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Abstract: Landscape-scale changes in hydrology, sediment dynamics, and riverine ecosystems are raising questions about how resilience to
changing conditions should be integrated in the design of river restoration projects. This study synthesized current strategies and challenges
for river restoration in systems governed by change, emphasizing (1) an international survey of practitioners to document the state-of-thepractice, including challenges facing practitioners implementing river restoration and (2) a literature review of the state of the art in designing
for resiliency, including advantages and limitations of established and more-experimental design approaches and tools. Survey results
highlighted fundamental challenges associated with identifying appropriate project objectives within a design practice largely relying on
historical data, the significance of social and regulatory barriers, and the need to focus on underlying processes. Important discrepancies
between the expectations for resiliency of projects and the practices being implemented emerged. The state-of-the-art literature review
summarized how design strategies may be modified to address those discrepancies, and discussed the divergent approaches for increasing
resilience through (1) increasing resistance to change (i.e., stabilization) and (2) restoration of a channel’s dynamism to reduce the risk of, and
recovery time following, disturbances. Both the state of the practice and the state of the art highlight the lack of resiliency within the practice
of river restoration itself, and illustrate the importance of designers, funders, regulators, and stakeholders adapting and innovating as the
natural and human landscape they are managing changes. DOI: 10.1061/(ASCE)HY.1943-7900.0001853. © 2021 American Society of Civil
Engineers.

Introduction
The changing climate and landscape ensure that historical geomorphic and ecological data alone will not be sufficient at many sites
for designing river and stream restoration projects that continue to
meet design objectives under future conditions. The future’s rivers
will be shaped by the warming atmosphere and widespread landuse change, causing global changes in the timing and magnitude of
runoff, increased temperatures of the flows that reach rivers, increased diversion of flow, changes in sediment loads, and a broad
suite of other environmental and ecological changes.
As a single example of the changes facing river basins, changes
in climatic conditions are projected to affect the rainfall and temperature regimes across large portions of the globe during the coming
century (IPCC 2018). The hydrologic impacts of these changes are
uncertain and variable, but in general can be characterized as wet
regions and seasons becoming wetter, dry regions and seasons becoming drier, and reduced snow depth and extent (IPCC 2014;
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Arnell and Gosling 2013). In the US, some of the projected changes
already are underway (Hirsch and Archfield 2015).
These hydrologic changes translate into direct and indirect effects on river ecosystems. For example, it is expected that the composition of biotic communities may adjust in response to the higher
temperatures, reduced dissolved oxygen levels, reduced streamflow, and/or altered flow timing (e.g., Filipe et al. 2013; Warren
et al. 2009; Wenger et al. 2011). Some species may shift their distribution within a region, if they are able, in order to maintain
physiologically tolerable conditions and/or find locations compatible with their life-history traits (Jackson and Mandrak 2002;
Wenger et al. 2011; Comte and Grenouillet 2013; Keck et al. 2014).
Community compositions also can change to reflect both tolerance
and the outcome of competition with other species (Dudgeon 2010;
Frederick et al. 2006; Rahel and Olden 2008). Finally, if species
are unable to compete successfully, tolerate new conditions, or
disperse, they may become locally extinct (Thomas et al. 2004;
Pacifici et al. 2015).
In addition to climate change, river basins also are changing in
response to water diversions, land-use change, and channelization
in ways that can exceed and/or amplify the effects of climate
change (Vorosmarty et al. 2004; Nilsson et al. 2005; James and
Lecce 2013; Schottler et al. 2014; Foufoula-Georgiou et al. 2015).
Cumulatively, these changes highlight the importance of recognizing nonstationarity in the hydrologic, geomorphic, and ecological
processes of river systems, and the need for innovation in the
design of river projects that aim to manipulate these biophysical
processes with the expected persistence of benefits into a changing
future.
Recent work has highlighted the importance and nuance of resilience within the management of dynamic rivers (Fuller et al. 2019).
Across disciplines, resiliency generally is described as the capacity
of a system to respond to disturbances in such a way that the
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system maintains similar function and structure (Walker et al. 2004;
Holling 2004). The concept of resiliency has been defined variously and applied across the ecological, sociological, and engineering literature (Hodgson et al. 2015), and has a deep history in the
field of geomorphology within the context of dynamic equilibrium
and geomorphic stability (Downs and Gregory 1993; Fryirs 2017).
Early and recent discussion of geomorphic sensitivity established
resiliency in relation to the frequency of disturbances (i.e., floods)
and the recovery time of rivers to re-establish their form and processes following those disturbances (Brunsden and Thornes 1979;
Wohl 2014). In contrast, within the field of engineering, resiliency
long has emphasized stable, steady systems that effectively resist
changing in response to disturbances (Holling 2004). Currently,
resilience of river systems is characterized by (1) the magnitude
and impact of exogenous disturbances (e.g., changing hydrology
or sediment loads), (2) the resistance of the system to change,
and (3) the recovery of channel processes and form (Fuller et al.
2019; Hodgson et al. 2015). The focus on disturbance, resistance,
and recovery is relevant because the frequency and magnitudes of
disturbances (e.g., floods, droughts, landslides, debris flows, and
wildfires) are changing, and the design of river channels impacts
both the resistance to and the ability to recover from those disturbances. Practitioners value and seek to increase resiliency of rivers to
change, but there is a lack of clarity concerning what resilient rivers
mean in practice (Fuller et al. 2019).
Instead, the design, practice, and policy of river engineering
and restoration commonly rely on design methods based on historical streamflow data, an existing analog geomorphic reference,
current channel characteristics, and the assumption that future
conditions generally will reflect those of the past. Furthermore,
societal values generally emphasize either returning rivers to predisturbance conditions or designing them to be more orderly than
they naturally would be (Podolak and Kondolf 2016), both of
which represent questionable targets for river restoration work
because the conditions a channel inherits from its catchment
(e.g., stream flow, sediment load, water quality, and so forth)
change over time. In a world in which significant changes can be
anticipated during a restoration project’s design life, these design
principles and approaches lead to risks that projects will fail to
perform as desired, such as
• river channels could incise or become choked with sediment as
geomorphic processes adjust to changes in hydrologic and sediment transport regimes;
• excessive periods of drought may reduce connectivity in riffle
and pool areas during baseflow, which could contribute to
density-dependent mortality, reduced migration, and reproductive issues for aquatic species;
• habitat restoration projects constructed based on the current
extent of a single species range could be abandoned as the
fish migrate elsewhere for more suitable (e.g., cooler) waters;
and/or
• tidal wetlands could be inundated for longer periods under
deeper and more saline water with sea level rise.
This study documented the challenges facing the practice of
river restoration in systems undergoing change (i.e., hydrologic,
geomorphic, and ecological) and summarized current philosophies
and strategies for addressing those challenges. Synthesis of the
state-of-the-practice for river restoration was based on an online
survey of practitioners, developed to identify key issues and information needs regarding incorporating resiliency to change in restoration project development. A state-of-the-art review of literature
was conducted to synthesize current perspectives, strategies, and
tools needed to increase resiliency within the practice of river
restoration.
© ASCE

Practitioner Survey: State of the Practice for River
Design under Nonstationarity
An online survey of river restoration practitioners, engineers,
and researchers was conducted to examine current practices and
perspectives on how climate change in particular is integrated into
engineering designs for river restoration. The survey was implemented in Qualtrics survey software and distributed to regional,
national, and international listservs targeting restoration scientists
and practitioners, and directly to individuals known to the authors.
All responses were kept anonymous by excluding any identifying
information from the survey, and informed consent was provided
by all participants prior to entering the survey. Survey questions
and responses are available (see Data Availability Statement), and
the survey questions corresponding to results are labeled throughout the text by number (i.e., Q4).
Seventy-six responses were submitted to the survey. Detailed
demographics of the survey population, including gender, age
range, education level, position title, employer class, discipline,
and state/nation of employment, were collected but are not available due to restrictions by the first author’s Institutional Review
Board. Although the responses came from a wide range of demographics, respondents most commonly were men, age 35–44, with
professional degrees working as practitioners in consulting firms.
Most respondents worked in engineering or engineering geomorphology in the Southeast or Mid-Atlantic regions of the US.
International responses were submitted by participants in Australia,
Canada, Scotland, Spain, Austria, the Netherlands, Greece, Italy,
Peru, China, and Japan.
The survey results were organized around key themes that
emerged from the responses, with the survey question number provided (e.g., Q1) to facilitate review of the complete set of responses
(see Data Availability Statement).
What are Key Challenges to Resilient River
Restoration?
In response to an open-ended survey question (Q28) seeking to
identify the greatest challenge to resilient river restoration, funding
was cited as the largest barrier. Concerns about funding ranged
from the general concern about the limited financial commitment
of society to more-specific comments about the availability of
funds for modeling during design or postproject monitoring and
maintenance, as well as issues with species-specific funding. Multiple responses expressed concerns that limitations in funding may
encourage projects that are narrow and short-term in scope.
The second most commonly cited challenge to resilient restoration was the lack of focus on geomorphic processes and landscapescale dynamics. Responses articulated this challenge as the need for
“applying a scientific approach to a project and not one-size-fits-all
projects,” and “understanding geomorphic thresholds that dictate
river form and process.” Another respondent argued that the
persistence of benefits from the success of restoration activities
depends on process-based knowledge for “understanding actual
causes of degradation balanced with current geomorphic processes
acting on the system.” Related answers expressed concerns about
the need to link these processes to system dynamics, articulated as a
“general lack of a systematic approach - piecemeal band-aids that
may not be durable over time and changing conditions.” In addition
to climate change, another respondent identified the challenge of
“land use change which is driving hydrologic changes and which
is not being addressed by primarily in-stream methodologies.”
The third most common challenge reported by respondents was
the need for innovation within the field itself, particularly within the
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design and regulatory or environmental permitting arenas. The issue of design approaches being dictated by regulations also was
raised by several survey respondents, who noted that regulations
limit the use of more advanced and innovative design tools. One
respondent argued that the lack of “evidence-based decision making on part of project team and regulators” consistently was a major
challenge. Some respondents further articulated (Q25) that a lack of
innovation in the field inhibited resiliency of river restoration to
climate change, arguing that there is the need for “breaking away
from current methods and using newer tools that take into account
these changes for a more effective design.” A respondent also expressed the need for “educating practitioners and lawmakers on
how to alter common practices with new ideas.” This concern was
summarized broadly by one respondent who simply stated that “the
greatest challenge is the ethos of the agencies and practitioners,”
and by another as the need for “changing the engineering and regulatory mindset.”
Nearly 29% of respondents stated that they currently consider
climate change within their designs, whereas 42% of respondents
reported that they would like climate change to be factored into
their designs but lack the tools to do this well (Q19). A lack of
tools for designing to uncertain hydrology was listed as the single
most important challenge to incorporating climate change in the
design of river restoration projects (Q11). For example, the majority of respondents acknowledged that designs based on returninterval events, derived from historical flows, are less appropriate
due to hydrologic changes (Q23). However, practitioners continue
to use them either because they are required by permitting agencies
(60%) or because they do not have better design tools (29%).
Resiliency of Restoration Practices
Survey respondents were asked to consider the resiliency of different restoration practices and how each practice would improve or
reduce the resilience of river processes to respond to climate
change. Over 45% of respondents identified resiliency as a concept

that is considered regularly in the design of their river restoration
projects (Q24). However, discrepancies between which types of
projects are implemented and which types contribute most to resiliency suggest that there is room for improvement in prioritizing
project types. For example, the distribution of projects reported
as most common (Fig. 1) did not align with the projects expected
to be most resilient to climate change (Fig. 2) or to add overall
resilience to river systems (Fig. 3). The most common practices
undertaken by survey respondents (Fig. 1) were streambank stabilization, analog/reference reach design (NRCS 2007, Ch. 11), and
floodplain reconnection. Streambank stabilization was ranked as
the most common practice, with 68% of respondents reporting that
it is implemented in 75% or more of their projects. Reconnecting
floodplains and analog/reference reach design also were ranked as
very common practices, with 51% and 53%, respectively, of respondents reporting that they were included in 75% or more of
projects. Other common practices included reintroduction of large
wood, restoration of longitudinal connectivity (e.g., culvert replacements or dam removal), invasive species removal, and other habitatrelated work. Respondents clarified the practices in the other
category as activities related to improving water quality, flood
and stormwater management, and wetland and riparian buffer
restoration.
Two of these common practices, streambank stabilization and
analog/reference reach design, also were among the practices considered by survey participants as very likely to fail under changing
hydrologic and ecological conditions (Fig. 2), suggesting that the
practices are not resilient to change. Practitioners also considered
alterations of sediment supply (e.g., gravel augmentation) and control of invasive species (e.g., reed canary grass, northern pike the
Columbia River basin, and Asian carp in the Mississippi River basin) as likely to fail due to changes imposed by climate change. In
contrast, floodplain reconnection, reintroduction of large wood, and
restoration of longitudinal connectivity were considered to be less
likely to fail, which is consistent with recent work identifying temporal variability, spatial heterogeneity, and hydrologic connectivity

Invasive species control

Beaver restoration

Rebalancing sediment dynamics

Natural Channel Design

Streambank Stabilization

Reintroduction of large wood

Floodplain reconnection

Longitudinal connectivity

0%

20%

40%

Very Common (>75%)

60%

Common (25-75%)

80%

Uncommon (5-24%)

100%

Rare (>5%)

Fig. 1. Frequency of project types in river restoration. Results are based on survey responses to “What is the frequency in which the following
activities are included in your river restoration designs?” (Q12).
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Natural Channel Design

Streambank Stabilization

Reintroduction of large wood

Floodplain reconnection

Longitudinal connectivity
0%

Very likely to fail

20%

40%

Somewhat likely to fail

60%

Probably not likely to fail

80%

Very unlikely to fail

100%

Not sure

Fig. 2. Expected likelihood of failure for restoration projects under climate change. Results are based on survey responses to “Indicate the likelihood
of restoration practices to fail under hydrology and/or ecologic changes from climate change.” (Q16).
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Beaver restoration

Rebalancing sediment dynamics

Natural Channel Design

Streambank Stabilization

Reintroduction of large wood

Floodplain reconnection

Longitudinal connectivity
0%

Strongly increases resiliency

20%

40%

Weakly increases resiliency

60%

Not likely to impact resiliency

80%

100%

Weakens resiliency

Fig. 3. Expected contributions of restoration practices to resiliency to river systems under climate change. Results are based on survey responses to
“Rate the following restoration practices in terms of their ability to increase the resiliency of river systems to climate change.” (Q18).

as being among the key principles in designing resilient water management systems (Grantham et al. 2019).
Regarding which practices were expected to contribute to the
resilience of river systems to climate change (Fig. 3), restored lateral and longitudinal connectivity were ranked as most effective,
which is consistent with the literature (Beechie et al. 2013). In contrast, the use of an analog/reference reach design and streambank
© ASCE

stabilization projects commonly were considered to weaken a river
system’s resilience to climate change.
Reliance on Historical Conditions to Guide Designs
Historical conditions have been fundamental in establishing engineering design objectives for river restoration projects. In the
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Ranking
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Habitat suitability
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Fig. 4. Ranking of basis for river restoration design. Responses to “How much do each of the following concepts typically drive the vision of your
restoration design? Please drag the number and/or text for each row below to rank in order of importance.” Other factors reported by respondents
included restoration of processes (i.e., geomorphic, hydrologic, and sediment), client requests, infrastructure constraints, water quality, and costs.
(Q25).

survey results (Fig. 4), the reference or historical condition was the
most commonly stated basis for designs. Historical conditions most
commonly are represented as (1) a geomorphic reference that is
based on replicating channel geometry (Leopold and Maddock
1953) of a minimally impacted reach (Hey 2006), (2) a hydrological reference with design flows derived from recurrence intervals
[e.g., 50-year event (England et al. 2019)], and/or (3) a biological
reference [e.g., index of biotic integrity (Karr and Chu 1998)]. All
these methods rely on the assumption that future flows, sediment
supply, and species distributions will not deviate from what has
been documented or assumed about the past.
Despite the dependence on historical conditions, practitioners
acknowledge (Fig. 5) that climate change is expected to impact
the key processes that drive river restoration. For example, respondents most frequently (40%) reported the changing magnitude and
frequency of floods and droughts as the most significant impacts of
climate change. The second most commonly reported (25%) impact
of climate change on river restoration projects was associated
with changing sediment dynamics, via accelerated erosion and/or
deposition.
Synthesis of Practitioner Survey: State of the Practice
of River Restoration
Collectively, input from practitioners revealed some consistent
themes regarding how the practice needs to advance. In addition
to funding, key challenges are (1) an overreliance on historical
hydrologic and geomorphic conditions, (2) a lack of attention to
processes in design, and (3) a lack of innovation in the field of river
restoration. These challenges have produced a portfolio of projects
emphasizing actions, such as streambank stabilization and
template-based channel reconfigurations, that are expected to fail
and are not expected to contribute to the resiliency of a system as
hydrology and sediment loads change.
© ASCE

Practitioners are seeking the guidance and regulatory flexibility
to apply innovative approaches in rivers systems as they change. As
one respondent reported, “we can do better.” The majority (60%) of
respondents are optimistic about the future of rivers. However, 21%
of respondents reported that their optimism depends on additional
factors, most commonly including availability of public resources,
political will, regulations, public awareness to protect and restore
rivers, watershed scale restoration, management of urbanization
and stormwater runoff, and research and evaluation of restoration
methods and science.

Literature Review: Seeking a State of the Art for
River Design under Nonstationarity
The survey results highlighted important discrepancies between the
expectations for resiliency of projects and the practices being
implemented, as well as the need for both conceptual and practical
guidance on how to address these discrepancies. The need for guidance also is reflected in regulations [e.g., federal principles, rules,
and guidelines (CEQ 2014), and supporting Engineering and
Construction Bulletins (USACE 2018a)] which establish the need
to consider climate change in the evaluation and design of water
projects but do not provide technical details on how evaluation and
design should be conducted.
Whether a river is changing because of water extractions,
climate, land use, regulatory, water quality, and/or other changes,
the literature and practice of river restoration suggest that there are
at least two primary approaches (Gillilan et al. 2005) that bookend
the spectrum of activities to increasing resiliency: managers may
choose to (1) stabilize a channel in place (henceforth stabilization),
thereby increasing resistance to disturbance [Fig. 6(a)], or (2) promote the natural processes that produce a dynamic river (henceforth
renaturalization), thereby reducing the risk of, and time to recover
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Sea level rise/storm surges

16%

Accelerated erosion/deposition

25%

Redistribution of target species

Others

16%

4%

Fig. 5. Anticipated impacts of climate change on river restoration. Responses to “How do you think climate change will most significantly affect your
river restoration projects and practice?” Other impacts identified by respondents included changes in thermal regimes and changing water demands
and policies. (Q10).

Fig. 6. Images of projects emphasizing (a) stabilization (King County, 2018, Snoqualmie River Sinnema Quaale Upper Revetment Repair Project,
A Project by King County as a service provider to the King County Flood Control District); and (b) renaturalization (image by USDA Forest Service).

from, a disturbance. Both stabilization and renaturalization of rivers
are subject to the three broad challenges identified previously via
the practitioner survey, although sometimes in very different ways.
In the review of literature for addressing those challenges, we used
these two bookend responses to change as concrete examples for
summarizing how perspectives and strategies for addressing the
challenges can vary.
© ASCE

Challenge 1: Reducing Reliance on Historical
Conditions
Setting Realistic Objectives
Concerns regarding the use of the past as a guide for the future in
river restoration projects have been raised by researchers over the
years (e.g., McMillan and Vidon 2014). The lack of unimpacted
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reference channels, and the inappropriateness of designing channels in modified catchments to convey flows similarly to reference,
unimpacted catchments, is particularly problematic. Although the
current or historical condition may provide a starting point for
understanding physical processes in a system from which one
can examine how changes in exogenous factors are likely to shift
the system into the future, they do not need to be the design target.
The most common goals for restoration, including increases in
water quality, habitat quality and heterogeneity, fish passage, biodiversity, and channel stabilization (Bernhardt et al. 2005; Palmer
et al. 2014), do not require a historical reference. The literature
(Palmer et al. 2005; Hobbs 2007; Woolsey et al. 2007; Beechie
et al. 2008; Morandi et al. 2014) already offers guidance on establishing goals, objectives, and success criteria for river restoration
projects, although well-conceived and realistic objectives continue
to be missing from restoration projects (ISRP 2017).
Hydraulic Design for Future Conditions
Hydraulic designs for stabilized geometry, habitat features, and
structures commonly rely on the identification of a design event
frequency, often established by regulations, to provide a reasonable
probability that failure (e.g., overtopping or erosion) will not occur
within a project’s design life. Additionally, for larger infrastructure
projects, a risk-based decision-making (RBDM) framework
(USACE 2000; National Research Council 2000) based on probabilistic analysis of failure or damage may be applied. Although
these approaches are familiar to engineers and the public, they
do not address how changing water and sediment supplies can substantially affect the design and/or likelihood of failure for a river
restoration project. Some basic strategies, described subsequently
using climate change as an example, can be useful for establishing
estimates of future streamflows and depths.
Under the current design-event paradigm, hydraulic designs
need to incorporate estimates of how the frequency, magnitude,

and duration of a design event, and the volume and timing of sediment delivered by that hydrograph, will change in the future. The
advancement and use of use of hydrology and hydraulic (H&H)
models now make multifunction design possible for river restoration, replacing the need to use analog methods, but future hydraulic
conditions still need to be estimated. Two primary approaches currently are applied for estimating future hydraulics. Most commonly,
projections of precipitation and other climatic parameters (temperature, soil moisture, and so forth) are integrated into hydrological
models to predict future flows, distributed spatially across a basin,
and can incorporate the coupled effect of land-cover changes
(Solecki and Oliveri 2004; Karlsson et al. 2016; Surfleet et al.
2012). A number of references are available (Table 1) to guide practitioners in effectively and efficiently using forecasts in hydrologic
and hydraulic modeling, which commonly involves applying
downscaled climate data from selected Global Circulation Models
to a calibrated hydrology model for estimating various future
discharge statistics (e.g., 2-, 10-, 100-year return frequencies; maximum peak; and 7Q10) that are used as design events. Alternately,
practitioners may replace or integrate the projection-based design
framework with a framework that is based on vulnerability
(Mendoza et al. 2018; Brown et al. 2012). Vulnerability-based design allows stakeholders to identify the acceptable range of system
performance, which then is used as the design target for avoiding
unacceptable risks and coordinating responses to residual risks
(Mendoza et al. 2018).
In addition to concerns about future flow conditions, changing
sediment supply (Peterson and Halofsky 2018) from rising precipitation and wildfire intensities will play an important role in the
capacity and stability of channels (Call et al. 2017; Slater et al.
2015). At a minimum, existing computational tools (Table 1) enable designers to evaluate rapidly the impact of a range of hydrologic and sediment supply scenarios on alternative restoration
designs in order to address uncertainties in future bed material sizes

Table 1. Concepts and references: sample tools for resilient river restoration design
Concept

Topics

Design
frameworks

1.
2.
3.
4.
5.

Hydrologic

1. Sea level rise and storm surge

Tools

Level of design adapted to stream response potential
Threshold- versus alluvial- based design methods
Expected regret
Vulnerability-based design
Reliability-based design

2. Databases of precipitation and temperature projections
3. Magnitude of future flood peak frequencies under nonstationarity
4. Flow duration curves
Sediment
transport

1. Bedload and suspended load estimates

1. Hay et al. (2015), Raymond et al. (2018), and Climate Central
(2020)
2. NOAA (2020), Climate Impact Lab (2020), and NCAR
(2020)
3. Maurer et al. (2018), NOAA (2011), and Salas and Obeysekera
(2013)
4. Hydrologic models, USACE (2018b)
1. Capacity-to-supply ratio (NASEM 2017); BAGS model (Pitlick
et al. 2009; Wilcock et al. 2009); formulas embedded in
hydraulic models (e.g. HEC-RAS, RiverFlow, and iRIC models)
2. Catena Analytics (2020), Sholtes and Bledsoe (2016), and
CONCEPTS (Langendoen 2000)

2. Channel morphology
Ecological

1. NASEM (2017) and Beechie et al. (2010)
2. Shields et al. (2003), Soar and Thorne (2001), and NRCS (2007)
3. Rosner et al. (2014) and Serinaldi and Kilsby (2015)
4. Mendoza et al. (2018) and Brown et al. (2012)
5. Read and Vogel (2015)

1. Species functional traits and life-cycle modeling
2. Stream evolution model integrating habitat and ecosystem
benefits
3. Physical habitat models for ecohydraulic relations
4. Functional flows approaches
5. GIS assessment of watershed connectivity and
fragmentation—genetic flow

1. Frimpong and Angermeier (2010)
2. Cluer and Thorne (2014)
3. Bovee et al. (1998) and Steffler and Blackburn (2002)
4. Yarnell et al. (2015, 2020)
5. Pringle (1997)

Note: Specific tools will vary by restoration type, geographic location, river size/type, and other local factors.
© ASCE
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and sediment loads. For example, Monte Carlo simulations can be
used to estimate and propagate uncertainties in the discharge, grain
size, channel geometry, and slope (Wilcock et al. 2009).
For projects that emphasize stabilized features, some attempt to
translate changes in hydrology and sediment yield to future channel
geometry is needed. A simple example is the estimation of future
bankfull widths by applying the projected future bankfull discharges in hydraulic geometry relationships (e.g., Li et al. 2015).
This approach is applied in the state of Washington, where culvert
projects are designed based on the expected bankfull width estimated by applying the projected future discharge to hydraulic
geometry relations (WSDOT 2011; Wilhere et al. 2017). Some
error in this approach should be expected because a key assumption of hydraulic geometry relationships—that the channel has
recovered its equilibrium condition—may not be valid in a
changing system (Call et al. 2017). With more data and time
and thoughtful calibration (Baar et al. 2019), practitioners can apply morphodynamic models to estimate future channel geometry
(e.g., Langendoen et al. 2016). A comprehensive analysis of
morphodynamic changes requires understanding and analyzing
the relationships between the flow field, the movement of sediment,
and bed morphology, but modeling and design tools to support
this type of analysis remain to be developed (Nelson et al. 2016).
Any approach for estimating future channel geometry will be
subject to uncertainties in the estimates of discharges and sediment yields, and to the uncertainties associated with any model
to translate those exogenous variables into the channel geometry.
However, these best estimates can be applied as conservative design assumptions (e.g., wider culvert widths) that accommodate
uncertainties.
Alternately, project designs aimed toward renaturalization of
dynamic rivers (Kondolf 2011; Cluer and Thorne 2014; Castro
and Thorne 2019; Johnson et al. 2019; Powers et al. 2019;
Pollock et al. 2014) are expected to evolve with changing hydrology and sediment loads, and thus often do not conduct detailed
hydraulic designs. Example renaturalization projects include levee
removals, reintroduction of large wood to initiate lateral erosion,
beaver dam analogs (BDAs) (Pollock et al. 2014; Bouwes et al.
2016), and dynamic, multichannel configurations (Cluer and
Thorne 2014; Powers et al. 2019). The design of these renaturalization projects often is more low-tech (Wheaton et al. 2019) than
stabilization projects. Quantitative analyses of current or future
hydrology and hydraulics generally are not conducted because
projects are expected to be self-forming and responsive to exogenous changes. Instead, design guidance tends to be based on a
number of process-based design principles (Grantham et al. 2019)
that commonly are applied across projects, including (1) providing
rivers space to adjust, (2) increasing connectivity of rivers, and
(3) emphasizing basin-scale management. For example, beaver
dam analogs and post-assisted log structures (PALS) represent a
range of temporary structures intended to promote lateral erosion,
deposition, overbank flows, and other features in degraded channels by trapping wood, sediment, and streamflow (Pollock et al.
2014; Wheaton et al. 2019). The design of the number, type, height,
width, and orientation of the structures generally is not based on
detailed hydraulic models. Instead, designs are based on the expected qualitative impact of structures on specific hydraulic, hydrologic, and geomorphic processes (Wheaton et al. 2019), and rely on
postproject monitoring to verify and adapt designs. This design
approach can make it difficult to assess and communicate the
project risks and failures, including the likelihoods and timelines
for failures or benefits, making them unsuitable for many settings
with a human presence.
© ASCE

Acknowledge Uncertainty in Design Storm
Beyond the direct estimation of future flows for hydraulic design,
additional concerns exist for the use of return periods in the design
of hydraulic infrastructure (Fernandez and Salas 1999; Pielke 1999;
Cooley 2013; Serinaldi 2015; Read and Vogel 2015; Salas and
Obeysekera 2013). The assumption that relationships defining runoff and sediment regimes are not changing over time, a concept
known as stationarity (Milly et al. 2008), is embedded within design storm and risk-based approaches to restoration design. However, major differences exist between nonstationary and stationary
distributions of return periods, resulting in unique relationships
between the reliability (or failure) of a project, the average return
period, and the planning horizon (Read and Vogel 2015). At a
minimum, the changing distribution means that the exceedance
probability for a design storm can change over time, suggesting
the need to adapt how we select design storms. Instead of relying
on a fixed return frequency (e.g., 1% exceedance), designs may
examine nonstationary distributions to identify the event that will
meet the expected level of persistence and performance for estimated future conditions. Despite its limitations, the recurrenceinterval design approach likely still will play a role in the river
restoration and stabilization practices in the future (Matalas 2012;
Rosner et al. 2014), and thus a more robust design standard that
recognizes this uncertainty and its impact on likelihood of persistence is needed.
Challenge 2: Increasing Emphasis on Processes in
Design
Anticipating Change
It long has been recognized that alluvial channels adjust their
geometry and slope to match their inherited discharge and sediment
supply from upstream (Lane and Borland 1954; Wolman and
Gerson 1978; Wolman and Miller 1960). These geometry changes
can lead to important impacts on habitat and flooding, such as the
frequency of floodplain inundation (Call et al. 2017). Anticipating
the degree of change involves determining if geometry or hydraulic
changes are expected to be large or small relative to historical variability and the sensitivity of the river system to those changes
(Knighton 1998; Downs and Gregory 1993; Fryirs 2017). Rivers
may be highly sensitivity to disturbances, such that resistance to
change is low, channel adjustments regularly occur, and recovery
of morphological forms is rapid (Fuller et al. 2019). One example
of this type of river is referred to as labile channels (Church 2006),
characterized by low-gradient, sinuous, dynamic channels dominated by suspended sediment transport. Alternately, some rivers
[e.g., monsoon-dominated (Kale et al. 1997) or jammed channels
(Church 2006)] have fixed planforms and contain bedforms that are
well-adjusted to high flows and sediment loads, in which small to
moderate changes in hydrology may produce no substantial change
in channel form (Macklin et al. 2012). The sensitivity of a river
channel to changing hydrology and sediment loads may be assessed by reviewing data on response to past disturbances (Phillips
2009; Reid and Brierley 2015); via river classifications (Church
2006; Buffington and Montgomery 2013); and/or through quantification of stream response potential (SRP) (NASEM 2017), which
characterizes the sensitivity of a river based on the size of channel
sediment (i.e., fine versus coarse) and the flow regime flashiness.
Detailed estimates of future flows and sediment loads may be less
important in systems with low sensitivity to disturbances, because
they are expected to be less responsive to change. Examining the
hydrologic, geomorphic, and ecological processes that drive change
(Fig. 7) can inform the location, design details, and ultimately the
success of a project.
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Fig. 7. Planning and design questions to identify relevant of various hydrologic, geomorphic, and ecological processes in systems experiencing
change. This list is not intended to be comprehensive.

Emphasizing Space and Connectivity
It has been argued that the resilience of a river to changes is associated with its ability to recover from, rather than to resist, change
(Fuller et al. 2019), and that rivers can recover best when given the
space to flood, erode and deposit sediment, recruit trees, and form
different channel configurations (Castro and Thorne 2019; Cluer
and Thorne 2014; Kondolf et al. 2006; Piégay et al. 2005; Fuller
et al. 2019; Raven et al. 2010). This argument is the basis for renaturalization practices (e.g., levee removal and setbacks; reintroduction of large wood to initiate lateral erosion; and dynamic,
multichannel configurations) that promote dynamism over stabilization as a strategy for long-term resilience.
Prioritizing space for rivers to flood and adjust to changes is a
practice that long has been accepted for protecting both ecosystems and humans (White et al. 1958), although it can be socioeconomically and politically difficult to accomplish in practice
(Tullos 2018). Planning and design require identifying sites where
uncontrolled channel adjustments, including any associated upstream and downstream impacts, are desirable and acceptable. For
example, the delineation of channel migration zones (Rapp and
Abbe 2003) and fluvial hazard zones (ASFPM 2016) is used in
regional and watershed planning to restrict development and channel hardening within the portion of the floodplain where the channel will migrate naturally over time. Funding programs such as
Floodplains by Design (Carey and Morse 2018) and Room for
the River (Rijkswaterstaat 1995) promote levee and dyke setbacks
as part of a holistic approach to ecosystem restoration and flood
© ASCE

management. These programs are becoming more frequent as part
the longer-term strategies of river management agencies in areas of
the US Pacific Northwest (Black et al. 2016), the US Midwest
(Smith et al. 2017), and Europe (Rijke et al. 2012).
In addition to space, the need to maintain and increase connectivity is important for rivers undergoing change (Thoms 2003;
Hohensinner et al. 2004; Rudnick et al. 2012). For example, increasing floodplain connectivity and off-channel flow area, through
floodplain reconnections and levee setbacks, may reduce flood risk
(Dierauer et al. 2012; Smith et al. 2017), may provide critical offchannel habitats (King et al. 2003; Rosenfeld et al. 2008; Kroboth
et al. 2020), and can be responsive to nonstationary hydrology (Call
et al. 2017). Connectivity also contributes to increasing resilience
in coastal systems subject to sea level rise. At the Port Susan Bay
Estuary restoration in Washington (Fuller 2017), where new channels were able to expand, salinity levels generally decreased and
marsh vegetation expanded, effectively creating resilience to sea
level rise.
Working at Basin Scale
River restoration designs need to emphasize prioritization and planning of activities at the landscape scale. A large proportion (37%)
of survey participants reported that the second most common challenge to incorporating climate change in the design of river restoration projects (Q11) was a lack of broad-scale planning for climate
change and prioritization of funding, practices, and locations that
are expected to be resilient to it. In addition to not producing the
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intended restoration benefits, failure to adopt a landscape-scale,
process-based approach to restoration could lead to projects that
function in unintended ways (e.g., expand the range of invasive
predators). Landscape-scale planning that integrates the existing
and emerging stressors in a catchment should be the basis of prioritization for restoration and resiliency, driving design approaches,
project locations, and decisions influencing long-term effectiveness. The planning process also may highlight some unexpected
findings. For example, Woockman (2018) found that stormwater
control measures provided greater benefit to protecting channel
habitats than did stream restoration activities at some sites, whereas
Lammers et al. (2020) found that the integration of stormwater controls and restoration activities can produce synergistic benefits and
lead to a lower likelihood of failure than implementing either practice individually.
Challenge 3: Increasing Innovation within Practice of
River Restoration
Design for Tolerance to Change, Not Complacency
Multiple factors may influence a community’s tolerance of a dynamic channel, including adjacent land use, available space, adjacent infrastructure (e.g., roads, buildings, railways, and pipelines),
existing regulations, geomorphic appropriateness (e.g., singlethread versus multithread, depositional reaches), and frequency
of exposure to flood or other river-related disruptions. Independent
of a community’s tolerance of change, decisions to stabilize or renaturalize a dynamic channel often have emphasized stabilization,
based on a long tradition of stable-channel design for a singlerecurrence-interval event (Shields et al. 2003; USDA 2007). The
dominance of stabilization for a design discharge in river restoration largely has been a consequence of (1) the colocation of rivers
and society (Montz 2000); (2) a dominant engineering practice of
making systems resistant to change (Holling 1996), which may be
associated with risk aversion (Gillilan et al. 2005); and (3) the widespread adoption of channel evolution models (CEMs) that define
a single-thread, equilibrium channel as the archetype morphology
for all restored channels (Cluer and Thorne 2014). However,
geomorphologists are increasingly skeptical of the conceptualization of predisturbance channels as having a single geomorphic
equilibrium (Richards 1999), and evidence increasingly suggests
that the single-thread channel is, in many locations, a legacy of
human modifications to the landscape and rivers (Brown et al.
2018; Walter and Merritts 2008). As scientists, practitioners, and
regulators begin to recognize the increasing variability in and uncertainties of restoring river systems (Darby and Sear 2008), stable,
single-threaded channels increasingly are criticized for the ecological sacrifices needed to harden and stabilize channels (Gillilan et al.
2005) and the inability of hardened channels to respond to change.
Rather than relying on existing design and permitting habits, the
decision to stabilize or renaturalize a river may be better justified
through an understanding of the human and ecological tolerances
for change.
Acknowledge Uncertainty
Both stabilization and renaturalization have appropriate applications, and both are subject to important uncertainties (Lautz et al.
2019). Stabilization is subject to uncertainties associated with future hydrology and sediment loads that drive channel geometry,
flood elevations, and structural stability. Renaturalization is subject
to the uncertainties surrounding the recovery of biophysical systems, which may include (1) a channel’s location and geometry;
(2) the composition and density of aquatic and terrestrial plants and
animals, including invasive organisms; and/or (3) the interactions
© ASCE

of a project reach with infrastructure. In addition, the lack of
detailed hydraulic design means that documenting benefits of renaturalization generally requires more-extensive postproject monitoring. For example, relying on the dynamism of a river to do the
work means that some habitats (e.g., pools) will take time to
develop, rather than being available as soon as water is turned
into the newly constructed channel (Powers et al. 2019). Furthermore, it is challenging for managers to establish confidence that
renaturalization projects will provide sufficient space and process
restoration for the site to adapt to potential extreme change. It is
suspected that history will document how the selection of a design
response to change, stabilization, or renaturalization is related to
which uncertainties regulators, designers, and society are willing
to accept.
Reconsider Definitions of Benefit and Failure
Independent of the effects of nonstationarity on channel hydraulics,
one of the central criticisms of design frameworks based on return
periods involves the communication of risk of failure over the life
of the project (Serinaldi 2015; Serinaldi and Kilsby 2015). The
need for a planning horizon or design life is particularly problematic for river restoration projects, which frequently are required to
demonstrate a lack of failure and/or measurable benefits within a
short period following project completion.
Even basic definitions of failure in the literature are not rigorous
or consistent (e.g., Roni et al. 2015; Morandi et al. 2014). Our experiences suggest that failures in river restoration tend to fall into
two prominent types: physical failures (i.e., scour and removal of
grade control or habitat structures), and design failures (i.e., design
storm not adequate for reconnecting floodplain, incision produced
by excess channel capacity, or constructed habitat not suitable for
target species). Compared with more-traditional infrastructure, failure of projects to restore ecological or geomorphic processes often
is more a matter of degree, such as providing a level of function that
is less than desired or required, and rarely is assessed in a rigorous way.
More innovative methods are needed to characterize, communicate about, and fund the long-term outcomes of river projects and
to define failure more broadly to include ecological benefit and
loss from a project. Application of expected regret (Rosner et al.
2014) is one example of such a method from the design of water
resources infrastructure. Expected regret is based on comparing
(1) the financial costs of losses that could have been avoided if
infrastructure (e.g., water supply or flood mitigation) was designed
to a more extreme design event, a condition of being underprepared; and (2) the financial costs of infrastructure designed for
an extreme event that does not occur, a condition of being overprepared. Expected regret is calculated as the product of the economic
costs of losses or infrastructure and the probability of a design
event, in which the cost of maintenance (and decommissioning,
if relevant) is integrated into the infrastructure costs. Under this
paradigm, design for a more extreme event is advisable when
the expected regret of underpreparing is greater than the costs of
overpreparing. It is noteworthy that, in Rosner et al.’s (2014) analysis, the expected regret of underpreparing was nearly 3 times higher
than that of overpreparing. In addition to designing river restoration
structures to reduce physical failures due to more-extreme design
flows, this approach could be adapted to restoration projects to
compare regret among alternative designs based on ecological
measures in addition to economic losses. Example measures could
include those defining habitat variability, connectivity, and quality
(e.g., Lacey et al. 2012; Grantham et al. 2019); and the abundance,
growth rate, spatial structure, and diversity of a fish population
(McElhany et al. 2000).
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Commit to Implementing, Researching, and Adapting Novel
Methods
To avoid the same problems that emerged with previous practices in
river restoration, rigorous scientific review of emerging restoration
practices is essential (van Vuren et al. 2015; Lautz et al. 2019). This
is particularly true for renaturalization projects, which need
(1) clearer definitions of failure for restoration in dynamic channels,
and (2) long-term monitoring of a few characteristic projects to
evaluate the conceptual models that provided the basis for the restoration work and to support improvements to the practice. For
example, reintroduction of large wood jams initially focused on using chains and pins to anchor wood structures in place, until it was
found that anchoring actually can lead to jam failure (Frissell and
Nawa 1992) and that wood architectures vary across space (Abbe
and Montgomery 1996). The practice has adapted further to the
point that some projects in smaller (<20 m wide) channels with
lower peak flows rely on the movement of wood to help establish
a more dynamic river, so that public safety and infrastructure are
not threatened (Roni et al. 2015). The use of BDA and PALS restoration projects in areas with limited infrastructure or land-use
constraints rapidly gained popularity. Published research documenting benefits of these projects has been limited, with some work
highlighting the impacts of BDAs on thermal dynamics (Weber
et al. 2017) and on fish habitat and densities (Bouwes et al. 2016).
However, research also has suggested that some of the expected
benefits (e.g., groundwater storage and baseflow augmentation)
may not be as great as expected, and that some unintended consequences (e.g., increased transpiration) may occur (Nash et al. 2018,
2019). Looking to a future with uncertain hydrology, a robust and
quantitative understanding of the impacts of dynamic restoration
actions on aspects such as thermal regimes, groundwater, baseflow,
evapotranspiration, and water quality are likely to be important for
understanding the details of the benefits, the suitability for different
locations, and any unintended consequences of these projects.
Increase Resilience of Practice
The practice of river restoration will need to overcome practitioner,
regulatory, and social resistance to change. As reported by the survey participants, restoration projects are subject to social and institutional barriers that can include available funding, environmental
regulations, standards of practice, and stakeholder-dominated

perceptions and decision-making by both public and private sectors. In addition to the physical and ecological characteristics of
a site, the perceptions of stakeholders drive a range of design decisions, including project location and type, design method, and
design life. For example, projects generally are implemented to
address current management (and thus funding) priorities, fulfill
regulatory requirements, and protect civil infrastructure on both
public and private lands.
Regarding standards of practice, survey results indicated that the
prevailing resistance to change design approaches is in conflict with
resilient river restoration. Responses to open-ended questions indicated that practitioners apply traditional tools for a number of reasons, despite acknowledging that they are not adequate. Reasons
for not innovating included the additional time and work involved
in learning and applying new techniques, a lack of trust that newer
and more-sophisticated methods provide more value than simpler
approaches, and a lack of buy-in and/or understanding from regulators and clients. Some of these concerns may be warranted. The
literature shows that more-sophisticated methods sometimes produce greater uncertainty (Serinaldi and Kilsby 2015) or may require
assumptions that are equally as problematic as those required for
standard methods, such as projecting a historical trend into the future (Vogel et al. 2011). However, without widespread application
and analysis of a design practice, design engineers and regulators
often are hesitant to expose themselves to the liability and penalty
that can come with innovation. The engineering practice could
tackle this inertia and rigidity head-on by providing education
about and incentives to adopt more-innovative design more flexibility in project permitting; and mechanisms for studying the
benefits, effectiveness, and unintended consequences of moreexperimental designs. Finally, the practice of river restoration has
yet to address the issues of liability and design standards (Slate
et al. 2007), a need which is only amplified as uncertainty
increases.
Regarding the role of regulatory barriers, survey responses indicated that the alphabet soup of regulations (Table 2) to which
river restoration is subject can inhibit more-innovative designs.
For example, loss of aquatic resources requires compensatory
mitigation under Section 404 of the Clean Water Act (CWA)
(IWR 2015), a program in which regulations play a strong role

Table 2. Regulatory and social barriers to innovating design approaches considering climate change
Regulation
Clean Water Act (CWA),
compensatory mitigation
under Section 404
CWA TMDL for Section
303d–listed stream

Endangered Species Act

FEMA

CWA NPDES
stormwater permits

Local stormwater
ordinance
© ASCE

Institutional issues and potential barriers

References

Requires NPDES general permits and/or state permits for aquatic resource alterations;
however currently prescribed methods for mitigation credits do not promote design
flexibility to accommodate potential changes in climate and hydrology.
TMDL implementation plans and waste-load allocation targets may not reflect future
stream conditions; BMP designs may not be adequate to achieve targets; revisions to
waste-load allocation, particularly sediment loads, are not likely to address climate
change impacts.
Habitat conservation plans for aquatic species protection need to consider long-term
environmental conditions from climate and other landscape-scale changes. Recovery
plans generally focus on current habitat conditions.
HEC-RAS models for floodway mapping may not represent future runoff for designated
return frequencies, impacting no-rise permits, floodway designations, and actual flood
risk.
MS4 permits require watershed stormwater management plans but no regulations require
integration of stormwater BMPs with stream restoration to achieve channel protection
flow criteria. Integration of watershed-scale stormwater management and restoration
practices is needed to address potential impacts from climate change.
Buffer strip requirements will need to be re-examined for protection of streams, riparian
areas, and wetlands to enhance thermal refugia in urban and agricultural reaches.

IWR (2015), Doyle and Shields
(2012), Slate et al. (2007), and
USACE (2003, 2008)
Shoemaker (1997) and USEPA
(1999)
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in design approach and site selection. Many states are implementing tools to quantify functional lift from restoration projects for
compensatory mitigation credits (USEPA 2018), and the metrics
used in the tools indirectly prescribe the restoration methodology.
Furthermore, most restoration projects that are completed to fulfill compensatory mitigation requirements (e.g., under the Clean
Water Act) require conservation easements that protect projects
into perpetuity, a requirement that limits site selections within a
watershed (Doyle and Shields 2012). According to policy, perpetuity generally is considered to be 100 years. However, it is not yet
clear how to demonstrate whether a project can provide the functional lift that was permitted for the next 100 years, as the landscape around it changes, with the existing ∼5 years of required
monitoring.
In addition to prescribing design methods, regulations can create
barriers to innovation by relying on outdated standards for environmental targets and design methods that often establish inadequate
performance objectives for restoration (USEPA 1996). For example, in terms of water quality, pollutant loading limits under the
National Pollutant Discharge Elimination System (NPDES) program are based on water quality modeling with historical 7Q10
(i.e., the minimum 7-day flow that is expected to occur every
10 years) values, although 7Q10 flows are projected to decrease
in the future due to climate change and further water extractions
(Aboelnour et al. 2019; Detenbeck 2018; Eheart et al. 1999; Tohver
et al. 2014; Ryu et al. 2011). If future baseflows are lower than
anticipated in a design based on historical baseflows, grade control
and habitat structures may become fish-passage barriers and require
modification. Similarly, index of biological integrity (IBI) scores
and impairment designations (e.g., Llansó et al. 2009a, b) may need
to be adjusted to account for potential shifts in fish and benthic
macroinvertebrate communities affected by climate change.
Social and policy barriers also can limit advancements in restoration approaches. Local stakeholders provide inputs to practitioners, and their perceptions of what a stream or river should
look like varies from region to region (Rhoads et al. 1999). Perceptions may not represent a functional stream in a particular location
or be consistent with the watershed processes (Wade et al. 2002),
and can lead to project failure (Kondolf and Yang 2008). Furthermore, land use and ownership policies can limit the opportunities
for restoration activities to include the scale and scope needed for
greater resiliency to change. For example, the purchase of large
parcels is the most common approach for acquiring floodplain
(Brody and Highfield 2013), but this often is opportunistic and
prohibitively expensive (Zavar and Hagelmann 2016). Other approaches [i.e., conservation easements, overlay zones, transfer of
development rights, and taxing districts (Bengston et al. 2004)]
can be cost effective but politically divisive, and may produce
unintended social justice impacts (McGhee et al. 2020). Thus,
in addition to additional financial burdens often associated with
projects that aim for higher resiliency, these projects also can face
social and policy burdens. The increasing frequency of floodplain
reconnection projects in the US (Fig. 1) indicates that these burdens
are not insurmountable, but a more coherent and motivated policy
regarding land ownership in the floodway would reduce both
human and ecological losses (Tullos 2018; Flavelle and Schwartz
2020).

river basins. In this dynamic period for rivers, and the institutions
that govern them, the application of traditional river engineering
tools (i.e., return periods for design events and analog/reference
reach–based design) is unlikely to produce lasting ecological benefits in many systems.
This analysis aimed to understand the state-of-the-practice and
state of the art of river restoration in the context of changing hydrology, geomorphology, and ecology. From both practitioner responses to survey questions and a review of literature, resilience to
the landscape-scale changes emerged as a key theme driving design
philosophy, but not always driving design practice. Survey results
highlighted that the most frequently implemented restoration practices also are those that are expected to be most likely to fail under
climate change and the least likely to contribute to resiliency of the
restored river. Although the concept of resilience in engineering
design is not new (Holling 1973, 1996), and practitioners indicated
a strong desire to build projects that are resilient, they also reported
that key challenges limit their ability to do so. In particular, the
ability to design and implement resilient projects is limited by funding, an emphasis on historical conditions in setting design targets,
the lack of emphasis on process in design, and a lack of innovation
within the field.
Responses to change varies with stakeholder tolerance of
dynamism, leading to projects that either increase resiliency by
increasing resistance to change through stabilization, or increase
dynamism by decreasing the risk and recovery from change. Survey results and the literature highlighted that neither approach is
without limitations. For stabilization-related projects to produce
habitat benefits that persist into the future, designs require a much
more comprehensive analysis than currently is applied, including
some of the reviewed approaches for characterizing and designing
for future flow and sediment regimes and uncertainty. Although
renaturalization projects are not as vulnerable to future landscapescale changes, they face important issues in documenting benefits
and failure.
More broadly, the results indicated that the practice of river
restoration itself lacks resiliency. Overcoming the challenges to
more-resilient restoration will require that the practice of river restoration adapt. Among the potential adaptations proposed herein,
some of the difficult but important tasks include (1) identifying
appropriate design targets that are not always based on historical
condition, (2) conducting much more robust analyses for designs
that emphasize stabilizing a site to resist change, (3) effectively
communicating potential for and nature of project failure, (4) prioritizing space and connectivity for rivers where it is feasible,
(5) collection and dissemination of data sets and collective experiences, (6) engagement by regulators in an innovative and flexible
design and permitting process that aligns with expected changes
over the long term, and (7) strategic prioritization of restoration
actions and investments in the landscape to restore dynamism
where appropriate and to establish stable channels only where necessary. Collectively, these adaptations to the practice of restoration
will require the development and demonstration of specific workflows to support practitioners and regulators in adopting them. Our
experiences, as practitioners designing projects and as researchers
reviewing projects, indicate that these adaptations are not widespread and rarely are discussed during design.

Conclusions

Data Availability Statement

The accelerated pace of hydrologic and land use changes in recent
years has produced current and future conditions that are characterized by emerging, potentially large, and uncertain changes across

Some or all data, models, or code generated or used during the
study are available in a repository or online in accordance with
funder data retention policies (https://doi.org/10.7267/9306t504m).
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