
the appropriate physical template for establishment and self-organization of 
propagules that arrive via wind, water, animals, and human intervention; and 
designs must be based on an understanding of the subtle linkages between 
hydrologic regime, soils, and plant community assemblages (Southwood, 1977; 
Mitsch and Jørgensen, 2003). In particular, “biological benchmarks” and surveys 
that quantitatively relate surface inundation, soil moisture, or water table dynam-
ics in the growing season to plant species composition across microtopographic 
gradients are useful for informing designs (Bledsoe and Shear, 2000; Hoag et al., 
2001). However, precise engineering of relationships between hydrologic 
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regimes and plant communities is challenging and elusive, and designers should 
avoid “overengineering” with hydraulic structures and prescriptive planting 
requirements that leave little room for self-organization. Instead, quantitative 
hydrology-soils-vegetation relationships are most useful for designs that aim to 
provide appropriate hydrologic and soil characteristics and microtopographic 
variability while relying on self-organization of vegetation (Mitsch et al., 1998). 
Note that for some riparian species, such as plains cottonwood (Populus deltoi-
des), the timing and intensity of flood disturbance controls recruitment 
(Mahoney and Rood, 1998).

Ultimately, restoration of wetland and riparian ecosystems requires much 
more than water, and factors, such as landscape setting, soil properties, 
 topography, nutrient supplies, disturbance regimes, invasive species, seed 
banks, and declining biodiversity can constrain the restoration process 
(Zedler, 2000). 

136.4.2 Process-Based Restoration

Wetland and river restoration projects should be considered through the lens 
of physical processes operating across nested scales of space and time (Frissell 
et al., 1986), and evaluated with a focus on addressing the root causes of deg-
radation and not merely the symptoms (Mitsch and Jørgenson, 2003, Beechie 
et al., 2010, Kondolf, 2011). Process-based approaches to restoration encour-
age designers to consider the drivers at play in a system of interest and scale 
the restoration to address disruptions to these drivers and the “local poten-
tial” of the site (Beechie et al., 2010). If full or partial restoration of processes 
is not attainable, then mechanisms for long-term maintenance must be in 
place to ensure that reach- or site-scale stabilization or habitat improvement 
measures meet intended goals. An important caveat lies in the challenge of 
understanding reference conditions, which may be obfuscated by centuries of 
human influence on the landscape, resulting in the need to restore to a site’s 
potential defined by the limitations of contemporary processes and land use 
(Wohl et al., 2005; Walter and Merritts, 2008; Hall and Zedler, 2010). The 
following sections and Table 136.2 contrast and discuss stream and wetland 
activities at watershed and local scales. 

136.4.3 Watershed Scale Restoration

Physical and ecological degradation of rivers and wetlands often result from 
indirect impacts at the watershed scale. This may be due to many factors 
including hydrologic alteration, disruption in sediment continuity or excess 
sediment supply, chemical pollutants, and loss of lateral and longitudinal con-
nectivity. The direct impacts of channelization and drainage may also play a 
dominant role at a watershed scale. Short-term, local-scale restoration activi-
ties can improve the condition of streams and wetlands, and are generally 
feasible under many different management settings; however, they are 
unlikely to produce permanent effects if they do not ultimately incorporate 
the reestablishment of essential watershed processes (Wohl et al., 2005; Roni 
and Beechie, 2012). Such actions include riparian fencing and planting, 
water-chemistry source control, fish-passage projects, and certain hydraulic 
structures. Short-term actions address acute problems typical to streams and 
wetlands in urban and agricultural watersheds; they are commonly necessary, 
but not sufficient, to restore biotic integrity. 

In contrast, a watershed-scale understanding of how water, sediment, and 
other fluxes have been altered, and designing restoration projects that explic-
itly account for these new conditions, are essential for sustainable 
restoration. 

It is important to recognize that stream and wetland restoration projects do 
not exist in isolation and they can significantly influence other parts of the 
watershed. Noting the integrative and sensitive nature of streams, the eminent 
river engineer Hans Albert Einstein (1972) said:

“If we change a river we usually do some good somewhere and good in quotation marks. 
That means we achieve some kind of a result that we are aiming at but sometimes forget 
that the same change which we are introducing may have widespread influences some-
where else […] we must look at a river or a drainage basin or whatever we are talking 
about as a big unit with many facets. We should not concentrate only on a little piece of 
that river unless we have some good reason to decide that we can do that.” 

Restoration activities must be considered in their landscape context, not only 
for ensuring that the hydrogeomorphic setting is appropriate for sustaining 
the target ecosystem(s), but also to ensure that no harm is done to connected 
systems. For example, a channel-restoration project may successfully elimi-
nate bank erosion and incision in a particular reach, but the reduction in sedi-
ment supply could subsequently cause instability and erosion in downstream 
reaches that become sediment starved. This underscores the importance of a 
systems perspective rather than a piecemeal amalgamation of individual res-
toration sites. 

Analysis of the landscape context is also important for targeting restoration 
activities where they will be most ecologically effective. Geographic informa-
tion systems provide a powerful platform for analyzing the connectivity and 
redundancy of physical habitats at drainage network scales (Doppelt et al., 
1993; Jensen et al., 2001). Several schemes for identifying and prioritizing 
restoration activities at the watershed scale for maximizing water quality, 
hydrologic, habitat, and other benefits have been proposed (e.g., Richardson 
and Gatti, 1999; Roni et al., 2002; Williams, 2002; White Fennessy, 2005). It is 
critical that such prioritization schemes reflect the importance of headwater 
systems, which typically comprise the vast majority of stream length across 
the landscape (Leopold et al., 1964) and profoundly influence downstream 
water quality and quantity (Alexander et al., 2007).

Hydrologic Restoration
Dams and land use changes from urbanization and agriculture are the most 
widespread cause of hydrologic alteration (Allan, 2004; Poff et al., 2006). In 
urbanizing watersheds, impervious surfaces and/or compacted soils con-
nected to stormwater collection systems efficiently route runoff to streams 
and wetlands where augmented quick flow volumes and peak discharges 
increase the erosive power of runoff resulting in sediment imbalance and a 
process of channel degradation (Booth, 1990). Watershed-scale efforts are 
required to address the root cause of this perturbation. In urban settings, 
these include disconnecting or retrofitting stormwater infrastructure, and 
low-impact design (Jaffe et al., 2010; In rural settings, agricultural soil conser-
vation and tilling practices in conjunction with restoration and conservation 
of riparian buffers can mitigate hydrologic alteration (Brannan et al., 2001; 
Moore and Palmer, 2005).

Hydrologic alteration may also occur more directly from flow withdrawal 
or regulation. Human influences on the natural flow regime and associated 
impacts on aquatic ecosystems have gained attention in last few decades with 
the development of the environmental flow concept (Poff et al., 1997; 2010). 
Originally focused on estimating minimum seasonal flows for fish and 
aquatic macroinvertbrate habitat maintenance, the concept and management 
of environmental flows has expanded to incorporate aspects of a complete 
flow regime (Poff et al., 2010; Sanderson et al., 2012). Making connections 
between aspects of the flow regime and biophysical processes that support 
and maintain aquatic ecosystems have aided hydrologic restoration efforts 
(Mahoney and Rood, 1998; Whiting, 2002). Numerous examples now exist of 
conservation agencies and organizations partnering with reservoir managers 
to modify flow releases in support of fish recovery such as on the Green River 
(LaGory et al., 2012), sediment mobilization for spawning habitat (Viparelli 
et al., 2011; Meitzen et al., 2013), and floodplain and riparian wetland inunda-
tion (Vivian et al., 2014). Recent environmental flow efforts in the western 
United States have also explored mechanisms for leasing water from irrigators 
to augment base flows during low-flow periods and keep river segments from 
running dry (Connor et al., 2013; Lane-Miller et al., 2013).

Connectivity in Lotic Systems
Connectivity in lotic systems is a multidimensional problem concerning lat-
eral, longitudinal, and vertical connections across multiple scales and is vital 
for sustaining key processes and well-functioning ecosystems (Ward, 1989; 

Scale Passive restoration measures Active restoration measures

Watershed •	 	Grazing	management/	
revegetation

•	 Reregulate	system	of	reservoirs
•	 	Riparian	aforestation	to	allow	

natural recruitment of wood 
and establish cover

•	 	Recolonization	of	top	predators	
for trophic cascade and 
reduced riparian herbivory

•	 	Stormwater	best	management	
practice (BMP) installation/
retrofit

•	 	Low-impact	design	
development

•	 	Dam	removal	or	fish	passage	
structures

•	 Agricultural	BMP	programs	
•	 	System-level	plan	for	restoring	

connected and redundant 
habitats for fishes

•	 	Non-native	species	
management programs

Local •	 Riparian fencing 
•	 Reintroduction of beaver
•	  Riparian aforestation to allow 

natural recruitment of wood 
and establish cover

•	  Removal of drainage 
infrastructure for wetlands

•	 Plug ditches/remove drains
•	 Planform manipulation 
•	 Grade control 
•	 Levee setback
•	 Streambank stabilization 
•	  Riparian zone/wetland 

planting

Table 136.2 Examples of Active and Passive Restoration Activities at 
Local and Watershed Scales
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Kondolf et al., 2006). Streams and rivers may become laterally disconnected 
from their floodplains due to construction of levees, floodplain development, 
channel incision, or indirectly by reduction of flood peaks from upstream 
flow regulation. Restoring lateral connectivity may involve physical removal 
of floodplain encroachments, manipulation of the channel to either raise the 
channel bed, excavation of a floodplain bench, restoration of flood hydrology 
via flow reregulation, or working with beaver.

Longitudinal connectivity, important from a biological and sediment-
continuity perspective, is often artificially disrupted by hydraulic structures and 
imposed discontinuities in channel slope that create barriers to flows of organ-
isms, propagules, and materials. These range from a small-scale road culverts or 
irrigation diversion weirs to large-scale dams. New guidelines from U.S. and 
state transportation agencies emphasize longitudinal connectivity in road cross-
ing design (U.S. Forest Service, 2008; Hotchkiss and Frei, 2007). Restoring fish 
passage with dam removal, such as on the Elwha River, Washington (Wunderlich 
et al., 1994) and White Salmon River (Engle et al., 2013) has proven to be very 
successful. Fish bypass channels, ramps, and ladders are used when dam 
removal is not feasible. The science and design behind these engineered solu-
tions is improving over time (Noonan et al., 2012). Vertical connectivity and 
hyporheic exchange can be enhanced by bedforms, wood, other instream fea-
tures that create geomorphic complexity, and riparian  vegetation plantings 
(Baker et al., 2012, Hester and Gooseff, 2010).

Water Quality and Ecological Integrity
Water quality restoration is most likely to be effective if focused on all major 
controls on ecological integrity (Karr, 1991; Karr and Chu, 1998):
•	 habitat structure 
•	 flow regime/hydroperiod
•	 chemical water quality
•	 temperature
•	 energy sources 
•	 biotic interactions

While the number of studies with sufficient data to confidently assess the 
performance of stream restoration projects is increasing, there is still com-
paratively little information for quantitatively evaluating the relative efficacy 
of different restoration methods for achieving specific aquatic life, nutrient 
reduction, or other water quality goals. The complexity of aquatic ecosystems 
and the significant variability among regions, watersheds, and sites further 
complicates comparisons. Despite these concerns, Palmer et al. (2014) 
reported success rates of various restoration methods in achieving various 
self-reported objectives. For example, riparian restoration provided the high-
est success in increasing nutrient uptake rates and reducing fluxes (88%), 
followed by in-stream structure installation (63%), wetland creation (25%), 
and channel reconstruction (14%). However, sample sizes were small and 
reported improvements were not necessarily statistically significant.

Addressing Other Stream and Wetland Fluxes
Hydrologic restoration in isolation may not fully address the root cause of 
degradation if other fluxes vital to physical, biogeochemical, and ecological 
processes in rivers and wetlands are not also concurrently addressed. 
Important fluxes include sediment (Schmidt and Wilcock, 2008; Wohl et al., 
2015) as well as organic carbon (from large wood to dissolved organic matter) 
and nutrients in rivers and wetlands (Kayranli et al., 2010; Mutema et al., 
2015). The Trinity River Restoration Program offers a good example of the 
paired relationship between hydrology and sediment flux. The Trinity Dam 
impounds water and sediment in northern California reducing the width and 
armoring tens of kilometers of river downstream. In an effort to restore native 
salmon habitat, a flow reregulation program has been established to release 
downscaled flood pulses. However, flood pulses alone would not address the 
armoring problem; therefore, augmentation of gravel and active channel res-
toration were also deemed necessary to induce geomorphic complexity and 
reduce channel armoring (Brown and Pasternack, 2008).

Sediment surplus may also be of concern. Common sources of excess, often 
fine, sediment are augmented hillslope erosion delivered through poor ripar-
ian buffers from agricultural practices, erosion from unpaved roads and their 
drainages (especially in managed forests), and incision and widening of chan-
nels due to hydrologic alteration. Both upland-focused and channel-focused 
restoration measures may be necessary to address the root causes of excess 
sedimentation (Reid and Dunne, 1996; Rosgen, 2007). In the latter case, sedi-
ment delivery from upstream channel instability may not be alleviated with 
mitigation of hydrologic alteration alone. Once channel change has initiated, 
it often follows a cycle of evolution until a new, stable slope and dimension is 
reached, unless river segment and reach-scale stabilization measures are 
taken (Schumm et al., 1984). In cases where channel form and the 

geomorphic setting has significantly changed due to the “ratchet effect” of 
vegetation encroachment (Tal et al., 2004) or other factors, restoring “natural” 
flows of water and sediment in the absence of mechanical interventions can 
potentially be counterproductive in terms of producing the habitat dynamics 
to which native biota are adapted. Thus, reestablishing sediment balance may 
be a more realistic and effective restoration strategy under contemporary 
constraints (Wohl et al., 2015).

136.4.4 Local-Scale Restoration

Due to limited resources or agency scope, restoration most often occurs at the 
individual site or reach scale to address acute instability or habitat quality 
issues (Bernhardt et al., 2005). When conducted in isolation, reach- or site-
scale restoration may not address the root cause of aquatic ecosystem degra-
dation; however, it can be effective when conducted as part of a watershed-scale 
plan (Palmer et al., 2005). 

Morphology and Habitat Structure
Rivers: Habitat Enhancement with In-Channel Structures Placement of 

habitat features such as pools, boulder clusters, toe wood, and engineered log 
jams may not address root causes of habitat degradation (Platts and Nelson, 
1985; Sudduth et al., 2011), but have been shown to increase local fish abun-
dance and in some cases species richness (Shields et al., 2004; White et al., 
2011). As previously discussed, wood historically played an important role in 
shaping river form and creating habitat complexity. Only recently have 
researchers and practitioners begun to highlight this role, study its benefits to 
river systems, and develop methodologies for successfully incorporating it 
into restoration design (Kail et al., 2007; Chin et al., 2008; Wohl, 2011). In 
systems where wood has been removed, often a threshold of large, stable 
wood along a reach is required before wood recruitment and self-sustainabil-
ity can be achieved, especially in fine-bed systems (Shield et al., 2006).

Rivers: Approaches for Incised Channels Stream and riverine wetland res-
toration measures often target sedimentation and habitat degradation result-
ing from channel degradation due to an imbalance between sediment supply 
and transport capacity (Harvey and Watson, 1986; Booth, 1990). Restoration 
approaches may be guided by considering the relationship between bank and 
bed stability and may include flow peak control (watershed scale), bank sta-
bilization, and/or grade control (Watson et al., 2002). Hard-engineering 
approaches to grade control have mixed success, especially in erosive, fine-
bed systems (Shields, 2008). Biedenharn and Hubbard (2001) provide an 
overview of grade control design considerations for incised channels.

Incised channels often leave overly steepened banks which are subject to 
failure via mass wasting or cantilever failure (Simon et al., 2000). Hard-
engineering approaches for bank stabilization, such as riprap, may be called 
for in certain circumstances; however, use of vegetation as a tool for restora-
tion has gained wide acceptance with the potential to be more cost effective 
and longer lived [Li and Eddleman, 2002; Roni et al., 2013 (Chap. 5)]. Using 
natural, organic materials to construct grade control and bank stabilization 
structures as well as use of live stakes of woody vegetation, often referred to 
as bioengineering or biotechnical engineering, can achieve short-term stabi-
lization goals and enhance in-channel and riparian habitat when the proper 
species and plant material are utilized [Bentrup and Hoag, 1998; Federal 
Interagency Stream Restoration Working Group (FISRWG), 1998 (Chap. 8)].

Alternative approaches to restoring incised channels include recruitment of 
beaver with the potential to create conditions for aggradation leading to wet-
land complexes and subsequent changes, hyporheic exchange, and habitat 
complexity (Naiman et al., 1988). Some concern has been voiced regarding 
their impedance of longitudinal connectivity for fish passage though scientific 
evidence largely does not support this (Lokteff et al., 2013). Pollock et al., 
(2014) outline a conceptual model for restoring incised channels by recruiting 
beaver or installing “beaver dam analogues” using anchored large wood to 
encourage aggradation through recruitment of other wood and sediment in a 
positive feedback cycle. 

 Rivers and Riverine Wetlands: Planform Restoration Planform restoration 
(rehabilitation of channel sinuosity) may be called for when restoring a for-
merly meandering, channelized or incised reach to reduce channel slope and 
encourage the habitat complexity that comes with the alternating pools, rif-
fles, and runs associated with meandering rivers. If the physical drivers of 
river form are intact, planform may occur on its own so long as floodplain 
encroachments and/or bank armoring are removed (Kondolf, 2011). However, 
this scenario is rare and it is often the case that physical manipulation of the 
channel is required to achieve such a goal. Reach-scale restoration approaches 
may include filling the channelized channel and reestablishing connection 
with the abandoned channel (Koebel, 1995; Gore and Shields, 1995) or exca-
vating a new, more sinuous channel over an existing incised channel (Rosgen, 
1997). Caution should be taken with manipulation of river planform. The 
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include cattle and game animal exclusion with fencing, planting native, eco-
typic riparian woody, and herbaceous species as well as thinning mature for-
ests to allow successional species to establish [Roni et al., 2013 (Chap. 5)]. 
Riparian wetlands are often impacted by construction of levee and dykes 
along river corridors. Removal of these constructed features along with active 
planting can restore these wetlands, which have an important lateral link with 
river ecosystems (Mitsch, 1992).

136.5 ADvANCING THE SCIENCE AND PRACTICE OF 
STREAM AND WETLAND  RESTORATION

The practice and science of river and wetland restoration are rapidly evolving. 
Nevertheless, certain methodological and regulatory approaches to restora-
tion and compensatory mitigation of impacts to streams and wetlands seem 
to have become entrenched and have drawn criticism. This criticism ulti-
mately results from a lack of demonstrated restoration of ecological integrity 
from current practices (Bernhardt and Palmer, 2011; Doyle and Shields, 
2012). Leading to this poor outcome of restoration projects are undefined or 
vague restoration goals (Bernhardt et al., 2005; 2007); lack of widely accepted 
and science-based standards for stream restoration design and practitioners 
(Niezgoda et al., 2014); disjoints between the scale of restoration and the scale 
of environmental stressors (Bernhardt and Palmer, 2011); poor or absent 
postrestoration monitoring programs (Bernhardt et al., 2007); and lack of 
published restoration results to document successes and failures (Doyle and 
Shields, 2012). Because restoration has become privatized in many ways (Lave 
et al., 2010) and treated as a commodity (acre of wetland or foot of river; 
Robertson, 2006) rather than an experiment (sensu; Ralph and Poole, 2002), 
the process of knowledge generation and application can be stymied. Wohl  
et al. (2005) proposed a framework for river restoration science with the goal 
of linking science with practice by explicitly characterizing and incorporating 
uncertainties, identifying effective indicators of restoration success monitor-
ing over appropriate temporal and spatial scales, and developing and demon-
strating the effectiveness of restoration methods given existing system 
constraints. Though more studies on the efficacy of restoration have been 
conducted since this framework was proposed (e.g., Alexander and Allan, 
2006; Sudduth et al., 2007; Louhi et al., 2011), the science of aquatic ecosys-
tem restoration, especially stream restoration, remains very much a work in 
progress.

The scientific literature and numerous case studies demonstrate the value 
of the following 10 principles to achieve sustainable stream and wetland res-
toration in a watershed context. Conversely, our many failures can commonly 
be traced back to ignorance of one or more of these elements (Williams et al., 
1997; Frissell, 1997). We offer them as a summary of this chapter’s lessons and 
a checklist for the restoration of streams and wetlands:

1. Address problem causes, not just symptoms; hence, focus on dynamic 
ecosystem processes rather than a specific, tangible form.

2. Recognize many scales, in both time and space. A long-term, large-
scale, multidisciplinary perspective that includes ecological history 
and future changes and constraints is critical.

3. Work with, rather than against, watershed processes, and reconnect 
severed linkages.

4. Clearly define goals, making sure to include sustainability and 
enhanced ecological integrity.

5. Utilize the best available science in predictive assessments that are 
risk-based and decision-oriented, acknowledging the desired out-
comes of primary interest to stakeholders (Dufour and Piégay, 2009), 
for example clean water, productive fisheries, human health and 
safety, recreation, and aesthetics.

6. Honestly identify and openly debate the key knowledge gaps and 
uncertainties, but adopt an action-oriented principle that ensures that 
the decision-making exercise will lead to results.

7. Make decisions in a transparent, organized framework (see Table 
136.1).

8. As watershed restoration projects are as much a social undertaking as 
an ecological one; understand social systems and values that support 
and constrain restoration, while establishing long-term personal, 
institutional, and financial commitments.

9. Learn through careful long-term monitoring of key ecological pro-
cesses and biotic elements as this enables reevaluation and updating of 
management strategies.

10. The best strategy is to avoid degradation in the first place. The high-
est emphasis should be placed on preventing further degradation, 
rather than on controlling or repairing damage after it has already 
occurred.

meandering river form represents a cultural archetype that may not be appro-
priate in all settings (Kondolf et al., 2001), and too much sinuosity can lead to 
under capacity and channel aggradation [Soar and Thorne, 2001 (Chap. 8)]. 
Soar and Thorne, 2001 (Chap. 6 and 7) present empirical relations for plan-
form design in sand-bed rivers.

Local-Scale Hydrologic Restoration
Hydrologic restoration at the local scale of individual sites or properties in 
agricultural settings often involves plugging drainage ditches and canals and/
or removing tile drains. Hydrologic modeling can be used to predict the 
effects of such activities on soil moisture regimes in order to assess the suit-
ability of the restored site for hydrophytic plant assemblages (e.g., He et al., 
2002). In urbanizing watersheds, local stormwater controls are often used at 
the neighborhood level to mitigate the effects of imperviousness and 
increased runoff on receiving waterbodies. As described earlier, hydrologic 
restoration through working with beaver is attracting increasing attention, 
and can provide a cost-effective approach to reversing the effects of channel 
incision (Pollock et al., 2014). 

Sediment Continuity and River  
Restoration Design
At the stream reach scale, consideration of sediment continuity is important 
for channel design. This problem distills down to assuring that the reach of 
interest has an appropriate slope and cross-sectional dimension such that it 
can, over time, transport the sediment it is supplied, resulting in local sedi-
ment continuity. Sediment continuity can be evaluated at a single, design 
discharge (e.g., Copeland, 1994; Shields et al., 2003) or over the entire flow 
regime with the capacity to supply ratio [Soar and Thorne, 2001 (Chap.8), and 
is of most concern in labile, rivers with large sediment supplies. In coarse-bed 
rivers with more limited sediment supply, as evidenced by armoring, a thresh-
old approach to channel design may be appropriate. Here, bed and bank 
material are sized such that they are near incipient motion at a desired flood 
magnitude and frequency (Wilcock, 2004). Specification of a bankfull, or 
design discharge, is often an important design metric; for a comprehensive 
review consult Soar and Thorne (2011) and Doyle et al. (2007). 

136.4.5 Floodplain Restoration

Floodplain restoration may occur at multiple scales, from tens to hundreds of 
kilometers down to the reach scale (~ 1 km), depending on the agencies, 
resources, and partners involved. At large scales, it can provide for reduction 
in flood peaks and damage downstream, and provide rivers with room to 
migrate and reestablish in-channel and floodplain habitat complexity 
(Stammel et al., 2012; Riquier et al., 2015). Floodplain restoration may involve 
flow reregulation to allow for flood pulses, removing or setting back entire 
levee systems or allowing for controlled flood releases to access backwater 
areas through flood control structures for habitat and flood storage purposes 
(Galat et al., 1998; Hughes and Rood, 2003). At smaller scales, it may provide 
for local improvement in riverine habitat and some flood storage; however, it 
is not likely to achieve significant attenuation to flood peaks (Sholtes and 
Doyle, 2010). Reach-scale approaches include reestablishing hydrologic con-
nection with side channel and floodplain habitat through physical manipula-
tion or excavation of a floodplain bench along an incised reach [NRCS, 2007 
(Chap. 10)]. 

Removal of post settlement alluvium is another nascent floodplain restora-
tion approach. It involves excavating historic deposits of fine sediment accu-
mulated behind old mill dams or leftover from hillslope erosion due to 
eighteenth and nineteenth century agrarian practices (Trimble, 2008; Walter 
and Merritts, 2008). This practice replaces incised channels eroding into post 
settlement alluvium, often the target of conventional restoration throughout 
piedmont regions of the eastern U.S. seaboard, creating wide, multithreaded 
channels with emergent vegetation thought to exist prior to human settlement 
(Hartranft et al., 2011). When practiced at the reach scale, this approach may 
be limited to first- and second-order channels if upstream sediment supply is 
large.

136.4.6 Riparian Restoration

Decades of ecological studies have documented the water quality and ecologi-
cal benefits of intact buffers of riparian vegetation along streams, rivers, and 
wetlands, which include serving as habitat and a food source for aquatic food 
webs and lifecycles, shade, channel, and bank stability as well as surface and 
subsurface filtration of contaminated runoff (Kaushal et al., 2008; Klapproth 
and Johnson, 2009). Restoring riparian areas can often be cost effective as 
only conservation easements on buffer land are required and engineering 
design and earthworks are often not. Strategies for riparian restoration 
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